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The aerial performance of flying insects ultimately depends on how flapping
wings interact with the surrounding air. It has previously been suggested
that the wing’s three-dimensional camber and corrugation help to stiffen
the wing against aerodynamic and inertial loading during flapping
motion. Their contribution to aerodynamic force production, however, is
under debate. Here, we investigated the potential benefit of three-
dimensional wing shape in three different-sized species of flies using
models of micro-computed tomography-scanned natural wings and
models in which we removed either the wing’s camber, corrugation, or
both properties. Forces and aerodynamic power requirements during root
flapping were derived from three-dimensional computational fluid
dynamics modelling. Our data show that three-dimensional camber has
no benefit for lift production and attenuates Rankine-Froude flight effi-
ciency by up to approximately 12% compared to a flat wing. Moreover,
we did not find evidence for lift-enhancing trapped vortices in corrugation
valleys at Reynolds numbers between 137 and 1623. We found, however,
that in all tested insect species, aerodynamic pressure distribution during
flapping is closely aligned to the wing’s venation pattern. Altogether, our
study strongly supports the assumption that the wing’s three-dimensional
structure provides mechanical support against external forces rather than
improving lift or saving energetic costs associated with active wing flapping.

1. Introduction

The aerial performance of flying insects depends on many factors and ulti-
mately on how flapping wings interact with the surrounding air. Insect
wings are complex composite structures that consist of stiff veins and elastic,
interconnecting membranes with thicknesses of a few micrometres [1]. The
wing venation pattern is species-specific and thus used for taxonomy [2-5].
Fine-scale geometrical wing structures are typically of much smaller scale
than the primary flow structures at wings, such as wing-tip and leading-edge
vortices, and referenced as wing corrugation [6]. Coarse-scale structures,
by contrast, typically refer to the wing’s overall curvature and are termed
chordwise and spanwise wing camber [7].

Insect wings are largely passive structures and their three-dimensional
shape and conformation vary as a result of external forces produced throughout
the stroke cycle [8]. During flapping motion, wings dynamically deform due to
changes in aerodynamic and inertial loading and thus deformation depends on
two factors: the instantaneous local forces acting on both sides of the wing sur-
face and the wing’s local mechanical properties, governed by material strength
and corrugation [8]. Corrugation amplitude typically tapers off towards the
wing tip [9] and cross-veins help to maintain corrugation patterns under
pressure load [1]. Chordwise corrugation is thought to enhance the wing’s stiff-
ness most effectively against bending but acts only little against torsion [10].
Thus, in many insects, this design allows reversible wing surface flattening
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instead of irreversible plastic deformations under load [5].
Wing corrugation may also determine different bending
and torsional behaviours during up- and downstroke [11],
and thus controls changes in wing camber within the
flapping cycle [12].

As corrugation pattern strongly determines the wing’s
stiffness distribution [1], it likely serves as a mechanical
design element to avoid excessive wing deformation during
flight rather than an element that helps to produce aerody-
namic lift. In flies, for example, maximum corrugation
occurs along spanwise veins that lie approximately one-
third wing chord behind the leading edge of the wing [1].
At this wing section, the wing produces elevated aerody-
namic pressure and thus needs elevated structural support
[1]. Although corrugation is thought to have little effect on
aerodynamic force production at small and intermediate
Reynolds numbers [13], it may alter aerodynamic power
requirements for flapping flight. Investigations on dragonfly
and other insect model wings, for example, suggest that
the latter effect results from flows trapped in the wing’s
zigzag corrugation valleys [9,14] or small, local changes in
aerodynamic pressure [6].

In contrast with corrugation, the chordwise wing camber
significantly changes the aerodynamic properties of a wing
[12,15]. For example, the upward camber usually improves
wing performance owing to an increase in the effective
angle of attack, while the downward camber has the opposite
effect [16]. In the first case, the wing’s aerodynamic perform-
ance increases with decreasing distance between the leading
wing edge and camber vertex [16]. Span- and chordwise
camber dynamically changes during wing flapping, which
alters the wing’s aerodynamic performance throughout the
stroke cycle [8,17-18] and helps to stabilize flight [19].
Owing to force-induced deformation, the camber is inverted
(downward camber) in beetles during the upstroke, which
improves aerodynamic performance compared to a non-
deforming wing [12]. Aerodynamic details of wings with
different geometry including twist, leading edge details and
most relevantly camber have also been scored in hawk-
moth-like revolving wings [20]. The authors found that
flow separation at the leading edge prevents leading-edge
suction and thus allows a simple geometric relationship
between forces and angle of attack. The force coefficients in
these experiments appear to be remarkably invariant against
alterations in leading-edge detail, twist and camber. Never-
theless, our knowledge on the aerodynamic significance of
three-dimensional wing structure in insect flight is rather
limited and largely stems from studies that used simplified
flight models such as two-dimensional computational simu-
lations, rectangular flat wing planforms, simplified three-
dimensional extrusions of two-dimensional profiles, and
also from work at inappropriately large Reynolds number
[9,13,15,21-26].

To overcome these limitations, we investigated the aero-
dynamic properties of three-dimensional wing shape in
three different-sized species of flies using computational
fluid dynamics (CFD). The wing models were reconstructed
from high-resolution, micro-computed tomographic (uCT)
scans. To dissect the contribution of fine- and coarse-scale
structures to aerial performance, we numerically generated
different sets of wings for each species and determined the
benefit of individual wing structures for aerodynamic force
production and flight power requirements. We scored the

potential benefits at various Reynolds numbers and found [ 2 |

that the three-dimensional wing structure has little impact
on the mean vertical force production but alters the temporal
distribution of forces during the stroke cycle via changes in
the angle of attack. While the benefit for aerodynamic force
production is little, wing corrugation and camber attenuate
aerodynamic efficiency in three-dimensionally flapping
insect wings that may increase the costs of flapping flight.

2. Material and methods
2.1. Morphological parameters and wing kinematics

We investigated wings from three different fly species: the fruit
fly Drosophila melanogaster Canton S, the housefly Musca domes-
tica and the blowfly Calliphora vomitoria. For better comparison,
we used a generic stroke pattern [27] for all tested wings and
adjusted fluid viscosity to match Reynolds number for wing flap-
ping of each species (electronic supplementary material, table
S1). Thus, any difference in aerodynamic properties between
wing models of a single species can be attributed to differences
in the wing’s three-dimensional structure. The simulated
wings flapped with 135° stroke amplitude and at angles of
attack of 40° and 20° during up- and downstroke, respectively
(figure 1a,b). The mean stroke plane was inclined by —20° with
respect to the horizontal. At stroke reversals, the duration of
wing rotation was 0.22 stroke cycle period, and both flapping
motion and the changes in angles of attack at the reversals fol-
lowed a sinusoidal time evolution. We scored aerodynamic
properties at simulated forward flight with a velocity equal to
20% of the fly’s wing tip velocity. A detailed description
on how we derived these parameters is listed in the electronic
supplementary material.

2.2. Reconstruction of model wings

We scanned twelve 2- to 6-day-old females of our laboratory
strains (3 Drosophila, 3 Musca, 6 Calliphora) using a pCT scanner
(Zeiss Xradia 410 Versa pCT, Carl Zeiss AG, Oberkochen,
Germany). The final data were selected from a single animal of
each species because even smallest movements of the animal
during scanning prohibited an error-free reconstruction. The ani-
mals were placed into Dubosqg-Brazil fixative for several days
and subsequently incubated in Lugol’s iodine for staining. For
scanning, house- and blowflies were placed on a wet tissue
into a closed tube to avoid desiccation, while fruit flies were
scanned submerged in water. X-ray power varied between 2
and 8 W and optical magnification was 4x (Drosophila) and
0.4x (Musca, Calliphora). The edge length of the reconstructed
cubic voxels was 3.5 pm in Drosophila, 7.4 pm in Musca and
10.6 pm in Calliphora. Image exposure times varied between 8
and 12s and total scan time was 5-7.5h for a single animal
(figure 1c,d). We segmented the image, and also removed
image noise and background using ICY software [28]. In cases
in which the wing’s alula or thin membranes near the trailing
edge could not be reconstructed by pCT due to optical overlay,
we combined X-ray scans with surface profile scans obtained
from optical measurements with a profilometer (VR-3000,
Keyence Corporation, Osaka, Japan) [29].

To estimate wing variability in the three species, we scored
wing geometry in 16, 18 and 19 wings of Drosophila, Musca
and Calliphora, respectively. We selected four characteristic
points on the wing surface, measured the distance between
these points and eventually normalized the measurements to
wing size. In addition, we estimated the variance in wing con-
tour and wing roughness. Methods and data are described in
large detail in §1 of the electronic supplementary material. The
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Figure 1. Wing kinematics and three-dimensional wing structure. (a) Angle of attack, up motion, down motion and heaving motion of a wing blade as used in the
simulation. Dots mark the wing’s leading edge and dashed line is the mean stroke plane. Oncoming flow u., is from left to right. (b) Time evolution of positional
angle (@, blue), feathering angle (¢, red) and deviation angle (6, green) with respect to the stroke plane. (c) uCT-scanned image of a fruit fly Drosophila. Image
shows a head of a second animal on the right. (d) Cross-section of the wing chord at 0.5 wing length of the blowfly Calliphora. (e-g) Local difference Az* between
the tested wings in the simulation and mean wing surface structure of 16 wings in (e) (Drosaphila), 18 wings in (f) (Musca) and 19 wings in (g) (Calliphora). Local
difference was normalized by the standard deviation of each local surface pixel for better comparison. Data show that the wing used in the numerical simulation
differs at most from the ensemble-averaged wings by twice the standard deviation of normalized wing height z. Data stem from wing measurements with an

optical profilometer. See text for more details.

data show that there is only little variance in shape within a
single species (electronic supplementary material, table S2 and
figures S1 and S2). We found overall changes in wing geometry
of approximately 2.9+0.6% mean distance between the four
selected points on the wing surface in Drosophila, approximately
2.8+0.4% in Musca and approximately 3.0 +0.4% (means +s.d.)
in Calliphora. Variance in wing contour was negligible with maxi-
mum variance near the wing hinge at which wing velocity is
small (electronic supplementary material, figure S2). Variance
in surface roughness, i.e. the local difference between wing
height z (cf. §2.3), of the simulated wing and ensemble-averaged
wings was less than +2 times the standard deviation of the sur-
face means (figure le—g). The variance peaks at the wing's
alula, the trailing edge and in structures near the wing base.
In sum, in all tested species, we found that variance in three-
dimensional wing geometry is relatively small. We thus
neglected wing variance in this study.

Noteworthy, in this study, we did not model wing stiffness
and elasticity, which is in line with numerous previous studies
on the significance of corrugation in dragonfly [21-22,24-
25,30-34], bumblebee [15,35], locust [36] and fruit fly wings
[6]. These studies used rigid wings and ignored any elastic
deformation during wing flapping while focusing on the aero-
dynamic effects of surface structure. In our study, this
reduction in complexity of the parameter space is beneficial
because forces and flows are attributable to the wing’s corruga-
tion and camber and not to changes in wing shape as a result of
load-induced wing deformation. As our wing models are devel-
oped from fresh, hydrated wings attached to the animals,
corrugation and camber approximate the wing’s shape at its
resting state. Thus, ‘natural’ camber and corrugation character-
ize the fly’s wing structure free of inertial and aerodynamic
loading. We discuss the limits of numerical simulations using

rigid wing models in greater detail in §4 of the electronic
supplementary material.

2.3. Separation of wing structures

To model three-dimensional wing geometry, we described the
wings’ top and bottom surfaces by the two functions zip(xw,
Yw) and Zportom(Xw, Vi), respectively, where x,, and y,, are coordi-
nates in the wing frame of reference (figure 24). The wing’s local
midplane z,, is the mean of both functions. Although wing
length-normalized mean membrane thickness in flies is only
approximately 0.01% [1,12,37-41], several previously published
studies used an approximately 110-fold larger value (approx.
1.1%) for the mean membrane thickness [6,31-33,35,42]. Our
CFD simulation required a minimum wing thickness of approxi-
mately 1.17% wing length that corresponds to a thickness of 28,
75 and 114 pm in Drosophila, Musca and Calliphora, respectively
(electronic supplementary material, table S1). Wing thicknesses
larger than the latter values were not affected by the minimum
cut-off value.

As mentioned above, the minimum thickness is a require-
ment for our numerical simulation. Modern immersed
boundary methods, like the volume penalization method in
this study, approximate boundary conditions at the wing and
body by supplementary terms in the Navier-Stokes equations.
This is opposite to earlier methods that use body-conformal
grids. The advantage of our method is that even highly complex,
moving obstacles can be included with ease. Conventional grid
generation, by contrast, requires significantly more compu-
tational work. However, if the wing becomes thinner than the
grid resolution, the wing disappears in the simulation between
two grid points. Thus, in practice, a minimum thickness of six
grid points is required to satisfy boundary conditions.
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Figure 2. Decomposition of three-dimensional wing structure. (a) The surface of the uCT-scanned natural wing was filtered by high- and low-pass filters that
generated model wings (b) with span- and chordwise camber but no corrugation and (c) with corrugation but no camber. (d) Filter coefficients were obtained
from regression slopes fitted to the isotropic Fourier energy spectrum of the wing midplane. (e-g) Span- and chordwise wing profiles along the wings’ axes of
rotation. Data show profiles of all tested wings superimposed on natural wing models (grey). Note that the z-component is exaggerated by a factor of 2 for better

clarity.

We used high- and low-pass filters to decompose z,, into
coarse- (camber) and fine-scale (corrugation) structures, respect-
ively (figure 2b-g). As the wing cut out from the uCT data
produced a sharp transition between wing edges and ambient
air, we first removed this transition. This was done by a numeri-
cal algorithm that generated a smooth extension of the wing’s
local plane z,, at the transition between the physical borders of
the wing and the surrounding air. The extended z,, values
were obtained via an iterative numerical process. The latter pro-
cedure solved a diffusion problem with Dirichlet boundary
condition and is highlighted in detail in electronic supplemen-
tary material, figure S4. On the edge smoothed data, we
eventually applied conventional filters for decomposition of
wing structures. The filter coefficients were adjusted to separate
the two distinct slopes present in the Fourier energy spectrum
of the wing surface as a function of wavenumber magnitude
(figure 2d; electronic supplementary material).

Secondly, we computed the Fourier transform as a function of
the wavenumber k=(k,, k,). To obtain wing corrugation, we
applied the high-pass filter g(k)

g(k) = exp[—((ky — C* + (, — C)HRQ T (2.1)
to the Fourier coefficients. Wing camber was extracted using
the corresponding low-pass filter 1 — g(k). In equation (2.1), integer
wavenumbers are 0 <k, , < N,,, with N, the number of points of
the extended data in each direction, C,, the centre wavenumbers
and Q the filter width parameter. To determine the filter par-
ameters, we considered the wing’s isotropic Fourier energy
spectrum E(k) (see electronic supplementary material). The two
slopes in figure 2d show that the spectrum is divided into two
fractions, corresponding to wing camber and corrugation.
The filter parameters C,,=1/2N,, and Q=10 separate both
fractions. Using the above procedure, we generated four distinct,
rigid wing models for each species. These were the originally

measured wing (natural model; Nat), models with camber
(Cam) but without corrugation, models with corrugation (Cor)
but without camber, and completely flat models (Fla).

2.4. Numerical simulation

For CFD simulation, we used our previously published numeri-
cal code for flapping flight aerodynamics of insects (https://
github.com/pseudospectators/FLUSI) [43—44]. The code is
designed for high performance computing and uses a numerical
grid that is fine enough to resolve all relevant fluid scales. Thus,
there was no need for subgrid modelling. The simulations were
performed with 16384 CPU cores on an IBM BlueGene/Q
machine located in Orsay, France. The three-dimensional compu-
tational domain was 2R x2R x 2R with R the wing length and
resolved by 1024 grid points in each dimension, yielding a
total of 1.07 billion points. A vorticity sponge outflow condition
was set at the domain borders [43]. The wing was modelled by
the volume penalization method that approximates solid objects
as a porous medium with small permeability [44,45]. Although
volume penalization is well suited for large Reynolds numbers,
high viscosity at low Reynolds numbers requires smaller per-
meability parameters and smaller simulation time steps.
Moreover, as the wake typically first stabilizes some stroke
cycles after wing motion onset, we scored the difference in aero-
dynamic performance between strokes in a series of computed
cycles. In Drosophila, we found that the second cycle is already
similar to the third one while in Musca and Calliphora, forces
became stable in the fourth cycle owing to the larger Reynolds
number. The shown data thus stem from the second (Drosophila)
and fourth simulated stroke cycle (Musca, Calliphora). In all simu-
lations, initial fluid velocity was equal to free stream velocity
(electronic supplementary material, table S1) and wing flapping
motion started impulsively. We simulated only the right wing
and excluded the insect body. All forces were normalized
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Figure 3. Flow structures during wing flapping. (a—g) Visualization of three-dimensional flow produced by a natural wing model of Calliphora. Data show iso-
surface with vorticity magnitude of 50 s~" (semi-transparent grey) superimposed on a vorticity iso-surface with 100 s~ (red). The wing is shown at seven selected
times of the stroke cycle (0-1), starting with the downstroke. LEV, leading-edge vortex; TEV, trailing-edge vortex; TIV, wing-tip vortex.

to the animal’s body weight. From forces and velocities, we
calculated flight muscle mass-specific aerodynamic power
requirements and Rankine-Froude efficiency of wing flapping
(see electronic supplementary material).

3. Results
3.1. General findings

All simulation runs of our CFD model produced flows and
vortical structures similar to data previously published on
flapping insect wings [46-50]. Figure 3a-g exemplarily
shows typical flow structures at a natural model wing of
Calliphora, such as the leading-edge vortex (LEV) and wing
tip vortex (TIV). The vortices are visualized by iso-surfaces
of vorticity magnitude at selected times of the stroke cycle.

3.2. Flow structures

It has previously been suggested that in a corrugated insect
wing, surface valleys trap vortices and stagnant air. The
trapped structures are thought to generate a beneficial aero-
dynamic profile that in turn increases the aerodynamic
performance of the wing [9,14]. As characteristic length
scales of the flow increase with decreasing Reynolds
number, there was a higher chance of detecting trapped vor-
tices in Calliphora than in Drosophila. Figure 4a,b shows
instantaneous streamlines emitted from a line near the lead-
ing edge at natural and flat wings of both species. We
found that the primary flow characteristics, i.e. leading
edge and tip vortices, are similar in both wing models and
both species. However, vortical flow at Calliphora wings
appeared to be more turbulent, which was expected from
the higher Reynolds number. Instantaneous force traces in
Drosophila thus show less high-frequency force components
compared to the larger species (see electronic supplementary
material). This effect is most visible during the upstroke, at
which the wing moves through the wake produced by the
preceding downstroke.

In none of the fly wings did we find sufficient evidence
for trapped vortices inside corrugation valleys (figures 4c—e
and 5a—c). In figure 4c—e, we visualized the flow inside the
valleys of natural wings between the wing’s first and
second, and between the second and third longitudinal
veins using streamlines. The streamlines suggest that axial
flow follows the pressure gradient from the wing base to
wing tip at relatively low speed. We estimated velocities at
approximately 0.3 wing length inside the valleys of less
than approximately 0.15ms™" (Drosophila), approximately
1.6ms™' (Musca) and 2.2ms™" (Calliphora). These values
are 6.4%, 31% and 32% of wing tip velocity in the three
species, respectively (electronic supplementary material,
table S1). The data also suggest that LEV suction pulls
flow out of the valleys and away from the surface. Similar
to velocity, vorticity inside the corrugation valleys is small
and scattered around zero in all three tested species
(figure 4c—e). In sum, we found that velocity is less than
one-third of maximum velocity and vorticity is negligible
in corrugation valleys of natural wings. This absence of
trapped vortices is consistent with some previous studies
on corrugated wings [31,51-53].

3.3. Force generation and power requirements

In all species, we found similar differences in force generation
and power requirements among the four tested wing cat-
egories (natural, cambered, corrugated and flat wing
design). At the selected stroke plane inclination of —20°, ver-
tical force produced by a single natural wing compensates for
approximately 0.23, approximately 0.70 and approximately
0.72 body weight in Drosophila, Musca and Calliphora, respect-
ively (total force, table 1). An increase in vertical force
production was at the cost of horizontal backward (negative)
thrust of a single wing, i.e. approximately —0.10, approxi-
mately —0.20 and approximately —0.19 body weight,
respectively (total force, table 1). In all tested wings, the kin-
ematic pattern produced several-fold more positive vertical
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Figure 4. Flow pattern produced by natural and flat wing models. The flow is visualized at 1.3 and 3.3 stroke cycle at approximately mid-downstroke by
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wing and transported by the frozen instantaneous velocity field. Colour encodes fluid velocity. Velocity estimates are absolute values and were transformed
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edge. Data show little spanwise vorticity inside the corrugation valley near the surface (arrows) and leading-edge vortex suction pulls the virtual particles

away from the surface.

force during the downstroke than during the upstroke
(figure 6a and table 1). This temporal distribution is similar
to the power stroke in flying birds [54]. The tested wings of
all species produce rather similar instantaneous forces that
peak at mid up- and downstroke owing to the wing’s maxi-
mum translational velocity, and during the dorsal and
ventral stroke reversals owing to wing rotation (figure 6a,b;
see electronic supplementary material). This is similar to pre-
viously published CFD simulations and also to force
measurements in robotic insect wings [50,55].

The natural wing model produces up to approximately
3% less mean vertical force than cambered, corrugated and
flat wings of Drosophila and Calliphora. In Musca, by contrast,
we find that the natural wing performs slightly better by up
to approximately 6.7% vertical force, compared to wings with
a reduced geometric structure (figure 6 and table 1). We
found more pronounced changes in horizontal thrust pro-
duction. In all flies, stroke-cycle averaged negative thrust
(table 1), i.e. backward acceleration, decreases in modified

wings compared to natural wings. In cambered wings,
these changes are smallest, amounting to approximately
5.0%, approximately 8.1% and approximately 11% in
Drosophila, Musca and Calliphora, respectively. Removing
camber reduces the mean backward thrust by up to 39% in
corrugated wings and up to 45% in flat wings, compared to
natural wings (figure 6d—f). As camber changes the wing's
geometrical angle of attack, the latter force changes might
result from angular changes of the oncoming flow rather
than from changes in the wing’s aerodynamic characteristics.
We tested this idea in §3.4.

The combination of both an increase in force production
during the downstroke in modified compared to natural
wings and backward orientation of the wing’s mean force
vector suggests that cycle-averaged drag is smaller in modi-
fied than in natural wings. In turn, this should lead to a
decrease in total aerodynamic power requirements in modi-
fied wings. Figure 6d—f shows that flight muscle-mass
specific aerodynamic power of flat wings indeed decreases
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Table 1. Aerodynamic forces and power of tested wing models. F*\eqica, body weight-specific vertical force acting against gravity (body lift); F*yorizontalr bOdy
weight-specific horizontal force (body thrust); P*,en, flight muscle mass-specific aerodynamic power assuming that flight muscle mass equals one-third body
mass. Wing structure is either natural as scanned by (T, cambered by spatial low-pass filtering, corrugated by spatial high-pass filtering the natural wing, or
completely flat. Data are time-averaged forces from the second (Drosophila) and fourth (Musca, Calliphora) stroke cycle. Up, half-cycle averaged force and power
during wing upstroke; down, averaged force and power during wing downstroke; total, forces and power averaged over the entire wing stroke cycle.

F\Zrtical F;orizontal aero (W kg_1)

species total down total

Drosophila natural —0.03 0.48 0.23 0.06 —0.25
e e s om ks oo ew

mcorrugated' P .v.253ﬂ R
T
S

mcorrugated' O

8.08 28.0 18.1
8.10 275 17.8

Calliphora natural 0.04 1.40 0.72 0.11 —0.48
O
”corrugated' S S
T
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Figure 6. Time evolution and cycle-averaged change of vertical force, hori-
zontal force and aerodynamic power. (a—c) Temporal alterations of body
mass-specific vertical (F*iericat) and horizontal forces (F*norizontal), and
flight muscle mass-specific aerodynamic power (P*,e) in Calliphora. Data
were produced by the third and fourth wing stroke cycle after motion
onset. Red, natural wing; blue, cambered wing; green, corrugated wing;
orange, flat wing. (d—f) Relative change of cycle-averaged forces and
power, compared to the performance of a natural wing of the blowfly.

up to approximately 7.9% (Drosophila), approximately 9.4%
(Musca) and approximately 4.4% (Calliphora), compared to
natural wings. There is no clear trend, though, thus it is
less likely that these changes result from changing Reynolds
number. On the contrary, it is surprising that there are only
small differences in non-dimensional power requirements
between species, considering that cycle-averaged muscle
mass-specific power increases 6.7-fold from 18 Wkg™' in
Drosophila to 120 W kg™ muscle in Calliphora.

3.4. Wing camber, angle of attack and Rankine—Froude IEN

efficiency

In figure 7 we tested the simple idea that wing camber solely
changes the wing’s geometrical angle of attack during flap-
ping, in turn altering force production during up- and
downstroke rather than subtly changing the aerodynamic
characteristics of a wing. For this control experiment, we
solely used cambered and flat wing models of Calliphora
because there was no need to investigate Reynolds number
effects. We also simplified the kinematic pattern, removing
the oncoming flow, stroke plane inclination angle and the
difference in the angle of attack between up- and downstroke
(see electronic supplementary material). We did this in order
to remove flow and force asymmetries between the two half
strokes when flapping a flat wing. Naturally cambered wings
should alter this stroke symmetry because camber in our
rigid wing is thought to decrease the angle of attack during
the upstroke and increase it during the downstroke. A sym-
metrical up- and downstroke emphasizes this effect and
makes the results more easily accessible.

Figure 7a,b shows the time evolution of vertical force and
aerodynamic power of a cambered wing, respectively, as a
function of the geometrical angle of attack during wing trans-
lation. At zero angle of attack, the wing is horizontally
aligned during the translation phase but generates positive
(negative) vertical forces during the downstroke (upstroke)
owing to its upward camber in chordwise direction. At the
stroke reversal, a cambered wing with zero angle of attack
produces maximum vertical forces because of the large 180°
rotational angle. Figure 8a shows how half-cycle and cycle-
averaged vertical forces change with increasing angle of
attack in a cambered wing. The horizontally shifted curves
suggest that in wing models with camber, vertical force
increases (decreases) during the downstroke but likewise
decreases (increases) during the upstroke for angles of
attack less than 50° (greater than 50°). A comparison with
forces computed for a flat, non-cambered wing (orange,
figure 8a) shows that there is no benefit in cycle-averaged ver-
tical force from wing camber for wing kinematics with a
symmetrical up- and downstroke.

While a flat wing produces equal amounts of vertical
force during up- and downstroke at the selected kinematics,
wing camber unbalances the temporal distribution of forces
within the stroke cycle. This changes moments (yaw, pitch,
roll) and also aerodynamic power requirements. We tested
the latter prediction and calculated flight muscle mass-
specific aerodynamic power for wings at various angles of
attack (figure 8b). The data show a local minimum in cycle-
averaged power requirements at approximately 20° angle of
attack that is despite even slightly higher vertical force pro-
duction at this angle (figure 8a), approximately 8% smaller
in a flat compared to a cambered wing. Consequently, the
Rankine-Froude efficiency is up to approximately 9%
higher for a flat than a cambered wing (figure 8c). Efficiency
peaks in both wings at approximately 30—40° angle of attack.
Thus, in the tested case, wing camber increases flight costs
without providing a benefit for body weight support. This
result also holds for data derived for Drosophila (approx.
12% lower Froude efficiency) and Musca (approx. 5% lower
efficiency; for wing kinematics, see figure 1). As expected
from aerodynamic theory, we also found that Froude effi-
ciency in a flat wing increases with increasing Reynolds
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Figure 7. Forces and power at wing motion with different angle of attack. (a) Time evolution of vertical force and (b) aerodynamic power generated by a cambered
wing of Calliphora flapping in the horizontal and with identical angles of attack during up- and downstroke (see electronic supplementary material). Colours indicate

the wing’s angle of attack.

number, amounting to 0.17, 0.21 and 0.23 in Drosophila, Musca
and Calliphora, respectively (natural, 0.15, 0.22, 0.21; cam-
bered, 0.15, 0.22, 0,23; corrugated wing, 0.17, 0.22, 0.23;
respectively).

3.5. Surface pressure and wing venation

Previous studies have shown that fly wing venation and cor-
rugation determine the wing’s mechanical properties
including wing camber and elastic deformation [1,9-
11,22,29]. From this perspective, wing veins predominately
shape insect wings and control shape under aerodynamic
and inertial loading. Here, we show that wing vein support
reflects the distinct low-pressure regions of fly wings
caused by LEV suction force. From our CFD simulations,
we calculated the difference of pressure acting on the ventral
and dorsal wing side throughout the stroke cycle of a natural
Calliphora wing model (for wing kinematics, see figure 1a),
with positive values indicating suction pressure normal to
the dorsal wing surface. For better comparison, we normal-
ized the pressure difference by a reference pressure. This
reference value is equal to the wings’ uniform and homo-
geneous load distribution mpgAy!, with m, the body
weight, ¢ the gravitational constant and A,, the surface of
two wings.

Figure 9 shows the wing’s aerodynamic suction pattern
during the downstroke. The pattern follows the development
of leading-edge vorticity after the dorsal stroke reversal.
Suction and thus vertical force approximately peak at mid-
downstroke (0.25 stroke cycle) and subsequently decrease
when the wing decreases its flapping velocity (0.3-0.4

stroke cycle, figure 9). The pressure distribution shows that
the zones of elevated pressure difference are remarkably
well concentrated to those wing membranes (wing cells)
that are enclosed by strong veins. Elevated suction pressure
up to 12 Ap* (figure 9) is limited to areas between the leading
wing edge and the fifth longitudinal vein and thus to the
anterior wing cells and first and second posterior cells. In
wing areas at the trailing edge such as the third posterior
cell, suction pressure is negligible. This cell is not surrounded
by wing veins, allowing elevated elastic deformation in the
flying fly. Moreover, pressure and venation patterns together
suggest that the local bending moments might bend an elastic
wing more at the distal part than at its proximal part because
of the hinge-to-tip gradient in vein density. We also found
that the specific pressure pattern in figure 9 persists in all
tested wing models of all three species (figure 10) and is
thus independent of camber and corrugation. In sum, the
latter findings suggest that elevated stiffness at the wing's
leading edge provides structural support not only for inertial
loading during wing acceleration but also for elevated
aerodynamic loading owing to the LEV.

4. Discussion and conclusion
4.1. General remarks

For decades, the significance of three-dimensional wing
structure in insects for aerodynamic force production and
power consumption has puzzled biologists and engineers.
Our simulations suggest that the coarse structure of fly
wings (camber) has a pronounced effect on the temporal

Y0806L07 :LL buajuj 20S Y °f  yisi/feusnol/biobuiysigndfiaposiesol H



(a)
N 2 flat (full cycle)
o -6>- cambered (full)
- cambered (up)
—>¢~ cambered (down)
)
250 A
~ 200 A
E
% 150 1
e -
. g 100 flat (full cycle)
U -63- cambered (full)
50 -} cambered (up)
cambered (down)
1
0 20 40 60 80
()
flat (full cycle)
> i
2 0.20 -€3- cambered
.2 (full cycle)
=
=
£ 0.15-
[5)
el
3
£ 0.0
b
g
f% 0.05 A /'D maximum
~ & range
[\ EOSRN _ —
0 20 40 60 80

angle of attack (°)

Figure 8. Vertical force, power and Rankine—Froude efficiency in flat
(orange) and cambered (blue) wings. (a,b) Polar plots of vertical force and
aerodynamic power plotted as a function of angle of attack. Data show
the performance of wings of Calliphora averaged over a full stroke cycle
(full cycle), over the upstroke (up) and over the downstroke (down).
() Data show cycle-averaged performance of the fourth simulated wing
stroke cycle produced by wings of Calliphora. Efficiency was calculated
from data shown in (a,b).

distribution of aerodynamic forces within the stroke cycle.
This effect is likely due to a change in the wing’s geometrical
angle of attack (figures 7 and 8). We found no pronounced
benefit in cycle-averaged vertical force production in cam-
bered wings compared to flat, non-cambered wings.
Additionally, in all tested fly species, the Rankine-Froude
efficiency of vertical force production is smaller (or equal)
in natural than in flat wings. Within the tested range of
Reynolds numbers, by contrast, fine wing structures change
aerodynamic forces only little and we found no evidence
for vortex trapping in corrugation valleys. The latter result
runs counter to previous findings on insect wings at higher

Reynolds number and will be discussed in the following sec-
tion, while other aspects of wing corrugation are discussed
afterwards.

4.2. Vortex trapping

It has previously been suggested that air, trapped in corruga-
tion valleys of insect wings, improves lift production owing
to a profiled wing cross-section [9,14]. Vortices and even stag-
nant air cushions may thus alter a wing's effective geometry.
Trapped vortices were experimentally found in wings
moving at relatively high Reynolds number [52-53], includ-
ing an aerodynamic study that showed vortex trapping at
Reynolds numbers between 34000 and 100000 but not at
3500 [33]. The latter value is at the upper end of Reynolds
numbers typical for flying insects. Other authors who studied
flows of a flapping beetle model wing [12] attributed an
absence of vortex trapping to the elevated angle of attack in
insect wings. Nevertheless, as the authors removed camber
from the corrugated beetle wing model, the wing exhibited
aerodynamic characteristics similar to profiled NACA0005
model wing. An absence of trapped flows has also been
shown in corrugated wings of gliding dragonflies [24,31].
Altogether, little corrugation, low Reynolds number, span-
wise flow advecting vorticity and high angle of attack
apparently hinder vortex trapping in flapping insect wings.
It is thus not surprising that we did not find clear evidence
for trapped vortices in our fly wings at Reynolds numbers
up to 1623. Consequently, we suggest that trapped, lift-
enhancing flows in dragonfly wings should be considered
as an exception rather than a common aerodynamic phenom-
enon in insect flight. This finding is also consistent with a
comprehensive review on corrugated aerofoils. In this
review, the authors present evidence that corrugated aerofoils
are not thought to improve aerodynamic performance as
hypothesized by other researchers [56].

4.3. Significance of three-dimensional wing design

There is an ongoing controversy on the benefit of wing corru-
gation for aerodynamic performance in insect wings. Some
authors find an improvement in performance owing to corru-
gation [9,15,21,23,25,51], while other authors argue that
corrugation attenuates performance [13,22,26]. It is likely
that in part these conflicting results arise from the use of
different CFD models and different Reynolds numbers.
Numerical studies that report changes typically used two-
dimensional simulations at high Reynolds number (Re>
5000). By contrast, studies that find little or no effect typically
tend to use three-dimensional numerical models at Reynolds
numbers between 35 and 3500. The latter is in the range of an
average-sized insect. Although corrugation may change local
wing pressure, the difference of lift and drag coefficients
between corrugated and flat wings is typically not more
than 5% for lift and 17% for drag (Re=200, angle of attack
5°) [6,35]. It is likely that the size ratio (wing—vortex inter-
action) between structure and LEV, or
corrugation structure and the area of flow separation, is key
for the changes described above [6]. As the size of flow struc-
tures depends on Reynolds number, corrugation structures

corrugation

should be more coarse in small insects than in larger animals
for pronounced wing—vortex interaction. As the corruga-
tion pattern on the dorsal wing side is inverted on the
ventral wing side, wing—vortex interference should be even
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Figure 9. Time evolution of pressure distribution within a flapping cycle. Pressure is shown as the difference (Ap*) between the aerodynamic pressures acting on
ventral and dorsal wing sides. The pressure difference is normalized to the mean wing loading, i.e. half the body mass. Forces resulting from pressure are orientated
normal to local wing surface. Positive values indicate suction pressure on the dorsal wing surface. Data show pressure distribution during the fourth simulated stroke

cycle and were computed using the natural wing model of Calliphora.

(a) Drosophila
natural

cambered corrugated  flat

Ap*
I6
-4

(b) Musca

(¢) Calliphora

p

Figure 10. (a—c) Pressure difference between ventral and dorsal wing sides
of all tested wing models and fly species. Pressure difference (Ap*) is nor-
malized to the mean wing loading (see legend to figure 9 and text) and
forces derived from pressure are orientated normal to local wing surface.
Pressure was scored at 0.2 stroke cycle at the beginning of the downstroke.
Note that wing venation is shown on all wings even though its geometrical
contribution to the three-dimensional wing structure has been removed in
cambered and flat wing models.

different during up- and downstroke, as should aerodynamic
performance and power requirements.

4.4. Conclusion

Our data show that the three-dimensional design of fly wings
determines aerodynamic force production, power requirements
and Rankine-Froude efficiency. Although the differences in
vertical force production and aerodynamic power requirements
between cambered, corrugated and flat wings are relatively
minor, we found elevated changes in horizontal thrust and

flight efficiency. The computed flight efficiencies of 17-23%
are somewhat below experimentally derived estimates that
range from 26-32% in various species of fruit flies to 37-55%
in large crane flies, beetles and bees [57]. The limits and difficul-
ties of power estimation in flapping flight of insects, though,
were recently highlighted by a numerical study using lifting
line formulations [58]. Notably, our findings are restricted to
the selected kinematic pattern and also ignore elastic wing
deformation during flapping motion. For example, elastic
corrugated hoverfly model wings are more effective than
elastic flat wings (+3% vertical force, —3% aerodynamic
power, Re=800) [59], while corrugated but rigid hoverfly
wings lose their ability to produce maximum vertical force
compared to a flat rigid wing [59]. We found that the impact
of Reynolds number on aerodynamic performance is inconsist-
ent, which is most likely due to the relatively small range of
tested numbers. We suggest that a comprehensive under-
standing of the functional benefit of camber, corrugation and
elasticity requires more elaborate numerical and physical
wing models than those previously presented. These test
beds should also include fluid-structure interaction and con-
sider a vast variety of kinematic patterns as they occur
during manoeuvring flight. In sum, the overlap between
wing venation pattern and elevated local aerodynamic
pressure strongly supports the hypothesis that wing corru-
gation adds structural support to a wing, rather than
improving aerodynamic performance. Even if there are
some energetic costs associated with corrugation, corruga-
tion might be of elevated advantage during conditions that
have not been tested in this study—such as extreme wing load-
ing during manoeuvring flight and flight under turbulent
environmental conditions.
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