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Abstract

An experimental investigation of the effects of
planform shape on the flow structures generated
by an insect-like flapping wing in hover are pre-
sented. This was performed with application
to flapping-wing micro air vehicles (FMAVs) in
mind. Experiments were accomplished with a
first-of-its-kind mechanical flapping-wing appa-
ratus capable of reproducing a wide range of
insect-like wing motions in air on the FMAV
scale (∼ 150mm wingspan). Four planform
shapes with a constant area and aspect ratio of
∼ 6 were considered: ‘reverse-ellipse’, rectan-
gle, ‘four-ellipse’, ellipse. Particle image ve-
locimetry (PIV) flowfield measurements of the
entire volume from 18%− 117% span were per-
formed on each planform at the mid-stroke posi-
tion in an insect-like flapping cycle operating at
15Hz (giving a mean Reynolds number of Re =∼
13500). Results revealed that the flow structures
produced by each planform shape were very sim-
ilar, and all exhibited a pair of leading-edge vor-
tices (LEVs) of similar strength, and a distinct
tip vortex. One of these leading-edge vortices
was located right at the wing leading edge ex-
tending almost all the way down the span (sec-
ondary LEV), and the other more aft vortex (pri-
mary LEV) extended from the root and appeared
to break down at around mid-span. Both vortices
had the same sense with a positive z-wise vortic-
ity (z axis points towards wingtip). The only sig-

nificant planform effect was that a forward-swept
leading edge impedes the formation of the pri-
mary LEV towards the root, and possibly shifts
the primary vortex breakdown location towards
the tip.

Nomenclature

AR = aspect ratio (2r2/s)
c̄ = mean chord length (s/r), m
f = flapping frequency, Hz
Q = Q criterion ((‖Ω ‖2 − ‖ S ‖2)/2 > 0)
r = length of one wing from root to tip, m
Re = mean Reynolds number (V̄tipc̄/ν)
s = planform area of one wing, m2

S = antisymmetric part of ∇v
T = flapping period (1/ f ), s
∇v = velocity gradient tensor
V̄tip = mean wingtip speed, m/s
x = forward axis fixed to wing
y = vertical axis fixed to wing
z = lateral axis fixed to wing
X = forward axis fixed to insect body (see Fig. 1)
Y = vertical axis fixed to insect body (see Fig. 1)
Z = lateral axis fixed to insect body (see Fig. 1)
α = angle-of-attack, deg (see Fig. 1)
αmid = angle-of-attack at mid-stroke, deg
θ = plunge angle, deg (see Fig. 1)
Θ = plunge amplitude, deg
ν = kinematic viscosity, m2/s
φ = stroke angle, deg (see Fig. 1)
Φ = stroke amplitude, deg
Ω = symmetric part of ∇v
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1 Introduction

An autonomous airborne system that can operate
indoors would be useful for many applications
including indoor reconnaissance, search and res-
cue, and inspection in hazardous areas. Cur-
rently, no such system exists. Autonomous un-
manned air vehicles (UAVs) and micro air ve-
hicles (MAVs) including fixed- and rotary-wing
MAVs exist for outdoor use, however, a suitable
system for indoor use has yet to be developed.
This is because the requirements for this environ-
ment are extremely challenging, as they include
high energy efficiency, and the abilities to operate
at low flying speeds, sustain hover, and perform
complex manoeuvres in confined spaces. As dis-
cussed in [1], the type of MAV that would best
meet these requirements would be a flapping-
wing micro air vehicle (FMAV) which mimics
the flight of two-winged insects (Diptera). In-
sects are seen in nature to possess the remarkable
abilities to sustain hover and perform rapid and
complex manoeuvres in confined spaces. In ad-
dition, this mode of flight is apparently efficient
at low speeds [2] and is not susceptible to wall
proximity effects as rotary-wing MAVs are.

A hindrance in the development of FMAVs
is the limited understanding of various aspects
of insect-like flapping-wing aerodynamics. This
has prompted the need for further experimental
studies on the subject. One aspect that is rela-
tively unexplored is wing planform shape effects.
Usherwood & Ellington [3] varied leading-edge
detail (thickness and serration), twist and cam-
ber for a model wing of a hawkmoth at Re =
8071, and measured aerodynamic forces and per-
formed flow visualisation. This was done, how-
ever, with the same wing planform, and was a
study on wing form and detail rather than plan-
form shape. Heathcote and his colleagues varied
chordwise [4] and later spanwise flexibility [5]
on a plunging wing, but again, different planform
shapes were unexplored as it was a study focus-
ing on flexibility. Lu et al. [6] appear to have
performed the only experimental study in which
wing planform shape was explored. In their ex-
periments they focused on the Reynolds number

range of 160− 3200, and studied a fruitfly plan-
form shape and a number of rectangular plan-
forms with rounded tips of different aspect ratios.
They observed the resulting effects on the forma-
tion of dual leading-edge vortices with dye flow
visualisation and some particle image velocime-
try (PIV) measurements. On the analytical side,
the work of Ansari et al. [7] is the most extensive
published exploration of wing geometry effects.
They used an analytical model to vary geometric
parameters systematically and observe the effects
on lift, lift-to-drag and lift-to-torque ratios.

The aim of the present work was to explore
experimentally the effects of changing planform
shape on an insect-like flapping wing in hover,
particularly at a Reynolds number more relevant
to FMAVs (Re on the order of 104). The pa-
per begins with the relevant background on in-
sect flight and aerodynamic mechanisms (Section
2), followed by the aims and objectives of the
present study (Section 3). An explanation of the
experimental apparatus and setup is then given
(Section 4) along with the experimental proce-
dure (Section 5). The routine used in the data
processing is then described (Section 6) followed
by an uncertainty analysis (Section 7). Finally,
results are presented and discussed (Section 8) as
well as conclusions and future work (Section 9).

2 Insect Flight

2.1 Kinematics

The motion of an insect’s wing can be broken
down into four parts: downstroke, supination, up-
stroke and pronation (Figure 1). Starting with
the downstroke, this is the translation of the wing
at a relatively constant angle of attack from its
most aft and dorsal position to its most forward
and ventral position. At the end of the down-
stroke supination occurs, which is when the wing
rapidly comes to a stop and reverses its direc-
tion and angle of attack so that the wing’s un-
derside becomes the topside for the subsequent
half stroke. The wing then translates with a rel-
atively constant angle of attack back to its most
aft and dorsal position, which is referred to as
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Fig. 1 Flapping cycle (top), definition of kine-
matic parameters (bottom)

the upstroke. Finally, at the end of the upstroke,
the wing pronates when the wing again rapidly
comes to a stop and reverses its direction and
angle-of-attack. Pronation and supination can be
advanced or delayed by insects relative to stroke
reversal to modulate aerodynamic forces [8]. The
flapping frequency ( f ) of insect wings ranges
from 5− 200Hz, and the path that the wingtip
traces takes the form of irregular, self intersect-
ing shapes typically resembling a figure-of-eight.

An insect’s wing motion is composed of three
separate motions: sweeping (fore and aft), plung-
ing (up and down) and pitching (angle-of-attack
variation). The position of the wing at any given
moment is defined relative to the stroke plane
(Figure 1). After Willmott & Ellington [9], the
angle from the Z (lateral) axis to the projection
of the wing’s longitudinal axis (pitch axis) onto
the stroke plane is the stroke angle φ, the angle
between the minimum and maximum stroke an-
gles is the stroke amplitude Φ, and the plunge
angle θ is the position of the wing’s longitudinal
axis out of the stroke plane. In addition, the an-
gle between the minimum and maximum plunge
angles is the plunge amplitude Θ and the wing’s

geometric angle of attack relative to the stroke
plane is the pitch angle α, with αmid referring to
the angle of attack at mid-stroke. Another kine-
matic parameter that should be mentioned is ro-
tation phase, which describes the timing of pitch
reversal with stroke reversal. Here it is defined
as a percentage of the flapping period T , where
a positive sign implies that pitching begins early
whereas a negative sign indicates that pitching is
delayed. For example, at a 20Hz flapping fre-
quency, a rotation phase of 5% means that the
wing begins pitching early so that it reaches a 90◦

angle of attack 2.5ms before reaching the end of
the stroke.

2.2 Aerodynamic Mechanisms

An insect’s ability to produce lift values beyond
predictions from steady state theory is a result
of several aerodynamic mechanisms. A num-
ber of these will be described here, including the
leading-edge vortex (LEV) and spanwise flow.
A detailed discussion on aerodynamic mecha-
nisms relevant to insects may be found elsewhere
[10, 11].

The most important aerodynamic mechanism
relevant to insects is the leading-edge vortex
(LEV), which was observed to form on the wings
of a real hawkmoth and a mechanical model of
a hawkmoth (the ’flapper’) by Ellington and his
colleagues [12]. It is a conical, root-to-tip spi-
ralling vortex formed at the leading edge of a
wing travelling at a high angle of attack. It acts
to augment lift by increasing the flow velocity
over the top surface of the wing. Experiments
by Ellington and his colleagues revealed the ex-
istence of a spanwise flow through the core of the
LEV which occurs as a result of a pressure gradi-
ent from root to tip [12]. The mechanism was
confirmed in computational studies by Wilkins
[11, 13]. The LEV starts off small at the root
and grows in size and strength towards the tip be-
cause of the increase in wing tangential veloc-
ity seen along the span from root to tip. The
higher flow speeds (and hence lower pressures)
near the wingtip induce a flow from the weaker
(and relatively higher pressure) wing root end of
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the LEV. It was suggested by Ellington that this
spanwise flow stabilises the LEV (which would
normally rapidly grow in size and be shed into
the wake) and keeps it attached by transporting
vorticity from the LEV into the tip vortex. This
has been confirmed in CFD studies performed by
Wilkins [11, 13] who observed that on a two-
dimensional translating wing, the LEV forms and
sheds within the first three chord lengths of travel
(when Re > 25), whereas a three-dimensional
rotating wing (at low to moderate aspect ratio)
forms an attached and stable LEV even at higher
Reynolds numbers (Re of the order of 104). In ad-
dition, experimental studies have shown that the
LEV is stable in general for revolving wings of
low to moderate aspect ratio [3, 14].

3 Aims & Objectives

The aim of the present study is to observe and
understand the effects of planform shape on the
flow generated by an insect-like flapping wing in
hover at the FMAV scale. Of particular interest is
the formation of the LEV and changes to its char-
acteristics between different planform shapes.

4 Experimental Apparatus & Setup

4.1 ‘Flapperatus’

The mechanical flapper apparatus (the ’flappera-
tus’) pictured in Figure 2, enables an insect-like
wing to be flapped with three controllable de-
grees of freedom (sweeping, plunging and pitch-
ing). It operates in air on the FMAV scale (∼
150mm wingspan) so that it experiences the true
flow conditions that a real FMAV would expe-
rience. Variable flapping-wing kinematics up to
a 20Hz flapping frequency are produced using
a patent-pending, three-degree-of-freedom 3−
RRR parallel spherical mechanism. The mech-
anism has three concentric drive shafts which are
each coupled to servo motor via 1 : 1 cable drive.
In addition, an encoder is mounted on each drive
shaft so that the time-history of the actual flap-
ping kinematics can be recovered. The entire ap-
paratus is mounted on a traverse which permits

Fig. 2 PIV setup (top), flapperatus flapping
mechanism (bottom)

measurement at different spanwise locations via
translating the wing relative to the measurement
plane. The flapperatus, and its flapping mecha-
nism in particular, are described in greater detail
elsewhere [15, 16].

For the present experiments, the flappera-
tus was placed inside an hexagonal test cham-
ber designed to isolate the experiment from out-
side disturbances and contain the seeding, whilst
minimising wall interference effects. Inside the
chamber the flapping wing was positioned over
15, 6 and 13 wing lengths (r) from the walls, ceil-
ing and floor respectively.

4.2 PIV Setup

The PIV system utilised an angular set-up, rather
than a translational set-up due to its greater out-
of-plane accuracy [17, 18]. Here, the cameras
were oriented as illustrated in Figure 3 with
the right camera viewing the measurement plane
straight-on, and the left camera viewing at 45◦

from the normal with the CCD tilted with re-
spect to the lens according to the Scheimpflug
condition [19]. The area viewed was approx-
imately 120× 120mm2, and the cameras used
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were two FASTCAM-ultima APX high-speed
cameras with a resolution of 1024×1024px2. A
60mm lens at an f # of 2.8, and a 105mm lens at
an f # of 4 were used for the right and left cam-
eras respectively. The laser light sheet was cre-
ated with light sheet optics and a New Wave Re-
search Gemini Nd:YAG double pulsed laser with
a wavelength of 532 nm. The seeding used was
smoke generated from a smoke machine using
global mix smoke fluid by Le Maitre.

4.3 Wing Designs

The wing planform shapes used in the present ex-
periment included a ‘reverse-ellipse’, rectangle,
‘four-ellipse’, and ellipse, as illustrated in Fig-
ure 3. Here, the ‘four-ellipse’ planform is from
the wing design by Galiński & Żbikowski [20],
which originated from the ‘four-ellipse’ of Ped-
ersen [21]. Overall, these shapes encompass a
number of geometric variations including area
distribution, leading and trailing edge sweep, and
tip width.

All shapes had approximately the same mean
chord length (c̄), planform area (s), and length
(r), as indicated in Figure 4. This resulted in a
constant aspect ratio (AR) between all planforms
of approximately 6. It should be noted here that
the reverse-ellipse planform had a slightly larger
area due to the interface between the spar and
the wing near the root section. In addition, for
all planforms the pitch axis was placed at the
quarter-chord of the maximum chord.

To minimise effects due to flexibility, the
wings were made as stiff as possible. This was
accomplished by sandwiching a 2mm diameter
carbon-fibre rod between two ∼ 0.25mm thick
carbon-fibre sheets. When mounted on the flap-
ping mechanism, the root of each wing measured
24mm from the centre of rotation.

5 Experimental Procedure

The first step in the experimental procedure used
for each wing planform was releasing smoke into
the test chamber and then waiting four minutes
until beginning the experiment. As will be de-

Fig. 3 Wing planforms

scribed in Section 7, this ‘settle time’ was ob-
served to be appropriate to allow the seeder-
induced flow to reduce to an acceptable level, and
for the seeding density to become uniform. Af-
ter this ‘settle time’, the flapperatus was ramped
up to a 15Hz flapping frequency with the flap-
ping kinematics illustrated in Figure 4, which had
a stroke amplitude, plunge amplitude, angle-of-
attack at mid-stroke and rotation phase of 131.7◦,
1.2◦, 45.2◦, and 6% respectively (where the def-
initions of these parameters are as described in
Section 2). Once the flapperatus reached its de-
sired flapping frequency, 10 seconds (150 flap-
ping cycles) were allowed to elapse, which was
assumed to be sufficient to surpass any start-up
effects. Next, starting from approximately 18%
span where % span is defined from the root of the
wing, 15 image pairs (for both cameras) were ac-
quired at mid-stroke (φ = 0◦) for each of 81 span-
wise locations extending up to 117% span, and
spaced 1mm apart. The end result was 2430 im-
age pairs between the two cameras. As described
in Section 4.1, changing the measurement posi-
tion is accomplished by traversing the flappera-
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tus with respect to the measurement plane. Here
the flapperatus was traversed in 1mm increments
between measurements, where 40 flapping peri-
ods were allowed to elapse following the arrival
at a new measurement position before acquiring
image pairs. The average and peak traversing
speeds in this case were 0.002% and 0.01% of the
mean wingtip speed (7.4m/s) respectively. Nev-
ertheless, to verify that the act of traversing the
flapperatus in this manner did not alter the flow,
measurements taken with traversing were com-
pared to measurements with no traversing for the
same spanwise measurement location. The re-
sulting vector maps showed no differences in the
flowfield.

Fig. 4 Flapping kinematics; f = 15Hz; Φ =
131.7◦; Θ = 1.2◦; αmid = 45.2◦; rotation phase
= 6%

In acquiring the image pairs, a pulse sep-
aration of 30µs was used, which was selected
such that the maximum out-of-plane particle im-
age displacement was less than or equal to one
quarter of the thickness of the laser light sheet
(given to be optimal in [22]) which was ap-
proximately 1mm thick. Here the expected out-
of-plane velocity was the mean wingtip speed
(7.4m/s), as the peak spanwise flow has con-
sistently been reported to be comparable to this
speed [11, 12, 23, 24].

6 Data Processing

Before image pairs were cross-correlated, reflec-
tions on the wing and in the background were

removed by averaging the multiple samples of
images taken at a given spanwise location for
each exposure, and then subtracting these av-
erages from each sample at the same measure-
ment location. Processing was performed with
an FFT-based cross-correlation algorithm with a
Gaussian peak fit to locate correlation peaks to
within sub-pixel resolution. An initial interroga-
tion window size of 32× 32 px2 was employed,
which progressed to a final interrogation window
size of 16× 16 px2 with two passes and a 50%
overlap. Deformed interrogation windows were
also used which increases the number of matched
particles and the signal-to-noise ratio. Between
passes from the initial to final interrogation win-
dow size, the median filter proposed by Wester-
weel [25] was utilised to locate spurious vectors
and replace them by interpolation. The result-
ing vector maps for a given measurement location
were then averaged.

Kinematic data obtained from the drive shaft
encoders were used to determine the actual wing
speeds at the measurement point. These were
then used to convert the measured vectors from
laboratory coordinates to wing coordinates (vec-
tors with respect to the wing). To identify vor-
tical structures in the flow, the data were anal-
ysed using the Q criterion by Hunt et al. [26].
This criterion identifies vortices as areas where
the second invariant Q, of the rate of deformation
tensor ∇v is positive, where Q can be written as
Q = (‖ Ω ‖2 − ‖ S ‖2)/2. Here Ω and S are the
symmetric and antisymmetric parts of ∇v respec-
tively. This decomposition can be thought of as
separating the local fluid motion into strain and
shear rates, which are lumped together in S, and
rigid-body-like rotation rates which are grouped
into Ω. Thus, if at a given location Ω dominates
over S, then that region is a vortex since the lo-
cal fluid motion will be dominated by rigid-body-
like rotation.

The acquired image pairs were also used to
reconstruct the instantaneous wing position, flex-
ion and the local geometric angle of attack along
the span. This was performed by locating the po-
sition of the leading and trailing edge in the many
images taken along the span which essentially re-
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veal 2D slices of the local wing position. Such a
method was also employed by Poelma et al. [27].

7 Uncertainty Analysis

To ensure that measurements were not contam-
inated with flows generated in the act of filling
the test chamber with smoke, a ‘settle time’ ex-
periment was performed in which seeding was
released (using a fixed burst length) and the re-
sulting flow was measured using a pulse separa-
tion of 5ms. After four minutes the flow settled
to a level below 0.03m/s (approximately 0.4% of
the mean wingtip speed), which was deemed to
be sufficiently low that subsequent experiments
would not be contaminated. In addition, a test
was performed to ensure that no recirculation
formed in the test chamber as a result of running
the flapping-wing for a prolonged period of time.
The flowfield was measured on the flapping-wing
at set invervals at the same spanwise location
over a period of seven minutes (longer than an
experimental run). Results revealed that no recir-
culation was present as the velocity components
did not drift over time.

Errors in the velocity field measurements
were quantified using the approach described
by Willert [28, 29], in which error is measured
by processing particle image pairs where the
particles have displaced by an amount that is
known reliably. Using this approach, the flow
was measured four minutes after a seeding
burst (at which it was known that the flow
velocity was below 0.03m/s) using a short pulse
separation of 4µs. This short pulse separation in
conjunction with a low flow velocity meant that
the actual displacement of the particles between
pulses was virtually zero. The captured image
pairs were processed using the same method
described in Section 6. The resulting displace-
ments in conjunction with the pulse separation
used in the experiment (30µs) revealed rms
in-plane and out-of-plane errors of 0.19m/s
and 0.23m/s respectively. These errors combine
to a norm equal to 4% of the mean wingtip speed.

8 Results & Discussion

8.1 Wing Flexion

The measured angle-of-attack along the span for
all planforms is shown in Figure 5, where the
average angle along the span was 41.4◦, 43.0◦,
43.4◦, and 45.7◦ for the reverse-ellipse, rectan-
gle, four-ellipse, and ellipse planforms respec-
tively. These angles are inversely proportional
to the amount of wing area outboard. Here, the
larger the area outboard, the greater the bending
moment about the pitch axis in the pitch-down
direction.

Fig. 5 Local angle-of-attack at mid-stroke, αmid ,
along the wing span for all planforms

8.2 General Flow Structure

To aid in describing the flow structure we must
first define a coordinate system. The origin is
placed at the centre of rotation, where the x, y,
and z axes point respectively forward (in the di-
rection of wing rotation), vertically upwards, and
towards the tip (collinear with the pitching axis).
The form of the major flow structures for each of
the wing geometries at mid-stroke is illustrated
in Figure 6 which depicts the top, back and root
views which look in the −y, x, and z directions
respectively. Vortical structures are highlighted
with transparent isosurfaces of Q (from the Q cri-
terion as described in Section 6) normalised with
respect to the maximum Q value. These are plot-
ted for three different ’normalised Q’ values: pur-
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ple = 0.2, orange = 0.1, yellow = 0.05. In addi-
tion, the structure of the flow around these major
vortices is illustrated with vectors in wing coordi-
nates plotted on an isosurface of velocity magni-
tude (in laboratory coordinates) equal to the mean
wingtip speed (7.4m/s).

Recall that Q provides a measure of the dom-
inance of rotation rates over strain rates at a point
in the fluid, where the more positive Q is the more
rigid-body motions dominate, and the more neg-
ative Q is the more shearing motions dominate.
Since vortex cores exhibit nearly rigid-body rota-
tion, Q values will be largest in such regions be-
cause shear is virtually nonexistent. Thus, higher
normalised Q values indicate regions where vor-
tex cores are present.

It can be seen from the isosurfaces of nor-
malised Q = 0.2 for all wing geometries, that
two vortex core structures appear to be present
along the leading edge. The reverse-ellipse plan-
form differs slightly from the rest in this case
as one vortex structure is present at the root
which breaks into two vortices towards the tip.
The more forward of these vortical structures is
present right on the leading edge extending al-
most across the whole wingspan, while the other
is the more well known LEV which is more aft
of the leading edge and appears to break down
at around mid-span. The more aft vortex will be
referred to as the primary LEV, while the more
forward will be termed the secondary LEV. Dual
leading-edge vortices have been reported before
by Lu et al. [6] who saw such structures on a
flapping wing in a water tank for Re≥ 640.

To provide a comparison of the strengths of
these leading-edge vortices, the upper portion of
Figure 7 illustrates the normalised Q = 0.2 iso-
surfaces coloured with z-wise vorticity for the top
views of the wing planforms. It can be seen that
both of the leading-edge vortices have the same
sense (this was also reported in [6]) and that their
strengths across all planforms are very similar.
Returning again to Figure 6, at the isosurfaces for
the lower two normalised Q values, more of the
vortex structures become visible. The moderate
normalised Q level (0.1) is concentrated around
the leading-edge vortices, and with addition of

the low normalised Q level (0.05) the tip vortex
for each wing planform becomes clear. The sense
of each tip vortex is made visible by the veloc-
ity vectors showing a distinct spiralling motion.
A conical region of vortical flow extending from
the more aft primary LEV is also made visible on
all wing planforms by the lower two normalised
Q isosurfaces.

8.3 Vortex Breakdown

In all cases, the primary LEV starts off with a
smaller diameter and with a higher Q value at the
root. Progressing towards the tip it stays some-
what the same size and of similar strength un-
til reaching a breakdown location where the Q
value suddenly falls and the diameter rapidly ex-
pands as shown in the lower normalised Q iso-
surfaces. This is a classic indication of vortex
breakdown (also known as vortex burst). Vor-
tex breakdown occurs when a stagnation point is
present on the vortex axis followed by a region of
reversed flow [30]. This definition explains why
such a breakdown occurs in this case, because the
primary LEV which is spiralling towards the tip
encounters root-ward flow originating from the
tip vortex. Between these two competing flows
a stagnation point is present which is the break-
down location. This view is supported by Liu et
al. [31] who postulated that an adverse pressure
gradient resulting from flow from the tip vortex
is created above the wing surface which leads to
vortex breakdown.

The sudden drop in the Q value beyond the
apparent breakdown point for all planforms seen
in Figure 6, implies that the vortex structure
transitions from a rigid-body-like rotation to a
state with comparatively higher strain rates. This
makes sense in view of the fact that this vortex
suddenly expands beyond the breakdown loca-
tion, where by conservation of angular momen-
tum the spiralling fluid with a tight radius from
the root must decrease in angular velocity as the
radius suddenly expands. Thus the rotation rates
in the fluid go down with angular velocity and the
strain rates become comparatively larger which
means a lower Q value. For this reason, it is felt
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that a sudden drop in Q value at this point is a
good indicator of the vortex breakdown location.

An unexpected consequence of averaging
multiple images obtained at a given measurement
location is that the core of the primary LEV be-
comes visible. This is because the seeding par-
ticles (smoke) are slightly more dense than the
fluid. In a vortical flow this means that in com-
parison to a fluid element, the smoke particles
will have a larger centrifugal force (pulling the
particle away from the centre of rotation) com-
pared to the radial pressure gradient (pulling the
particle towards the centre of rotation). The re-
sult is that the seeding density in the core of the
LEV is less than elsewhere in the fluid. In a sin-
gle exposure this lower level of seeding density
in such a region is invisible, however, when mul-
tiple images for the same measurement location
are averaged it becomes quite clear.

Figure 7 shows images averaged in the man-
ner mentioned previously. These images were
generated from averaging 15 samples of the
first exposure at each of four spanwise locations
(30.5%, 42.7%, 54.9%, 67.1%) straddling the
breakdown region for each wing planform. For
comparison, the same spanwise locations are also
labeled on the isosurfaces of normalised Q = 0.2
coloured with z-wise vorticity. It can be seen for
the rectangle, four-ellipse and ellipse planforms
that inboard of the breakdown location the pri-
mary LEV is quite concentrated and grows only
slightly from 30.5% to 42.7% span. The reverse-
ellipse differs from this, where at 30.5% span the
primary vortex core is barely visible, however,
at 42.7% span it grows to a size comparable to
that seen at the same spanwise location for the
other planforms. Around the breakdown location
at 54.9% span and beyond to 67.1% span, the
core structures for all planforms are similar and
appear to suddenly expand and become less dis-
tinct. This is in agreement with the conical vortex
structures observed in the moderate and low nor-
malised Q isosurfaces in Figure 6.

Vortex breakdown has been seen to occur
in numerous experiments on insect-like flapping
wings at Reynolds numbers of the order of 103

and above (see [6, 32, 33, 14]). CFD studies have

also observed breakdown or hints of the occur-
rence of breakdown [31, 11]. It has been seen
that breakdown begins around mid-stroke when
the wing begins decelerating after which it is in-
tensified [33, 14]. The location of breakdown ap-
pears to vary as it has been seen to occur at mid-
span [33, 14] and two-thirds of the wing length
[32]. The results presented are in agreement with
previously observed trends as vortex bursting oc-
curs here at mid-stroke around mid-span for all
planforms tested at Re =∼ 13500.

8.4 Leading-Edge Sweep Effects

The observations in Figure 7 suggest that a
forward-swept leading edge suppresses the for-
mation of the primary LEV. Given that the nor-
malised Q = 0.2 isosurface for this planform does
not appear close to the root and the LEV’s small
structure seen in the averaged image at 30.5%
span, it seems as though the primary LEV does
not form until close to 30.5% span. In con-
trast, the primary LEV is quite visible inboard of
30.5% span for the other planform shapes. This
effect is thought to be caused by the forward-
swept leading edge having a free-stream veloc-
ity component towards the root, which appears
to impede the formation and growth of the LEV.
The forward-sweep on the leading edge of the
reverse-ellipse planform varies in this case from
root to tip. Towards the root the where the
forward-sweep is greatest, the primary LEV is
more affected and is even absent. As the forward
sweep decreases towards the tip, a single leading
edge vortical structure (no secondary LEV) forms
which then appears to split into the primary and
secondary LEV. The leading edge for this plan-
form approaches a straight leading edge geom-
etry towards the tip, and it appears as a conse-
quence of this that the vortex structures towards
the tip more resemble those seen on planforms
with straight leading edges (rectangle and four-
ellipse), where the primary vortex even breaks
down around the same location. However, it ap-
pears as though the breakdown location on the
reverse-ellipse is slightly further outboard than
the rest, suggesting that a forward-swept leading
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edge also shifts the vortex bursting location out-
board.

An aft-swept leading edge (ellipse planform)
appears to have no noticeable effect on the vortex
structures when compared to the straight leading
edge planforms. The vortex cores are of similar
size across 30.5%-42.7% span as depicted in the
averaged images in Figure 7, and the breakdown
location appears to be the same.

8.5 Overall Planform Effect

It is apparent that, overall, the flow structures on
all four planform shapes are very similar, despite
the drastic differences in geometry. This implies
that planform shape generally has little effect on
the flow structure over the wing. This view has
been supported elsewhere. Experiments by Lu et
al. [6] who looked at the Reynolds number range
160− 3200, postulated that the effect of geom-
etry was only slight, as they saw with dye visu-
alisation that aspect ratio, and a curved leading
edge geometry had little effect on the dual lead-
ing edge vortices that were formed. CFD studies
by Wilkins [11] who tested the same ellipse, rect-
angle, and reverse-ellipse planforms (but with a
smaller aspect ratio) reported little impact on the
flow phenomenology for a constant aspect ratio.
From the present results these conclusions have
now been extended and verified at true FMAV-
like conditions (in air, at Re of the order of 104, at
the FMAV scale, with full flapping kinematics).

It is worth noting that although planform
shape has little effect on the general flow struc-
tures, it has been seen computationally and ana-
lytically that it significantly impacts aerodynamic
forces. Wilkins [11], who as previously men-
tioned computationally studied similar wing ge-
ometries, found lift coefficients between these
planform shapes to be quite different. Here,
the reverse-ellipse performed the best, followed
by the rectangle and then the ellipse planform
which performed the worst. Similarly, results
from Ansari et al. [7], who analytically stud-
ied wing geometry effects (on the same wing ge-
ometries presented here), indicate that with the
wing geometries used here the reverse and four-

ellipse planform shapes are best and will produce
comparable values of lift. This is followed by
the rectangle and ellipse planform shapes which
would perform the worst in terms of lift produc-
tion.

9 Conclusions & Future Work

The full flowfield volume around an insect-like
flapping wing at mid-stroke at the FMAV scale
was measured and visualised for four differ-
ent wing planform shapes of constant aspect ra-
tio and planform area. In terms of geometry,
the shapes used varied in distribution of area,
leading- and trailing-edge sweep, and wing tip
geometry. Despite the wide differences in wing
geometries used, the general flow structures on
all planform shapes were very similar. All shapes
exhibited a pair of leading-edge vortices of sim-
ilar strength, and a distinct tip vortex. One of
these leading-edge vortices was located right at
the wing leading edge extending almost all the
way down the span (secondary LEV), and the
other more aft (primary) LEV extended from the
root and broke down at around mid-span. The
only noticeable effect was that a forward-swept
leading edge impedes the formation of the pri-
mary LEV towards the root, and possibly shifts
the primary vortex breakdown location towards
the tip. Future work will investigate the effect
of planform shape on the mean lift generated, as
although planform shape has little effect on the
flow structures, it has been observed computa-
tionally and analytically to have significant ef-
fects on forces.
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