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darting foraging, prey recognition, targeting, interception

and capture, predator evasion and, in some species, fuel

economy and navigation during migration flights. Fecundity

relies on successful conspecific recognition, courtship, copu-

lation, successful oviposition and in many cases, the

guarding of mates either by close patrols or tandem flights.

Migration is also a big challenge for some dragonflies to

exploit seasonal resources. Common green darners (Anax
junius) have been observed [4] and tagged with radio trans-

mitters [5] in the Midwest and Eastern United States. Their

migratory guidance appears to be correlated with linear fea-

tures in the terrain below, therefore requiring visual cues for

navigation. On the other hand, globe skimmers’ (Pantala fla-
vescens) epic migration across the Indian Ocean is driven by

strong, high-altitude winds that are associated with the inter-

tropical convergence zone [6,7]. During these flights, there

will be little opportunity to forage, so flight should be

tuned for the minimal cost of transport, with high-energy

aerobatic manoeuvres limited to evading hawks and other

predators that follow convergent migration routes [6]. Such

epic journeys are particularly impressive when bearing in

mind these intercontinental dragonflies typically weigh on

the order of 2 g.
2. Wing musculoskeletal architecture
The phylogenetic relationship between the Odonata,

Ephemeroptera and the Neoptera remains controversial, and

dragonflies have been crucial in efforts to determine the

origin of the flight apparatus and wing folding mechanism

that separate the Palaeoptera from the Neoptera. It remains a

challenge to unambiguously determine the homologous struc-

tures amongst dragonflies and other Pterygota, particularly

the complex muscle arrangement. Büsse and Hörnschemeyer

investigated Libellulids, Aeschnids and Cordulegasterids,

identifying 71 muscles in the thorax, seven of which had no

homologous muscle in the Neopteran thorax [8]. Many of

these muscles insert on the radial veins, giving active control

over the angle of attack, camber, twist, amplitude and fre-

quency of each of the four wings independently. Regional

positional control of the wing is enhanced further by passively

prescribed motions governed by the wing architecture, includ-

ing vein curvature, vein cross sections that promote torsion but

resist bending [9], flexible resilin vein junctions [10], the arculus

trailing edge depressor [11], the nodus [12], the pterostigma

inertial regulator of wing pitch [13] and Arnold flow in the

veins [14] as a regulator of wing mass [15].

The wings are hierarchical structures [16] with functionally

significant detail from the cellular level to the architectural level

of the wing vein patterning. There is a rich adornment of spines

and hairs that are sensitive not only to the flow direction and

speed but can also influence the fluid dynamics directly as

air passes over the wing, encouraging the transition from lam-

inar to turbulent flow in the boundary layer. A cross section

through the leading edge of Aeshnid dragonflies reveals a T

shape, composed of three rows of serrations thought to act as

another type of flow control device, called turbulators [17].

At the larger scale, the attractive grid of wing veins that sup-

port the membrane are likely to act (in a similar way to those

in the hindwing of desert locusts [18]) as a rip-stop device, pro-

tecting the wing from damage during collisions by improving

fracture toughness. The planform of both the fore- and
hindwings has been shown, using phylogenetically controlled

geometric morphometrics methods, to correlate with long-

distance migration in the Anisoptera [19]. The planform will

have an influence on the aerodynamic and inertial character-

istics of the wings, but the nature of these interactions is yet

to be resolved fully.
3. Gliding flight aerodynamics: corrugations and
tandem wings

Dragonfly wings, in common with those of other insects, are

not smooth surfaces but have distinct corrugations [17]. These

corrugations define the stressed skin structure composed of

girder-like veins and thin cuticle membrane. Such complex geo-

metry has been a feature of insect wings since the Palaeozoic

[11,12,20], providing sophisticated mechanical advantages for

resisting longitudinal bending [20–23] while facilitating wing

camber and torsion [24], and enabling predictable, beneficial

buckling, both within the normal wing stroke cycle and in

response to sudden loads [21]. The aerodynamic effect of corru-

gations has been investigated largely in just two dimensions,

using physical [25–27] and computational models [28]. It has

been found that the incident flow separates at the ridges, envelop-

ing recirculating eddies that might play a role in reducing skin

friction drag or modulating the lift coefficient (summarized in

[29]). Three-dimensional models of insect wing corrugations

have been limited to extrusions of chord profiles [25,26,30–32]

that are often based on a very limited set of measurements

from a single wing of dried specimens, overlooking the conse-

quences of spanwise variation in corrugation pattern, curvature

of the ridges and valleys within the plane of the wing membrane,

spanwise twist, three-dimensional aerodynamic effects,

individual variation and interspecies diversity.

Here, we used a scanning laser projection method to

reconstruct three-dimensional wing geometries by photo-

graphing cross sections illuminated by a laser line generator

and traversing subjects through a calibrated plane in milli-

metre intervals using a micromanipulator. The images were

thresholded to isolate the chord profile at each spanwise

station; a schematic of the protocol is shown in figure 1. We

provide detailed three-dimensional wing geometries of 52

Anisopteran individuals comprising 17 species (electronic

supplementary material, figure S1 and data) but focus now

on the ruddy darter (Sympetrum sanguineum), performing

computational fluid dynamics (CFD) analyses of gliding

flight using a versatile low Reynolds number aerodynamic

simulator [33]. Corrugation pattern and amplitude vary

greatly along the span and their contribution to aerodynamic

performance was evaluated by comparing the full-fidelity

model with artificial wing shapes.

Two-dimensional streamlines at five spanwise positions

are shown in figure 2a, supporting the notion that vortices

form in the valleys with the streamlines defining a smoother

envelope [31]. Interestingly, our three-dimensional method

also reveals the development of tip-to-root spanwise flows

within the core of vortices in the deep valleys close to the lead-

ing edge during gliding flight. As expected, the general pattern

is for low pressures to occur in the valleys and higher pressures

to occur on the forward facing surfaces. To assess, quantita-

tively, the aerodynamic impact of corrugated chord profiles,

we created a smoothed wing model by fitting quadric curves

through each measured cross section (figure 2b). The force
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Figure 1. Determining the three-dimensional geometry of dragonfly wings. The common darter (Sympetrum sanguineum) is (a) photographed on a lightbox before
being attached to a micromanipulator and traversed in millimetre intervals through a vertical laser light sheet parallel with the sagittal plane. The bright lines
reflecting from the wings are photographed from an axis near perpendicular to the sagittal plane and (b) the pixel positions are converted to chordwise profiles by
camera calibration and corrected for perspective. This yields many chord profiles at high resolution, some of which are shown in (c), that can be used to create
surfaces (d) demonstrating the complex three-dimensional geometry of the wings and which are suitable for CFD analysis.
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Figure 2. The effect of wing corrugation on the gliding aerodynamics of a dragonfly forewing at Re ¼ 730 [33]. The simulations are performed with a local
forewing grid (301�321�21) and a larger global grid (301�321�21; 15 times mean chord length to the outer boundary). The non-dimensional time step
is set to be 0.01. (a) Three-dimensional and two-dimensional streamlines around the forewing of Sympetrum sanguineum. The vortices in the valley highlighted
by yellow arrows help to form a smooth envelope. (b) Selected cross sections of the full-fidelity wing, smoothed wing and the wings with modified amplitude.
(c) Coefficients of lift and drag and (d) the lift-to-drag ratio for the full-fidelity and smoothed wing models (angle of attack is defined relative to the zero-lift angle).
The coefficients are obtained after convergence of the lift and drag (at least 10 convective time steps) to exclude transient effects. (e,f ) Aerodynamic performance of
the exaggerated and reduced corrugation models.
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Figure 3. Wing angles and aerodynamic performance of a gliding brown hawker dragonfly, Aeshna grandis. (a) Three-dimensional models of the forewing (red),
hindwing (blue), and the upper (green) and lower (yellow) surfaces of the thorax fitted to photographs of a gliding dragonfly taken in the field. (b) Definition of
angle of attack, sweep angle and dihedral angle, and the mean+ s.d. of the fitted wing angles (n ¼ 32). Side, top and back views of the mean wing position are
shown in the lower panel. (c) Lift-to-drag ratio, glide angle and weight support of the dragonfly model at multiple body angles and speeds (fore- and hindwing
grids: 301�321�61, global body grid: 151�201�91). (d ) Lift and drag coefficient polars of the fore- and hindwings with (red) or without (black) aerodynamic
interactions at 1.4 m s21. The body angle is set at 28 to match lift with the weight measured from specimens caught at the same location. The blue line indicates
the performance limit of the fore- and hindwings combined without aerodynamic interactions. (e) The two-dimensional flow structure shown by line integral
convolution (LIC) streamlines and pressure distribution contours around the fore- and hindwings at 25% and 75% of wing length. The positive and negative pressure
regions of each wing connect with each other, revealing an aerodynamic interaction between the ipsilateral wing pairs.
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coefficient comparisons of smoothed and full-fidelity, corru-

gated wings are shown in figure 2c,d. The corrugated wing

generates marginally higher force coefficients than the

smoothed wing at all angles of attack up to 108, whereupon

the corrugated wing performs better owing to more gradual

stall characteristics (figure 2c). This angle of attack may be

higher than dragonflies naturally use when gliding, but this

feature could improve stability during flapping flight. The

maximum lift-to-drag ratio is slightly lower for the corrugated

wings (3.38 and 3.23 at 10.48; figure 2d ).

To investigate the effects of corrugation further, we per-

formed CFD simulations on wings with exaggerated or

reduced corrugation amplitude. Subtracting the smoothed sur-

face from the full-fidelity model removed the effects of twist,

camber and bending, leaving a planar wing with corrugated

relief. We find that varying the corrugation amplitude has

little effect on lift generation at angles of attack less than 58
but, at higher angles, lift force decreases when the amplitude

is reduced or enhanced, i.e. the naturalistic profile performs

better than flat or highly corrugated profiles. Drag, however,

increases monotonically with corrugation (figure 2e). The

result is a diminishing lift-to-drag ratio with increasing corru-

gation depth. Notably, the naturalistic corrugation depth

does not give rise to the dramatic decrease in lift-to-drag

ratio we observe for the large amplitude corrugations

(figure 2f ). As such, natural-scale corrugations increase resist-

ance to bending loads without greatly increasing material

volume or compromising torsional stiffness [21–23,34], but

we conclude that this is not offset by a substantial aerodynamic

cost, and may even lead to greater aerodynamic efficiency by

enabling higher aspect ratio geometries.

In gliding flight, the fore- and hindwings do not operate

independently but interact with one another. We manually
fitted our measured wing planforms to 32 photographs of

gliding Aeshna grandis taken in the field on a windless day to

determine the angle of attack, sweep and dihedral angles

of the wings relative to the body and camera (figure 3a,b).

The absolute angles and the speed of flight remained

unknown, so we performed simulations at six speeds between

1 and 2 ms21, with body angles ranging from 28 to 168.
Multiple solutions were found that could support the body

weight of captured conspecifics, between a body angle of 28
travelling with an airspeed of 1.4 ms21 and a body angle of

18 at 1 ms21 (figure 3c). At these values, we predict modest

glide angles of 22–278, comfortably within the range observed

previously for Sympetrum sanguineum [35]. Using the lower

body angle values, we calculated lift and drag polars for the

fore- and hindwings with or without their contralateral partner

(figure 3d ). The forewing sits in a region of positive pressure

generated by the hindwing and therefore experiences reduced

drag; conversely, the hindwing suffers higher drag owing to

the forewing (figure 3d,e). To explore this relationship further,

we defined a limiting envelope (figure 3d: blue line) of fore- and

hindwings without aerodynamic interaction based on multiple

possible combinations of lift and drag of each wing (figure 3d,

black dots). Combined aerodynamic performance is relatively

good, especially in terms of the low drag, as a consequence of

the wings’ high aspect ratios. Although it is not desirable to

place the two wings too close together (because the effective

aspect ratio decreases), A. grandis keeps the performance of

each wing high by trimming the wing angles to glide efficiently

(red dot in figure 3d). In conventional, fixed-wing aircraft, high

aspect ratio wings achieve better lift-to-drag ratios at the cost

of manoeuvrability. In §4, we see how the Odonata overcome

this trade-off by operating their four wings independently,

achieving excellent flight performance.

http://rstb.royalsocietypublishing.org/
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4. Flapping flight aerodynamics
The flight style of modern Odonata is likely to be similar to

that of Palaeozoic insects because of the striking morphologi-

cal similarities of the flight apparatus and other features

that suggest a dependence on aerial predation—for example,

having spines on the forelegs. Despite the retention of an

ancestral-like state, having four independently driven flap-

ping wings puts the Odonata in the minority of extant

insects. They have the ability to modify the phase of their

wing strokes, and the aerodynamic consequences of doing

so has been examined in some detail. The consensus is that

counter-stroking is used during cruising flight, whereas the

wings operate in-phase during high acceleration manoeuvres

but at the expense of power economy [36–42]. In common

with many insects, the Odonata are incapable of supporting

body weight using the sum of their four wings’ maximal aero-

dynamic force coefficients under steady-state conditions [43].

Consequently, they use flow patterns associated with remark-

ably high lift force coefficients, where the sharp leading edge of

the wing causes the airflow to separate from the surface and

reattach further back along the chord [44–52].

Thomas et al. [46] filmed freely flying Anisoptera flap-

ping their wings most commonly out of phase, with a

leading-edge vortex on the forewing and attached flow

on the hindwing. When flapping in-phase, they exhibited

separated flow at the leading edge of the forewing, creating

a separation bubble defined by an enclosing streamline

that reattached on the hindwing, delineating a very large

leading-edge vortex over the wings as they acted as a single

aerodynamic surface. This flow topology is likely to be associ-

ated with very large lift force coefficients [46]. The energetic

consequences of the interaction of the fore- and hindwings

are still controversial. Lan & Sun [53] showed that flapp-

ing in phase can enhance vertical and total force, whereas

a 908 phase shift enhances horizontal (thrust) force at the

expense of total force. Under certain kinematic conditions,

counter-stroking minimizes power requirement, because

each wing travels upwards in the upwash of the other,

whereas in-phase kinematics maximize the force produced

[54]. Conversely, while some simulations have shown that

forewing–hindwing interaction reduces force generation

across a range of flight speeds [55], economy could be enhanced.

This happens either by reducing wasteful swirl in the wake

through the interaction of the hindwing with the wake of

the forewing [56], or by tuning the hindwing kinematics to

pass near to the leading-edge vortex shed from the forewing,

harvesting energy from the wake in a beneficial manner [46].

Aerodynamic computational or physical models of flap-

ping flight rely heavily on the quality of morphological and

kinematic data. The earliest dragonfly kinematics were

described by Magnan [57] and Chadwick [58], who both

used high-speed cinematography to determine frequencies

and amplitudes. Other optical methods, such as stroboscopes,

have been used latterly to acquire slightly more quantitative

data [59]. In recent times, kinematics have been measured in

increasing detail using a variety of methods from simple

high-speed video [41], to projected comb-fringe techniques

combined with natural landmarks on the wing used to estimate

twist and camber [60]. Automated surface acquisition has also

been developed to estimate twist and camber from the

residuals of a fitted flat surface [61]. Kinematic data have

been used to inform numerous physical and computational
models where real or artificial wings are driven in their natur-

alistic configuration [56,62–68] or in parameter sweeps around

key flight modes, such as hovering. For example, Young et al.
[69] showed that force economy was enhanced under the

observed values of flapping amplitude for Aeshna juncea.

Richer kinematic data have also elucidated the import-

ance of flapping with a stroke plane that is inclined relative

to the ground. With inclined stroke planes, the lift-to-drag

ratio fails as a simple measure of efficiency, because aero-

dynamic drag, rather than lift, is used to support up to

three quarters of the insect’s weight [70]. Furthermore, the

mechanical power required to pitch the wing in readiness

for the next half stroke is reduced, because the added mass

of air entrained by the wing is sufficient to rotate the wing

around its long axis. Because wing rotation is largely passive,

the musculature used to control the wing pitch is likely to be

primarily used for tuning angle of attack, rather than being

the primary driver of the wings’ attitude [71].

Here, we measured the flow fields directly using time-

resolved stereo particle image velocimetry (stereo-PIV [72])

during free flight. In so doing, we circumvented the difficulties

of accurately acquiring kinematics, simulating flows and then

providing validation for those simulations. Our goal was to

verify the flow patterns observed qualitatively by Thomas

et al. [46] using stereo-PIV to give an instantaneous measure-

ment of the flow field [44,73]. Using the resultant velocity

field, we aimed to calculate flow derivatives and test the impor-

tance of the leading-edge vortex’s contribution to weight

support in free flight. A secondary objective was to measure

spanwise flow along the vortex core axis. Several studies cite

the draining of vorticity into the wing tip vortex by means of

axial flow as being crucial for leading-edge vortex stability

throughout the half-stroke, whereas others have observed the

phenomenon but questioned its importance.

Darters, Sympetrum striolatum, and hawkers, Aeshna mixta,

were caught in the field and transported to the laboratory in

envelopes to prevent wing damage. There, they were put

close to ice until quiescent, then placed on a perch in the

test section of a wind tunnel [46] parallel with a longitudinal

(streamwise) vertical sheet of pulsing laser light directed onto

the fore and hindwings (cf. [44,73]). The laser was activated

and they launched from the perch after a period of warming,

during which the subjects often fluttered their wings with

shallow amplitude to warm the flight motor. The field of

view was sufficiently large to capture several wingbeats

after take-off, and the subjects were more or less aligned

with the freestream with their wings entering the light sheet

on each stroke. Flow fields were processed with respect to the

freestream with the leading-edge vortex core manually iden-

tified at each time step, if present. These digitized points were

used to objectively determine the vortex core diameter, axial

velocities, tangential velocities and circulation. The diameters

were determined from inflection points in the velocity pro-

files along radii normal and parallel to the wing chord;

these points were also used to calculate tangential velocities.

Circulation was calculated as G¼ pdv (where d is the mean

diameter of the core and v is the mean tangential velocity

at the edge of the core). The sectional lift attributable to the

leading-edge vortex is calculated as L’ ¼ r UG (where r is

air density, 1.225 kg m– 3 and U is the effective wing velocity)

[74]. We measured the position of the wing cross sections by

image analysis (thresholding the bright portion of the wing

struck by the light sheet) and manually digitized the position












