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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. Here, suchwing design for hovering insectlike flappingflight is studied

using a nonlinear unsteady aerodynamic model developed by the authors. The work is characterized, in particular,

by the insights it provides into flapping-wing flows and the use itmakes of these insights for aerodynamic design. This

is thefirst of a two-part paper.The effects ofwing kinematics on the aerodynamic performance of suchflappingwings

are investigated in this part by varying one parameter at a time; the effects ofwing geometry are considered in part 2.

It is found here that there are benefits in increasing flapping frequency and stroke amplitude and in advancing wing

pitching rotation. 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

c = chord length, m
�c = mean chord length �S=R�, m
D = drag, N
f = flapping frequency, Hz
k = reduced frequency �f �c=2V�
L = lift, N
l = wingspan, m
Q = torque, Nm
R = wing length, m
Re = Reynolds number
S = wing area, m2

St = Strouhal number (fl=V)
s = number of semichords traveled
T = thrust, N
V = velocity, m=s
� = pitch angle
� = fluid density, kg=m3

� = stroke amplitude
� = stroke angle

I. Introduction

A GILE flight inside buildings, caves, and tunnels is of significant
military and civilian value and is an attractive application for

micro air vehicles (MAVs), defined here as flying machines of the
order of 150 mm in size. Indoor flight imposes particular design and
performance requirements, including small size, low speed, hovering
capability, high maneuverability at low speeds, and (for covert
operations) small acoustic signature, among other things. As
discussed elsewhere [1–4], insectlike flapping is a solution thatmeets
these requirements and is proven in nature.

Although a number of elements characterize the design of a
flapping-wing MAV, the focus here is on its wing aerodynamic
design. This is crucial because for a flapping-wing MAV (FMAV)
the wings are not only responsible for lift, but also for propulsion and
maneuvers. 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.
Unlike forfixed or rotarywings, the parametric space associatedwith
flapping wings is largely unexplored. A study that addresses the
effects of both wing kinematics and wing geometry on the
aerodynamic performance of flapping wings is required, and the
former forms the underlying theme of this paper. The effect of wing
geometry is considered elsewhere [5]. This work also provides
insights into flapping-wing flow physics and uses these insights for
aerodynamic design.

Although Ellington’s [6] seminal work rejuvenated interest in
insect flight, it is only recently that attention has been directed toward
the design of vehicles that use insectlike flapping wings, particularly
at the MAV scale [1–3]. In a later study, Ellington [7] proposed
design guidelines based on scaling fromnature, but this does not give
physical insight or allow design optimization. Dickinson et al. [8]
investigated the effect of advancing or delaying pitch rotation of the
flapping wing with respect to its translational motion, using
experiments on Dickinson’s Robofly: a scaled-up mechanical model
of the fruit fly Drosophila. Ramamurti and Sandberg [9] used a
computational fluid dynamics (CFD) method to demonstrate this
effect and presented some useful flow visualization. Sun and Tang
[10] also used a CFD code to investigate the effect of advancing and
delaying pitch rotation on insectlike flapping flight and the effect of
varying the duration of stroke reversals [11]. In an earlier study [12],
they investigated the effect of Reynolds number and the duration of
wing stroke reversal. They also studied the effect of advance ratio
(the ratio of flight speed to wing mean tip speed) in forward flapping
flight [13]. Yu and Tong [14] used an aerodynamic modeling
approach [15] to study forward flapping flight at various advance
ratios by varying asymmetries between up- and downstrokes.
However, none of the preceding studies aimed to produce an
optimized wing aerodynamic design.

Milano and Gharib [16] made probably the only study thus far
aimed at optimizing wing kinematics. They used a genetic algorithm
paired with digital particle-image velocimetry experiments on a
flapping wing in a water-filled towing tank. By using insectlike
kinematics, they optimized for average lift over four flapping cycles
and found a number of convergent solutions in the parameter space.
They noted that the optimally efficient solutions all tended to
generate leading-edge vortices ofmaximum strength. However, their
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approach, as well as the others mentioned earlier, was limited in
scope and, particularly, in providing physical insight into the
flapping-wing flow. Such insight is crucial in explaining the forces
observed and making informed decisions on wing aerodynamic
design.

This is the first of a two-part paper [5]. The work presented in this
part addresses the issue of converging on preferred design for a
flapping wing in terms of wing kinematics. 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. It is part of an ongoing study at Cranfield University
(Shrivenham) toward the aerodynamic design of insectlike flapping
wings for MAVs. The work began with a preliminary investigation
using a simple quasi-steady aerodynamic technique [17] followed by
another employing a more advanced quasi-steady model [18]. Then,
using the nonlinear unsteady aerodynamic model developed by
Ansari et al. [19,20] for insectlike flappingwings in the hover, amore
advanced investigation was conducted [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 corresponding
quasi-steady predictions. In part 2 [5], the effects of wing geometry
on flapping-wing design is considered.

To compare various configurations, somemeasure of performance
is required. It is customary in fixed-wing aircraft studies to consider
lift and lift-to-drag ratio for wing performance, whereas for
rotorcraft, lift-to-torque ratio is also an important performance
indicator, as it is a measure of power requirement. All of these are
used here, albeit modified appropriately for flapping wings.

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 given here is for the hover of two-winged flies
(Diptera) (e.g., the fruit flyDrosophila), as they are easier to analyze
and emulate and are excellent flyers. 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 aftmovement), heaving or plunging (up
and down movement), and pitching (varying incidence). Flapping
frequency is typically in the range of 5–200 Hz, decreasing with
increasing insect size and weight [22].

Eachflapping cycle consists of two half-strokes: a downstroke and
an upstroke (see Fig. 1). These are the translational phases of the
flapping cycle, because the wings’ linear motions dominate over
rotational motions (changes in pitch). The downstroke refers to the
motion of the wing from its rearmost and highest position (relative to
the body) to its foremost and lowest position. The upstroke describes
the return cycle. 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).

During a half-stroke, the wing accelerates to a roughly constant
speed around the middle of the half-stroke, before slowing down to
rest at the end of it. The velocity during the wing-beat cycle is
therefore nonuniform, and for hover, in particular, the translational
motion (i.e., distance vs time) of the wing tip does not vary
dramatically from a pure sinusoid [6]. Wing pitch seems to be
relatively constant between stroke reversals (see [23]).

2. Aerodynamic Phenomena

The aerodynamics of insect flapping flight is too vast a subject to
be addressed in great detail, and so only the most pertinent flow

features in Diptera hover are addressed now. These features were
employed in the development of the aerodynamic model used for the
current parametric study [19,20]. The flow associated with insect
flappingflight 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 that are shed each time the wing starts are of the opposite
sense to the bound circulation and have an inhibitory effect on lift: the
so-calledWagner effect [24]. 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-calledKramer effect [25]. 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
and deceleration of this mass of air: the so-called apparent mass
forces [26], 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 [27] arise as the wing regularly encounters its own
shed wake.

By far, themost important aerodynamicmechanism in insectflight
is the leading-edge vortex identified by Ellington et al. [28]. 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]. Wu and Sun [12] showed that except for very
low Reynolds numbers (Re≲ 100), the leading-edge vortex suffices
as the high-lift mechanism for sustaining flight in insects.

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 in moving spanwise along a
flappingwing, 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. [28], 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 [29] also
made a similar observation in their 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

Upstroke

Downstroke

Upstroke

Downstroke

Cycle

Flapping

Fig. 1 Half-strokes during insect flapping (bold line marks the wing

leading edge).
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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 [29] 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
the result of Kelvin–Helmholtz instability in the vortex structures
and the merging of the leading-edge vortex with the tip vortex [29].
However, as shown in the following section, 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. To describe the problem for
hover, Ansari et al. [19,20] developed an unsteady indicial model
based on two novel coupled nonlinear (to accommodate the
curvilinear wake, unlike Wagner’s [24] linear function for a flat
wake) 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 any ad hoc adjustments/
corrections or on empirical fixes (as did many previous models [4])
and shows good agreement with the experiment (see Figs. 2–4). The
interested reader is referred to [19,20] for full details on the model
and its accuracy.

Given input kinematics and geometry, the model is capable of
returning forces and moments as well as generating flow
visualization (see Fig. 5). Such a model is a challenge, as it
necessitates capturing the vortical phenomena and their interaction

with the wing. Ansari et al. [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 [30]. 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 that are consistent with the experimental
data of Dickinson et al. [8], whereas the results of Ramamurti and
Sandberg [30] comparewell with the experimental data of Dickinson
et al. [8] that they quote. As highlighted elsewhere [31], more
experimental data are needed.

The model of Ansari et al. [20] has been shown to be among the
best currently available [4]. For this reason, it was used here for the
parametric study. A comprehensive review of other aerodynamic
modeling methodologies (including CFD) can be found in [4].

Our 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] (see Fig. 6) 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, eachwing 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 flow in 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. Theflow 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 [32], and the model was
validated against flowfield [33] and force [8,23] experiments.

Some comment is required on certain 3-Dflow features that are not
captured by the aerodynamic model used here [19,20], notably the
effects of the tip vortex, spanwise flow, and some aspects of
viscosity. These are addressed now.

On finite wings with attached flow, the effect of the tip vortex is to
reduce lift as air spills from the pressure side of the wing to the
suction side. The forward motion of the wing means that a trailing
vortex system is formed behind the wing. This induces a downwash
on the wing, thereby reducing the effective angle of attack and thus
decreasing lift. However, with suitable shaping of the tip, as in the
British Experimental Rotor Program (BERP) helicopter rotor blades

Fig. 2 Theoretical prediction [19,20] of 2-D flow-visualization

compared with experimental data [33].
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Fig. 3 Theoretical prediction [19,20] of lift force on a 3-D wing compared with experimental data [23].
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[34–36], the tip vortex can be located to improve the lift force on the
wing (i.e., by managing separated flow over the tips, lift can be
improved). It is therefore difficult to identify an obvious effect of
neglecting the tip vortex in our model, in which the flow is
predominantly separated.

Experimental [28,37] and computational [29] observations have
revealed that spanwise flow in the leading-edge vortex on a flapping
wing improves its stability as vorticity is extracted toward the
outboard regions. The quasi-3-D model used here does not model
this feature, resulting in vorticity being transported chordwise only;
the leading-edge vortex in each wing section tends to break away as

more chord lengths are swept, which is a 2-D flow feature.
Comparison with experimental data, however, shows that the
breaking away produces slight oscillations about the measured
values of forces (Figs. 3 and 4), thus giving confidence that themodel
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]. Following this, some of the effects of
viscosity are included in the current model, such as in the form of the
Kutta–Joukowski conditions at the leading and trailing edges and in
the formation of vortices shed into the wake. Normally, in inviscid
flows, shed vortices are convected at the local flow velocities. In
viscous flows, there is the additional effect of viscous diffusion [38–
40] that is notmodeled here, and neither is vortex stretching, which is
encountered in 3-D flows [41–43]. In our model, vortices shed into
the wake are only convected (according to the Biot–Savart law). It is
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Fig. 6 Planform shapes used for wing kinematics study (with radial chords shown).
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Fig. 5 Data flow in the model of Ansari et al. [19,20].
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difficult to quantify the net effect of neglecting diffusion and
stretching. Although vortices that are far removed from the wing are
less likely to havemuch influence,most vortices shed in the hover are
in close proximity to the wing and may have greater impact on the
flow and hence on forces andmoments. Further, in their CFD studies
on insect flight, Ramamurti and Sandberg [9,30] showed that viscous
effects are indeed minimal, even at Reynolds numbers as low as
Re� 120; the translational and rotational mechanisms in insectlike
flapping appear to dominate the forces observed.

With the aforementioned caveats, our aerodynamic 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. 2–4)].

III. Wing Kinematics Study

In what follows, the simulations were run with one wing and the
overall effect was obtained by doubling this contribution.§ In doing
so, symmetry was assumed and any interference effects of the other
wing were ignored. This seems to be a reasonable assumption for
insectlike hover. The fluid medium used was air at standard sea-level
atmospheric conditions (density �� 1:225 kg=m3). The wing
sections were assumed to be thin and flat with no flexion. The
required wing kinematics and wing geometry parameters were used
as input to the program, and the resulting forces (and related
parameters) generated were the outputs used for the comparisons.

Because of the nature of the flapping wing (and the associated
continuously varying forces), the measures used for comparison
weremean liftL andmean dragD (these were averaged over the four
half-strokes for which most simulations were run). From a wing-
design perspective, an even better measure is mean lift-to-torque
ratio L=Q, as it gives an indication of power requirement. This was
also used, together with mean lift-to-drag ratio L=D in some cases.
When appropriate, plots showing variations in the center of drag (the
spanwise radial position at which the resultant dragD acts) were also
included. These were deduced from the ratio of L=D to L=Q.

Unlike the study onwing geometry [5], wherewing kinematics are
fixed and wing geometry is varied, the approach here relies on fixing
wing geometry and studying the effect of variations in parameters
relating to wing kinematics. The response of insectlike flapping
wings to the effects of changing wing kinematics parameters was
investigated using two given wing planform shapes (see Fig. 6) so
that the independence of wing kinematics effects from wing shape
could be established. The wing planforms used were a scaled-down
version of the Robofly used in the validation of the model (Fig. 6a)
and a wing shape derived from four elliptical arcs [dubbed four-
ellipse (see Fig. 6b)].

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 1. The sweep ��; _�� and
pitch ��; _�� time histories used were those provided by Birch and
Dickinson [23] from his Robofly experiments (see Fig. 7). The locus
of the wing-tip pathwas a flat figure eight with no heave. Because the
investigation in this section relates to kinematics, wing shape is of
little consequence and two reference shapes were used (Fig. 6). Of
greater importance is the manner in which the wing moves. The
stroke amplitude� swept by the Robofly wing was computed as the
maximumpossiblewithout interferingwith the otherwing (see Fig. 8
and associated discussion in Sec. III.B). The kinematics parameters
studied were flapping frequency, stroke amplitude, and rotation
phase. Because we limit ourselves to hover, the effect of advance
ratio is not considered.

A. Flapping Frequency

Flapping frequency refers to the number of complete wing beats
(downstroke and upstroke) per second and is the most visible
kinematic characteristic in insects. The study presented here shows
the effect that flapping frequency has on lift, drag, and other
aerodynamic characteristics. In Fig. 9, the mean lift and mean drag
characteristics for the two planforms considered are shown, and a
power-law fit was drawn to connect the individual points. As would
be expected, both mean forces increase with flapping frequency f
because, for afixed stroke amplitude, thewings travel faster. Because
aerodynamic forces scale with the square of the velocity, the trend
seen in Figs. 9a and 9b is roughly proportional to f2.

In fact, the power on f is slightly less than 2 because of the shed
wake, especially the compounded effect of the vortices shed at stroke
reversal. (These are the stopping vortices from the previous half-
stroke and the starting vortices from the current half-stroke.) This
effect is more pronounced for the Roboflywing than it is for the four-
ellipse one (cf. Figs. 9a and 9b). The four-ellipse wing has smaller
chords and hence sweeps longer arcs (�143:5 deg); therefore, it
escapes to greater distances from the wake shed at stroke reversal.
The Robofly wing, on the other hand, is quite the opposite: it has
longer chords and sweeps shorter arcs (�101:7 deg), thereby
remaining in the vicinity of the near shed wake and hence
experiencing more inhibitory effects.

Higher flapping frequencies f are therefore beneficial because
they increase lift without a corresponding change in lift-to-torque
ratio (the latter depends mainly on wing planform, which was
unchanged in these experiments). However, an upper limit might be
set on f, provided by the requirement to keep the flapping wing
inaudible¶ (≲20 Hz). Another practical constraint is mechanical
hysteresis: asflapping frequency increases, the hysteresismay lead to
increasing power losses.

B. Stroke Amplitude

Stroke amplitude was computed from the maximum angle that
could be swept by the wing within a semicircle without crossing the
symmetry plane (see Fig. 8). For one half-stroke, themaximum angle
that can be swept is �1 � �2. At the end of the half-stroke, stroke
reversal causes the angles �1 and �2 to be interchanged and the
situation in Fig. 8 is reversed. Therefore, to avoid collision with the
other wing, it is necessary that the sweep extents do not exceed the
smaller of �1 and �2 in any half-stroke so that the leading and trailing
edges never cross the line of symmetry (vertical axis in Fig. 8). The
maximum possible stroke amplitude � was therefore computed as
�� 2 min��1; �2�. For this investigation, the stroke amplitude was
varied from small values up to the maximum possible, as described
by the preceding equation. The results from the study are now
discussed.

The effect of varying � on mean lift and mean drag is shown in
Fig. 10. Because the simulations were run for the same frequency,
increasing stroke amplitude required that a greater arc be swept by
the flapping wing in the same time (hence, higher velocities). From a
quasi-steady perspective, a result similar to that obtained for the
preceding flapping frequency (Fig. 9) would be expected. However,
closer inspection of Figs. 10a and 10b reveals that the relationship is
more linear than quadratic. This is explained subsequently.

In the notation of Wagner [24], as the length of the stroke
increases, so does the number of semichords traveled s. Wing

Table 1 Standard wing kinematics parameters for simulations

Parameter Value

Flapping frequency 2 Hz
Stroke amplitude Maximum possible (Fig. 8)
Wing motion Dickinson et al. [8] (Fig. 7)
Rotation phase Advanced by 6% of cycle

§In 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.

¶In practice, there will also be the added noise of the mechanism exciting
the wing into flapping motion.
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sections that have traveled more semichords have more developed
flowfields and are more prone to vortex breakaway (especially in the
leading-edge vortex), which curbs the growth of lift and drag.
Therefore, the effect of increasing velocity accompanying increasing
stroke amplitude is partly offset by the flow being more developed
(and partially breaking away).

Because the flow physics appear to change as stroke amplitude is
varied, it may be expected that there would be a corresponding effect
on mean lift-to-drag L=D and mean lift-to-torque L=Q character-
istics. These are shown in Fig. 11. An examination of L=Q for the
simulations explains the less-than-quadratic appearance of the lift L
and dragD plots noted earlier. For the Roboflywing (Fig. 11a), there
is a general increase in L=Q with stroke amplitude until it peaks at
around 90 deg. This peak represents the situation in which the stroke
length is long enough to enable high lift and yet short enough to avoid
major flow breakaway (and the associated loss of lift).

The results for the four-ellipse wing (Fig. 11b) show a slightly
different behavior: there is little change in L=Q with stroke
amplitude (as would be expected from quasi-steady considerations).
Because of the small chord lengths, the flow matures more quickly
and it is increasingly costly to sweep bigger arcs.

From L=Q and L=D, an indication of the center of drag along the
wingspan can be estimated.∗∗ Whereas the four-ellipse wing
generates most drag in the range of 74–76% span for all stroke

amplitudes considered (see Fig. 12), the center of drag for the
Robofly wing generally moves outboard as stroke amplitude
increases [in the range of 62–70% span (Fig. 12)]. This means that
outboard sections become increasingly “draggy” as longer arcs are
swept. The drop in chord length for the Roboflywing ismore gradual
than it is for the four-ellipse wing. Hence, more of its outboard
sections suffer from the effect of sweeping large arcs (and hence
semichords traveled s). In the case of the four-ellipse wing, most of
the outboard wing sections experience flow breakaway, even for
small stroke amplitudes, due to their small chord lengths. Therefore,
increases in stroke amplitude do not exacerbate their drag
characteristics by much and the wing appears to be little affected.

C. Rotation Phase

The rotational (pitching) phases of insectlike flapping may not be
synchronized with the translational phases, so that stroke reversals
are not symmetrical about the translational phases of the cycle; that
is, a phase lead or lag may exist between the two (see Fig. 13). The
study presented in this section shows the effect of advancing or
delaying rotation on the lift, drag, and related characteristics.

The kinematics used are based on those provided by Dickinson
et al. [8] (see Fig. 7) but with phase lead or lag introduced. In fact, in
Dickinson et al.’s kinematics, rotation led translation by 6% of the
flapping cycle; these kinematics have been used in the other
preceding studies. Here, these were modified to 0% lead (or lag)
before the desired amounts of lead or lag were introduced. A lead or
lag of 0% refers to the symmetric condition in which the wing is
vertical (angle of attack �� 90 deg) at the end of the half-stroke
when the translational motion of the wing ceasesmomentarily before
restarting in the opposite direction (Fig. 13b). Advanced rotation
(lead) means that this orientation occurs earlier, before the wing has
come to a stop (Fig. 13a). Conversely, in a delayed rotation (lag), the
wing reaches the vertical position after the next half-stroke has begun
(Fig. 13c).

Results for mean lift and mean drag are shown in Fig. 14. For both
the Robofly and four-ellipse wings, the best lift characteristics are
obtained when stroke reversals have a lead of about 5% of the
flapping period on the translational motion; that is, the flapping wing
begins pitching up for stroke reversal early so that most of the
rotational phase is complete by the start of the subsequent half-
stroke. The behavior can be understood by considering the time-
history of lift (see Fig. 15). In the case of advanced rotation, the wing
pitches to a high angle of attack, although the translational velocity is
still significant. This results in an increase in the quasi-steady
component of lift and hence total lift (Fig. 15a); this is amanifestation
of the Kramer effect, explained in Sec. I.A.2.
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This benefit of advancing pitching rotation comes with limited
returns, due to the inhibitory effects of the starting vortex that
accompanies the high angle of attack. Consider, for example, the case
in which rotation leads translation by 10% of the flapping cycle
(Fig. 14). Stroke reversal beginsmuch earlier than in the case of a 5%
lead so that the translational velocity is higher, and so the
accompanying starting vortex that is shed is stronger. As the wing
subsequently slows, a weaker stopping vortex is also shed, and so the

resultant effect is a decrease in lift. The case of 5%-advanced rotation
therefore offers the best compromise for advancing pitching rotation
and yet sheds a small enough starting vortex to give the best
increment in lift.

As pitching rotation is delayed, the wing is increasingly facing the
wrong way (� > 90 deg) at the start of the next half-stroke, which
results in high drag (Fig. 15b) and low lift (Fig. 15a). This is the other
extreme of the Kramer effect, whereby a wing reducing angle of

30 60 90 120
stroke amplitude [°]

0

0.001

0.002

0.003

0.004

m
ea

n 
lif

t [
N

], 
m

ea
n 

dr
ag

 [N
]

mean lift [N]

mean drag [N]

60 90 120 150
stroke amplitude [°]

0

0.001

0.002

0.003

0.004

m
ea

n 
lif

t [
N

], 
m

ea
n 

dr
ag

 [N
]

mean lift [N]

mean drag [N]

a) Robofly b) Four-ellipse
Fig. 10 Effect of stroke amplitude on mean lift and drag.

30 60 90 120
stroke amplitude [°]

0

0.2

0.4

0.6

0.8

m
ea

n 
L/

D
, m

ea
n 

L/
Q

mean L/D

mean L/Q

60 90 120 150
stroke amplitude [°]

0

0.2

0.4

0.6

0.8

m
ea

n 
L/

D
, m

ea
n 

L/
Q

mean L/D

mean L/Q

a) Robofly b) Four-ellipse

Fig. 11 Effect of stroke amplitude on mean lift-to-drag ratio L=D and mean lift-to-torque ratio L=Q.

0 2 4 6 8 10
flapping frequency [Hz]

0

0.025

0.05

0.075

0.1

m
ea

n 
lif

t [
N

], 
m

ea
n 

dr
ag

 [N
]

mean lift [N]

mean drag [N]

0 2 4 6 8 10
flapping frequency [Hz]

0

0.025

0.05

0.075

0.1

m
ea

n 
lif

t [
N

], 
m

ea
n 

dr
ag

 [N
]

mean lift [N]

mean drag [N]

a) Robofly b) Four-ellipse

Fig. 9 Effect of flapping frequency on mean lift and drag.

ANSARI, KNOWLES, AND ŻBIKOWSKI 1951



attack experiences a dynamic loss of lift. The late onset of stroke
reversals means that smaller peaks in lift are observed at the end of
the half-stroke and much bigger negative spikes follow at the start of
the subsequent half-strokes.

FromFig. 14, it can also be seen thatmean drag generally increases
as rotation is advanced. Therefore, from a wing-design perspective,
the best compromisemay not be high lift alone, but rather high lift-to-
drag L=D or high lift-to-torque L=Q ratios. These are shown in
Fig. 16. The bestL=Q characteristics are obtained for a phase lead of
2.5%, but this is not significantly better than that at a 5% lead.
Because the lift for a phase lead of 2.5% is noticeably less than that at

5% (Fig. 14), the best combination of lift and lift-to-torque ratio for
these kinematics occurs when pitching rotation has about a 5% lead
on translation.

The fact that both the Robofly and four-ellipse wings show very
similar trends indicates that the effects of rotation phase may be
independent of wing geometry.

IV. Conclusions

A study of the effects of wing kinematics on the aerodynamic
performance of insectlike flapping wings in the hover was presented.
It is found that lift and drag increase with flapping frequency and
stroke amplitude, but these increases are limited by practical
considerations. Increases in lift and drag can also be achieved by
advancing wing rotation so that stroke reversals begin (and end)
earlier in a flapping cycle. This, however, has limited returns, due to
the opposing effects of increased lift due to the Kramer effect and the
inhibitory effect of the vortices shed during advanced pitching
rotation and because thewing is increasingly facing thewrongway at
the start of the subsequent half-stroke as stroke reversal is advanced.

Most of the studies were compared with quasi-steady predictions,
and discrepancies were observed that were mainly attributed to the
losses associated with the dependence of vortex shedding on the
number of semichords traveled s by the wing sections (in reality,
these would be due to 3-D effects, including Kelvin–Helmholtz
instabilities and interference between the leading-edge vortex and
the tip vortex). Large values of swere accompanied by a decrease in
lift and an increase in drag, giving an overall reduction in
aerodynamic performance.

In general, variations in wing kinematics are more difficult to
implement mechanically than variations in a wing’s planform shape.
Therefore, it is of great interest to investigate whether desired
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aerodynamic design characteristics can be achieved by varying wing
geometry rather than changing wing kinematics. A study of the
effects of wing geometry parameters is required first and this is
tackled in a separate study [5].
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