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Abstract

Insect wing shapes are diverse and a renowned source of inspiration for the new generation of

autonomousflapping vehicles, yet the aerodynamic consequences of varying geometry is notwell

understood.One of themost defining and aerodynamically significantmeasures of wing shape is the

aspect ratio, defined as the ratio of wing length (R) tomeanwing chord (c̄).We investigated the impact

of aspect ratio, AR, on the induced flowfield around a flappingwing using a robotic device. Rigid

rectangular wings ranging fromAR= 1.5 to 7.5were flappedwith insect-like kinematics in air with a

constant Reynolds number (Re) of 1400, and a dimensionless stroke amplitude of c̄6.5 (number of

chords traversed by thewingtip). Pseudo-volumetric, ensemble-averaged, flow fields around the

wings were captured using particle image velocimetry at 11 instances throughout simulated

downstrokes. Results confirmed the presence of a high-lift, separated flowfieldwith a leading-edge

vortex (LEV), and revealed that the conical, primary LEV grows in size and strengthwith increasing

AR. In each case, the LEVhad an arch-shaped axis with its outboard end originating from a focus-sink

singularity on thewing surface near the tip. LEV detachment was observed for >AR 1.5 aroundmid-

stroke at~70% span, and initiated sooner over higher aspect ratiowings. At >AR 3 the larger,

stronger vortex persisted under thewing surfacewell into the next half-stroke leading to a reduction in

lift. Circulatory lift attributable to the LEV increasedwithARup toAR= 6.Higher aspect ratios

generated proportionally less lift distally because of LEVbreakdown, and also less lift closer to the

wing root due to the previous LEVʼs continuing presence under thewing. In nature, insect wings go no

higher than ~AR 5, likely in part due to architectural and physiological constraints but also because

of the reducing aerodynamic benefits of high ARwings.

1. Introduction

Insects are expert fliers capable of achieving remark-

able amounts of lift for their size—often in excess of

twice their body weight (Weis-Fogh 1964)—and feats

of exceptional aerial agility and control in confined

spaces. Flapping flight is also efficient at low flight

speeds and in hover (Woods et al 2001). Taken

together, this flight mode is very attractive for applica-

tions to unmanned air vehicles (UAVs). Flapping-

wing UAVs take advantage of the unique benefits of

insect-like flight and are envisaged for a broad range of

applications (Żbikowski 1999) where important char-

acteristics will include energy efficiency, a low audible

signature, and the ability to hover and manoeuvre

safely in confined and cluttered environments. A

better understanding of the fundamental fluid

mechanics of flapping wings is essential for informing

the design and control of future platforms. A synthesis

of the functional consequences of evolved morpholo-

gies is also of importance to the biological community

where biomechanics can be used to test hypotheses

about adaptation and evolutionary radiation.

1.1. Leading-edge vortex

The lift generated by insect wings can be greatly

enhanced by leading-edge vortices (LEVs) (Dickinson

and Götz 1993), which are similar to the LEVs that

form on delta wings, and formwhen the flow separates

due to a large pressure gradient at the sharp leading
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edge. It was first observed on flapping wings on a

mechanical model by Maxworthy (1979), who also

noted the existence of a spanwise flow through the

LEV core which transported vorticity into the tip

vortex (TiV) effectively keeping the LEV a stable size

and in a stable position over the wing surface, thus

preventing it from being shed into the wake. Indeed, it

has been shown that for a 2D translating wing, the LEV

sheds within the first few chords of travel from rest

(Dickinson and Götz 1993,Wilkins 2008, Wilkins and

Knowles 2009, Garmann and Visbal 2012), while on a

revolving wing it has been seen to remain attached

even under continual revolutions (Usherwood and

Ellington 2002a, Lentink and Dickinson 2009). Since

its first observation, the LEV has been observed and

characterized on numerous other mechanical flap-

ping-wing models, (Ellington et al 1996, Dickinson

et al 1999, Thomas et al 2004, Phillips and

Knowles 2013), on live insects (Ellington et al 1996,

Bomphrey et al 2005), as well as on birds (Videler

et al 2004, Warrick et al 2005) and bats (Muijres

et al 2008), thus, it is a flow feature associated with

flapping wings in general. In hovering studies, it is

typically observed to have a conical helical structure,

where the LEV increases in size towards the wingtip,

however, in forward flight it has also been observed to

be cylindrical in structure with no detectable helicity

(Srygley and Thomas 2002, Thomas et al 2004,

Bomphrey 2006).

The LEVs that have been described over models

often exhibit signs of breakdown, characterized by the

formation of a stagnation point on the LEV axis fol-

lowed by axial flow reversal and a dramatic increase in

vortex diameter (Leibovich 1984). Indications of this

phenomenon have been reported in numerous studies

(van den Berg and Ellington 1997, Lu and Shen 2008,

Lentink and Dickinson 2009, Carr et al 2013, Phillips

and Knowles 2013) and appears to occur at

 ( )Re 10 .3 It has not been found to impact nega-

tively on lift forces, as it does on delta wings (Lentink

andDickinson 2009). Despite the occurrence of break-

down and formation of smaller vortex structures aris-

ing from shear layer instabilities as Re is increased, the

general vortex structure and attachment of the LEV is

unaffected by changes in Re over the range

 Re200 60 000 (Garmann andVisbal 2012).

1.2.Wing aspect ratio

For conventional fixed wings, the wing aspect ratio,

defined as the square of the wingspan divided by the

wing area, has a significant effect on the wing’s

performance. High aspect ratios are more efficient

because the average downwash induced by the TiV

across the span is lower since local induced downwash

varies inversely with distance from the TiV (Ander-

son 2001). The effect of wing aspect ratio on insect-like

flapping wings on the other hand, is relatively

unknown but equally likely to impact on aerodynamic

performance. Henceforth, we define wing aspect ratio,

AR, using a half-span definition: the ratio of wing

lengthR from root to tip, to themeanwing chord c̄ .

One of the first experimental studies concerning

AR effects on insect-like flapping wings was that of

Usherwood and Ellington (2002b), who investigated

the forces produced by revolving hawkmoth wing

planforms in the range AR= 2.27–7.92 held at various

fixed angles of attack. They concluded that AR had lit-

tle effect on force coefficients, but higher aspect ratios

saw a steeper growth in lift coefficient with increasing

angle of attack. A similar conclusion was reached by

Luo and Sun (2005) who used a computational fluid

dynamics (CFD) approach to simulate force coeffi-

cients in the range of AR = 2.8–5.5. Wilkins (2008)

looked beyond this range, simulating an impulsively

started rotating wing at 45° angle of attack. The lift

coefficient was found to be much smaller for

AR= 12.5 compared to AR= 2.5. This was attributed

to LEV instability at AR = 12.5 and it was concluded

ultimately that AR is critical in dictating LEV stability

as it becomes unstable above AR = 10. Beyond this

threshold, the LEV repeatedly forms and sheds in the

outboard region, resulting in ‘cells’ of multiple LEVs

along the wingspan. This finding concerning LEV sta-

bility was supported by a different approach when

Lentink and Dickinson (2009) investigated the effects

of dimensionless stroke amplitude, Reynolds number

andRossby number (Ro, describing the ratio of inertial

to Coriolis forces) using a mechanical model. They

simplified the definition of Rossby number—equating

it to aspect ratio—and concluded that an LEV will be

stable if Ro is of ( )1 , implying a stable LEV for

<AR 10.

Other experimental work investigating AR effects

includes that of Lu et al (2006), who investigated flap-

ping wings over the range AR = 1.3–10 and observed

the formation of dual LEVs on each wing, concluding

that the effect was insensitive to AR.Wojcik and Buch-

holz (2012) reported the flow field at 25% and 50%

span on AR= 2 and 4 wings rotating from rest with a

fixed angle of attack, finding higher LEV circulation

for the higher AR. Carr et al (2013), also investigating

AR = 2 and 4 wings rotating with a fixed angle of

attack, observed the LEV to be arch-shaped, detaching

from the wing surface outboard in both cases. How-

ever, the LEV and TiV system for AR= 4 was observed

to be less coherent, with the LEV lifting progressively

further from the wing than for AR= 2 wings. Further-

more, axial vorticity and velocity levels were reported

to be higher in the lower AR = 2 wing. Harbig et al

(2013) conducted a detailed computational study on

AR effects in the range AR= 2.91–7.28 using a numer-

ical model of a fruit fly wing planform swept from rest

at a fixed angle of attack of 45°. Visualizations of the

flow revealed dual LEV structures with the same sense

of rotation for the entire AR range tested. In addition,

the higher AR tested was found to achieve lower lift

coefficients than the lower ARs at both high and low
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‘span-based’ Reynolds numbers, an alternative defini-

tion for Re proposed by the authors based on the wing

span rather than chord. The only study incorporating

AR effects in live insects is that of Henningsson and

Bomphrey (2013), who measured the flow around

hawkmoths varying in AR from 2.34 to 3.47. The

effects on span efficiency (deviation of downwash pro-

file compared to ideal uniform downwash distribu-

tion) were examined using time-resolved stereo

particle image velocimetry (PIV). Span efficiency var-

ied with normalized lift but inversely with advanced

ratio (ratio of free stream velocity to mean wing speed

due to flapping), and efficiency values e ranged from

0.31 to 0.6. No effect of AR was reported over the lim-

ited range found in hawkmoths, which have a similar

planform.

In summary, studies concerning wing aspect ratio

effects on flapping wings are limited in number and

scope. Moreover, the conclusions are mixed so further

investigation is required. The majority of studies have

involved a wing at a fixed angle of attack accelerating

from rest, rather than reciprocating or flapping. This

approach is useful because it simplifies the analysis,

isolating AR effects by excluding other effects such as

those due to wing pitching. However, in moving

towards an understanding of the full complexity of

insect-like flapping flight in nature, capturing these

effects is essential. Furthermore, only a small number

of existing studies have described AR effects on the key

flow features (i.e. LEV), and experimental studies are

particularly scarce in this area.

1.3. Aims and objectives

The aim of the present study is to characterize the

effect of AR on the LEV throughout an insect-like

flapping cycle in high spatial resolution using a

mechanical flapping device. The advantage of this

approach is that it enables precise control of wing

geometry and kinematics. We will focus on how the

flow field develops throughout the wing stroke, the

LEV structure (i.e. position, diameter and circulation),

the effects of encountering previously-shed wake, and

lift generation. Insect wings range from approximately

AR = 1.4 on butterflies to 5.5 on craneflies (Elling-

ton 1984); thus, the chosen range for the present study

is AR = 1.5–7.5. The Reynolds number is set at

=Re 1400, similar to that of a hovering hawkmoth.

2.Materials andmethods

2.1. Flapperatus

Insect-like wing flappingwas achievedmechanically in

the present study using the flapping-wing apparatus

known as the ‘flapperatus’ (figure 1(a)). The flapper-

atus moves an insect-like wing in air, reciprocating at

up to 20 Hz, while enabling separate control of each of

the stroke, plunge, and pitch degrees of freedom, thus

allowing a wide range of high-fidelity insect-like wing

motions. Details on the flapperatus design and opera-

tion are published elsewhere (Phillips 2011, 2013). A

particular advantage of the device is that it produces

very repeatable kinematics up to a 20 Hz flapping

frequency, where the wing position in stroke, plunge

and pitch is repeatable to within  0.1 ,  0.07 , and

 0.17 respectively.

2.2. Coordinate systems

The complex flapping motion of an insect wing can be

described by three independent basic motions: stroke

(largely fore and aft in hovering flight), plunge (up and

down), andwing pitch (angle of attack variation). After

Willmott and Ellington 1997, the wing position can be

described by the stroke angle f, the plunge angle θ and

the pitch angle α, with Φ, Θ, and A denoting their

amplitudes as illustrated in figure 2. The present study

only considers flight in a hovering condition, thus, the

inertial XYZ coordinate system is considered fixed to

the insect such that the X-, Y- and Z-axes are aligned

with the lateral, forward, and vertical directions

respectively as shown in figure 2. Two more coordi-

nate systems are introduced here and are also given in

figure 2. The xyz system moves with the wing in the

stroke and plunge directions such that the x-axis

points in the spanwise direction, the y-axis always

remains in the XY plane, and the z-axis is perpendi-

cular to the two. The second x y zw w w frame moves
with the wing in all three degrees-of-freedom and is

the wing-fixed coordinate system. Here the xw, yw, zw
directions correspond to the spanwise (towards wing-

tip), chordwise (towards the leading edge), and wing

upper surface normal directions respectively.

2.3. Test wings and kinematics

The wing planforms investigated comprised a series of

rectangular wings with identical chord lengths c of

30 mm, and root-to-tip lengths R ranging from 45 to

225 mm, resulting in aspect ratios of 1.5, 3, 4.5, 6 and

7.5 as shown in figure 1(b). They were designed to be

rectangular and rigid so that aerodynamic effects due

to changes in ARwould be isolated from those relating

to shape orflexibility. The justification formaintaining

a constant chord length across the cases, rather than

constant wing area, was that this allowed for a constant

distance of the wing root of 1 chord length from the

centre of rotation, which was the minimum distance

that could be set due to the design of the mechanism.

The wing surface (∼0.5 mm thin) was comprised of a

carbon fibre composite formed around a 1 mm

diameter carbon fibre rod forming the leading-edge

spar. Themotivation for this material choice and wing

construction was that it provided a thin, lightweight

and rigidwing.

The wings in this study were dynamically scaled to

replicate insect-like flow conditions by choosing a

flapping frequency of 1.8 Hz to achieve an insect-rele-

vant Reynolds number of 1400 (similar to a hovering
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hawkmoth). Here, the Reynolds number was based on

the constant chord c = 30 mm and a constant mean

wingtip speed = -v̄ 0.7 mstip
1. The justification for

maintaining a constant mean wingtip speed was that it

should ensure a relatively constant TiV strength

(thereby keeping TiV effects constant) across the cases,

as has been reported elsewhere (Carr et al 2013). The

dimensionless stroke amplitude, taken as the number

of wing chords traversed by the wingtip per wing half-

stroke, was fixed at L = 6.5. In insects,
L averages 6.5 and ranges between 1.8 and 10.5

(Weis-Fogh 1973).

Non-dimensional stroke amplitude L was held

fixed, as opposed to fixing the angular stroke ampli-

tude F, because flow development has been found to

be strongly linked to the number of chords travelled

rather than stroke length alone (Ansari et al 2008,

Granlund et al 2010). Here, fixing Φ rather than L
would result in the wingtip on the AR= 7.5 wing tra-

versing 340% further than the lowest AR = 1.5 wing,

and thus, the flow would be comparatively more

developed outboard on the higher AR wing. It should

be noted that in keeping L and Re constant, the angu-

lar acceleration profiles across the test cases must

change. The lower AR wings experience higher angu-

lar accelerations because Φ is larger. However, the lin-

ear acceleration profile, in terms of chords travelled at

the wingtip, remains constant across the cases, just as

the mean wingtip speed does. This translates to a con-

stant Euler fluid force at the wingtip associated with

the wing angular acceleration, and acceleration effects

are excluded.

The full set of test kinematics are pictured in

figure 3 giving thewing stroke, plunge and pitch angles

versus time t normalized by the flapping period T

throughout one cycle. In addition, the dimensionless

stroke position l taken as the number of chords tra-

velled by the wingtip is given. The plunge amplitude

was set to zero. The wing’s angle of attack was specified

to be 45° for 50% of the flapping period with sym-

metric pitch reversal. These kinematics were chosen

because they represent simplified insect-like flapping

kinematics that include the essential elements, namely

translational phases punctuated by pitch reversal. We

excluded variation in wingtip trajectory in an effort to

isolate the effect of changing ARwithin a realistic kine-

matic parameter space.

In figure 3 the lines represent the measured kine-

matics output from the flapping mechanism, which

can also be thought of as the commanded wing posi-

tion. Beyond the connection of the wing to the flap-

ping mechanism, a small degree of wing flexion is

inevitable, thus, the wing’s true position will differ

slightly from the position commanded by the flapping

Figure 1. (a) Flapperatus; (b)wing planforms (c) example range of insect wing aspect ratios from∼1.5 to 6; from top, wings are from
Polygonia c-album,Deilephila elpenor,Vespula vulgaris,Tipula oleracea,Aeshna grandis (forewing).

Figure 2. Insect wing position definition and coordinate systems.
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mechanism. Wing flexion was measured by manually

locating the leading- and trailing-edge positions along

the span in the dewarped PIV images, as employed

elsewhere (Poelma et al 2006, Phillips and

Knowles 2013). The actual wing position including

flexion is given by the symbols in figure 3 at the 11

measurement instances encompassing one half-

stroke. Since the kinematics are symmetric, the flow

development between subsequent half-strokes (e.g.

downstroke versus upstroke) will also be symmetric,

thus, describing the flow development for one half-

stroke is sufficient to describe the entire wing stroke

cycle. At each measurement instance throughout the

half-stroke, flow field measurements were performed

at fine increments along the wingspan. The degree of

wing twist seen throughout the experimental pro-

gramme was found to be at worst 3.1 and on average

0.9 ,with the wing twisting to a lower angle of attack at

the tip. Symbols for α in figure 3 represent the average

pitch angle along the span. It should be noted that at

stroke reversal, the higher AR wings 6 and 7.5 flexed

more in the pitch direction compared to the lower

ARs, which is likely a consequence of the greater wing

area creating a larger pitching moment and thus more

torsional flexion. The kinematic parameters including

effects due to wing flexion are given in table 1, where

amid denotes the span-averaged angle of attack at mid-

stroke. The errors on these quantities arise, in part,

from the uncertainty in manually identifying the lead-

ing- and trailing-edge positions, in the dewarped PIV

images.

2.4. PIV setup

Flow field measurements were acquired using a high-

speed stereo PIV system comprised of a 527 nm 1 kHz

Nd:YLF laser (Litron LDY-300PIV, Litron Lasers Ltd,

UK) and four 1024 × 1024 px high speed cameras

(Photron SA3, Photron Ltd). As illustrated in figure 4,

the measurement plane (i.e. the light sheet) was

positioned such that it was alignedwith thewing chord

when the wing was at a pre-defined position in the

wing stroke, at which point measurements were

triggered by the flapperatus. This enabled repeated

measurements and ensemble (or phase-locked) aver-

aging of the flow fields. The light sheet measured

∼1.5 mm in thickness and was produced using a set of

optics comprising a spherical and cylindrical lens.

Olive oil seeding particles of m~1 m in diameter were

produced with a compressed air aerosol generator.

The laser pulse separation was set such that particles

would travel no further than 25% of the light sheet

thickness in the out-of-plane direction (previously

shown to be optimal (Keane and Adrian 1991)),

assuming a maximum out-of-plane velocity of two

Figure 3. Flapping kinematics throughout flapping cycle for eachAR; lines representmeasuredmechanismoutput kinematics;
symbols representmeasuredwing position including anywing flexion at the 11 flowfieldmeasurement instances; white and grey
regions denote separate half-strokes.
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times the mean wingtip speed that has been reported

elsewhere (Lu and Shen 2008, Phillips and

Knowles 2013).

Four cameras were used to measure above and

below the wing simultaneously (figure 4). To illumi-

nate the shadow cast by the wing, a pair of spherical

lenses were arranged∼5 wing chords below the stroke

plane to reflect the light sheet onto the underside of the

wing. The upper and lower pair of cameras were fitted

with 105 mm lenses (AF Nikkor, f/2.8), and 180 mm

lenses (AF Nikkor, f/3.5) respectively via Scheimpflug

mounts (Westerweel 1997). The PIV system was syn-

chronized with a high-speed controller and operated

by DaVis 7.2.2 software (LaVision UK Ltd, Oxford-

shire). Spatial calibration of the four camera views was

achieved using a dual-plane 105× 105 mmcalibration

grid. Small misalignment between the grid plate and

the light sheet was corrected with a disparity map rou-

tine (Willert 1997, Scarano et al 2005).

The flapperatus was mounted on a swivel and a

traverse as shown in figure 4. The swivel axis of rota-

tion coincided with the wing stroke centre of rotation,

and was fitted with a digital encoder that recorded the

swivel angle to within ±0.1°. This enabled measure-

ments at different points in the wing stroke to be

achieved without reorienting the PIV measurement

frame of reference. The traverse allowed the wing to be

translated relative to the measurement plane in 1 mm

increments during measurements, resulting in a dense

volume of velocity data. The traversing speed was neg-

ligible compared to the mean wingtip speed (0.12% of

v̄tip), nevertheless, following the arrival at a new span-

wise location, five flapping periods were allowed to

elapse before measurements were resumed. This wait

time was found to be more than sufficient such that

any effects on the flow field from intermittently traver-

sing the wing were excluded. The resulting measure-

ment volume was comprised of PIV velocity data

planes taken every 1 mm from 2mm inboard of the

wing root to 15 mmbeyond the wingtip for each wing,

with three repeatmeasures at each spanwise location.

3.Data processing and analysis

3.1. PIVprocessing

The raw image pairs were pre-processed inDaVis 8.0.8

(LaVision UK Ltd, Oxfordshire) to identify the line of

intersection of the laser light sheet with the wing by

locating areas above a specified intensity threshold. A

mask was applied to this region to exclude it from

processing. We calculated a sliding minimum pixel

intensity across the image over the three samples taken

at each spanwise location and subtracted these

Table 1.Kinematic parameters.

AR Φ (deg) Θ (deg) amid (deg) L (chords) f (Hz)

1.5 147.6± 0.6°  0.9 0.6  46.0 0.8 6.4± 0.03 1.8

3 91.6± 0.4°  0.9 0.4  46.6 0.8 6.4± 0.03 1.8

4.5 67.2± 0.3°  0.7 0.3  46.4 0.8 6.5± 0.03 1.8

6 53.4± 0.2°  0.5 0.2  47.1 0.8 6.5± 0.03 1.8

7.5 44± 0.2°  0.4 0.2  47.1 0.8 6.5± 0.03 1.8

Figure 4.PIV setupwith flapperatus.
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intensities from the individual sample images. This

effectively removed reflections from the laser on the

wing and background objects, but retained the particle

images. Images were subjected to a stereo cross-

correlation algorithm with an initial interrogation

window size of 64 × 64 px progressing to a final

16 × 16 px window size. For each of these windows,

two passes were made with a 50% overlap and

deformable windows. Between passes, the median

filter proposed by Westerweel (1994) was used to

identify and remove spurious vectors, where vector

components of twice the rms value of their neighbour-

ing components were considered spurious. After

processing, any regions with empty spaces, aside from

the masked region, were filled up via interpolation.

Vector maps were then averaged over the three

samples per spanwise location, and assembled into a

dense 3D volume of velocity data for each of the

measured instances through thewing stroke.

3.2. Vortex identification

We objectively identified in-plane critical points by

locating zero-crossing points for the velocity profiles

in the x and y directions (Knowles et al 2006). An

example is given in figure 5, where intersections

between vy = 0 and vz = 0 contour lines mark critical

point locations. In this process, critical points are

automatically classified into different types (i.e.

focuses, saddles) using criteria outlined by Chong et al

(1990). This technique was applied to every xy, yz and

xz plane in the assembled volume of velocity data,

resulting in a collection of 3D coordinates of critical

points for a given position in the wing stroke. The 3D

coordinates of foci were joined into lines representing

vortex axes using a custom algorithm exploiting the

fact that the 3D vorticity vectors along a vortex axis are

tangent to the local path of the axis.With the identified

axes, vortex diameter, circulation and axial vorticity

were determined at each point along an axis by

examining the velocity profile in a plane perpendicular

to the local axis direction at a given point. Here the

vortex diameterD is taken as the diameter of the rigid-

body rotation region in the local Rankine vortex

velocity profile, and its circulation is pG = Dvt where

vt is the tangential flow velocity at the extent of the

rigid-body rotation region. Details of the employed

vortex axis identification method are given elsewhere

(appendix, (Phillips 2011)).

3.3. line integral convolution (LIC) and skin friction

lines

Flow field velocity measurements were achieved to

within ~1 mm from the wing surface owing to the

method we used for filtering out reflections from the

wing surface (section 3.1).Without this step, measure-

ments close to the surface are less reliable because the

high pixel intensities of the reflections are weighted

higher than lower intensities in the correlation func-

tion. The reflection removal method effectively

reduces them to near-zero pixel intensity leaving only

the particles. Measurements near the surface are

further complicated by the fact that velocity gradients

in the boundary layer lead to bias errors. This has been

characterized by Kähler et al (2012) who found that

bias errors decrease to zero at a distance of one half of

the interrogation window size from the surface and

beyond. The final interrogation window size used in

the present study corresponds to 1.7 mm. Thus,

vectors as close as 0.85 mm from the surface are

deemed valid and with negligible bias errors. With this

in mind, flow velocity measurements at a conservative

distance of 1 mm from the wing surface were used to

visualize near-surface flows within the boundary layer.

The result is a vector field, towhich LIC can be applied.

LIC was originally presented by Cabral and Leedom

(1993), and the method employed here is described in

detail elsewhere (Lawson et al 2005). Additionally, LIC

was applied to chordwise slices through the flowfield.

4. Results and discussion

First, we present the 3D flow development versus AR,

followed by examination of individual chordwise

planes to describe further detail of the LEV diameter

and strength. Last, the LEV-generated lift force will be

presented and discussed along with corresponding lift

coefficient values versus AR.

Figure 6 depicts the formation and evolution of the

flow field throughout the wing half-stroke for each

AR. The view is of the upper surface of the wing plan-

form, looking down on the wing along the zw axis in

the wing-fixed frame of reference. Near-surface skin

friction lines and 3D streamlines released from the

core axismarkmajor vortex structures for AR= 1.5, 3,

4.5 and 7.5 at selected instants throughout the half-

stroke. Skin friction lines produced by LIC are

coloured by in-plane velocity magnitude normalized

by v̄tip and streamlines are coloured with normalized

Figure 5.Example automatic critical point identification.
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vorticity magnitude given by ∣ ∣w . Here vorticity w is

normalized by the ratio of  =¯ ¯ ( ¯ ¯ )v c w wc vtip tip .
Complementing figure 6, figure 7 presents the

chordwise LEV axis position (figure 7(a)) and height

above the wing surface (figure 7(b)) for all ARs at the

same instants in the half-stroke.

An interpretation of the flow topologies from the

near-surface skin friction lines in figure 6 can be pro-

vided by previously established separation patterns.

These are derived from local solutions to the Navier–

Stokes equations and use critical points such as foci, sad-

dles, sinks and sources (Hornung and Perry 1984, Perry

and Chong 1987, Chong et al 1990). Such analysis has

been applied previously to insectflow topologies by qua-

litative smoke-wire visualizations (Srygley and Tho-

mas 2002, Thomas et al 2004, Bomphrey et al 2009), and

on flowfield measurements of the LEV growth and

detachment process on plunging aerofoils (Rival

et al 2014). Two of the most common patterns which

will be referred to hereon are the open negative bifurca-

tion line separation and theWerlé–Legendre separation

illustrated in figure 8 (Hornung and Perry 1984). The

former consists of a flow convergence to a separatrix

(figure 8(a)), while in the latter, the flow spirals into a

focus plus sink (figure 8(b)) where it leaves the surface

encircling a vortex axis originating from the focus-sink

centre (Hornung andPerry 1984).

4.1. 3Dflowdevelopment

4.1.1. Early in the half-stroke

As seen in figure 6, the general flow development is

qualitatively very similar from AR = 1.5 to 7.5

Figure 6. 3Dflow topology evolution throughout half-stroke versus AR; select planform views shown for AR= 1.5, 3, 4.5 and 7.5wing
upper surfacewith near-surface skin friction lines coloured by in-plane velocitymagnitude (normalized by v̄tip); major vortex
structures highlighted by superimposed streamlines; for each planform view, the leading edge is the top and thewingtip is to the right.
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throughout the half-stroke. At the start of the half-

stroke, a trailing-edge vortex (TEV) forms and sheds

and the primary LEV first appears outboard around

thefirst 1.3 tip chords of travel (  =t 0.15 see figure 7).

At this stage, for all ARs the LEV appears tomerge with

the TiV and an open negative bifurcation separation

line is present close to the leading edge with a

reattachment line further aft marking the LEV ‘foot-

print’. For clarity, approximate secondary separation

and reattachment lines (see section 3) are marked in

figure 6 for =AR 3 only, although the same pattern

can be seen throughout the stroke for each AR (with

the exception of the end-of-stroke position for

AR = 1.5). At  =t 0.15, the remainder of the wing

area that is not taken up by the LEV footprint consists

of chordwise attached flow directed toward the trail-

ing edge.

4.1.2.Midstroke and after

As the wing proceeds to mid-stroke at  =t
l =( )0.25 3.25 and beyond to  l= =( )t 0.4 5.9 at

the onset of pitch reversal, the primary LEV continu-

ously grows in size and encroaches further inboard

(figure 6). Correspondingly, the reattachment line

shifts aft and inboard. Over this period, for higher AR

the outboard portion of the LEV axis is generally

further from the leading edge and further above the

wing surface (figures 7(a) and (b)). This indicates that,

outboard, the LEV core position is less stable through-

out the stroke as AR increases, possibly resulting in

LEV detachment, which will be discussed further in

the next section.

The LEV takes an arch-shaped form with its out-

board end appearing to be anchored on the wing sur-

face. This is consistent with observationsmade byCarr

et al (2013) who reported an arch-shaped LEV for

AR= 2 and 4 for a rotating wing at a fixed 45 angle of

attack. Our results illustrate that this phenomenon

extends up to at least AR = 7.5. The existence of an

arch-shaped axis is reinforced by the near-surface skin

friction lines in figure 6which suggest the presence of a

focus-sink on the wing surface near the wingtip. From

this critical point, the outboard end of the LEV axis

emanates. An example of the focus-sink is labelled for
= =tAR 4.5 at 0.25 (figure 6), and similar indica-

tions of this feature are seen elsewhere except for

AR= 1.5 and 3 at  =t 0.4 where their axes appear less

arch-like infigure 7(b).

From the previous observations it appears that

prior to mid-stroke, for all ARs the inboard end of the

LEV axis originates from an open negative bifurcation

line type separation (from the primary separation line

along the leading edge) and the outboard end origi-

nates from a Werlé–Legendre type separation com-

pleting the arch. Postmid-stroke, this remains the case

for AR > 3 until the onset of stroke reversal, whereas

for AR < 3 the LEV axis outboard becomes con-

tinuous with the TiV axis and, thus, has no terminus

on the wing surface. Furthermore, for AR = 1.5 an

additional focus-sink appears near the leading edge

late in the half-stroke (labelled in figure 6), suggesting

that for AR = 1.5, the inboard end of the LEV axis

transitions to a Werlé–Legendre type separation.

Figure 7. LEVposition throughout half-stroke versus AR; (a) chordwise position from leading edge yw and (b) abovewing surface
zw shown at select points corresponding to figure 6; coordinates are normalized by thewing chord; black dashed line represents the

trailing edge.

Figure 8.Two common separation patterns adaptedwith
permission fromThomas et al (2004); (a) open negative
bifurcation line separation; (b)Werlé–Legendre separation.
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Transitional states of separation over hawkmoth

wings had been postulated elsewhere (Bomphrey

et al 2005) and visualized over bumblebees (Bomphrey

et al 2009); this is further evidence that flow topologies

can be highly dynamic throughout the wing stroke

cycle.

The trailing vortices also have differing origins, the

TiV originates from the open negative bifurcation

separation line along the wingtip whereas the root vor-

tex originates from a focus-sink on the wing surface

(e.g. = =tAR 3, 0.4 in figure 6) and is, therefore, a

Werlé–Legendre type separation. It should be noted

that a third type of separation pattern referred to as

open U-shaped separation is possible for the LEV in

which the LEVs on adjacent wings are continuous and

extend over the insect’s body, as suggested by Luttges

(1989) and visualized over insects (Srygley and Tho-

mas 2002, Thomas et al 2004, Bomphrey

et al 2005, 2009, Bomphrey 2006).

4.1.3. LEV detachment

Local LEV detachment in the present study is con-

sidered to occur when the flow at the trailing edge

reverses and initiates the formation of a TEV. In

previous detailed CFD studies by Wilkins (2008), LEV

detachment on a translating wing at high angle of

attack was seen to be immediately preceded by such a

reversal generating a TEV. This is further supported in

experimental studies by Rival et al (2014) characteriz-

ing LEV flow topology, where it was shown that when

the stagnation point aft of the LEV merges with the

stagnation point at the trailing edge, the merged

(saddle) point lifts off the wing initiating LEV detach-

ment. Interrogation of the trailing edge (~ c0.03

normal distance above trailing edge) throughout the

half-stroke for the onset of flow reversal yields the LEV

detachment point for each AR as illustrated in figure 9.

For the higher ARs, 6 and 7.5, LEV detachment

initiates at mid-stroke, at  =t 0.25, whereas for

AR= 3 and 4.5 it occurs shortly after at  =t 0.3, and

no detachment is detected at all for AR = 1.5.

Interestingly, despite the wide range in wing length,

initial detachment occurs for >AR 1.5 around the

same spanwise location of approximately 70% span.

This is in close agreement with the numerical simula-

tions of Harbig et al (2013) who found that the LEV

separates at 70% span over the examined range of

AR = 2.91–7.28. In addition, the computational

studies of Liu et al (1998) reported LEV detachment

outboard of a vortex breakdown point at 75% span on

a hawkmoth wing. Returning to figure 9, beyond mid-

stroke the LEV detachment point progresses inboard

at the same rate for each AR (>1.5) until it reaches

approximately mid-span at  =t 0.4, the onset of

pitch reversal. Subsequently, the flow reattachment

point shifts towards the leading edge due to the

influence of the TEV and flow towards the trailing

edge is restored along the span. Lentink andDickinson

claimed that the LEV will be continually stable for a

revolving wing for Ro of ( )1 , where Ro was equated

to aspect ratio, implying the condition of AR of ( )1

for a stable LEV (Lentink and Dickinson 2009). In the

present study, all ARs are of this order of magnitude,

and our results are consistent with their claims in the

sense that themajority of the LEV is stable and remains

attached (particularly inboard where the local Ro is

lower) even up to the end of the stroke. However, the

story is more complex, as it is shown here and also

elsewhere (Harbig et al 2013) that the LEV outboard

becomes unstable for >AR 1.5 even though the

general condition of = ( )AR 1 ismet.

4.1.4. End of half-stroke

Finally, beyond  =t 0.4, the wing pitches up and

continues to decelerate until it is at rest at the end of

half-stroke (  =t 0.5; l = 6.5). As can be seen in

figure 6, for >AR 1.5 a strong TEV is present along

the trailing edge at the end of half-stroke, which

coincides with pitch reversal. As a consequence of the

TEVʼs presence, the reattachment line migrates

toward the leading edge (e.g. AR = 3 in figure 6) such

that it lies between the LEV and TEV footprints for

Figure 9. LEVdetachment point along span throughout half-stroke versus AR; detachment point is taken as the pointwhere flow
reverses at the trailing edge.
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>AR 1.5.Also at this stage, no clear LEV axis is found

beyond approximately 60% span because the LEV

beyond this point has detached and is likely to have

broken down. Inboard, however, the LEV position

relative to the wing has remained virtually unchanged

since  =t 0.4 (figures 7(a) and (b)). For AR= 1.5 the

picture is slightly different at the end of the half-stroke.

First, no clear TEV axis is found, probably because the

TEV for AR = 1.5 is much smaller and weaker

compared to the other ARs. Furthermore, the LEV axis

is visible in the outboard region and there is no

obvious reattachment line. Compared with  =t 0.4,

the LEV axis for AR = 1.5 has shifted towards the

leading edge but is relatively the same distance above

thewing (figures 7(a) and (b)).

4.2. Chordwise planes andLEV characteristics

We will now address flow development versus AR by

examining chordwise planes through the flowfield

along with the LEV diameter and circulation.

Figures 10–12 present these results at 25%, 50% and

75% span respectively. Each figure shows chordwise

planes of instantaneous LIC streamlines, coloured by

normalized spanwise vorticity wx for AR = 1.5 and

7.5, along with plots of LEV normalized diameter D

and circulation G throughout the half-stroke. Here

circulation Γ is normalized according to
G = G (¯ ¯ )cvtip . In some cases, these plots continue

into the next half-stroke (shaded region) where the

LEV can be tracked as it persists under the wing into

the subsequent half-stroke.

The chordwise planes shown in figures 10(a)–

12(a), show again that the general flow development is

qualitatively very similar fromAR= 1.5 to 7.5. Despite

this general similarity there are a number of clear

trends that arise as AR increases, which will be out-

lined below.

First, as AR increases, the primary LEV across the

span is generally larger, with stronger circulation. As

seen in figures 10(b) and (c) at 25% span it is clearly

larger in size in the second half of the half-stroke for

higher AR yet normalized circulation values are simi-

lar. At 50% span in figures 11(b) and (c) the LEV dia-

meters are more comparable but circulation is higher

in the second portion of the half-stroke which implies

greater core vorticity for higher AR at this region on

the span. Finally, at 75% span, figures 12(b) and (c),

the increase in both LEV size and circulation with AR

are strikingly clear.

Due to the general increase in LEV size and

strength with AR, particularly in the second half of the

half-stroke, the inboard portion of the LEV continues

to persist under thewingwell into the subsequent half-

stroke for higher ARs. This can be seen clearly in

figure 10(a) at 25% span for AR = 7.5 in approxi-

mately the first chord of travel by the wing tip. A simi-

lar observation was made by Liu et al (1998) who, in a

computational study on a hawkmoth wing, saw the

LEV deform into a ‘hook-shaped vortex’ during supi-

nationwhich remained present until thewing began to

translate into the upstroke. Furthermore, Poelma et al

(2006) reported regions of vorticity associated with the

Figure 10. LEVdevelopment at 25% span; (a) select chordwise planes of instantaneous streamlines for AR= 1.5 and 7.5; wing chord is
denoted bywhite line; (b)normalized LEVdiameter D and (c)normalized LEV circulation G throughout half-stroke.
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LEV that convect off the trailing edge during pitch

reversal. The persistence of the LEV under the wing

will negatively impact lift production into the next

half-stroke as it decreases the pressure on the lower

wing surface. This negative effect is compounded by

the fact that this LEVʼs presence beneath the wing

Figure 11. LEVdevelopment at 50% span; (a) select chordwise planes of instantaneous streamlines for AR= 1.5 and 7.5; wing chord is
denoted bywhite line; (b)normalized LEVdiameter D and (c)normalized LEV circulation G throughout half-stroke

Figure 12. LEVdevelopment at 75% span; (a) select chordwise planes of instantaneous streamlines for AR= 1.5 and 7.5; wing chord is
denoted bywhite line; (b)normalized LEVdiameter D and (c)normalized LEV circulation G throughout half-stroke.
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appears to delay the formation of the new primary

LEV, which can be seen by comparing the LEV size

and vorticity in the chordwise planes between

AR = 1.5 and 7.5 for  = –t 0.1 0.15 at 25% and 50%

span in figures 10(a) and 11(a), respectively. The pri-

mary LEV forms sooner for the lower AR= 1.5. This is

likely to be a result of the fact that the LEVʼs presence

under the wing for a higher AR induces a flow at the

leading edge which modifies the direction of the local

flow in such a way that the effective angle of attack is

reduced and separation is consequently suppressed.

The effect can be seen by comparing the direction of

incident flow to the leading edge at  =t 0.1 between

AR = 1.5 and 7.5 for 25% and 50% span in

figures 10(a) and 11(a), respectively.

The observed delay in LEV formation is also

apparent in the trends of diameter and circulation

growth at 25% and 50% span (figures 10(b), (c) and

11(b), (c) respectively), where it is seen that for the first

half of the half-stroke, the inboard portion of the wing

for AR = 1.5 possesses a larger and stronger primary

LEV compared to the other ARs. Even though LEV

formation is delayed in this manner, the LEV diameter

and circulation for higher ARs ‘catch-up’ as their rates

of change are steeper for the first half of the half-stroke

and beyond, particularly at themid-span region.

4.2.1. Secondary and tertiary LEV

In the chordwise planes presented here, additional

minor vortex structures are visible that either had no

clear 3D vortex axis or were purposely omitted in

figure 6. Notably, from approximately mid-stroke

onwards in the outboard region, there are indications

of a smaller secondary LEV close to the leading edge

that has the same sense of rotation as the primary LEV

(figures 11(a) and 12(a)). Dual LEVs such as these have

been reported on butterflies (Srygley and Tho-

mas 2002) and, as seen from the present results, it is a

feature that is present for all ARs. This is consistent

with observations by Lu et al (2006)who reported dual

LEVs with the same sense up to their highest tested

aspect ratio of 10, and thus concluded that this flow

feature is insensitive to AR. Dual LEVs have been

observed numerous times, in both experimental

(Lentink and Dickinson 2009), and numerical (Liu

et al 1998, Harbig et al 2013) studies. Furthermore, we

have sufficient resolution to observe a tertiary LEV

located between the primary and secondary LEVs and

with an opposite rotational sense. This occurs at all

ARs (for example, at  =t 0.4 for AR = 7.5 in

figure 11(a)). The tertiary structure has been reported

by Harbig et al (2013) at Reynolds numbers of 750 and

above across a range of aspect ratios (2.91–7.28), and

elsewhere (Phillips 2011). In delta wing aerodynamics

this tertiary vortex is typically referred to as a

secondary LEV.

4.2.2. Transient LEV at stroke reversal

At the end of the half-stroke a jet forms between the

TEV and the shedding LEV. At lower ARs this jet is

directed downwards, while at higher ARs the jet is

angled upwards in the outboard region of the wing

(figure 13). This shift in jet angle is due to the LEV

having convected further away from the wing in the

higher AR cases. To compound matters, the TEV is

formed earlier in the higher AR cases, which can be

seen by comparing  =t 0.4 between AR= 1.5 and 7.5

in figure 12(a). The TEV is also bigger and stronger

towards the end of the half-stroke for higher ARs

which, combined with a stronger outboard LEV,

creates a greater induced jet between them (figure 13).

As the wing reverses, it is momentarily stationary

in the global frame of reference but moving relative to

its own induced flow.When the LEV/TEV jet is direc-

ted upwards, as it is for our higher AR wings, vorticity

can be shed from the leading edge over the new upper

surface when the wing speed is zero. This vorticity,

which forms on the outboard section of the wing, can

be seen in figure 12(a), AR = 7.5, during  = –t 0 0.1,

as the wing tip accelerated through its first half chord

length of travel. After this shedding event, the primary

LEV soon forms. This transient LEV associated with

stroke reversal is a flow feature found for AR = 3 and

above, and occurs in the outboard region where the

Figure 13.Change in LEV/TEV-induced jet direction (white arrow)with increasing AR; chordwise planes of instantaneous LIC
streamlines are illustrated for 75% span at the end of the half-stroke (  =t 0.5, l = 6.5); thewing chord is shown by awhite line; in-
plane velocitymagnitude is normalized by v̄tip.
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primary LEV has already detached. It can be thought

of as a form of ‘wake capture’. Relatively speaking, the

incident flow is directed towards the leading edge in a

fashion akin to that experienced by the trailing edge

early in the wing stroke when a TEV is generated.

Thus, the transient LEV forms and sheds in much the

same way that the TEV does at the start of the wing

half-stroke.

4.3. LEV lift

The lift generated by an accelerating wing at high angle

of attack is the combination of two parts: circulatory

lift contained in bound circulation and external

vortices, and non-circulatory lift from added mass

effects in the acceleration phase. Of the two parts,

circulatory lift is more significant as it generates the

majority of the lift force throughout a wing stroke

(Maybury and Lehmann 2004). In studies by Pitt Ford

and Babinsky (2013), it was found that the value for

bound circulation that gave the best fit between their

potential flow model and experimental flowfield data

from a translating wing was small. This led them to the

conclusion that the majority of the circulation is

contained in external vortices, namely, the LEV.

Therefore, the circulatory lift generated by the LEV

throughout a wing stroke comprises the majority of

the lift produced and, thus, provides a good measure

of the total lift.

Here, for a given point in the half-stroke, the circu-

latory lift of the LEV along the span can be calculated

by the varying circulation values along the vortex axis

and the local instantaneous wing speed according to

the Kutta–Joukowski theorem. The result is a span-

wise loading distribution which is then integrated to

obtain the lift force and the lift coefficient CL using v̄tip

as the characteristic velocity. We calculated the lift

coefficient, using the primary LEV only, for each AR

throughout the wing stroke (figure 14(a)). Including

the non-circulatory contribution to lift from added

mass (Maybury and Lehmann 2004) has a negligible

effect because it is comparatively small; for all ARs, the

time-averaged lift coefficient from added mass was at

most 1.1% of the corresponding circulatory lift coeffi-

cient from the LEV.

Lift steadily increases until approximately mid-

stroke, and then declines. For the higher ARs (greater

than 3), lift forces become negative into the next half-

stroke (shaded region in figure 14(a)) as the LEV per-

sists on thewing’s underside.

Time-averaged lift coefficients are generally larger

for higher AR (figure 14(b)) but this trend does not

continue indefinitely. Mean lift steadily increases with

AR up to a value of 6 and then declines slightly. The

decline in mean lift coefficient at >AR 6 is explained

by the drop in LEV circulation after AR = 6

(figures 11(c), and 12(c)). Circulation drops at the

highest ARs as the LEV detaches. This phenomenon

leads to a higher lift coefficient for AR = 6 than for

AR = 7.5 in the latter part of the half-stroke

(  >t 0.25; figure 14(a)), and thus, a higher mean

value for the entire stroke. Consistent with our results,

Harbig et alʼs computational study (Harbig et al 2013)

found that for span-based Reynolds numbers

> ~Re 1500R (c.f. =Re 2500R here) the mean lift

coefficient increases with AR and remains fairly con-

stant in some cases up to a value of approximately 5,

after which it decreases. The authors attributed this to

a decrease in LEV circulation towards the tip beyond

»AR 5 which resulted from the interaction with

trailing-edge vorticity. The present results show peak

lift at AR = 6, whereas in Harbig et alʼs study lift was

seen to decline after AR = 5 (Harbig et al 2013). This

difference could arise from the different (fruit fly)

wing geometry used, and the different approach of

characterizing lift using a computational model versus

calculating LEV circulation from flow field

measurements.

Figure 14. (a) LEV circulatory lift coefficient throughout half-stroke versus AR; (b) time-averaged LEV circulatory lift coefficient
versus AR.
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5. Conclusions

The effect of varying wing aspect ratio within, and

beyond, the range found in nature was investigated

experimentally using high spatial- and temporal-

resolution PIV.Qualitatively, the flow fields developed

in a similar manner across all wings tested. This was

characterized chiefly by the formation of a primary,

conical, LEV with an axis that arches above the wing at

the outboard end. In most cases, the inboard end of

the LEV connected an open negative bifurcation

separation line at the leading edge to a Werlé–

Legendre focus-sink separation on the wing surface at

its outboard end. As the wing half-stroke progressed,

the LEV grew in size and strength, with its origin

progressing further inboard, forming a larger foot-

print on the wing surface accompanied by a shift in the

flow reattachment line inboard and toward the trailing

edge. Also common, was the formation of a secondary

LEV closer to the leading edge with the same rotational

sense as the primary, and a tertiary LEV located in

between the two but with an opposite sense of

rotation.

As AR increases, the LEV axis outboard shifts fur-

ther aft and rises further above the wing surface, the

result of a larger vortex diameter outboard that ulti-

mately leads to earlier detachment in this region.

Detachment occurred for AR > 1.5 at mid-stroke

(initiating earlier with higher AR) at the 70% span

location and moved inboard as the half-stroke pro-

gressed. Accompanying advanced LEV detachment

with increasing ARwas the earlier onset of a TEV, even

before pitch reversal, due to the influence of the LEV

on the flow at the trailing edge. This led to a stronger

LEV/TEV vortex pair that was strengthened and reor-

iented at the end of the half-stroke with higher AR.

The consequence of this reorientation is a switch in the

LEV/TEV-induced jet to a direction towards the lead-

ing edge, which then results in a transient LEV form-

ing on the outboard region of the wing that sheds

quickly as the subsequentwing stroke begins.

As a result of the larger and higher LEV circulation

across the span with increasing AR, the inboard por-

tion of the LEV (which remains attached) was seen to

persist underneath the wing surface into the sub-

sequent half-stroke. This had the effect of reducing lift

due to the weakened flow arriving at the leading edge

being reoriented in a way that lowered the effective

angle of attack and delayed the formation of the pri-

mary LEV in the next half-stroke. Thus, the primary

LEV forms sooner for lower ARs; however, for higher

ARs the rate of growth of its size and strength are stee-

per and it quickly surpasses the lower ARs as the half-

stroke proceeds.

The coefficient of circulatory lift generated by the

LEV throughout the half-stroke was found to increase

monotonically with AR up to =AR 6, before declin-

ing slightly in the AR = 7.5 case. This decline was

attributed to a loss in instantaneous lift coefficient in

the second half of the wing half-stroke owing to

diminished circulation as the outboard LEV sheds.

Thus, increasing aspect ratio initially improves lift

through a larger and stronger LEV, however the out-

board LEV portion grows too large for the wing chord,

becomes unstable, and detaches, leading to reduced

overall lift. From these results, it appears that the opti-

mal point between these two competing effects is

around AR= 6where peak lift is achieved, at least for a

rectangular planform. This could explain why insect

wing aspect ratios only go as high as ∽5 (Dudley 1999),

because increasing AR to this point improves lift per-

formance. However, further increases in AR provide

no aerodynamic benefit to justify the cost of higher

inertial power and the higher muscle torques needed

to drive theflappingmotion.

Acknowledgments

This work was supported by an EPSRC Career

Acceleration Fellowship to R J B (EP/H004025/1).

The authors would like to thank Dr Graham Stabler

for his invaluable advice and help in the development

of the experimental apparatus, and Tony Price and

John Hogg for their help with installation of the

experimental setup. In addition, the authors would

like to thank Dr Toshiyuki Nakata for the use of his

insect wing images appearing infigure 1(c).

Appendix. Critical point joining algorithm

This appendix describes in more detail the method

employed for identifying 3D vortex axes in the

measurement volume. Recall from section 3.2 that the

method of Knowles et al (2006) was used to locate

critical points from zero-crossing points of in-plane

velocity components. In this process, critical points

are automatically classified into different types using

criteria outlined by Chong et al (1990) for the

coefficients P,Q, R from the characteristic equation of

the velocity gradient tensor v (i.e. a focus ifQ> 0, or

a saddle if <Q 0). In this study, only vortices were of

interest, so critical points in the measurement volume

not classified as foci were excluded. The remaining

points were then joined to form a vortex axis as

illustrated by the example in figure A1 using the

algorithmoutlined subsequently.

The algorithm for joining critical points into a vor-

tex axis requires the user manually to select a starting

point, fromwhich the axis is constructed in a step-wise

manner. The process will be illustrated by way of an

example in 2D. Figure A2 illustrates an axis comprised

of points n1 and n2, while n3 and n4 are being con-

sidered for the next axis point. Position and vorticity

vectors are given by symbols r and w. Referring to

figure A2, for the current point i (n2)with the previous

point being i− 1 (n1), subsequent points j (n n,3 4),

must meet the criteria that rj i (distance to next point)
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is below 1mm, and bwi wj, (angle between vorticity vec-

tors at point i, and j), brj i wj, (angle between position

vector from i to j and vorticity vector at j), and

b -ri i rj i1, (angle between position vector from i− 1 to

i and position vector from i to j) are each below the

threshold of 75°. Of the points that meet these criteria,

the one which has the minimum sum of the distances

∣ ∣r ,j i b∣ ∣ ( )r sinj i rj i wi, and b∣ ∣ ( )r sinj i rj i wj, is

deemed to be the next point on the vortex axis, and the

process repeats for the next point. The end of the axis

is reachedwhen none of the remaining pointsmeet the

initial threshold criteria. These criteria collectively

ensure that the deviation of the 3D vorticity vector

from the tangent to the local path of the vortex axis is

minimized while restricting the vortex axis to turn

through a maximum of 75° between subsequent

points. Although illustrated using a 2D example, this

process was performed in 3D with three-component

vectors.

An illustration of the performance of this vortex

axis identification method is given in figure A3(a),

which presents vorticity vectors along the same identi-

fied vortex axis shown in figure A1, where the vectors

faithfully follow the axis trajectory. This is made more

clear by comparing the axial component of vorticity

and vorticitymagnitude (which should be equal) along

the axis in figure A3(b), indicating the goodness-of-fit

of the identified axis to the true axis. Inspiration was

drawn from the method of Singer and Banks (1994)

which reconstructs vortex axes in a similar stepwise

manner using the direction of the current vorticity

vector on an axis to step towards the next axis point set

at the pressure minimum in a local cross-sectional

plane.

Figure A1.Example result (below) of critical point joining algorithm to form vortex axis (taken fromAR= 3 atmidstroke).

Figure A2.Example step of critical point joining algorithm.
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