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Recent developments in the study of insect flight!
Tyson L. Hedrick, Stacey A. Combes, and Laura A. Miller

Abstract: Here we review recent contributions to the study of insect flight, in particular those brought about by advances in
experimental techniques. We focus particularly on the following areas: wing flexibility and deformation, the physiology and
biophysics of asynchronous insect flight muscle, the aerodynamics of flight, and stability and maneuverability. This recent
research reveals the importance of wing flexibility to insect flight, provides a detailed model of how asynchronous flight muscle
functions and how it may have evolved, synthesizes many recent studies of insect flight aerodynamics into a broad-reaching
summary of unsteady flight aerodynamics, and highlights new insights into the sources of flight stability in insects. The focus on
experimental techniques and recently developed apparatus shows how these advancements have occurred and point the way
towards future experiments.
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Résumé : Nous passons en revue les contributions récentes a I’étude du vol des insectes, particulierement celles qui découlent
d’avancées au plan des méthodes expérimentales. Nous mettons I’accent sur les domaines suivants : la flexibilité et la déforma-
tion des ailes, la physiologie et 1a biophysique des muscles asynchrones du vol des insectes, I’aérodynamique du vol et la stabilité
et la manceuvrabilité. Ces travaux récents révelent I'importance de la flexibilité des ailes pour le vol des insectes, fournissent un
modele détaillé du fonctionnement des muscles asynchrones du vol et de I’'évolution possible de ce fonctionnement, intégrent
de nombreuses études récentes de I’'aérodynamique du vol des insectes en un sommaire d'une grande portée des insectes
présentant une aérodynamique de vol instationnaire et font ressortir les nouvelles connaissances sur les sources de stabilité du
vol chez les insectes. L’examen des méthodes expérimentales et d’appareils mis au point récemment illustre comment ces
avancées se sont produites et indique des avenues pour des expériences futures. [Traduit par la Rédaction]|

Mots-clés : insectes, vol, biomécanique, biophysique, physiologie, locomotion, morphologie.

Introduction

Over the past 14 years, scientific understanding of insect flight
has been substantially altered by the appearance of new experi-
mental techniques for measuring everything from the aerodynamics
of flight to the movement of actin and myosin proteins within
insect flight muscle and the flight control responses of freely fly-
ing animals. The information revealed by these new approaches
has cascaded through the entire field of insect flight, revising
long-held assumptions and changing the interpretation of prior
results. Here we review recent contributions to the understanding
of insect flight in the areas of wing anatomy and structure, muscle
physiology and the energetics of flight, the aerodynamics of insect
flight, and sensing and flight control.

Wing morphology and flexibility

Insect wings are complex, deformable structures that change
shape continuously during flight. While some insects can modu-
late wing shape to a limited extent via muscles inserting on
different portions of the wing base (e.g., hind wing “umbrella”
extension in locusts and alula actuation in hover flies; Wootton
et al. 2000; Walker et al. 2012), most deformations in flapping
insect wings are passive. Deformations are difficult to predict or

model because the instantaneous wing shape is determined not
only by the complex architecture of the wing but also by inter-
actions between flight forces (i.e., intrinsic, aerodynamic, and
inertial). The modeling challenge is further compounded when
aeroelasticity, the mutual interaction between aerodynamic forces
and wing shape, is considered. However, evidence is accumu-
lating from both experimental and theoretical studies that inertial
deformation overshadows aeroelastic deformation in determining
instantaneous wing shape (Ennos 1988; Daniel and Combes 2002;
Combes and Daniel 2003c; Bergou et al. 2007).

Quantifying deformation

Insect wing deformations vary enormously between species,
during different types of flight, and even from stroke to stroke,
although general patterns of bending during the stroke cycle can
be identified. During the downstroke, the wings of most insects
are relatively flat, often with a slight camber or twist. At supina-
tion, the transition from downstroke to upstroke, the leading
edge stops moving forward relative to the body and rotates to
move backwards and up. Most insect wings display some degree of
ventral flexion during supination, with the tip or even the whole
wing bending forward and down (e.g., Figs. 1A, 1B, 1C, 1H). Some
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Fig. 1. Dynamic wing bending in flying insects: (A-D) bees and wasps; (E-H) butterflies and moths. (From Nachtigall 2000; reproduced with
permission of Entomol. Gen., vol. 25, issue 1, ©2000 E. Schweizerbart’sche Verlagsbuchhandlung.)
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wings twist extensively and a torsional wave passes from the wing
tip to the base at supination (e.g., Figs. 1C, 1E).

Beyond these general patterns, however, the degree to which
insect wings deform during flight has not been well documented.
Obtaining precise, fine-scale measurements of dynamic wing-shape
changes occurring at high temporal frequencies presents numer-
ous technical challenges. Thus, qualitative descriptions of wing
bending based on still photographs (e.g., Figs. 1A-1H) tended to
dominate the literature until recently. Beginning in the mid-1990s,
fringe projection and related optical techniques in which defor-
mations are measured via changes in light patterns projected onto
flapping wings produced the first quantitative measurements of
wing twisting and bending in dragonflies (Zeng et al. 1996; Song
et al. 2001; Wang et al. 2003), bees (Zeng et al. 2000), and moths
(Sunada et al. 2002a), although spatial resolution was limited by
the projected optical pattern. Advances in the spatial and tempo-
ral resolution of high-speed video cameras coupled with improved
photogrammetric techniques (Walker et al. 2009b) have resulted
in high-resolution measurements of wing deformations in locusts
and hover flies (Walker et al. 2009a, 2010).

High-resolution measurements show that insect wings undergo
significant dynamic camber changes during flight, displaying in-
stantaneous camber of up to 10% of chord length in locusts and up
to 12% in hover flies (Walker et al. 2009b). In addition, many insect
wings display significant dynamic twisting during flight of up to
25° in hawkmoths, 30° in locusts, and >50° in hover flies (Willmott
and Ellington 1997; Walker et al. 2009b), as well as rapid torsional
waves during stroke reversal (Mountcastle and Daniel 2009).

Wing materials and structure

Complex, three-dimensional wing deformations are controlled
primarily by the structure of the wing, which simultaneously acts
as a lever (transmitting forces from muscles at the wing base to
the air), oscillating airfoil (accelerating air to generate and trans-
mit aerodynamic forces to the body), and cantilevered beam (ac-
cepting changing patterns of bending and twisting forces without
failure; Wootton, 1992). While it could be argued that their flexi-
bility is an inevitable consequence of the properties of biological
materials and the need to minimize wing mass and inertial costs,
it is becoming increasingly clear that flexibility and controlled
deformations are both beneficial and necessary to many aspects of
wing functioning. Thus, an increasing number of studies have
focused on the material properties, structure, and mechanical
behavior of insect wings that underlie these deformations.

Insect wings are composed primarily of cuticle, a multilayered
material consisting of chitin microfibers embedded in a protein
matrix. The cuticle is arranged into tubular supporting veins and
thin deformable membranes. Cuticle stiffness (E, Young’s modu-
lus) can vary from 1 kPa to 20 GPa, depending on hydration, scle-
rotization (the stiffening process that occurs after insects molt),
and chitin-fiber orientation (Vincent and Wegst 2004).

Membrane thickness ranges from <0.5 pm in small thin wings
to >1 mm in the protective forewings of beetles (Wootton 1992),
and can vary widely within an individual wing (Rees 1975; Smith
etal. 2000; Song et al. 2004). Directly measuring the Young’s mod-
ulus of wing membranes is challenging, because thin, inexten-
sible, heterogeneous structures do not lend themselves well to
typical material-testing techniques; however, a handful of studies
using nanoindentation (Song et al. 2004, 2007) or custom, minia-
turized tensile testing (Smith et al. 2000), or static bending (Jin
et al. 2009) techniques have provided relatively consistent mea-
surements. These studies suggest that the Young’s modulus of
insect wing membranes is typically in the range of approximately
1.5-5 GPa, although this property can be anisotropic, and can vary
widely throughout a wing (Jin et al. 2009; Smith et al. 2000). Sev-
eral studies suggest that wing membranes may function as a
stressed skin when enclosed by supporting veins, contributing to
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flexural rigidity rather than acting as a purely deformable element
(Newman and Wootton 1986; Kesel et al. 1998; Wootton et al. 2000).

Wing veins are typically hollow tubes, with the main longitudi-
nal veins (running from the wing base to the tip or trailing edge)
transmitting fluid, oxygen, and sensory information (via nerves).
There is currently no evidence to suggest that these fluid-filled
veins are highly pressurized or that fluid pressure plays a signifi-
cant role in the mechanical behavior of insect wings. Veins can be
thin- or thick-walled and can have round, elliptical, or bell-shaped
cross sections, which affects their bending stiffness along par-
ticular axes (Wootton et al. 2000). Cross veins connecting the
longitudinal veins are typically filled with air and serve diverse
structural roles, acting as strengthening brackets in some regions
of the wing and promoting bending in others (Wootton et al.
2000).

Insect wing venation is generally denser near the wing base and
leading edge, and vein diameter and cuticular thickness taper
from base to tip. This arrangement reflects the distribution of
bending stresses in flapping wings (Ennos 1989), providing addi-
tional strength where bending stresses are highest, and reducing
mass towards the wing tips to minimize inertial power require-
ments. Beyond these general trends, venation pattern varies widely
between groups of insects (Figs. 2A-2E). Surprisingly, these large
differences in venation pattern do not significantly affect average
bending stiffness (flexural stiffness, or EI) in the spanwise or
chordwise direction (base to tip or leading edge to trailing edge).
Rather, a strong scaling relationship suggests that average stiff-
ness is related primarily to wing size (Combes and Daniel 2003a).
Venation pattern is, however, likely to affect regional variation in
stiffness. Measurements of spatial patterns of flexural stiffness in
hawkmoth, dragonfly, and fly wings show that stiffness declines
exponentially from wing base to tip (as well as from leading edge
to trailing edge in hawkmoths and dragonflies), although details
of the stiffness patterns differ (Combes and Daniel 2003b; Lehmann
et al. 2011).

Many insect wings contain flexion and (or) fold lines, bands of
flexible cuticle that run along wing membranes and often inter-
rupt supporting veins to promote bending or folding along cer-
tain axes of the wing. These lines can function as two-way joints or
as one-way hinges that prevent bending in one direction while
promoting it in the other. Many wings contain one to three flex-
ion lines that run longitudinally or radially, facilitating chordwise
bending and twisting (Wootton 1979), and wings may also contain
transverse flexion lines (from the leading edge to the trailing
edge), which function as one-way hinges to promote ventral bend-
ing at the end of the downstroke. Some wings possess creases that do
not normally bend during flight, but which prevent damage by
crumpling reversibly during collisions (Mountcastle and Combes
2014).

Resilin, a flexible, highly elastic protein, has been found in the fold
lines of some beetles and earwigs, potentially assisting in folding the
wings when at rest, preventing material damage, and (or) contribut-
ing to elastic energy storage and wing deformations during flight
(Haas et al. 2000a, 2000b). Resilin has also been found in the inter-
sections between supporting veins in odonates (Figs. 3A-3C) (Gorb
1999; Donoughe et al. 2011), dipterans (Lehmann et al. 2011), and
hymenopterans (Mountcastle and Combes 2013, 2014), insects that
do not fold their wings at rest, suggesting a flight-related function
for resilin. Experimental manipulations show that despite their
small size, these resilin-filled joints contribute significantly to bend-
ing patterns and overall wing flexibility (Donoughe et al. 2011;
Mountcastle and Combes 2014), due to the fact that the elastic
modulus is typically at least three orders of magnitude lower than
the surrounding cuticle (Vincent and Wegst 2004).

The mass distribution of wings has not been studied extensively,
although it is likely to have a significant effect on wing deforma-
tions, particularly those caused by inertial forces. The mass of insect
wings generally tapers from wing base to tip (Ennos 1989), but some
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Fig. 2. Venation patterns in insect forewings: (A) dragonfly and damselfly (Odonata); (B) termite (Isoptera) and lacewing (Neuroptera); (C) wasp
and bumblebee (Hymenoptera); (D) crane fly and hover fly (Diptera); (E) hawkmoth and butterfly (Lepidoptera). Images courtesy and
reproduced with permission of S.A. Combes.
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Fig. 3. Location and morphology of chordwise, resilin-containing joints in a damselfly wing: (A) damselfly wing with locations of flexible,
resilin-containing chordwise joints indicated by black circles; (B, C) scanning electron micrographs of a resilin-containing joint with spikes
that may prevent excessive bending. Images courtesy and reproduced with permission of J.D. Crall and S. Donoughe.
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groups such as dragonflies and bees contain a pterostigma, a pig-
mented spot with greater mass than the surrounding cuticle, ap-
proximately 5%-10% total wing mass in dragonflies (Norberg 1972),
located on the distal leading edge (Fig. 3A). Adding mass near the
leading edge helps balance the chordwise distribution of mass
(which is otherwise centered behind the torsional axis of the
wing), potentially helping to regulate wing pitch and prevent flut-
ter during gliding (Norberg 1972), and increasing wing-tip ampli-
tude and upstroke-downstroke asymmetry during flapping flight
(Chi et al. 2012).

Finally, the three-dimensional structure (e.g., corrugation or
camber) of wings is likely to have a substantial effect on their
mechanical behavior. Dragonflies are well known for extensive
spanwise wing corrugation, but this corrugation is actually seen
in many insect wings to some extent, especially near the basal
leading edge (Rees 1975). Wing corrugation clearly provides struc-
tural benefits, increasing spanwise bending stiffness (Rees 1975)
while minimizing material expenditure (Kesel et al. 1998) and
allowing wings to twist extensively during flight (Sunada et al.
1998). Similarly, the wings of many insects exhibit some degree of
camber at rest, particularly near the base, with a convex upper
surface and concave lower surface (Wootton 1993). Cambered plates
twist and bend more easily when pushed on their convex surface
than on their concave surface (Ennos 1995); thus, camber may
contribute to observed dorsal-ventral asymmetries in wing bend-
ing behavior and twisting behavior (Wootton et al. 2000; Combes
and Daniel 2003b), as well as to the pronounced ventral flexion
that occurs in many insect wings during supination (Figs. 1A-1H)
(Wootton 1992).

Although aerodynamic force generation is likely the primary
function driving many of these material and structural features,
the design of insect wings may also reflect trade-offs or specializa-
tion for other aspects of flight performance, such as efficiency,
versatility, maneuverability, or stability. In addition, insect wings
must function over an extremely long lifespan, flapping millions
of times in many cases, and must endure collisions without expe-
riencing structural failure. Irreversible wing damage (particularly
loss of area near the tips or trailing edges) accumulates over time
in many insects and has been shown to reduce maximal force
production and predation success in dragonflies (Combes et al.
2010), necessitate active neuromuscular control in hawkmoths
(Ferndndez et al. 2012), and increase mortality in bumblebees (Cartar
1992) and honeybees (Dukas and Dukas 2011). In some insects, this
damage is caused by collisions with vegetation (Foster and Cartar
2011) or other objects in the environment. Wings tend to deform
readily and reversibly during collisions, due to either their overall
structure (e.g., wing corrugation) (Newman and Wootton 1986) or
morphological features such as flexion and fold lines (Mountcastle
and Combes 2014).

Insect flight-muscle physiology

Insect flight is powered by muscle, which provides the force and
mechanical power necessary to keep a dense flying animal aloft in
a diffuse fluid. Insects typically have a large suite of flight muscles,
very large ones responsible for producing the power required to
fly and other smaller muscles responsible for fine-tuning the wing
kinematics and providing control (Pringle 1957). The large flight
power muscles (with the notable exception of dragonflies and
their kin (Odonata)) are indirectly attached to the wings via the
thorax, with one bilateral pair powering the downstroke and a
second bilateral pair powering the upstroke. The flight power
muscles may also be classified as synchronous or asynchronous.
Synchronous muscles are controlled similarly to vertebrate skel-
etal muscle, with a discrete neural activation event for each mus-
cle contractile event. Asynchronous or stretch-activated insect
flight muscle requires only an occasional neural stimulus; con-
tractions also result from stretching of the muscle and permit an
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oscillatory stretch-shorten cycle between the antagonistic upstroke
and downstroke flight power muscles (Pringle 1949). Asynchro-
nous muscle has evolved several times among insects (Dudley
2000) and evidence is mounting to support the hypothesis that
asynchronous muscle provides more efficient production of me-
chanical power at high flapping frequencies than synchronous
muscle. Production of aerodynamic forces via flapping wings re-
quires the expenditure of mechanical power. Thus, the questions
“how much power can flight muscle provide?” and “how efficient
are muscles at converting chemical energy to mechanical work?”
are central to linking insect flight muscle to the whole of insect
physiology.

A variety of approaches have been used to understand muscle
power and efficiency, although none have provided a direct mea-
surement of the muscle and energetic performance of a freely
flying insect. The work-loop technique (Machin and Pringle 1960)
popularized by Josephson (1985) has now been widely applied to
preparations ranging from nearly intact animals (e.g., Tu and
Daniel 2004) to isolated muscle fascicles (e.g., Askew et al. 2010),
and allows direct measurement of muscle mechanical power pro-
duction for a given temperature, stretch, strain, and neural stim-
ulus profile. Careful simultaneous measurement of heat production,
CO,, production, or O, consumption during work-loop experiments
provides efficiency estimates. Comparison of work-loop results for
maximum muscle power output and muscle efficiency (Josephson
et al. 2000b; Josephson et al. 2001) from different insect species
supports the hypothesis that asynchronous flight muscle provides
greater power output, greater efficiency, and a higher operating
frequency than synchronous muscle. The means by which asyn-
chronous muscle achieves these benefits has been the focus of
much experimental work, recently aided by the application of
synchrotron imaging, which allows for the high-speed X-ray dif-
fraction recording phase to be locked to the flapping frequency of
a tethered insect (Fig. 4) and for recording diffraction patterns
over time intervals of <1 ms (Dickinson et al. 2005; Irving 2006;
Iwamoto et al. 2010; George et al. 2013; Walker et al. 2014).

In vivo X-ray diffraction of insect flight muscle

The greatest advances in experimental technique applied to the
study of insect flight muscle have come from use of synchrotron
radiation sources to provide in vivo X-ray diffraction recordings of
the genus Drosophila Fallén, 1823 (Irving 2006) and bumblebees
(Iwamoto et al. 2010) (Fig. 4). X-ray diffraction provides informa-
tion on the molecular structure of the flight muscle at discrete
instants within the contractile cycle. These measurements were
first used to show that the spacing of the myofilament lattice does
not change during a contraction cycle, although the volume oc-
cupied by the lattice does change slightly (Irving and Maughan
2000). Later synchrotron experiments with more accurate syn-
chronization of the flapping cycle and synchrotron imaging sug-
gest that strains in the thick filaments of lengthening muscle may
store elastic energy, helping to overcome the inertial costs of
flapping wings (Dickinson et al. 2005). These results also hint that
cross-bridge attachment during lengthening is critical to stretch
activation, a possibility explored in more detail in a later synchro-
tron study of bumblebee flight-muscle stretch activation (Iwamoto
et al. 2010). Results from this work demonstrate that stretch acti-
vation could be regulated by mechanically triggered movement of
tropomyosin, which was observed to change configuration quickly
enough to support such a relationship at the 170 Hz flapping
frequency used by the bumblebees. Together with additional clas-
sical discrete and skinned fiber experiments (Linari et al. 2004),
these findings have produced an emerging consensus on the
mechanisms underlying stretch activation in insect flight muscle.

Stretch activation of asynchronous insect flight muscle
Stretch activation reduces the energetic cost of muscle contrac-
tion by reducing the amount of calcium ions (Ca2*) that must be
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Fig. 4. Schematic of the synchrotron X-ray apparatus used for in vivo time-resolved X-ray diffraction of flight muscles of the fruit fly
Drosophila melanogaster. The dorsolongitudinal (DLM), dorsoventral (DVM), and thoracic (TDT) muscles are shown in schematic form on the left.
(Adapted from Irving and Maughan 2000; reproduced with permission of Biophys. J., vol. 78, issue 5, ©2000 Elsevier Science Ltd.)

x-ray beam

cycled in and out of the muscle sarcomere during each contrac-
tion. This increases the density of contractile elements and mass-
specific mechanical power output of the muscle by replacing Ca?*
control elements with additional contractile elements (Josephson
et al. 2000a). Given a threshold level of Ca?* in the muscle, stretch
activation allows continuous oscillatory work cycles at high fre-
quency. Mounting evidence shows that Ca?+ activation and stretch
activation engage the same fundamental pathway regulating my-
osin cross-bridge attachment (Linari et al. 2004). Work on isolated
insect flight-muscle fibers has shown that Ca?* and stretch activa-
tion are complementary; they do not inhibit one another but are
also not additive. However, a certain fraction of cross bridges
must be active for stretch activation to occur. This suggests that
the sensor or trigger for stretch activation may be the cross bridge
itself and that distortion of stretched, bound cross bridges displaces
the muscle regulatory protein tropomyosin, exposing other myo-
sin binding sites on the actin filament and allowing further cross-
bridge attachment (Bullard et al. 1988; Agianian et al. 2004).
Additional experiments on isolated indirect flight-muscle fibers
from the giant waterbug genus Lethocerus Mayr, 1853 stimulated in
a synchrotron X-ray diffraction recording system have further
clarified the mechanical linkage implied by earlier experiments
(Perz-Edwards et al. 2011). The mechanism appears to lie in the
“troponin bridges”, similar to actin-myosin cross bridges but con-
necting the myosin molecules in the thick filament to troponin in
the thin filament. These troponin bridges pull tropomyosin aside
during contraction, allowing further actin-myosin binding and
providing a mechanical linkage underlying stretch activation in
asynchronous insect flight muscle.

Aerodynamics of insect flight

Aerodynamic theory

Review of basic aerodynamics

Scale has a significant effect on the behavior of fluid flow and
this makes the direct application of aircraft aerodynamic theory
to insect flight problematic (Cloupeau et al. 1979; Zanker and Gotz
1990; Ellington 1995). A dimensionless number known as Reyn-
olds number (Re) is often used to quantify scale, predict the behav-
ior of the flow, and determine the most appropriate mathematical
theory. Re quantifies the relative effect of inertial to viscous forces
in a fluid flow and is given as

1) Re = plU _ U

W v
where pis the density of the fluid, p is the dynamic viscosity of the
fluid, v is the kinematic viscosity of the fluid, I is a characteristic
length, and U is a characteristic velocity. In this case, | may be
considered the chord length of the wing and U may be considered
the velocity of the wing tip relative to the fluid. For insects, Re
can range from <10 to 1000s, as shown in Fig. 5.

As an insect wing moves through air, forces are produced both
in the direction of the motion of the wing and perpendicular to
that motion. Drag is the force acting on the wing in the direction
of its motion. This force can be broken down into two elements:
pressure drag and skin friction. Pressure drag can be calculated
from the pressure distribution around the wing and varies with
the square of velocity. Skin friction is due directly to the air’s
resistance to shearing near the wing surface. This component of
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Fig. 5. Forward velocity (V) as a function of Reynolds number (Re) (from Nachtigall 1981; reproduced with permission of Biophys. Struct.
Mech., vol. 8, issues 1-2, ©1981 Springer Science+Business Media). Ranges of Re for unicellular organisms, microscopic organisms, small insects
with bristled wings, larger insects with solid wings, birds, and large cetaceans are shown by the black boxes. The majority of insects fly at Re
significantly larger than one where inertia dominates. The smallest insects are thought to fly at Re between 5 and 10; viscous effects are

non-negligible.

drag is proportional to the viscosity of air and the velocity. For
most studies of insect flight, the pressure drag dominates and the
drag acting on the wing is proportional to the square of the veloc-
ity. Lift can be considered any force that acts in the direction
perpendicular to the motion of the wing. For an idealized airfoil in
an inviscid fluid, lift is proportional to the circulation around the
wing (Milne-Thomson 1966; Acheson 1990). Drag-based mechanisms
may also contribute to lift when lift is defined in the direction
acting against gravity (Wang 2004). More details on lift will be
provided in the sections below.

A convenient way to compare lift and drag across insects and
other animals is to define dimensionless lift and drag coefficients.
These numbers depend upon the shape of the wing, Re, and the
angle of attack (Vogel 1967; Dickinson and Gotz 1993). The angle of
attack is the angle of the wing relative to the direction of motion.
For a wing translating horizontally, the lift coefficient is maxi-
mized at about a 45° angle of attack and drag is maximized at a 90°
angle of attack. For Re >>1 that are characteristic of insect flight,
the lift and drag coefficients are given as

o c - 2F,
b esu?
2F,

3  Cp=
(3) b

where C; is the lift coefficient, Cy, is the drag coefficient, S is the
surface area of the wing, F, is the drag acting on the wing, and F,
is the lift. For Re <<1, lift is negligible and drag scales as ulU. For
intermediate Re, forces on the wing scale as some combination of
the high and low Re approximations.

Two conventions for lift and drag have been used in the insect
flight literature. As described above, lift may be defined as the
component of the force acting perpendicular to the motion and
drag may be defined as the force acting in the direction of motion.
If the wing flaps in a horizontal plane, then the lift is equivalent to
the vertical force, F,, and drag is equivalent to the horizontal
force, F,, (see Fig. 6A). If the motion of the wing is not horizontal,
then the direction of lift is no longer vertical and the direction of
drag is no longer horizontal (see Fig. 6B). To describe lift as the
force acting against gravity, lift and drag are sometimes set to the
vertical and horizontal components of the force, respectively. This
also avoids some complications in interpreting the direction of
motion for rotating wings. In this review, the conventions given
in Figs. 6A and 6B will be used.

The vast majority of work on the aerodynamics of insect flight
has been performed on animals engaged in hovering flight, which
is the most experimentally tractable behavior for making precise
measurements of wing movements and also the most energeti-
cally challenging flight mode. Thus, this review also focuses on
hovering flight aerodynamics.

Unsteady aerodynamics and the leading-edge vortex

Several unsteady aerodynamic mechanisms specific to flapping
flight can augment the total lift generated. One such mechanism
is wing rotation, whereby the angle of attack changes over time.
The wings substantially rotate at the end of the upstrokes and
downstrokes, providing the wing with a positive angle of attack
and generating additional rotational circulation about the leading
edge of the wing (Sane and Dickinson 2002). This rotational circu-
lation is proportional to the angular velocity of rotation and results
in an additional force upwards. Wake capture and other vortex ef-
fects from previous strokes have also been shown to enhance lift
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Fig. 6. Definitions of lift and drag for idealized hovering along a horizontal stroke plane (A) and along an inclined stroke plane (B) (adapted
from Wang 2004; reproduced with permission of J. Exp. Biol., vol. 207, issue 23, ©2004 The Company of Biologists Ltd.). In this diagram, lift is
defined as the force acting perpendicular to the direction of wing motion and drag is defined as the component of the force acting in the
direction of wing motion. When the wing flaps along a horizontal plane, lift is equivalent to the vertical force (F,) and drag is equivalent to
the horizontal component of the force (F,). When the wing flaps along an inclined plane, the direction of lift is no longer vertical and the

direction of drag is no longer horizontal.
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generation in flying insects (Dickinson et al. 1999; Wang 2000;
Sane and Dickinson 2002). The basic idea is that the velocity of the
wing relative to the background flow can be higher as the wing
translates through its own wake. This increased velocity of the
wing relative to the nearby flow results in higher forces.

Another aerodynamic mechanism that has received much at-
tention over the past decade is the formation of a stable, attached
leading-edge vortex (LEV) (Ellington et al. 1996; Dickinson et al.
1999; Srygley and Thomas 2002; Bomphrey et al. 2006; Lentink
and Dickinson 2009; Chen et al. 2010; Yilmaz and Rockwell 2011).
The flapping motion of the wings during each stroke results in the
separation of flow at the sharp leading edge and the formation of
the LEV over the top surface of each wing (see Figs. 7A, 7B). The
presence of the attached LEV increases the lift produced through
a beneficial alteration of the streamwise pressure gradient. This
gradient increases both the steady state and the instantaneous
circulation over the wing and maintains the negative pressure
region in the wake of the wing. For an airplane wing in pure
translation, stall occurs above some critical angle of attack when
the LEV separates from the wing and lift consequently drops. Stall,
however, is suppressed for insects flying at high angles of attack
and this allows for large lift forces.

To understand the mechanism of the formation of the LEV,
consider a wing revolving from rest that is immersed in a viscous
fluid. At the onset of motion, the fluid is sheared because the wing
has a nonzero tangential velocity relative to the surrounding
fluid. This discontinuity creates a sheet of concentrated vorticity.
At later times, the vortex sheet is transported away from the wing
by diffusion and convection. The vortex sheet “rolls up” as a result
of the negative pressure region generated instantaneously behind
the wing due to its motion. The rolled vortex sheet forms the LEV
and its presence maintains the negative pressure region behind
the wing that leads to higher lift forces. Numerous experimental
and numerical studies have shown that the LEV does not separate
at high angles of attack for Re relevant to insect flight (Maxworthy
1979; Ellington et al. 1996; Van den Berg and Ellington 1997;
Usherwood and Ellington 2002; Birch et al. 2004; Maxworthy 2007;

B Fv |:v

Drag

Lift .\ Lift
07/\

.\’.\ Drag
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Lentink and Dickinson 2009). As a result, insects can fly at high
angles of attack where large lift forces are generated.

The LEV does not typically separate from the wing until wing
reversal; this observation has inspired a large body of work to
understand the stability (or instability) of the LEV (Birch and
Dickinson 2001; Thomas et al. 2004; Lentink and Dickinson 2009;
Bomphrey et al. 2010). It is well known that translating plates at
high angles of attack generate a wake of alternating shed vortices
known as the von Karman vortex street (Batchelor 1967). A funda-
mental question in insect flight aerodynamics is then to ask, “why
does the LEV not separate during the stroke for similar angles of
attack?” Wang et al. (2004) used two-dimensional simulations and
physical models to show that one of the most significant differ-
ences between two-dimensional and three-dimensional flight is
the stability of the LEV after three chord lengths of travel. If the
wing does not translate farther than three chord lengths, then
two-dimensional simulations accurately describe the behavior of
the LEV because separation does not occur before reversal. Studies
focusing on the wakes of live insects have considered variations in
structure and stability of the LEV due to forward flight, angle of
attack, and wing design and their consequences to aerodynamic
performance (Srygley and Thomas 2002; Bomphrey et al. 2006,
2012; Young et al. 2009).

In some cases, separation may be suppressed due to spanwise
flow and vortex stretching along the LEV, particularly in situations
dominated by rotation. Although there is little rigorous mathe-
matical theory regarding the stability of the attached LEV, insight
can be gained by considering a three-dimensional wing with an
attached LEV rotating about its base. There are three processes
occurring in this case: the convection of the vortex, the intensifi-
cation of vorticity when vortex lines are stretched, and the diffu-
sion of vorticity by viscosity (see Acheson 1990). In order for the
LEV to remain stably attached to the wing, these three processes
should be balanced. It is well known that the rotational motion of
the wing results in axial flow along the wing (Liu et al. 1998;
Ellington 1999; Birch et al. 2004). The axial flow is a result of a
spanwise pressure gradient and is inherently a three-dimensional
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Fig. 7. Diagram of the leading edge vortex (LEV) on the wing of the fruit fly Drosophila melanogaster (A) and photo of the LEV visualized on a
dynamically scaled model wing (B) (from Lentink et al. 2009; reproduced with permission of ©2009 Springer-Verlag). The LEV remains stably
attached to the wing when it revolves but separates from the wing in pure translation. Figure 7A appears in colour on the Web.

—— streak
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phenomenon. The LEV is stretched as a result of the axial flow and
the three processes described above may be balanced so that the
vortex is stable. Using flow visualization and force measurements
on a dynamically scaled model wing, the LEV was found to be
stabilized (and the aforementioned processes are balanced) by the
“quasi-steady” centripetal and Coriolis accelerations resulting from
the propeller-like sweep of the wing (Lentink and Dickinson 2009).

Quantifying flow fields around flying insects

Advances in high-speed flow visualization over the past decade
have enabled scientists to resolve both planar two-dimensional
and fully three-dimensional flow fields around flying insects
(Bomphrey et al. 2012). One approach that has allowed researchers
to obtain spatially and temporally resolved quantitative flow-field
data is particle image velocimetry (PIV). PIV is a nonintrusive tech-
nique that can be used to obtain instantaneous flow velocities by
recording and processing the single- or multiple-exposed images
of tracer particles suspended in the fluid. The particle images are
then processed using correlation-based techniques to construct
the velocity vector field of the fluid flow (Willert and Gharib 1991;
Adrian 2005). Two-dimensional planar PIV allows for the calcu-
lation of two-dimensional vector fields in a plane, while stereo-
scopic PIV permits the calculation of three-dimensional vector
fields in a two-dimensional plane. For periodic flow fields with
regular behavior, such as those obtained in tethered flight, data
from a series of planes can be used to reconstruct the three-
dimensional flow fields (Bomphrey et al. 2006; Lentink and Dickinson
2009). The development of tomographic PIV has enabled the re-
construction of complex three-dimensional wakes including non-
periodic vortex wakes such as those seen in forward flying and
maneuvering insects (Bomphrey et al. 2012). Tomographic PIV al-
lows one to record and process a volume of tracer particles sus-
pended in the fluid using several cameras to record simultaneous
views of the illuminated volume (Elsinga et al. 2006).

The application of PIV to the wakes generated by flying insects
has illuminated complex features of the leading-edge and trailing-
edge vortices. Bomphrey et al. (2006) performed one of the first
PIV studies on tethered hawkmoths to obtain two-dimensional
slices of the vortex wake. They observed a strong LEV towards the
end of the downstroke that corresponded to the maximum up-
ward force generated during the stroke. They also found that the
LEV extends continuously from wing tip to wing tip and across the
thorax. Fuchiwaki et al. (2013) used PIV to reconstruct the LEV
dynamics in the painted lady (Cynthia cardui (L., 1758) = Vanessa
cardui (L., 1758)) and paper kite (Idea leuconoe Erichson, 1834) but-
terflies and also found that continuous vortex rings were formed

and shed downstream at the end of each half stroke. Using smoke
visualization, Bomphrey et al. (2010) showed that there are two
separate LEVs that are not connected across the thorax in bum-
blebees. They also note that the LEV pair is less efficient than
those in which left and right wings are aerodynamically linked.

Physical, numerical, and mathematical models

Recent progress in computation, flow visualization, and robot-
ics has also enabled rapid advances in our understanding of insect
flight and other forms of animal locomotion (Miller et al. 2012).
Given the scale and frequency of flapping characteristic of many
of the smallest flying insects, such as fruit flies and thrips, it is
challenging to obtain detailed flow and force information of flight
in a controlled manner. This difficulty led to the development of
dynamically scaled physical models to resolve detailed character-
istics of the flow fields (Ellington 1999; Birch and Dickinson 2003).
Around the same time, advances in computing hardware and nu-
merical methods made the simulation of moving boundaries in
viscous fluids possible (Liu et al. 1998; Wang 2000; Peskin 2002;
Mittal and Iaccarino 2005; Xu and Wang 2006). During the past
decade, scientists have used computational fluid dynamics (CFD)
to obtain spatially and temporally resolved flow fields and pres-
sure distributions that would not always be easily obtained exper-
imentally.

Dynamically scaled physical models

The use of robotic flappers to understand insect flight dates
back to the pioneering work of Maxworthy (1979). Two of the more
recent robotic insects used to study flight with sophisticated flap-
ping kinematics include the “flapper” (Van den Berg and Ellington
1997) and the “robofly” (Dickinson et al. 1999). The flapper was
used to mimic the flight of the hawkmoth and consisted of a body
and two wings mounted on a stand. Smoke visualization produced
one of the first detailed descriptions of the three-dimensional LEV.
The robofly was used originally to investigate Drosophila flight.
This model allowed for the measurement of vertical and horizon-
tal forces as functions of time. Subsequent studies also used PIV to
reveal the complex structure of the LEV and details of the wake in
space and time (Birch et al. 2004; Lentink and Dickinson 2009) (see
Figs. 8A-8C). Validation of full Navier-Stokes simulations (Zheng
et al. 2013) and characterization of the LEV for accelerating rotat-
ing wings has recently been demonstrated using PIV (Elimelech
et al. 2013). The results suggest that models using steady wing
rotation are not adequate for predicting the performance of wings
flapping at Re >1000.
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Fig. 8. Diagram of the dynamically scaled robofly immersed in mineral oil from Dickinson et al. (1999; reproduced with permission of
Science, vol. 284, issue 5422, ©1999 The American Association for the Advancement of Science) (A). Two axis force sensors are located at the
base of each wing. Velocity fields around the model wings obtained from two-dimensional particle image velocimetry (PIV) for Reynolds
numbers (Re) 10 (B) and 80 (C). The arrows show the direction of the flow, while the length of each arrow and the colour map show the

magnitude of the velocity.
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Modifications of the original robofly have also revealed new
aerodynamic insights. Dickson and Dickinson (2004) considered
forward-flight aerodynamics by translating the robofly while si-
multaneously flapping its wings. They were able to characterize
the forces generated during simplified forward flight using a mod-
ified quasi-steady model that makes use of the ratio of the chord-
wise components of flow velocity at the wing tip due to translation
and revolution. Dickson et al. (2010) later modified the robofly
with a torque feedback mechanism to study the dynamics of yaw
turns. The yaw torque produced by the wings was used to deter-
mine the rotation of the robofly; their results confirm that a first-
order linear model with stroke-averaged force coefficients is
sufficient to capture the yaw dynamics. By immersing the robofly
in water and raising the Re, Altshuler et al. (2005) modeled honey-
bees. They determined that the relatively low stroke amplitude
and high wingbeat frequency of honeybee flight generates rela-
tively larger lift forces during stroke reversals than for fruit flies
and other insects.

Over the past decade, other dynamically scaled robotic models
have been developed and used to study fluid dynamical questions
related to many species of insects (Lu and Shen 2008; Zheng et al.
2009) and other forms of animal locomotion (Vandenberghe
et al. 2004; Tangorra et al. 2010; Jones and Babinsky 2011; Levy
et al. 2011). Sunada et al. (2002b) constructed a dynamically scaled
mechanical model of a thrips forewing that had a bristled design.
The forces acting on the bristled wing were a little smaller than
for a solid wing; a possible aerodynamic benefit for this wing
design was not evident. Lu and Shen (2008) used an electro-
mechanical model of a dragonfly wing immersed in water and
measured the three-dimensional flow structures around the wing
with phase-lock based multislice digital stereoscopic particle im-
age velocimetry (DSPIV). At Re of about 1600, they found that the
LEV system consists of a primary vortex and three minor vortices
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that are highly time-dependent in structure. Ishihara et al. (2009)
used a dynamically scaled model of a crane fly wing that was able
to bend about the leading edge. Their results suggest that a pas-
sive pitching motion of the wing can reproduce the kinematics of
a crane fly’s flapping wing. Phillips and Knowles (2013) designed
an insect-like flapping wing at Re of approximately 15 000 and
found that the LEV does not separate during the entire flapping half

cycle.

Numerical models

Recent developments in CFD have made the simulation of mov-
ing structures immersed in two- or three-dimensional fluids pos-
sible (Hou et al. 2012). These advances have led to a wide variety of
studies that apply computation to solve aerodynamic problems
related to insect flight (Wang 2000; Sun and Lan 2004; Miller and
Peskin 2009; Vanella et al. 2009). The fundamental challenge is
the efficient and accurate handling of a moving boundary in a
fluid. Although some commercial software packages are available,
there is not a one-size-fits-all numerical method most appropriate
for any given question.

One approach is to use conforming-mesh methods where the
fluid equations are solved to determine the forces on the bound-
ary, a structural computation is done to move the boundary, and
a new fluid mesh is created (Newman Iii et al. 1999; Liu 2009).
These approaches allow for high accuracy near the boundary but
are typically computationally expensive. For simple cases such as
a single wing, coordinate transformations and conformal map-
ping can be used to resolve the flow near the boundary and avoid
grid regeneration (Wang 2000; Alben and Shelley 2005). Another
approach is to solve the equations of fluid motion on a fixed
Cartesian grid, define the wing on a moving Lagrangian grid, and
develop a method to handle the interactions between the two
grids without regenerating the fluid grid at each time step (Li and
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Fig. 9. Vorticity fields generated from two-dimensional simulations during one period of an optimized wing motion (from Pesavento and
Wang 2009; reproduced with permission of Phys. Rev. Lett., vol. 103, issue 11, ©2009 American Physical Society). The wing motion was selected

to minimize aerodynamic power required for steady flight.
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Lai 2001; Peskin 2002; Lee and LeVeque 2003; Mittal and Iaccarino
2005; Xu and Wang 2006; Bhalla et al. 2013; Wiens and Stockie
2015). In the cases of complex geometries or multiple wings, the
immersed boundary method also allows one to solve moving
boundary problems with relative ease (Peskin 2002; Mittal and
Iaccarino 2005).

Two-dimensional simulations have allowed for large parameter
sweeps, while three-dimensional simulations have elucidated
complex details of the LEV and wake. Two-dimensional simula-
tions of single flapping wings have shown that the lift to drag ratio
generated during flight is lower for the smallest insects that fly at
Re less than approximately 30 (Wang 2000; Sun and Tang 2002;
Miller and Peskin 2004). Pesavento and Wang (2009) performed
two-dimensional simulations to determine the minimal aerody-

3 4 5

namic power needed to support a specified mass against gravity.
Snapshots in time of the vortex wake behind the optimized wing
stroke are shown in Fig. 9. Sun and Lan (2004) performed a three-
dimensional simulation of a dragonfly (sedge darner, Aeshna juncea
(L., 1758)) in hovering flight. Their results showed that the vertical
force coefficient of the flapping wing is twice as large as the quasi-
steady value. Three-dimensional simulations have also been used
to quantify the LEV for hawkmoth wings (Nakata and Liu 2012a)
and for Drosophila in free flight (Ramamurti and Sandberg 2007).
Finally, Young et al. (2009) used three-dimensional CFD based on
detailed wing kinematics to simulate the flight of the desert locust
(Schistocerca gregaria (Forsskal, 1775)) and found that the wing topog-
raphy and bending dynamics have significant aerodynamic con-
sequences.
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Fig. 10. Diagram of the clap-and-fling mechanism from Weis-Fogh (1973; reproduced with permission of J. Exp. Biol., vol. 59, issue 1, ©1973
The Company of Biologists Ltd.) and Sane (2003; reproduced with permission of J. Exp. Biol., vol. 206, ©2003 The Company of Biologists Ltd.).
The wings clap together at the end of the upstroke (A-C), peel apart about the trailing edge at the beginning of the down stroke (D-F), and
finally rotate apart (G-I). A downward jet is produced during the clap as the wings rotate together. During the fling, two large leading-edge
vortices (LEV) form and no trailing-edge vortices form initially. This has the effect of increasing the lift generated. Figure appears in colour on

the Web.
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A current challenge in the field of CFD is to efficiently solve the
fully coupled fluid-structure interaction (FSI) equations of a flex-
ible wing that is deformed by the fluid in an unprescribed way due
to the resulting fluid forces acting on the wing. The immersed
boundary method offered one of the first ways to solve this fully
coupled FSI problem (Peskin 1972); it has since been used to deter-
mine that flexibility can reduce the lift to drag ratio during clap
and fling (Miller and Peskin 2009). On the other hand, immersed
boundary methods on uniform grids encounter the difficulty in
resolving fluid flow at the wing tips. This problem has motivated
efforts to develop improved algorithms for addressing sharp-
interface problems (Griffith and Peskin 2005; Xu and Wang 2006;
Mittal et al. 2008). Another approach to FSI taken by Nakata and
Liu (2012a, 2012b) was to use a loosely coupled finite element
method based computational structural dynamic (CSD) model
and a CFD model to simulate the flight of a hawkmoth with flex-
ible wings. When the inviscid approximation is valid, numerical
methods such as the vortex-sheet method (Krasny 1986, 1991) and
vortexlets (Shukla and Eldredge 2007) can be used to solve the FSI
problem much faster, enabling the exploration of large parameter
spaces (Alben 2009; Mountcastle and Daniel 2009).

Wing-wing interaction

Aerodynamic studies using physical models and CFD suggest
that wing-wing interactions are important for lift augmentation
during flight. For some of the smallest flying insects, the LEV are
strengthened when the wings are clapped together and then
peeled apart at the beginning of the downstroke (Lighthill 1973;
Weis-Fogh 1973; Maxworthy 1979). In the case of four-winged in-
sects, the vortices shed off the forewings can either augment or
reduce the vertical force produced depending upon the interac-
tions between the vortex wake of the forewing and the motion of
the hind wing (Wang and Russell 2007). The effects of both types
of wing-wing interaction on thrust production, maneuverability,
and stability warrant further investigation.

Fling
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Clap and fling

Of the five published species of insects captured in flight with
wingspans <1 mm, all of them clap their wings together at the end
of each upstroke and fling them apart at the beginning of each
downstroke (Miller and Peskin 2009). As a result of this motion,
the LEV of one wing acts as the trailing-edge vortex of the other
wing. Since these vortices are mirror images of each other, the
circulation about the pair of wings and the total vorticity in the
flow field are conserved (see Figs. 10A-10I). This is significant be-
cause both leading-edge and trailing-edge vortices are formed by
single wings in pure translation and the formation of such sym-
metric vortex pairs results in smaller lift forces (Mao and Xin 2003;
Miller and Peskin 2005). Kolomenskiy et al. (2011) used numerical
simulations to show that the clap and fling mechanism is similar
between two dimension and three dimension and across a wide
range of Re. Srygley and Thomas (2002) used smoke visualization
to show that two LEV form during two phases of acceleration
during the downstroke: the initial fling and the subsequent ac-
celeration once the wings have separated. Lehmann et al. (2005)
showed using a dynamically scaled physical model that the lift-
enhancing effects of the clap and fling mechanism are rapidly
diminished as the initial gap between the wings widens. The mag-
nitude of drag generated has received less attention in the litera-
ture, but it is known that very large forces are required to clap the
wings together and to fling the wings apart when viscous forces
are significant (Miller and Peskin 2009).

Wing-pair interactions

The aerodynamic benefits of forewing — hind wing interaction
depend greatly upon the kinematics of the stroke. Thomas et al.
(2004) used flow visualization in tethered and free-flying dragon-
flies to reveal the unsteady aerodynamic mechanisms employed
by wing pairs. They found that dragonflies use counter-stroking
kinematics in free flight. These wingbeat kinematics produced an
attached LEV on the forewing during the downstroke, attached
flow on the forewing during upstroke, and attached flow around
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the hind wing throughout the cycle. Rival et al. (2011) used a
two-dimensional tandem pitching and plunging configuration with
similar dragonfly kinematics and found that only the tandem phas-
ing of 90° generated levels of thrust similar to a reference single
plate. This tandem configuration also generated more constant
thrust over the entire wingbeat cycle. Using two-dimensional nu-
merical simulations, Wang and Russell (2007) found that the out
of phase motion used in steady hovering flight comes close to
minimizing the power needed to generate sufficient vertical force
to stay afloat. Usherwood and Lehmann (2008) noted that flying
with two pairs of wing provides no obvious advantage in terms of
lift. They did demonstrate, however, using a mechanical model
dragonfly that two wing pairs can be highly effective at improving
aerodynamic efficiency.

It is known that dragonflies switch to in-phase strokes during
periods of sustained acceleration to reach speeds of up to 10 m-s—!
(Alexander 1984; May 1991). Thomas et al. (2004) used high-speed
smoke visualization to show that this wing-beat pattern produces
a single attached LEV across both wing pairs. The strong LEV
structure across the forewings and hind wings generates the ad-
ditional forces required for acceleration. Zheng et al. (2009) also
noted that the in-phase mode used during acceleration enhances
the lift on both wings.

For beetles, the elytra may also play a role in augmenting aero-
dynamic forces. Johansson et al. (2012) used three-dimensional PIV
of the beetle’s wake to show that the presence of the elytra in-
creases vertical force production by approximately 40%.

Aerodynamic effects of wing flexibility and dynamic shape
changes

Although Re-scaled physical models have been transformative
in shaping our understanding of unsteady force generation mech-
anisms, they have provided little insight into the effects of wing
flexibility on force generation. Studies of two-dimensional model
wings accelerating from rest (Dickinson and Gotz 1993) or rotating
three-dimensional model wings (Usherwood and Ellington 2002)
suggest that static camber and twist have little effect on unsteady,
translational force production. However, reproducing realistic dy-
namic shape changes in Re-scaled physical models is a challenging
problem. No known scaling relationship exists that would allow
one to scale wing flexibility to produce realistic passive deforma-
tions in response to inertial and aerodynamic loads. Re-scaled
models employing flapping wings with a range of spatially uni-
form, isotropic Young’s moduli (i.e., uniform flexibility) show that
stiffer wings produce greater forces (Zhao et al. 2010).

In contrast to the physical modeling studies mentioned above,
two-dimensional and three-dimensional numerical modeling stud-
ies suggest that wing flexibility enhances force production, efficiency,
and other aspects of aerodynamic performance. Incorporating
coupled FSI (and thus directly modeling passive wing deforma-
tions) is more feasible in two-dimensional simulations and this
approach has produced several interesting results regarding wing
flexibility. Flexible two-dimensional wings display higher force pro-
duction, lift to drag ratios, and efficiency than rigid wings by enhanc-
ing wake capture during stroke reversal (Vanella et al. 2009);
flexible wings produce less drag and in some cases more lift dur-
ing clap and fling at low Re (Miller and Peskin 2009). In addition,
flexible, oscillating two-dimensional wings display peaks in lift
and thrust production that are highly sensitive to the distribution
of flexural stiffness (Mountcastle and Daniel 2009). Most recently,
a three-dimensional numerical study of a hawkmoth wing with
passive wing deformations suggests that wing flexibility increases
downwash in the wake and enhances force production by delay-
ing LEV breakdown near the wing tip and improving wing-tip
kinematics just before stroke reversal. The model also shows that
passive wing twisting enhances hovering efficiency (Nakata and
Liu 2012a).

937

Following the advances in photogrammetric techniques that
led to high-resolution measurements of insect wing deformations
during flight (Walker et al. 2009b), several groups performed
three-dimensional CFD studies that explored the effects of passive
wing deformations indirectly, by comparing the performance of
model wings that accurately reproduced wing deformations to
those with dynamic camber and (or) twist computationally re-
moved. One study showed that wing flexibility improves force
production and reduces power requirements in locust flight: lift
to power ratio was reduced by 12% with the dynamic camber
removed and by 35% with camber and twist removed (Young et al.
2009). A similar study on hover fly wings produced similar (but
more modest) results, with the removal of camber deformations
reducing lift production by 10% and the removal of wing twisting
increasing power requirements by 5% (Du and Sun 2010). Exami-
nation of butterfly wings revealed the strongest effects yet; lift to
power ratio was reduced by 4% with camber removed and by 46%
with wing twist and camber removed (Zheng et al. 2013). Overall,
these computational results show that deformation improves the
aerodynamic performance of insect wings and that wing twist
tends to have a greater effect than wing camber.

In contrast to the rapid advances in computational modeling
techniques, experimental approaches to directly testing the ef-
fects of wing deformations on live insects have been hindered by
the technical challenges associated with altering the flexibility of
delicate, ultralight insect wings without significantly altering
their mass and resulting flapping dynamics. However, the recent
identification of resilin in the vein joints of many insect wings has
opened up the possibility of performing experimental studies in
vivo, as manipulating the stiffness of these small, isolated patches
can affect wing stiffness significantly while adding minimal mass.
This approach was adopted recently in a study testing the effects
of wing stiffness on maximum force production in bumblebees
via an asymptotic load-lifting test. A microsplint was applied to a
single resilin joint, significantly increasing chordwise wing stiff-
ness with minimal effect on mass, and leading to an average de-
crease in vertical force production of 8.5% (Mountcastle and Combes
2013). These experimental results support the findings of prior
computational models showing that wing flexibility improves
aerodynamic force output.

Sensing and control of insect flight

The small size of flying insects leaves them vulnerable to envi-
ronmental perturbations. To make matters worse, most flying
insects are unstable and a mild perturbation could grow to a wild
oscillation in only a few wingbeats if not corrected. Thus, exqui-
site neurosensory and control capabilities are required to enable
even the most basic of flight tasks. Recently, progress in under-
standing these capabilities and their source has come from two
directions: (1) increasingly sophisticated aerodynamic analyses
that better predict the stability of insects to different perturba-
tions and (2) new experimental methods that control the visual
sensory input received by free-flying animals independent of their
actual speed or orientation.

Aerodynamics of flight stability and control

Improvements in computational capabilities and numerical ap-
proaches to fluid modeling recently reached the point at which
numerical studies of insect flight can provide estimates of the
forces and torques produced throughout the wingbeat cycles, and
how these forces and torques would respond to a change in the
insect’s state such as a slight increase in forward velocity or pitch-
ing velocity (Sun and Lan 2004). Results from such studies allow
for a linearized stability analysis similar to that used earlier to
interpret the response of tethered locusts to changes in pitch
orientation (Taylor and Thomas 2003). The emerging consensus
from these analyses (Sun and Lan 2004; Sun and Wang 2007; Sun
et al. 2009) shows that insects are dynamically unstable in pitch,
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but the rate of growth in the instability is slow, typically 4-
20 wingbeats. This instability generally takes the following form:
(i) the insect pitches up slightly, this redirects some of the aerody-
namic force from the wings rearward; (ii) this rearward force ac-
celerates the insect backward; (iii) drag from the wings of the
backward-moving animal creates a forward pitch torque; (iv) the
insect pitches forward, directing aerodynamic force forward and
producing forward acceleration; (v) drag on the wings of the
forward-moving insect creates an upward pitch torque, beginning
the oscillation again. Continued improvements to numerical sim-
ulation methods are now pushing into lateral stability (Zhang and
Sun 2010; Gao et al. 2011) and nonlinear stability (Wu and Sun
2012) analysis methods.

Despite advancements in computational speed, numerical meth-
ods remain difficult to generalize among species. This challenge
has led to searches for analytic approximations to animal flight
stability that can be easily tuned to the morphology and kinemat-
ics of different species, allowing predictions of flight dynamics for
animals across a range of sizes and shapes. These analyses re-
vealed that although flapping flight is dynamically unstable in
pitch, it also provides passive stability in yaw (Hedrick et al. 2009),
making flying insects more stable than a traditional, single-rotor
helicopter of the same scale. Because the analytic models depend
on only a few measures of morphology and kinematics, they are
easily extended to a wide range of flying animals and showed that
larger animals are less stable in yaw than smaller flying animals,
but not as much less as predicted by isometric scaling (Hedrick
2011). Further work on analytic stability models has extended
them to other degrees of freedom and flight modes (Faruque and
Sean Humbert 2010a, 2010b; Cheng et al. 2011; Ristroph et al. 2013).

Experimental advances in flight stability and control
Perhaps the most important overall findings from all the afore-
mentioned stability analyses, computational or analytical, is the
role movement plays in flight control. For example, the instability
in pitch is actually driven by coupling between horizontal motion
and pitch torque. Similarly, passive stability in yaw described
above arises from the interaction between flapping motion and
whole-body yaw rotation. Thus, experimental examination of in-
sect flight control sensing and response need to incorporate mo-
tion damping and gain consistent with the biomechanics of the
animal in question. The most straightforward means for accom-
plishing this is analysis of unrestrained flight maneuvers per-
formed by freely behaving animals, using a combination of the
“expected” response of the animal calculated from CFD or me-
chanical simulation results and the “observed” response taken from
the experiment to identify the neurosensory control contribution
(Cheng et al. 2011). However, these simple free-flight experiments
do not allow manipulation of the visual environment, restricting
the range of flight conditions and sensory inputs over which the
insect’s response can be recorded. Carrying out free-flight exper-
iments in arenas with computer-controlled visual environments
(e.g., Kern et al. 2005; Mronz and Lehmann 2008) or simply varying
the visual environment (e.g., Barron and Srinivasan 2006) goes
some distance toward alleviating these problems; for a further
review of these systems see Taylor et al. (2008). However, recent
technological advances now allow coupling of real-time quantifi-
cation of the free-flight behavior of an insect and a computer-
controlled visual environment (Fig. 11), offering the best of both
worlds by preserving the free-flight dynamics of the insect while
also allowing manipulation of the sensory input to probe the flight
control responses across a wide range of conditions (Fry et al.
2009; Rohrseitz and Fry 2011). One of the most interesting results
from these studies lies in the unexpected linear relationships dis-
covered between visual sensory inputs and insect responses. Since
both aerodynamics and visual information processing contain a
number of nonlinear components, the combination of the two
was expected to produce a highly nonlinear result. However, at
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least in some cases the aerodynamic and sensory nonlinear effects
counteract one another, resulting in a simple and linear control
response over a wide range of conditions (Medici and Fry 2013).

Sensing and stability

Although visual sensory systems are of great importance in
determining some aspects of insect flight control, vision is far
from the only important sensory mode. The long neural process-
ing times associated with vision can lead to sensory delays of up to
several wingbeats (Theobald 2004), which may be inadequate to
control flight in cases where the doubling time of a perturbation
is also only a few wingbeats, as was found in some of the numer-
ical stability analyses mentioned above. Instead, insects also make
use of mechanical gyroscopes to provide low-latency information
on body orientation. The halteres of dipterans are a well-known
example (Pringle 1957), but the ubiquitous pitch instability of
flapping insect flight makes it likely that other groups also have
their own means of rapidly sensing body rotations. Recent evi-
dence indicates that the antenna play such a role in hawkmoths
and possibly other Lepidoptera (Sane et al. 2007). Insects may also
use conservative perturbation response strategies that avoid over-
responding to sensory information acquired with a large latency
(Cheng et al. 2011).

Maneuverability

The intrinsic instability of flapping flight facilitates maneuver-
ability in insects to the extent that a vast number of different
adjustments to the wing kinematics can produce the same type of
maneuver (Hedrick and Daniel 2006; Dickson et al. 2010). Never-
theless, application of modern high-speed video recording and
analysis tools have revealed a number of different wing-motion
asymmetries used to produce different types of maneuver. For
instance, hawkmoths modulate long axis wing rotation during
pitch maneuvers (Cheng et al. 2011) and change wing trajectory to
perform yaw turns (Hedrick and Robinson 2010). Furthermore,
recent attempts to associate free-flight maneuvers with underly-
ing variation in the neuromuscular activation of the flight mus-
cles has shown that the division of labor between large flight
power muscles and small maneuvering muscles is less than abso-
lute, and flight power muscles are clearly implicated in the ma-
neuvers of hawkmoths (Wang et al. 2008; Springthorpe et al.
2012). The development of exceptionally lightweight, animal por-
table neural signal amplifiers and transmitters (Ando et al. 2002)
will likely permit many such associations between neuromuscu-
lar inputs, wing kinematics, and free-flight maneuvers in the near
future.

In addition to simple changes in wing trajectory, insects may
also maneuver by changing the passive properties of the wing,
indirectly creating force asymmetries between left and right
wings by engaging the aeroelastic and inertial shape changes
characteristic of flapping wings. A recent study of free-flight yaw
turns in fruit flies (Bergou et al. 2010) suggests just such as a
mechanism, with a slight change in the effective tension of the
torsional stiffness of the wing base resulting in left-right asym-
metries in wing long axis rotation and a yaw maneuver. Such
mechanisms may be widespread and uncovering them will require
an integrative understanding of insect flight dynamics, flexible
wing aerodynamics, the structure of the wing base and muscle
attachments, and the neuromuscular inputs to these muscles.

Evolution of insect flight

The evolutionary origin of insect flight remains unknown and
research in this area proceeds more slowly than in the previously
described physiological and biomechanical aspects of insect flight,
where new experimental and computational techniques have pro-
duced many advances in understanding. However, discovery of
directed aerial descent in rainforest canopy ant species (Yanoviak
et al. 2005) revealed the possibility of gliding and aerial behaviors
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Fig. 11. The TrackFly open and closed loop flight arena used by Fry et al. (2009; modified and reproduced with permission of J. Exp. Biol., vol.
212, issue 8, ©2009 The Company of Biologists Ltd.). The arena includes a wind tunnel with flow direction shown by the blue arrows (A),
a two-camera real-time tracking system (green arrows; B), and a computer projector with a set of mirrors (yellow arrows; C) creating a virtual
reality visual pattern on the wind-tunnel walls. Flies generally flew upwind (red broken line; D) at a speed determined by the interaction of

airspeed and visual-pattern speed. Figure appears in colour on the Web.

N
C

in wingless insects. This supports a functional origin of insect
flight via gliding (Yanoviak et al. 2009), as opposed to the previ-
ously popular skimming model (Marden and Kramer 1994). How-
ever, directed aerial descent does not address the morphological
origin of the insect wing; a recent evolution of development study
of insect wing formation suggests a complex origin incorporating
developmental modules from the limbs and body wall (Niwa et al.
2010). This developmental program may correspond to wing-like
dorsal structures identified on the thoracic and abdominal seg-
ments of 300-million-year-old insect fossils (Kukalova-Peck 1978),
which are suppressed in modern insect development but may be
reactivated by RNA interference on Hox genes in larval insects
(Ohde et al. 2013).

Further reading

Several of the topics presented in this brief review have recently
been the subject of book-length reviews that provide far more depth
and detail in the relevant areas. In particular, Dudley (2000) covered
the biomechanics of insect flight, touching on many of the
topic areas presented here and others such as the diversity of
flying insects and evolution of insect flight. Vigoreaux (2006)
reviewed insect flight muscle, while Taylor and Krapp (2007)

along with Floreano et al. (2009) examined insect sensing and
flight control.
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