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reduce aerodynamic
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Flying insects typically possess two pairs of wings. In
beetles, the front pair has evolved into short, hardened
structures, the elytra, which protect the second pair of
wings and the abdomen. This allows beetles to exploit
habitats that would otherwise cause damage to the
wings and body. Many beetles ﬂy with the elytra
extended, suggesting that they inﬂuence aerodynamic
performance, but little is known about their role in
ﬂight. Using quantitative measurements of the beetle’s
wake, we show that the presence of the elytra increases
vertical force production by approximately 40 per cent,
indicating that they contribute to weight support. The
wing-elytra combination creates a complex wake
compared with previously studied animal wakes. At
mid-downstroke, multiple vortices are visible behind
each wing. These include a wingtip and an elytron
vortex with the same sense of rotation, a body vortex
and an additional vortex of the opposite sense of
rotation. This latter vortex reﬂects a negative interaction between the wing and the elytron, resulting in
a single wing span efﬁciency of approximately 0.77 at
mid downstroke. This is lower than that found in
birds and bats, suggesting that the extra weight support
of the elytra comes at the price of reduced efﬁciency.
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1. INTRODUCTION
One of the most successful groups of ﬂying animals is the
beetles (Coleoptera), making up 40 per cent of all insects.
One characteristic of beetles is that the ﬁrst pair of wings
has been sclerotized to become the elytra (wing coverts).
The elytra protect the second, functional, wing pair and
the dorsal side of the abdomen [1], and they reduce evaporation [2]. Most beetles hold their elytra extended during
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ﬂight suggesting they affect the aerodynamics and hence
the cost of ﬂight. Although the aerodynamics of insect
ﬂight has been studied extensively [1,3–5], there is a
relative paucity regarding aerodynamics of beetle ﬂight
([1], but see [6–9]), and quantitative measurements
of the ﬂow generated by beetles are, to the best of our
knowledge, lacking.
The ancestral state of winged insects is two pairs of
wings of about similar size, comparable to those found
in dragonﬂies [10] and fossil mayﬂies [11]. A double
wing conﬁguration with independently moving wings
causes interactions between the wings. In beetles, the
second wing pair is considerably longer than the elytra.
This implies that, while the inner part of the wing
system operates in a biplane or slotted arrangement,
the outer part of the wing operates as a single wing.
Although the inner part of the wing system may beneﬁt
from this conﬁguration [7] and the efﬁciency of the ﬂapping wings may theoretically increase, tip vortices of
the elytra will be shed near the middle of the second
wing pair, potentially reducing efﬁciency.
To determine the aerodynamic function and effect on
performance of the elytra, we explore the wake of tethered dung beetles, and compare it with the wakes of
other ﬂying animals.

2. MATERIAL AND METHODS
Six dung beetles (Heliocopris hamadryas) (electronic
supplementary material, table S1) were tethered allowing only pitching motion and ﬂown at speeds (U ) of 6
(n ¼ 5) and 7 m s – 1 (n ¼ 3) in a wind tunnel; Reynolds
number range from 4500 to 7500 (Re ¼ Uc/v, c ¼ mean
chord, v ¼ kinematic viscosity).
Three-component velocity ﬁelds were measured using
particle image velocimetry in a plane parallel to the
Trefftz plane [y,z], x/c  8 downstream of the beetle.
The sample rate (200 Hz) and wingbeat frequency
(approx. 40 Hz) generated approximately ﬁve images
per wingbeat. Nineteen sequences of 100 frames were analysed (box size 16  16, 50% overlap or 32  32, 75%
overlap)—for details, see the electronic supplementary
material. Two synchronized high-speed cameras ﬁlmed
the beetles in side- and top views (electronic supplementary material, ﬁgure S1) for three-dimensional kinematics
(electronic supplementary material, ﬁgure S2).
Bound circulation (G) was estimated at each position
along y by integrating streamwise vorticity (vx) along z
within an area of interest incorporating the left wing’s
wake.
Wing beat period (T ) was used to determine the
relative timing within a wing beat (0 , t ¼ t/T , 1)
of vector ﬁelds. For each y-position, a smoothing
spline was ﬁtted to the circulation of a normalized
wing beat over the distance travelled, x(¼UtT), and
used to interpolate the bound circulation (G(x,y))
throughout the wingbeat (electronic supplementary
material, ﬁgure S5). The vertical force (Fv) was estimated using an impulse (I ) based vortex model:
ðð
1 2r
bw ðx; yÞGðx; yÞdx dy;
Fv ¼ ¼
T
T
where bw is the distance between the position along
y and the body centre. Vertical force contribution
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of the wing tip/body vortices in isolation was
estimated as:
ð
2r
Gtip ðxÞ btr ðxÞdx;
Fvtip ¼
T
where Gtip denotes tip vortex circulation and btr
distance between tip and body vortex along y.
Downwash distribution (w( y)) was measured at middownstroke along a line between the wing tip and the
centre of the body and throughout the wingbeat along
a line connecting the tip vortex, elytra vortex, root
vortex and the centre of the body. Span efﬁciency at
mid-downstroke (ei) and throughout the wingbeat
(ei,wb) was calculated as the ratio of the ideal induced
power (Pi,ideal ), based on uniform downwash generating
the measured vertical force and the actual Pi based on
the measured downwash ([12,13] and the electronic
supplementary material).
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3. RESULTS AND DISCUSSION
The elytra and wings both move downward during the
downstroke. The elytra move in an almost vertical
stroke plane relative to the body, while the wings
move downwards and forwards with an inclined stroke
plane (electronic supplementary material, ﬁgure S2).
Beetles create a complex wake compared with previously studied animal wakes [3 – 4,12– 17]. At the
beginning of the downstroke, a tip vortex is formed in
the proximity of the wingtip and a counter rotating
vortex (body vortex) can be found between the tip
vortex and the centre of the body (ﬁgure 1a). The
body vortex migrates towards the body and remains
throughout the wingbeat (ﬁgure 1). Shortly before
mid-downstroke, a vortex of the same sign and approximate strength as the wingtip vortex becomes visible at
mid-wing (ﬁgure 1b) and remains visible during the
rest of the downstroke and for most of the upstroke
(ﬁgure 1c). We name this vortex the elytron vortex
(ﬁgure 2c). The downwash between the elytron vortex
and the body vortex is strong compared with the downwash at the outer wing (ﬁgures 1b and 2c). Distal to the
elytron vortex but proximal to the wingtip vortex, we
observe a patch of vorticity of opposite sign to the wingtip vortex (ﬁgures 1b and 2c). This vortex patch is
weaker than both the wingtip and elytron vortices
and is present almost for as long as the elytron vortex
is visible. We interpret this as a negative interaction
(interaction vortex) between the elytron vortex and
the ﬂow generated by the wing. During the upstroke,
the circulation of the tip and body vortex changes
sign (ﬁgure 1c). The resulting vortex pair is similar to
the distal vortex pair found at the end of the upstroke
in the wakes of bats [12,14] and reﬂects a downward
force, equal to approximately 3 per cent of the total
upward force generated by the beetle.
The ﬂows generated by the elytra and the wing
cannot be separated during the downstroke, owing to
wake interactions. The presence of the elytra increases
the circulation of the proximal part of the wing-elytra
system when compared with the more distal part of
the wing (ﬁgure 2a). There is also a notable interaction
J. R. Soc. Interface
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Figure 1. In-plane velocity and streamwise vorticity ﬁelds
(vx) from the transverse plane [ y, z] behind beetle 2 ﬂying
at 7 m s21 at (a) the beginning of downstroke, (b) mid-downstroke and (c) end of upstroke. Cartoons show approximate
attitude of wings and elytra. Vorticity is colour-coded according to the colour bar below and vectors scaled according to the
reference vector. Wt, wingtip vortex; Int, interaction vortex;
Ev, elytron vortex; Bv, body vortex; Rev, reversed vortex
during upstroke.

between the elytron vortex and the ﬂow over the wing,
causing a reduction in the integrated circulation of the
central part of the wing conﬁguration (ﬁgure 2a). To
determine the net aerodynamic effect of the elytra, we
estimated the vertical force generated by the wingtipbody vortex system (assuming no lift generated by the
body), and compared it with the vertical force generated
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Figure 2. (a) Circulation integrated from the tip towards the body, normalized by Uc, along the normalized semi-wing span
( ynorm ¼ 21 and 0 at wingtip and body centre, respectively) and normalized time (t). Changes in circulation indicate the presence of a vortex in the wake (electronic supplementary material, ﬁgure S5). Circulation is scaled according to the colour bar.
(b) Impulse generated over a normalized wing beat estimated using the total vorticity ﬁeld (solid line) and using only the tip
vortex and body vortex structures (dashed line). (c) Composite image showing the integrated spanwise circulation distribution
(green line) at mid-downstroke (t  0.5) with the corresponding velocity and vorticity ﬁeld (only major vortex structures are
shown) and beetle in the background for reference. Blue represents clockwise and red anti-clockwise vorticity. (d ) Downwash
distribution relative to maximum downwash along semi wake span (Wt, wing tip; centre body, wake symmetry plane) normalized
by most distal downwash at mid-downstroke of a beetle (solid line) and a locust (dashed line) [5]. Data from ﬁve wingbeats of
beetle 2 ﬂying at 7 m s – 1.

by the complete vortex structure. The force generated by
the combined elytra-hind wing conﬁguration is 36.2 +
12.8% and 57.8 + 16.7% (mean + s.e.m.) (ﬁgure 2b;
electronic supplementary material, table S2) higher
than for the wingtip-body vortex system at U ¼ 6 and
7 m s – 1, respectively. The elytra thus add signiﬁcantly
to the weight support of the beetle.
The lowest induced power for a given lift is generally
associated with an elliptical spanwise circulation distribution and a uniform downwash in planar, non-ﬂapping
wings [18]. However, in ﬂapping wings, generating both
lift and thrust, including studies of animal ﬂight, the
distribution generating the minimum induced power
may look quite different from the ideal distribution.
For example, theoretical models of ﬂapping ﬂight indicate that the optimal distribution includes a reduction
in the circulation over the body during the downstroke
[19]. There is also the possibility that unsteady mechanisms, such as leading edge vortices, may result in a
stronger spanwise gradient in circulation. However,
the spanwise circulation distribution observed in the
J. R. Soc. Interface

dung beetles is more complex, owing to the presence
of the elytra (ﬁgure 2a). When moving from the wingtip
towards the body at mid-downstroke, the integrated circulation increases, then decreases, increases again near
the elytron vortex and ﬁnally decreases to almost zero
at the centre of the body (ﬁgure 2a,c). This circulation
distribution, with multiple increases and decreases
along the span, results in large deviations from the
single downwash reduction behind the body associated
with ﬂapping wings (ﬁgure 2d ). A measure for the variation in downwash is the span efﬁciency, ei [12,18],
where uniform downwash represents ei ¼ 1. For the
ﬂying beetles, we estimate the wingbeat average span
efﬁciency (ei,wb ¼ 0.62 + 0.015), and span efﬁciency at
mid-downstroke (ei ¼ 0.48 + 0.056). These values are
relatively low, which is partly owing to the ﬂow generated by the body. As we are primarily interested in
the effect of the elytra, we also calculated the span efﬁciency for a single wing (eis,wb ¼ 0.66 + 0.016, eis +
0.77 + 0.0098, see the electronic supplementary
material) and compared with the available data in the
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literature. We estimated the eis at mid-downstroke in
pied ﬂycatchers (0.88 + 0.0054) [13], in Pallas’ longtongued bat (0.89 + 0.0067), in the lesser long-nosed
bat (0.86 + 0.016) [12] and the desert locust [5]
(0.85 + 0.043), using the current method (see the electronic supplementary material). All the studies in this
comparison were made closer than a wing span behind
the wings, where roll up is still moderate, suggesting
the results are comparable. The eis of beetles is lower
than in the vertebrates, and lower than, but not separable
from, the locust, owing to the uncertainty in the single
sample size locust estimate (electronic supplementary
material, ﬁgure S6).
Our sample size (n ¼ 5 and 3 at 6 and 7 m s,– 1 respectively) advises against over-generalization, but the results
indicate that the cost of the weight support added by
the elytra is reduced aerodynamic efﬁciency. We suggest that when the wings are able to generate weight
support in solitude, evolution would favour folding the
elytra, resulting in higher efﬁciency. This behaviour can
indeed be found in some groups of beetles (e.g. within
Scarabaeidae and Buprestidae), which fold their elytra
back over the body after the second wing pair has
unfolded, allowing this prediction to be tested.
Research was funded by the Knut and Alice Wallenberg
foundation to A.H., by the Swedish Research Council to
L.C.J., A.H., M.D. and S.E. and by AFOSR to E.B. and
M.D. This report received support from the Centre for
Animal Movement Research (CAnMove) ﬁnanced by a
Linnaeus grant (349-2007-8690) from the Swedish Research
Council and Lund University.
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