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The aerodynamic design of a flapping-wing micro air vehicle requires a careful study of the wing design space to
ascertain the best combination of parameters. A nonlinear unsteady aerodynamic model developed by the authors is
used to make such a study for hovering insectlike flapping wings. The work is characterized, in particular, by the
insights it provides into flapping-wing flows and the use of these insights for aerodynamic design. The effects of wing
geometry on the aerodynamic performance of such flapping wings are investigated by comparing the influence on a
number of synthetic planform shapes while varying only one parameter at a time. Best performance appears to be for
wing shapes that have nearly straight leading edges and more area outboard, where flow velocities are higher. Other
important trends are also identified and practical considerations are noted. When possible, comparisons are also
drawn with quasi-steady expectations and discrepancies are explained.

Nomenclature

aspect ratio (2R?/S)

lift coefficient (L/3pV2S)
chord length, m

mean chord length (S/R), m
drag, N

wing-offset distance (/ — R), m
flapping frequency, Hz
reduced frequency (fc/2V)
lift, N

(radial) wing extent, m

torque, Nm

wing length, m

planform area of one wing, m?
number of semichords traveled
thrust, N

velocity, m/s

dummy variable

pitch angle

fluid density, kg/m?

stroke amplitude

sweep rate, rad/s
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ICRO air vehicles (MAVs) are small (approximately 150 mm)

handheld flying machines that are attractive for flight inside
buildings, caves, and tunnels. Such indoor flight is of significant
military and civilian value and leads to the requirement of distinct
characteristics that include small size, low flight speed, hovering
capability, high maneuverability at low speeds, and small acoustic
signature, among other things. As discussed elsewhere [1-4],
insectlike flapping is a proven solution meeting the particular
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requirements for an agile MAYV for operation in confined spaces.
Little previous work has been published that aims to produce an
optimized wing aerodynamic design for such vehicles.

Although insect flapping wings offer a proven solution and are
abundant in nature (there are over 170,000 species of flying insects),
little is known about the optimality of their wing design. Crucially,
the wings are responsible not only for lift but also for propulsion and
maneuvers. The work presented in this paper addresses this issue of
converging on preferred design characteristics for an insectlike
flapping wing in terms of wing geometry. This is the second of a two-
part paper; the effects of wing kinematics are considered in part 1 [3].

Ellington’s [6] seminal work rejuvenated interest in insect flight,
but it is only recently that attention has been directed toward the
design of vehicles that use insectlike flapping wings, particularly at
the MAYV scale [1-3]. In a later study, Ellington [7] proposed design
guidelines based on scaling from nature, but this does not give
physical insight or allow design optimization. Most other studies
have concentrated essentially on the effect of kinematics parameters
on the performance of insectlike flapping wing (see, for example,
[5,8-16]). The current study appears to be the first of its kind to
consider wing geometric parameters. It is part of a wider campaign at
Cranfield University (Shrivenham) aimed at the aerodynamic design
of insectlike flapping wings for MAVs. After some initial work using
simple quasi-steady models [17,18], Ansari et al. [19,20] used a more
complex nonlinear unsteady aerodynamic model for insectlike
flapping wings in the hover to conduct a more advanced investigation
[21]. The current work is a further extension of this study and now
considers the effects of a wider range of wing planforms and other
wing-design parameters. This work also includes more detailed
analysis based on considerations of flow physics in the flapping-wing
regime and, in doing so, provides much-needed insight into the
observed characteristics while making comparisons with corre-
sponding quasi-steady predictions. Performance of the various
configurations is compared on the basis of lift, lift-to-drag ratio, and
lift-to-torque ratio.

It has been noted in [3] that it is more difficult to implement
mechanical changes in wing kinematics than in wing geometry (i.e.,
itis easier to install a different-shaped wing than it is to change wing
kinematics). Therefore, it is of great interest to study the possibility of
achieving favorable aerodynamic characteristics through wing
geometry changes. Wing geometry here refers to both its shape and
its configuration. This is the theme of this study. The effects on
aerodynamic performance of a number of wing geometry parameters
are studied using a fixed set of wing kinematics. The parameters in
the design space are varied one at a time to identify trends for
optimizing wing performance and hence to derive the best
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combination for a flapping-wing MAV (FMAYV). Observations are
explained in relation to quasi-steady predictions and the underlying
physics of flow. The model used [19,20] is described subsequently,
but first, the pertinent aerodynamic phenomena are discussed.

A. Insectlike Flapping

Insect flapping flight has been discussed extensively in [4] and
only the features essential to this study are discussed here.

1. Wing Kinematics

The description of insect flapping that follows is for two-winged
flies (Diptera) from which we draw our inspiration. Insects use a
reciprocating wing motion for flight, comparable to the sculling
motion of the oars of a rowing boat. This may be decomposed into
three component motions: sweeping (fore and aft movement),
heaving or plunging (up and down movement), and pitching (varying
incidence). Each flapping cycle consists of two half-strokes: a
downstroke and an upstroke. These are the translational phases of the
flapping cycle because changes in pitch are minimal. At either ends
of the half-strokes, the rotational phases of the flapping cycle come
into play: stroke reversal occurs, whereby the wing pitches rapidly
and reverses direction for the subsequent half-stroke. During this
process, the morphological lower surface becomes the upper surface
and the leading edge always leads (Fig. 1).

2. Aerodynamic Phenomena

The aerodynamics of insect flapping flight is too vast a subject to
be addressed in any detail here, and so only the most important flow
features germane to hover are described. The flow associated with
insect flapping flight is incompressible, laminar, and unsteady and
occurs at low Reynolds numbers. The unexpectedly large forces
observed can be attributed to a combination of unsteady and vortical
aerodynamic effects.

The main identifying feature of an insect’s flapping cycle is the
wing’s start-stop-reversal behavior and this is fundamental to the
aerodynamics that make this flight regime possible. The starting
vortices shed each time the wing starts are of the opposite sense to the
bound circulation and have an inhibitory effect on lift: the so-called
Wagner effect [22]. Although stroke reversals occur at the end of the
half-strokes, there is still significant translational motion during their
execution, and the increasing incidence results in an increase in lift:
the so-called Kramer effect [23]. The converse is true at the start of
the subsequent half-stroke when the wing rapidly pitches down.

As a flapping wing moves, it sets the surrounding air in motion.
Additional force is required to overcome the repeated acceleration

Downstroke Flapping Downstroke

Upstroke CycI e Upstroke

E }\
Fig. 1 Half-strokes during insect flapping (bold line marks the wing
leading edge).

and deceleration of this mass of air: the so-called apparent mass
forces [24], which must be accounted for. By the very nature of the
kinematics, the fluid in the vicinity of the flapping wing is not
quiescent (especially during hover or low-speed flight) and wake
capture forces [25] arise as the wing regularly encounters its own
shed wake.

By far, the most important aerodynamic mechanism in insect flight
is the leading-edge vortex identified by Ellington et al. [26]. They
reported that it persisted through each half-stroke and was
responsible for the augmented lift forces. They also noted its
spanwise-spiraling nature, although this has been questioned by
Dickinson et al. [8].

A further feature of insectlike flapping flows is their dependence
on the number of semichords traveled [18]. During the development
of his model, Ansari [18] noted that when moving spanwise along a
flapping wing, a phase difference in vortex-shedding patterns existed
between wing sections. Flow in the outboard regions was more
developed and older, in terms of semichords traveled, than the
inboard regions. More mature flow, having traveled more
semichords, was found to be more prone to vortex breakaway. A
similar observation was made by Ellington et al. [26], who reported
that vortex breakaway caused the leading-edge vortex to lift off the
wing surface in the outboard regions of the wing. Wilkins and
Knowles [27] also made a similar observation in their computational
fluid dynamics (CFD) study on impulsively started rotating wings.
Vortex breakaway causes a reduction in lift but an increase in drag.
Because outboard wing sections are most likely to be affected, the
implications for torque are significant. This behavior is crucial in
explaining some of the trends observed in the parametric study
presented in Sec. III. The link between flow behavior and flow age in
terms of semichords traveled shows that a reduced-frequency-type
parameter is still relevant in this form of unsteady flow and stresses
the importance of preserving the Strouhal number [27] in
experimental investigations, a point also highlighted in [4,20].

Although the model uses 2-D vortex breakaway to explain the
variations in the forces observed, in 3-D viscous flow, this is in fact
caused by Kelvin—Helmholtz instability in the vortex structures and
the merging of the leading-edge vortex with the tip vortex [27].
However, as shown in the following section, the effects of the two
mechanisms appear to give corresponding effects, and hence the
model of Ansari et al. [19,20] is used in this study.

II. Nonlinear Unsteady Aerodynamic Model

Flapping-wing flows necessitate capturing the separated flow due
to the leading-edge vortex and the trailing-edge wake and their
complex interaction with the wing (see Fig. 2. Ansari et al. [19,20]
developed a nonlinear unsteady aerodynamic model for insect
flapping flight in the hover that took into account the flow
phenomena mentioned earlier. The model was based on two novel
coupled nonlinear integral equations. One of the equations models
the leading-edge vortex and the other models the rest of the wake,
their coupling expresses the interaction, and the nonlinearity
captures wake deformation. The method does not rely on ad hoc
adjustments or on empirical fixes (as did many previous models [4])
and shows good agreement with the experiment (see Figs. 2—4). The

Fig. 2 Theoretical prediction [19,20] of 2-D flow visualization
compared with experimental data [31].
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Fig. 3 Theoretical prediction [19,20] of lift force on a 3-D wing compared with experimental data [32].

lift [N]
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lift [N]

Delayed

half-strokes

Currentpaper e CFD (Ramamurti & Sandberg [30])

——— — Experimental (Dickinson etal.[8]) ~  —.—.—.— Experimental (Dickinson et al. [8], from Ramamurti & Sandberg [30])

Fig. 4 Plot comparing results from the aerodynamic model used here [19,20] with CFD [28] and experimental measurements [8]. Results shown are for

advanced, symmetrical, and delayed kinematics.

interested reader is referred to [19,20] for full details on the model
and its accuracy.

With given input kinematics and geometry, the model is capable of
returning forces and moments as well as generating flow
visualization (see Fig. 5). Producing such a model is challenging,
as it necessitates capturing the vortical phenomena and their

interaction with the wing, and Ansari et al. [19,20] validated their
model for hover (see Figs. 2—4). Figure 4 shows how our
aerodynamic model compares with the CFD model of Ramamurti
and Sandberg [28]. The wing kinematics for the advanced and
delayed cases have a lead and a lag, respectively, of 8% of the
flapping cycle on the symmetrical case. Our model produces results

Y

Aerodynamic Model

Force & Moment

Wing Geometry

! Wing Kinematics ,-‘

Flow Visualization

Fig. 5 Data flow in the model of Ansari et al. [19,20].
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Table 1 Wing kinematics parameters for all simulations

Parameter Value

Flapping frequency 2 Hz
Wing motion Birch and Dickinson [32]
Rotation phase Advanced by 6% of the flapping cycle (as in [32])

that are consistent with the experimental data of Dickinson et al. [8],
whereas the results of Ramamurti and Sandberg [28] compare well
with the experimental data of Dickinson et al. [§] that they quote. As
highlighted elsewhere [29], more experimental data are needed.

The model of Ansari et al. [20] has been shown to be among the
best currently available [4] and was used here for the parametric
study. A comprehensive review of other aerodynamic modeling
methodologies can be found in [4].

The model [19,20] is quasi-three-dimensional, using a blade-
element method to divide the wing spanwise into chordwise strips
using radial chords [17,19] that are each treated essentially as two-
dimensional. In the current study, the wing section is modeled as a
rigid flat plate, but the model is capable of including camber and
thickness. Although the insectlike flapping kinematics are spherical,
the wings’ plunging motion is usually small, and therefore our
approach reduces the spherical geometry to a cylindrical one. As a
result, each wing section resides in a radial cross plane that is
unwrapped flat, and the flow is solved as a planar two-dimensional
problem. The overall effect on the wing is obtained by integrating
along the span. Because of its quasi-three-dimensional nature, there
is no communication between adjacent sections. Hence, spanwise
motion of the leading-edge vortex is not treated. The validity of this
and the cylindrical-system approximation is discussed in [20]. The
impact of neglecting 3-D viscous effects is addressed subsequently.

The aerodynamics were realized using potential flow methods.
Because of flow separation from both leading and trailing edges, the
Kutta—Joukowski condition is enforced there. The flow is assumed to
be irrotational (except at solid boundaries and discontinuities in the
wake), and the effects of viscosity are included indirectly in the form
of the Kutta—Joukowski condition and in the formation and shedding
of vortices. The solution is implemented numerically using a discrete
vortex method, and a spin-off of this technique is that flow
visualization is generated automatically. Forces and moments are
computed by Kelvin’s method of impulses [30], and the model was
validated against flowfield [31] and force [32] experiments.

The aerodynamic model used here [19,20] does not capture certain
3-D flow features: notably the effects of the tip vortex, spanwise flow,
and some aspects of viscosity. These effects will be briefly discussed
now.

The effect of the tip vortex on finite wings with attached flow is to
reduce lift owing to air spilling from the pressure side of the wing to
the suction side. The forward motion of the wing leads to the
formation of a trailing vortex system behind the wing, which induces
adownwash on the wing. This reduces the effective angle of attack of
the wing and thus causes a reduction in lift. By contrast, with suitable
wing shaping, the tip vortex can also be used to increase the lift force
as in the British Experimental Rotor Program (BERP) helicopter tips
[33-35]; this is achieved by managing separated flow over the blade
tips. Itis therefore difficult to speculate on the net effect of neglecting
the tip vortex in our model, in which the flow is predominantly
separated.

The spanwise flow in the leading-edge vortex on a flapping wing
appears to improve its stability [26,27,36] as vorticity is extracted
toward the outboard regions. Because the quasi-3-D model used here
does not model this feature, an instability is created that results in
vorticity being transported chordwise instead. The leading-edge
vortex in each wing section increasingly tends to break away as more
chord lengths are swept (a 2-D flow feature [27]). Comparison with
experimental data (Figs. 3 and 4), however, shows that the breaking
away produces slight oscillations about the measured values of
forces, thus giving confidence that the model is correctly capturing
total circulation. Indeed, the creation of vorticity in the model is

regulated strictly by satisfying the fluid dynamics equations for
vorticity balance [19,20].

Aerodynamic modeling progresses from first principles and
introduces several simplifications to the basic equations of fluid
mechanics, justified by the flow phenomenology and/or geometric
and kinematic symmetries [4]. In this way, only some effects of
viscosity are included in the current model, such as in the formation
of vortices shed into the wake and in the enforcement of the Kutta—
Joukowski conditions at the leading and trailing edges. Although
vortices shed into the wake are convected in accordance with the
Biot-Savart law, their diffusion, which is a feature of viscous flows
[37-39], is not implemented in our model. Vortex stretching, which
is encountered in 3-D flows [40-42], is also not implemented. The
net effect of neglecting diffusion and stretching is difficult to
quantify. Vortices that are far removed from the wing are less likely
to have much influence, but those in close proximity (as most will be
in the hover) may have a greater impact on the flow and hence on
forces and moments.

It may be concluded from the preceding discussion that, with the
caveats, the model can be used with some confidence as a tool for the
study presented here in view of the fact that there is no single clear
effect of neglecting these flow features and, more important, because
the agreement with experimental data is very encouraging [flow
phenomenology, magnitude of the forces, and their unsteadiness are
all captured well (see Figs. 24)].

III. Wing Geometry Study

The forces and moments experienced by a potential FMAV were
obtained by running the simulations for one wing only (the effect of
both wings would simply double the quoted values).f The fluid
medium used was air at standard sea-level atmospheric conditions,
and the wing sections were assumed to be rigid flat plates. The
required wing kinematics and wing geometry parameters were used
as input to the aerodynamic model, and the resulting forces (and
related parameters) generated were the outputs used for the
comparisons.

Owing to the time-varying nature of the wing forces, performance
comparisons are based on mean values of lift £ and drag D, averaged
over four half-strokes. Some comparisons are also presented of mean
lift-to-torque ratio £/ Q (indicative of power requirement) and mean
lift-to-drag ratio £/D. When appropriate, plots showing variations in
the center of drag (the spanwise radial position at which the resultant
drag D acts) have also been included. These were deduced from the
ratio of L/Dto L/ Q.

Wing kinematics were fixed at the values shown in Table 1, and the
effects of varying wing-geometry-related parameters are studied by
varying one parameter at a time. The sweep and pitch time histories
used were those provided by Birch and Dickinson [32] from their
Robofly experiments (e.g., [6]) and are shown in Fig. 6. There is no
heave or plunge; hence, the wing tip describes a flat figure eight. The
stroke amplitude ® swept by the Robofly wing was computed as the
maximum that was possible without (mechanically) interfering with
the other wing (see [3]).

The geometric parameters considered in our investigation were
wing aspect ratio, wing length, wing area, wing-offset distance,
pitch-axis location, and wing planform shape (see Fig. 7). Pitch-axis
location refers to the chordwise position of the spanwise rotational
axis of the wing defined along the wing section with the largest chord
length. The pitch axis itself is a line drawn radially outward from the
center of rotation. Wing-offset distance refers to the distance from the
center of rotation to the wing root (Fig. 7). Wing length R is then the
distance from the root of the wing to its tip (i.e., length of one wing).
The latter is termed the wing-offset distance. Wing area S refers to the
planform area of each wing, and aspect ratio R is computed from
wing length and wing area as AR = 4R?/2S, in which R =
(wing span)? divided by the total wing area, and the wing span is

SIn reality, if the wings come in close proximity to one another, some form
of mutual interference would come into play, and hence the effect of two
wings would not necessarily be the doubling of the single-wing forces.
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Fig. 6 Kinematics of Birch and Dickinson’s [32] Robofly showing sweep (¢, ¢) and pitch («, &) characteristics for one cycle.

twice the length of one wing and so excludes wing offset and any
distance between the attachment points of both wings. Note that AR
here is based on the total length (2R) and total area (2S5) of both wings
and not on the total span (i.e., the effect of offset distance is
excluded). Finally, wing planform shape refers to the actual shape of
the wing (i.e., rectangular, elliptical, etc.).

Altogether, 13 different planforms were considered (see Fig. 8)
and were categorized into two groups. The first group was classified
as symmetric due to the symmetry of the wings about the spanwise
axis through their midchords (Figs. 8a—8f). (Chords are considered
here in their usual straight-line sense and not the radial chords shown
in Fig. 7.) The second group was asymmetric because of the absence
of this symmetry about a spanwise axis (Figs. 8g—8m). Each of these
wing planforms was investigated for its dependence on the geometry
parameters noted earlier, and as these were varied, stroke amplitude
changed accordingly. The kinematics provided by Birch and
Dickinson (see [32]) were used.

The parameters in the design space are varied one at a time to
identify trends for optimizing wing performance and hence finding
the best combination for an FMAV. The remaining parameters were
maintained at the values shown in Table 2. It may be noted that
because wing-offset distance is fixed but aspect ratio AR and wing
area § are varied, small changes in stroke amplitude ® occur because
variations in the wing-root chord affect the clearance afforded by the
various configurations.

A general trend observed in this study was the similarity between
the trends for lift and drag. In the interest of brevity, therefore, only
lift plots are shown. The relative effects of drag can be deduced from
the lift-to-drag £/D and lift-to-torque £/ Q ratios that are shown.

A. Aspect Ratio

Because lift and drag are functions of wing area S, the effect of
aspect ratio R was investigated by varying wing length R while
keeping S constant to enable a fair comparison. All other parameters
were maintained at the values shown in Table 2. Figure 9 shows that
the trend for the planform shapes considered is that mean lift

center of pitch axis pitch-axis
rotation location
wing section
radial chord
s e— |
wing offset

wing length
Fig. 7 Wing shape parameters.

generally increases with aspect ratio (the results for mean drag are
also similar).

From a quasi-steady perspective, doubling aspect ratio would
result in doubling lift. Consider, for example, the case of a
rectangular wing with length R and mean chord ¢. Assuming some
mean lift coefficient C;, the total lift on the wing is

a) rectangle g) semi-ellipse

b) triangle h) inverted semi-ellipse

¢) reverse triangle i) reverse semi-ellipse

d) ellipse

j) inverted reverse semi-ellipse

e) reverse ellipse

k) half-ellipse

f) full ellipse 1) inverted half-ellipse

x ) four-ellipse

Fig. 8 Symmetric (left) and asymmetric (right) wing planforms (with
radial chords shown) used for parametric study. The pitch axis is parallel
to the x axis and passes through the center of rotation (which is to the left
in each case).
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Table 2 Standard wing geometry parameters for

simulations
Parameter Value
Wing length 125 mm
Aspect ratio 7.5
Mean chord 66.67 mm
Pitch-axis location 0.25—chord
Wing area 4167 m?
Wing offset 25 mm

3

1 R 1 R
L x :5,0CL | (wr) cdr:EpCLw c?

where p is air density and w is sweeping angular velocity. Because
aspect ratio is related to wing length and wing chord as AR o R and
MR o 1/¢, respectively,! increasing AR by x means that wing length
becomes /xR and wing chord becomes ¢/./x." Therefore, lift
becomes

1
EXIAR = —pCszi x[,AR

2 VX

that is, a linear relationship. Some of the plots in Figs. 9a and 9b,
however, fall short of this linear relationship. This observation results
from the fact that as wing length R increases, mean chord ¢ decreases
while being exposed to increasing flow velocities (because incident
velocity increases radially). This results in the wing getting narrower
(in chord length), but traveling more or less the same distance, and so
each wing section travels more semichords s as aspect ratio
increases. As noted earlier, flow in the outboard sections is more
prone to vortex breakaway because of being older in terms of s and
hence produces less lift than otherwise expected. Therefore, as aspect
ratio increases, the quasi-steady component of lift (in the model of
Ansari et al. [19,20], forces and moments can be decomposed into
quasi-steady and unsteady components) increases, but is partly
countered by the hindering effect of the wake-induced components.
[Increasing aspect ratios (narrower wings) allows bigger arcs to be
swept. Because the flapping cycles are of the same duration, this
increases sweeping angular velocity w and, from a quasi-steady
viewpoint, should increase forces as the square. However, because
the forces still increase more or less linearly, the inhibitory effects of
the shed wake are made even more obvious.] This results in an
increasing deviation from linearity. No apparent differences between
the trends for the symmetric and asymmetric planforms can be
discerned (cf. Figs. 9a and 9b).

Although the effect of aspect ratio on mean drag is very similar to
that observed for mean lift, plots of lift-to-drag ratio £/D show an
interesting finding (see Fig. 10). For most of the planforms
considered, £/D reaches a peak for AR in the range of 5-10 and
generally does not vary much beyond an aspect ratio AR ~ 7.5,
implying that there is not much benefit in increasing aspect ratio
beyond this value, because drag begins to increase as rapidly as lift.
In fact, Ellington [7] noted that aspect ratios found in insects were in
the range of 5-12 and that R ~ 7 was a typical value.

The plots for lift-to-torque ratio £/ Q show diminishing returns for
increasing aspect ratio (see Fig. 11). There is a general decline in
L/Q as aspect ratio increases, implying that more of the outboard
region is contributing to the low £/D; that is, the center of drag® is
shifting inboard (see Fig. 12), and so it is desirable to keep aspect
ratio to a minimum. From a design viewpoint, a compromise would
have to be struck between high lift and high £/ Q.

Using a very simplified calculation, Azuma et al. [43] showed that
reduced frequency k (which is a measure of flowfield unsteadiness)
was related to aspect ratio as k o« 1/R for a given stroke amplitude,

¢ (JIR) _
28

IR =4R?/2S =2R?/¢R = 2R/ ¢, where, for constant wing area S, the
product ¢R must also be constant.
**From the definition of torque Q, the radial distance of the center of drag is

(L/D)/(L]QD).

implying that flapping-wing forces would be expected to more
closely approach the quasi-steady limit as AR increased. The present
study, however, has shown that the negative effect of sweeping
through greater distances s hinders the approach to this quasi-steady
limit.

B. Wing Length

The effect of wing length R (with fixed wing area) on the
performance characteristics of the flapping wings considered is
similar to the description presented earlier for the effect of aspect
ratio. The effect on mean lift is shown in Fig. 13. The effect on mean
drag is very similar and has been omitted.

There is, however, an important difference between the effects of
aspect ratio and wing length on mean lift (cf. Figs. 9 and 13).
Whereas the variation of mean lift with aspect ratio was more or less
linear, variations in wing length appear to change mean lift more
rapidly. In fact, from a quasi-steady analysis, it can be shown that the
relationship is quadratic. This can be explained as follows. Using the
notation introduced in Sec. IIL.A, if wing length is increased by x
while keeping wing area constant, R becomes xR and mean chord
reduces from ¢ to ¢/x, so that

= 3
L= l,oCszc(xI;) =x2Ly

In other words, R o AR? so that the plots for variation with wing
length explore a wider range of the design space than those for
variation with aspect ratio. Deviations from the quadratic predictions
arise for the same reasons as were discussed with regard to aspect
ratio: outboard regions travel more semichords and are subject to
increased vortex breakaway. [The increasing AR associated with
increasing R implies that (slightly) longer arcs are swept, further
exacerbating this effect.] Hence, mean lift drops and mean drag
increases.

The variation in mean lift-to-torque £/Q is shown in Fig. 14.
Comparing with Fig. 11 shows that the data in Figs. 11 and 14 are
complementary (see Fig. 15). From the study on aspect ratio alone, it
would appear that £/ Q increases indefinitely as aspect ratio reduces
(Fig. 15), but the study on wing length reveals that the trend in £/ Q,
in fact, reaches a peak as aspect ratio gets very small (Fig. 15). This is
a valuable insight for wing design. Although the peak in £/Q is
attractive, it corresponds to a rather small value of lift, and so, in
practice, alower value of £/ Q and a higher value of lift may make for
a more workable design.

C. Wing Area

To investigate the effect of wing area on wing performance, aspect
ratio was kept constant so that the shape of the wing planform
remained unchanged. The results from this study are shown in
Figs. 16-18. Wing area here refers to the planform area of only one of
the wings of the wing pair.

The plots for lift and drag are very similar and so only the former
are shown. From a quasi-steady perspective, increasing area should
be reflected in a linear increase in lift (and drag). In the current
flapping-wing case, increases in area are achieved by simultaneous
increases in wing length and chord. The variation of lift and drag with
wing area would be expected to be quadratic because, for wing area
given by S = Rc, then following the notation used in Sec. IILA, if
wing area is increased by x, wing length and chord increase as
xS = /xR - \/xc. Lift varies linearly with ¢ but as the cube of R.
Hence, the new lift becomes

(\/)_;RP =x"Ls

1
L= EpCsz(ﬁE)

The relationship between wing area and lift is found to be slightly less
than the quasi-steady predictions. This is not because of vortex
breakaway effects (both ¢ and R increase with S; hence, the number
of semichords traveled is more or less constant), but because larger
wings sweep through slightly smaller arcs (because wing offset is
fixed) and hence flap slower.
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Fig. 10 Effect of aspect ratio on mean lift-to-drag ratio £/D of the symmetric and asymmetric wings.

The relationship between mean lift and wing area appears closer to
quadratic than was the case for lift vs wing length. This is because
wing length R and wing area S are related as R o +/S (because aspect
ratio is constant), and so variations in wing area are achieved by even
smaller variations in wing length. In addition, mean chord ¢ increases
linearly with R, and so the number of semichords traveled s in the
outboard regions of the flapping wing does not increase as rapidly as
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it did for the cases of aspect ratio and wing length considered earlier.
Hence, with increases in wing area, vortex breakaway effects are less
pronounced and the trend is closer to the parabolic quasi-steady
prediction.

In this study, the shape of the wing planforms was preserved (by
keeping AR fixed) and only the scale was varied. It would be expected
that the lift-to-drag £/D characteristics are more or less unaffected
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Fig. 11 Effect of aspect ratio on mean lift-to-torque ratio £/ Q of the symmetric and asymmetric wings.
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Fig. 13  Effect of wing length on mean lift of the symmetric and asymmetric wings.
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Fig. 14 Effect of wing length on mean lift-to-torque ratio £/ Q of the symmetric and asymmetric wings.

and this can be seen in Fig. 17. The only deviation is for the triangle
planform (Fig. 8b), which shows decreasing £/D as S increases.
This is mainly because in the outboard regions of the triangle
planform, wing chord is much smaller than the other planforms and is
therefore the most prone to vortex breakaway and the associated loss

of lift and increase in drag. As wing area increases, the wing chord on
the inboard side grows significantly (Fig. 8b), whereas wing-offset
distance is fixed. As a result, smaller and smaller arcs are swept and
lift falls accordingly. At the same time, the radial distance of the
outboard regions (where wing chord is small) from the root increases
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higher lift), because torque would be increasing at the same rate and
so would the power requirement for flapping. From a practical
viewpoint, there will also be the additional constraints of size,
weight, and wing loading. For the asymmetrical wing planforms, this
trend appears to be absent for the range of wing areas considered.

D. Wing Offset

The aim of this exercise was to assess the relative merit of
increasing wing-offset distance (see Fig. 7) while staying within the
150 mm box for an MAV. Wing-offset distance was varied in the
range of 25-75 mm and the wing length was then adjusted
accordingly, ensuring that the wing tip did not extend beyond
150 mm from the wing’s center of rotation: that is,

wing length = 150 mm — wing offset

To enable a fair comparison, wing area was kept constant, and so
aspect ratio changed with wing-offset distance, because the wing
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Fig. 16 Effect of wing area on mean lift (for one wing) of the symmetric and asymmetric wings.

and hence and so do the flow velocities there and the distances swept.
Greater portions of the wing are exposed to the associated
detrimental effects and drag increases rapidly.

The trend in mean lift-to-torque ratio for the symmetrical wing
shapes is an initial increase in £/ Q followed by a plateau that extends
from a wing area of about 2000 mm? onward (see Fig. 18). The
inference to be drawn here is that it is not beneficial to continue
increasing wing area beyond a certain point (except for purposes of
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planform became narrower in chord length as wing-offset distance
decreased, and vice versa. The effect of increasing offset distance
was to move the wing further away, thus enabling a larger arc to be
swept. However, the length of this arc was limited by the
corresponding increase in chord length required to keep wing area
constant. Figures 19-21 show the main results from this study.
Liftincreases almost linearly with increasing wing-offset distance
(Fig. 19). The main reason for this effect is that as wing-offset
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Effect of wing area on mean lift-to-drag ratio £/D of the symmetric and asymmetric wings.
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Fig. 19 Effect of wing offset on mean lift of the symmetric and asymmetric wings.

distance increases, more wing area is pushed outboard, where flow R = [ — d. Then, for a rectangular wing, for example, lift is (see also
velocities are higher. This may be explained by a simple quasi-steady the analysis in Sec. III.A)

analysis. Assume that the constant wing area to be maintained is S
and that mean chord is c. If wing-offset distance is d and wing extent
(radial distance from the center of rotation to the wing tip) is /, then

1 ! S 1 1
L =-pC; / (wr)>——dr = —pCLa)zS(—(l —d)* + ld)
mean chord may be written as ¢ = /(I — d), where wing length 2 d I—d 2 3
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Fig. 20 Effect of wing offset on mean lift-to-drag ratio £/D of the symmetric and asymmetric wings.
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Fig. 21 Effect of wing offset on mean lift-to-torque ratio £/Q of the symmetric and asymmetric wings.
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Fig. 22 Effect of pitch-axis location on mean lift of the symmetric and asymmetric wings.

Although the preceding expression is quadratic, its values appear
close to linear for the range of d considered here (1/6 < d/I < 1/2).
The results for drag also show a very similar trend and were omitted.

Whereas increasing wing length resulted in outboard sections
becoming increasingly prone to flow breakaway, the effect of
increasing wing-offset distance is to make the flow younger in terms
of semichords traveled s because mean chord ¢ increases with wing-
offset distance (wing extent / was limited to 150 mm so that increases
in d resulted in smaller R and larger ¢ to maintain the same S).
Therefore, the flow becomes increasingly stable with growing offset
distance. This is manifested in improving lift-to-drag £/D and,
particularly, lift-to-torque £/ Q ratios (see Figs. 20 and 21).

Although £ /D appears to be more or less invariant as wing-offset
distance increases (Fig. 20), the £/Q plots show a more marked
increase for the same range (Fig. 21). The £/Q characteristics
improve by about 50% for all the wing planforms considered here as
wing-offset distance is increased from 25 to 75 mm. It is therefore
desirable to have as large a wing offset as possible. However, this will
be limited by considerations for low wing-root bending moment and
structural stiffness.

E. Pitch-Axis Location

In this study, the position of the spanwise wing rotation (pitching)
axis was varied at the location of the maximum chord along the wing
(see Fig. 7). For example, for the triangle planform (Fig. 8b), this was
measured with respect to the chord length at the wing root, whereas
for the reverse triangle (Fig. 8c), it was measured at the wing tip.

For the symmetric wings (Figs. 8a—8f), the pitch-axis location that
gave maximum lift was at midchord (see Fig. 22a). For the
asymmetric wings (Figs. 8g—8m), this condition was achieved when
the wing pitched about the point closest to the chordwise center of
area of the planform (see Fig. 22b). A very similar observation was
made for the effect on drag.

Consider, for example, the reverse semi-ellipse (Fig. 8i) and the
inverted reverse semi-ellipse wings (Fig. §j). Maximum lift for the
former occurred when the pitch axis was located at the quarter-chord
point, whereas for the latter (which is its mirror image about a
spanwise axis), the same condition was achieved when the wing
pitched about the three-quarter-chord point (Fig. 22b). The mean lift
plots for wings that are mirror images of each other about some
spanwise axis are more or less symmetrical about the midchord
points [cf. reverse semi-ellipse and inverted reverse semi-ellipse and
also half-ellipse and inverted half-ellipse (see Fig. 22b).]= The same
pattern can be observed for the symmetric wings, on which the mean
lift distributions appear more or less symmetric about the midchord
point (Fig. 22a).

The location of the pitch axis is significant during the rotational
(pitching) phases of the flapping cycle (i.e., at stroke reversals). This

T Although the semi-ellipse and inverted semi-ellipse also fall into this
category, this trend is less marked in their cases, because both wing shapes
have very similar area distributions in inboard regions; see Figs. 82 and 8h, in
which most of the forces are generated (this applies to these two planforms
specifically; for both wings, the inner 80% of the wingspan generates about
80% of the total force).
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is also the phase when peaks and troughs in aerodynamic forces are
generated and the relative dominance of these influences the values
for mean lift shown in Fig. 22. A similar inference can be drawn for
mean drag. To explain these forces, it is necessary to discuss the
physics of flow during stroke reversal.

Consider a flapping wing moving from right to left (Fig. 23). As
stroke reversal begins (Fig. 23a), the flapping wing rapidly pitches up
while slowing down at the same time. The pitch-up and slowdown
result in starting and stopping vortices, respectively, being shed from
the trailing edge. The relative strength of these determines whether
the wing experiences an increase or a decrease in lift. For the
purposes of this explanation, we may assume that their net effect is
negligible. As stroke reversal proceeds with near-zero translational
velocity, a counterclockwise vortex is formed (Fig. 23b) due to the
rapid rotation of the wing (referred to as the rotation vortex from here
on) and is ejected (Fig. 23c) at a speed dependent on the wing speed at
the trailing edge. Immediately thereafter, wing translation begins in
the opposite direction and a clockwise starting vortex is also shed
(Fig. 23c). Because these two vortices are not collocated, their net
effect is not to coalesce, but rather to convect away from the wing
(Fig. 23d) at their mutual induced velocities. The effect of the starting
vortex is to inhibit the lift on the flapping wing, and so it is beneficial
that these vortices convect away as soon as possible. This is made
possible if the rotation vortex is ejected at high speed, which in turn
requires that the moment arm formed between the center of rotation
(the pitch axis) and the trailing edge be as large as possible.

At the leading edge, the situation is somewhat similar. The
leading-edge vortex from the previous half-stroke is of the opposite
sense to that formed at the start of the new half-stroke and inhibits its
growth. Hence, it is desirable to remove it as far as possible from the
wing. This again is made possible by shedding it away at the highest
possible speed, which is achieved if the moment arm formed by the
pitch-axis location and the leading edge is maximized.

Therefore, to maximize lift it is desirable to keep the wing pitch
axis as far as possible from both leading and trailing edges. This
compromise is achieved best at the midchord position. For the
symmetric wing sections, this condition is satisfied by pitching about
the midchord position of the wing (hence, the results shown in
Fig. 22a). For the asymmetric planform shapes, the midchord
position varies along the wing. The best lift is obtained by placing the
pitch axis at the midchord position of the wing section with the
largest chord length; this corresponds to the locations for maximum
lift noted earlier (see Fig. 22b).

The graphs in Fig. 22 show that for the symmetric wings, the same
lift and drag can be obtained for two different pitch-axis locations
(except for the maximum values) (see Fig. 22a). In a wing-design
study, therefore, some other criterion is required to differentiate
between pitch-axis locations that give the same lift (and/or drag).
This choice can be made by considering the lift-to-torque ratios £/ Q.
These are shown in Fig. 24. The results for lift-to-drag ratio £/D
show the same trends and were omitted.

The trend in mean £/Q shows that rearward pitch axes are
generally more beneficial. This trend is common to both the
symmetric and the asymmetric wings. [Owing to the small
magnitudes of the lift and drag generated with wing pitch-axis
located at the trailing edge, values of £/Q (which involves their
ratio) should be treated with caution.] The inference to be drawn here
is that it is more important to eject the previous leading-edge vortex
than it is to eject the rotation and starting vortices formed at the
trailing edge. This is because the latter can convect away at their
mutual induced velocities, whereas the previous leading-edge vortex
cannot convect far under its own influence.

A comparison of the effect of wing planform shape can also be
made here. For the symmetric wings, mean lift at the midchord pitch-
axis location shows that the reverse triangle produces the most lift,
followed by the reverse ellipse, full ellipse, rectangle, ellipse, and
triangle (see Fig. 8). The reason for this is that more lift is produced
by wing planforms that have more wing area outboard, where they
can make full use of the higher velocities. For the asymmetric wings,
the semi-ellipse gives the best lift-to-torque ratio, followed by the
inverted half-ellipse, half-ellipse, inverted semi-ellipse, reverse
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a) End of half-stroke

b) Start of stroke reversal

¢) End of stroke reversal

e,
',

s

d) Start of new half-stroke
Fig. 23 Typical wake generated by an insectlike flapping wing in the
hover (after Ansari [18]). Vortices originating at the leading edge are
shown as dotted lines and those from the trailing edge are solid lines.

semi-ellipse, and inverted reverse semi-ellipse. The value for the
four-ellipse wing occurs somewhere in the middle. The last two
wings (reverse semi-ellipse and inverted reverse semi-ellipse) have
large chord lengths in the outboard sections. Although this is good
from a high-lift perspective, these wing planforms also generate high
drag. Hence, they have the lowest £/ Q. Apart from the four-ellipse
wing planform, the remaining four planforms have similar chord
distributions (see Fig. 8) with near-zero chords in the outboard
regions. Most of the lift and drag is generated inboard and these
planforms have better £/ Q characteristics.
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Fig. 24 Effect of pitch-axis location on mean lift-to-torque ratio £/ Q of the symmetric and asymmetric wings.
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Fig. 25 Maean lift-to-torque ratio £/Q vs mean lift as a function of aspect ratio for the symmetric and asymmetric wings.

F. Wing Planform Shape

In this section, the relative merits of all 13 wing planform shapes
are discussed. A number of criteria can be used to judge the relative
merits. For example, in terms of lift, the following series ranks the
wing planforms in order of decreasing lift:

1) The symmetric order is reverse triangle, reverse ellipse, full
ellipse, rectangle, ellipse, and triangle.

2) The asymmetric order is reverse semi-ellipse, four-ellipse,
inverted half-ellipse, inverted reverse semi-ellipse, half-ellipse,
inverted semi-ellipse, and semi-ellipse.

Lift is generally greater for wings with more area outboard, where
velocities are higher and hence and so are the forces. From structural
considerations, however, it is desirable to keep the wing-root
bending moment at a minimum by limiting the level of forces
generated outboard so that the preceding order would be in reverse. A
compromise would have to be struck between the two opposing
requirements for a suitable flapping-wing design.

From a power-requirement perspective, a better measure is lift-to-
torque ratio £/ Q. Although a wing with a high £/ Q is desirable, this
wing may not offer a plausible solution if it is unable to generate the
desired lift in the first place. For this reason, a plot of £/ Q against lift
is more useful for comparison in wing design. This is shown in
Fig. 25 for the range of aspect ratios considered in Sec. IILLA. The
general trend is that an increase in lift comes at the cost of a reduction
in lift-to-torque ratio. Therefore, for maximum power efficiency, it is
imperative that lift requirements are kept to a minimum.

Consider, for example, the design requirement for 0.0025 N of lift
(the choice of this value has no particular significance from an

MAV-design perspective; it was chosen simply because most of the
plots in Fig. 25 pass through this point) from a wing planform with
minimum torque. This condition is best satisfied by the reverse
ellipse from the symmetric wings (Fig. 25a) and by the reverse semi-
ellipse from the asymmetric planforms (Fig. 25b). The reverse semi-
ellipse wing’s £/Q value is at least 5% larger than all other wing
shapes and at least 15% larger than any of the symmetrical shapes.
Figure 25 also shows that wing planforms with straight (or almost
straight) leading edges, more wing area outboard, and/or positive
sweep at the leading edge show better £/Q vs L characteristics.
From a lift-to-torque-ratio perspective, the order of wing planforms
with decreasing £/Q as a function of £ is more or less the same as
for the lift shown earlier. An extra piece of information that can be
extracted from Fig. 25 is the range of lift that the wing planforms can
offer. The ranking is again the same as that for £/Q vs L, implying
that a large range of lift depends on there being more area outboard
for generating high lift.

IV. Conclusions

In this paper, the influence of wing geometry on the aerodynamic
performance of flapping wings in hover was studied for a number of
synthetic planform shapes using the aerodynamic model of Ansari
etal. [19,20]. The effects of increasing aspect ratio, wing length, and
wing area were all to increase lift, albeit at different rates. The effect
of increasing wing-offset distance (with fixed overall span) was to
improve performance (better lift and lift-to-torque ratios), mainly
because more wing area was moved outboard, where flow velocities
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are higher. Further, best lift characteristics were extracted when the
pitching axis of the wing was located close to the center of the area in
the chordwise direction, because it provided the best compromise for
ejecting the shed vortices from the leading and trailing edges during
stroke reversal. Wing planforms with straight (or almost straight)
leading edges and more wing area outboard generally produced
better lift and lift-to-torque ratio characteristics.

Most of the studies were compared with quasi-steady predictions,
and discrepancies were mainly attributed to the effect of semichords
traveled s. Large s was accompanied by a decrease in lift and an
increase in drag, giving an overall reduction in aerodynamic
performance.

Taking into account the conclusions drawn for the effect of wing
kinematics [5], it appears that for an FMAV, the best design
configuration would be to flap at a high frequency and sweep through
alarge stroke amplitude while employing an advanced (early) stroke
reversal. In terms of geometry, a configuration that has a considerable
wing area outboard while having a high aspect ratio and a straight
leading edge would be preferable. In addition, such a configuration
would also need to have as large a wing-offset distance as possible
and execute pitching rotations about an axis that is close to the wing’s
center of area in the chordwise direction. As noted in [3], variations in
wing geometry are easier to implement than wing kinematics and
may therefore be favored in wing design.

The investigation presented here is for insectlike flapping wings in
the hover. It is possible that the best configuration for other flight
regimes (e.g., forward flight) requires a different wing geometry. In
practice, the geometry of choice would be determined by the mission
profile and may not be optimal for all flight modes. Instead, some
kind of weighting may be used for the various flight modes to
determine the configuration that gives the best overall performance.
Nevertheless, the current study lays useful groundwork for the
FMAV flight regime.
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