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SUMMARY

Insect wings are flexible, elastically deforming under loads experienced during flapping. The adaptive value
of this flexibility was tested using a revolving wing set-up. We show that the wing flexibility of the beetle
Batocera rufomaculata suppresses the reduction in lift coefficient that is expected to occur with a reduction
of wing size compared to rigid propeller blades. Moreover, the scaling of wing flexibility with size is intra-spe-
cifically tuned through changes in wing-vein cross-section, resulting in smaller wings achieving proportion-
ally larger chordwise deformations compared to larger wings, when loaded with aerodynamic forces. These
elastic deformations control the separation of flow from the wing as a function of angle-of-attack, as evi-
denced by the turbulence activity in the flow field directly beneath the revolving wings. The study underlines
the contribution of flexibility to control the flow over insect wings through passive wing deformations without
the need for input or feedback from the nervous system.

INTRODUCTION

Insect wings are thin structures that undergo extensive deforma-
tions during flapping due to the inertial and aerodynamic loads
acting on them.'~ Insect-inspired flapping” or flapping-rotary®-°
miniature aerial vehicles use flexible wings as well. Flexibility en-
ables relatively flat wings to passively twist and achieve positive
camber during both the upstroke and the downstroke, contrib-
uting to their ability to generate lift throughout the flapping cy-
cle.”® The compliance of insect wings to the loads acting on
them leads to an aeroelastic coupling between elastic wing
deformation and the surrounding flow.'®'® Insect wings likely
evolved to correspond to the fluid-structure interaction (FSI)
associated with this coupling, leading biologists and engineers
to dedicate substantial efforts to understanding both the benefi-
cial and the deleterious effects of wing flexibility on flapping flight
aerodynamics (see’'®'® and references therein). The results of
such studies have sometimes been conflicting, with some
showing improved performance of flexible wings'®~>* and others
showing a reduced performance relative to rigid wings.?*=’
Many of these studies used CFD simulations or empirical testing
on mechanical models (e.g.,'%'%:?%:26:26-31) | ess is known about
the subtle details of the FSI in real insect wings, whose mechan-
ical properties and anatomy are more complex than the me-

the wings’ flexural stiffness scales interspecifically with the 3rd
and 2" power of wing length and chord, respectively, when
measured by static bending.®® A study measuring the dynamic
wing deformations of the beetle Protaetia cuprea during flight
found that these deformations are conserved within a 3-fold in-
crease in beetle body mass. This suggests that, intra-specif-
ically, the chordwise stiffness of the beetle’s wings grows with
the 4™ power of the wing’s chord length,*® indicating that larger
wings are proportionally stiffer than expected based on the inter-
specific scaling relationship.

Although not sharing the full complexity of vortex shedding
and wake capture at stroke reversals,***° revolving wings,
i.e., wings that rotate about their root like propeller blades, share
some similarity with root flapping in the sense that in both cases
the wings experience a spanwise gradient in the streamwise ve-
locity. Under these conditions, a thin wing revolving at a con-
stant angle-of-attack (AoA) can generate a stable leading
edge vortex (LEV), contributing to a low-pressure region above
the wing that augments lift production.>**° The lift can be
measured as the vertical force generated by wings revolving
in a horizontal plane. The lift-coefficient of the revolving wings
for a given AoA can be calculated from the measured vertical
force as:

chanical or computational models used. Insect wing flexibility in- C. = 2L 5
cludes spanwise and chordwise flexural stiffness gradients and pS2Q
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Figure 1. Intraspecific variation in insect size affects wing aerodynamics

(A) Two adult males of the beetle B. rufomaculata displaying extreme variance in adult body size within this species (i). The variation in body mass is accompanied
with variation in wing size (3 < R < 6 cm) but not wing shape as exemplified in (i) showing wings from large, medium, and small conspecifics.

(B-E) Conceptual (qualitative) presentations in which the schematic illustrations explain differences in the spanwise velocity distribution on revolving wings
with the same aspect ratio but differing in wing length R (blue horizontal bars) and with an offset (r, black horizontal bar) from the axis of rotation. The vertical
axes represent speed relative to air. (B) and (C) depict hypothetical scenarios in which r is the same for the small and large wings, whereas in (D) and (E), the ris
scaled according to wing length to retain the same effective aspect ratio (%) for the small and large wings. In all cases of r > 0, the offset increases the
effective aspect ratio, which is proportional to the Ro number of the revolving wings and results in the anatomical wing hinge having a non-zero tangential
velocity (Uninge)- Uninge >0 is a condition that occurs also in forward flight and can be described by the advance ratio, using the ratio of the wing speed at the

hinge and tip (J = % = U[)‘:*) (B) Small and large wings with the same r, revolving at the same angular velocity (€2), share a similarity with small

and large beetles flying at the same flight speed and flapping frequency. In this case, both J and Ro are higher in the smaller beetle. (C) Increasing Q of the
smaller wings to reach the same Uy, as that of the large wing. The equivalent is the smaller beetle flapping its wings at a higher frequency and flying faster
compared to a larger beetle. The Ro and J will be larger for the smaller wing and beetle. (D) A smaller r and larger @ for the smaller wing can provide a similar Ro
and J as the larger one, either by having the same Ui, and Uninge OF (E) by having both parameters smaller compared to the large wing. For cases (C-E), i.e., all
cases in which the smaller insects have higher flapping frequency, the spanwise velocity gradient over the wing is steeper in the smaller wing.
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Figure 2. The lift coefficient (C,) of revolving wings as a function of angle of attack (AoA) and wing size (R)

(A) The revolving wing set-up comprises an electrical power source (PS) powering a DC motor that rotates a pair of beetle wings in a horizontal plane. The motor
and wings are mounted on a force transducer (FT) that provides a continuous recording of the vertical force at 100 samples per second. The dashed rectangular
area in Ai is enlarged in Aii to depict the definition of wing length (R), wing offset (), and wing angle of attack (AocA).

(B-D) C, as afunction of AoA in wings differing in size (R [m], denoted by circle colors and size). (B) In rigid, 3D-printed wings, smaller wings display a reduction in
C, as expected from their higher Ro number. (C) Real beetle wings (n = 20) differing in size (0.035 < R < 0.057 m) do not display a similar decrease in C; in smaller
wings. (D) The C;. of “small” (mean R + SE = 0.038 + 0.0015 m) versus “large” (R = 0.055 + 0.0002 m) real beetle wings. Each circle in (B) and (C) denote a single
measurement, whereas circles in (D) are the mean of measurements from six wing pairs, and the error bars are the standard error of means.

where L is the measured vertical force, averaged over time, p is
air density (taken to be 1.2 kg m~3), S, is the second moment of
area for the wing pair, and @ is the angular velocity.*® The non-
dimensional C;, and how it changes as a function of AoA,
describe the aerodynamic performance of the wings. The effec-
tive aspect ratio, i.e., the radial distance from the axis of revolu-
tion to the wing tip divided by the wing’s mean chord lengths, is
sometimes referred to as the Rossby number (Ro, but see Data
S1—Similarity between the Rossby number and advance ratio,
for the distinction between Ro and effective aspect ratio). Ro is
inversely related to the aerodynamic performance of the
revolving wings since smaller Ro numbers are associated with
higher stability of the LEV, leading to higher C, for a given
AoA.3"*174® |n empirical set-ups, the revolving wings are typi-
cally mounted at a small offset between the rotation axis and
the anatomical wing hinge. This offset increases the Ro number
of the revolving wing set-up, resulting in a more proximal sepa-
ration of the LEV toward the wing-tip vortex and a reduction in
lift production.*>***” The hinge offset also leads to non-zero
tangential velocity at the anatomical wing root, a condition
that shares some similarity with the spanwise velocity distribu-

tion on the wing during forward flight.*® The non-dimensional
advance ratio, J (=flight speed/wing flapping speed), is typically
used to describe the effect of flight speed on the kinematics
and aerodynamics of flapping or revolving wings.**°° The effect
of J on the scaling of aerodynamics during forward flight re-
mains a major knowledge gap in insect flight research.
Differences in resource availability during larval growth can
lead to large intraspecific variation in the adult body size of in-
sects. Although wing size should increase with adult body size
in order to retain flight capabilities, different scaling relationships
can affect the flight performance of small and large conspecifics.
In addition to scaling the planform geometry of the wing (wing
length and area), the aerodynamic performance of the wings
may scale differently between small and large wings as a result
of differences in the flow conditions. For instance, it is unclear
how the stability of the LEV is affected by larger wing size in
larger conspecifics. This increase in size is typically associated
with a decrease in flapping frequency, resulting in changes in
spanwise flow distribution over the wings (Figure 1). Studies
focusing on the scaling of aerodynamic performance often as-
sume that the wings are rigid, thus providing insight into the
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Figure 3. Effect of Rossby number (Ro) on the lift coefficient (C,) and input power coefficient (Cp) of real beetle wings differing in size (R =

wing length [m], circle size)

(A-C) Lift coefficient for AoA 20°, 30°, and 40°, respectively. The data are comprised of measurements on 25 different wing pairs (0.035 < R < 0.057 m) and

different offsets (0.02< r < 0.036 m).

(D-F) Input power coefficient for AoA 20°, 30°, and 40°, respectively. Cp is calculated from the electrical power needed to rotate the wings (See STAR Methods
section). The data are comprised of measurements on 10 different wing pairs (0.03< R < 0.055 m) with varying offsets (0.02< r < 0.036 m).

effect of geometry but overlooking flexibility as a key adaptation
of insect wings for improving flight performance.

The mango stem borer (Batocera rufomaculata) is a large
beetle with extreme intraspecific variance in adult body size
(Figure 1A), with populations spanning up to a 7-fold difference
in body mass.®'*® Laboratory studies have shown that this
beetle is capable of prolonged flight, exceeding 40 min in
some cases, with smaller conspecifics capable of flying longer
distances compared to larger ones.®' Wing length and area in
this species scale with body mass to the 0.33 and 0.67 power,
respectively, as expected based on geometrical similarity.
Accordingly, wing length varies between ~3 and ~6 cm in the
smallest and largest beetles with many intermediate sizes.
The aspect ratio (AR, wing length/mean chord) of the wings
and their shape (non-dimensional radius of the second moment
of area, 72)>* do not vary with body mass. Consequently, the
planform area of the wings in larger beetles is a magnification
of the wings of smaller ones, raising the following question:
do small and large wings differ in aerodynamic performance
in a manner that helps to explain the ability of smaller beetles
to fly longer distances? To address this question, we detached
wings from conspecifics differing in size and tested their aero-
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dynamic performance in a revolving wing set-up, taking into ac-
count the above-mentioned effect of the Ro number on the re-
sults. Since the results indicated that wing flexibility had an
important role in the scaling of aerodynamic performance, we
tested the scaling of this flexibility with wing size both statically
and dynamically. The results shed new light on the role of flex-
ibility in tuning the scaling of aerodynamic performance in in-
sect wings.

We hypothesized that insect wing flexibility is tuned to
passively control the flow separation that is expected to occur
in rigid wings at high AoAs and that this tuning corresponds
with wing size to mitigate the adverse effect of increasing Ro
number in smaller revolving wings (Figures 1B and 1C). We sug-
gest that chordwise elastic wing deformations due to aerody-
namic loads can morph the wing to change the local AoA and/
or camber of the chord, thus improving flow attachment and sus-
tained LEV.”® It is further suggested that small flexible wings
operating at a larger Ro number can achieve similar aerody-
namic performances to those of larger ones through proportion-
ally larger deformations across the wing planform, thus miti-
gating the flow separation associated with increased Ro
number in rigid wings. We suggest that this mechanism can
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Figure 4. Trailing-edge deflections of revolving wings due to aerodynamic loads
(A) The position of points 1-3 on the trailing edge where the deflections were measured from high-speed movies. Orange lines depict the spanwise positions of

points 1 and 3.

(B-D) The deflection of the three points from their expected position on a rigid wing for wings varying in size (R [m], colors) at AoA = 20° (B), 30° (C), and 40° (D). The
measured deflection (B) of the points in each wing is normalized by the wing length (B/R). Bars are the means of 2-6 measurements from each of two wings per
wing length (R, except for R = 0.039 m that is based on repeated measurements on a single wing due to its pair being damaged). Error bars are the standard error

of all measurement per wing size.

also be extended to intraspecific scaling of forward flight in in-
sects based on the following reasoning:

During hovering, the wing speed of revolving and root-flapping
wings is coupled with the wing length, since larger wings achieve
higher wing-tip speeds for the same flapping frequency (Fig-
ure 1B). Smaller insects typically flap at higher frequency than
larger ones®® to compensate for the decrease in wing-tip speed
of their shorter wings. This implies a steeper velocity gradient
over the smaller wing length (Figure 1C). Insects do not have
an anatomical offset (r) between the wing and its hinge. Conse-
quently, during hovering their Ro is equivalent to the AR and
does not change with wing size.

During forward flight, most of the lift is generated during
the downstroke and the free-stream velocity is redistributed
to the spanwise gradient of streamwise velocity shed to the
wake. This advance ratio effect leads to the wing root experi-
encing non-zero flow speeds. This condition is shared with

the revolving wings with an offset distance (r) between the rota-
tion axis and the anatomical wing hinge (Figure 1B). Therefore,
the Ro number is to some degree analogous and proportional to
the advance ratio, J (see Figure 1 and Data S1) so that a larger J
is equivalent to a higher Ro number, at which LEV formation
presumably will be compromised. Indeed, J is known to affect
the relationship between the lift coefficient and the AoA in rigid
revolving wings.*® Figures 1D and 1E depict two theoretical ex-
amples demonstrating that differences in spanwise flow gradi-
ents over small and large beetle wings can exist despite similar-
ity in Ro number and J. The two beetles can be flying at the
same flight and wing-tip speed (Figure 1D) or the smaller beetle
may fly at lower flight and wing-tip speeds (Figure 1E). In both
cases, the spanwise velocity gradient remains steeper for the
smaller insects regardless of the similarity in J. In the revolving
wing equivalent, the spanwise velocity gradient is steeper in
smaller revolving wings even if the offset (r) is adjusted to rotate

iScience 28, 112035, March 21, 2025 5
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Figure 5. Static bending tests of real beetle wings differing in wing size (R)
(A) The flexural stiffness of detached beetle wings measured from the force (F) required to deflect the wing by p = 1 mm (blue bars) and 2 mm (red bars) at a

distance L from the support (hinge).

(B) As in (A) but after soaking the wings in water for 24 h. The two inserts in (B) show the static bending method (Bi) and position on the wing (red circle) where the

measurements were performed (Bii).

(C) The scaling of flexural stiffness with wing length in the dry and soaked wings. Both linear relationships of the log-transformed data are statistically significant
(p<0.001, R? > 0.96). Data are based on seven wings differing in size. Each wing was measured twice, for each displacement (1, 2 mm). The bars in (A) and (B) are

the average of the two measurements.

both wings at the same Ro number (Figures 1D and 1E). This im-
plies that the spanwise distribution of loads on the small and
large wings need not be the same despite the dimensional sim-
ilarity of flapping/revolving flight. How this difference in span-
wise velocity distribution translates to aerodynamic perfor-
mance in revolving wings or forward flight in small and large
beetles currently remains unknown. Here, we tested the hy-
pothesis that small beetles have tuned their flexible wings to
alter the relationship between the Ro number (or J) and the C,
such that they avoid the penalty of flying at higher Ro numbers
during forward flight.

Results and discussion section below describes the experi-
ments where aerodynamic performance as a function of wing
size and Ro number section compares the aerodynamic perfor-
mance of revolving real beetle wings of different sizes with rigid
three-dimensional (3D)-printed wings of similar shape and size.
The scaling of wing flexibility section tests the scaling of me-
chanical properties (flexural stiffness) and structural deforma-
tions of real beetle wings during revolution (dynamic) and in
response to static normal force loading. Wing-veins cross-sec-
tion section focuses on the cross-section of the wing-veins’
structure. Wing-fluid interaction section describes the fluid-
wing interaction (at the downwash region) for the real flexible
beetle wing using PIV. The main conclusions combined from all

6 iScience 28, 112035, March 21, 2025

the experiments are presented in conclusions section, followed
by details of the extended methodology.

RESULTS AND DISCUSSION

Aerodynamic performance as a function of wing size and
Ro number

We tested 3D-printed rigid wings (3.0 < R < 6.5 cm) with a uni-
form offset (r = 2.5 cm) and the same planform shape as that of
B. rufomaculata wings (Figure S1) rotating at a wing-tip speed
Uyp =10 ms~'. Their C; displayed the expected increase with
AoA (Figure 2A) but also the expected reduction in C, with
increasing Ro (decreasing R). In contrast, real B. rufomaculata
wings (3.5 < R < 5.7 cm) with the same offset had an overall
larger C, and showed no apparent relationship between the C,
and R or Ro (Figures 2B and 2C). This suggests that the ability
of the smaller wings to avoid the lift reduction penalty associated
with an increase in Ro is related to the flexibility of real insect
wings. To decouple the wing length from the Ro number, we
repeated the measurements on real beetle wings with larger or
smaller offsets (2.0 < r < 3.6 cm). The experiment showed that
the C, of real beetle wings did not decrease with Ro number
(Figures 3A-3C). In lieu of measuring the drag of the wings (or
the torque it generated), we measured the electrical power



iScience

¢? CellPress

OPEN ACCESS

d (R = 0.050)

d (R =0.0388) 02

Figure 6. Wing-vein cross-sections from nCT scans

dhi dhe-dhi
1 0.4
0.8
03
E E
£ 0.6 £
£ £02
2 2
504 5
0.1
0.2
0 0
a b ¢ d e f g a b ¢ d e f g
dve dvi dve-dvi
1 0.4
0.8
03
3 E
H 0.6 £
£ £ 02
2 2
504 5
||| H 0.1 ||I ||H| IHI Hl |
0.2
0 0

(A-G) Show cross-section of wing veins at the positions marked on the wing image. Color denotes different wing veins. All cross-sections are oriented with the
horizontal axes of the image parallel to the wing plane and the vertical axis normal to the wing plane.
(H) Cross-section (D) from a small and a large wing scaled to have the same dve (see A and below), illustrating the difference in cross-section shape between small

and large wings.

(I-N) Show the measured diameters and wall thickness of the veins from the scans, where dh_and dv_ are the diameters oriented in the local membrane plane and
normal to it respectively, and the third letter, e or |, (i.e.,: dve, dvi) denotes the external and internal diameters, respectively, as depicted in (A). Color-coded bars in
(I-N) correspond to different wing lengths (R, [m]). The measurements were done on two wings from each size category (R), except the R = 0.035 where only a
single wing was available. In all other cases the bars are the average of the two wings per wing length.

needed to rotate the wings and found that the non-dimensional
power coefficient (Cp) remained independent of Ro as well
(Figures 3D-3F). These results are contrary to the expected
decreasein C; (see introduction) andincreasein Cp*' of revolving
rigid wings as the Ro number increases. We conclude that real
beetle wings are not operating under the same geometrical
scaling rule by virtue of their flexibility. Thus, we next sought to
explore how this wing flexibility scales with wing size in the real
beetle wings and how it adjusts wing shape and flow in the
revolving wing set-up.

The scaling of wing flexibility

The elastic deformations of the wings during revolution were
measured using two high-speed cameras to extract the deflec-
tion in 3D position of three landmarks on the trailing edge.*® Fig-
ure 4 shows these deflections measured from five wing pairs
varying in length (3.5 < R < 5.5 cm) as a function of AoA
(20°, 30°, 40°). The measured deflection (8) of each wing has
been normalized by dividing it by its R. All deflections had the
same direction, contributing to twisting and increasing the pos-
itive camber of the wings by lowering the trailing edge relative to
the leading edge. The normalized wing deformations increased
with the AoA due to larger aerodynamic loads. At AoA = 20°, the
deflection at the trailing edge was ~3 mm and did not show a
specific trend within or across the wings. At AcA = 30°, the
normalized deformations of some of the smaller wings ap-
peared to increase more than in the larger wings. At AoA =
40°, a clear trend of relatively lower deformations in the larger

wings became prominent and the deformations within each
wing tended to increase from the distal to the more proximal
points on the trailing edge (i.e., wing twist).

These results reveal that smaller wings experience propor-
tionally larger deformation compared to larger ones when aero-
dynamic loads from the wing rotation are applied. The different
deformations of the small and large wings could have resulted
from differences in the spanwise load distribution on the wing
(Figure 1) or from a non-isometric scaling of the mechanical
properties with wing length. To test the latter, we tested the
scaling of the mechanical properties of the wings by measuring
the force needed to bend the wing similar to bending a canti-
lever beam at a specific location (Figure 5). The wings were
secured at the anatomical hinge, and we measured the force
required to bend the wing by 1 and 2 mm at the same morpho-
logical landmark (Figure 5A). We repeated the experiment after
soaking the wings in water for 24 h (Figure 5B) to evaluate how
the drying of the detached wings contributed to their flexural
stiffness and scaling. The soaked wings had a lower flexural
stiffness than the dry ones, but in both cases, stiffness scaled
with wing length at scaling exponents (slopes on a log-log
plot, Figure 5C) that were statistically indistinguishable (4.32 +
0.64 versus 4.38 + 0.98 for the dry and soaked wings, respec-
tively, where the + values correspond to the 95% confidence in-
terval of each exponent). The scaling of flexural stiffness with the
4.3 power of wing length (dry wings) was significantly higher
than the theoretical 3.0 that is expected for a cantilever beam
loaded at the tip. It was also significantly higher than the slope
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of 2.97 or 2.08 for spanwise and chordwise bending, respec-
tively, obtained interspecifically from 16 insect species from
six orders (albeit, no beetles).® Thus, the wing stiffness of larger
conspecifics of B. rufomaculata is greater than that expected
based only on increase in wing size. The scaling exponent ob-
tained here does not significantly differ from the 4.0, estimated
previously for intraspecific scaling of the chordwise wing stiff-
ness of the beetle Protaetia cuprea.*® It is not clear whether
the wing stiffness of beetles scales differently to those of other
insects or whether intraspecific scaling of wing stiffness differs
substantially from interspecific scaling, in which varying mor-
phologies and flapping kinematics complicate the relationship
between wing stiffness and length.

If wing compliance contributes to aerodynamic performance in
small revolving wings, and wings soaked in water are more
compliant than dry ones, then how does an increase or decrease
in compliance affect the aerodynamic performance of the same
wing? Wings that were soaked in water for 24 h generated a lower
C, than the same wings prior to soaking, especially at the higher
AoA (Figure S2). The soaked wings demonstrated the opposite
trend of the Ro number effect, with larger wings generating a
lower C, than smaller ones, with this trend diminishing in the dryer
wings and becoming similar to that shown in Figure 2C. It seems
that the greater stiffness of the larger wings is required for their
aerodynamic performance, since higher compliance due to soak-
ing diminished the lift production of the larger wings more thanin
the smaller ones.

Wing-veins cross-section

The mechanical properties of the wing depend on its material
composition, the arrangement of the wing-vein structure, and
the cross-section geometry of the veins themselves. To deter-
mine whether the latter can explain the proportionally higher
stiffness of the larger wings, we scanned wings of various sizes
(8.5 <R < 5.0 cm) using uCT and measured the external and in-
ternal diameter of three veins at the same locations (Figure 6).
We found that the external and internal vein diameters in the
wing plane increased with wing length, resulting in both
increased vein diameter and wall thickness for the larger wings
(Figures 61-6K). Normal to the wing membrane, both the external
and internal diameters showed a slower increase in diameter
with wing length and a wall thickness that remained mostly unaf-
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fected by wing length (Figures 6L-6N). The differences between
the growth of vein diameters in- and out-of-plane led to a cross-
section shape change, in which the veins of smaller wings had a
more circular cross-section and the same veins of larger wings
had an elliptical cross-section with the major axis parallel to
the membrane. In transects D-F in Figure 6, however, the major
axis that connects the membrane on either side of the vein is
rotated so that it is oriented out of the global wing plane. This in-
crease in cross-section diameter and wall thickness on the axis
normal to wing planform area can explain the higher stiffness of
the larger veins to counteract bending out of the wing plane and
the disproportional scaling of this stiffness with wing length rela-
tive to an isometric increase in wing size.

Wing-fluid interaction

The flow in the vicinity of flexible beetle wings in the rotating
reference frame was studied using 2D PIV. For the intermediate
Reynolds number associated with beetle flight (Re < 10%), one
cannot ignore viscous effects coupled with inertia and pressure.
The flow structures and turbulence associated with the mo-
mentum transfer from the wing motion to the adjunct air, and
the energy involved in the generation of this induced flow, deter-
mine the aerodynamic performance of the revolving wings.
Therefore, we opted to measure the flow beneath the rotating
wings. The flow was studied for R = 4.5 cmand r=2.5 cm, asso-
ciated with the strong rotational accelerations that presumably
stabilize the leading-edge vortex,®” enhancing lift generation.
Figure 7 provides a comprehensive visualization of the velocity
field beneath the rotating wings, employing quiver plots for all
three AoAs (20°, 30°, 40°). Notably, for all cases, the observed
patterns appeared as circular, as previously described.®” Visu-
ally, all three cases exhibit a similar behavior, in which at the
core, under the wing offset and hinge, the flow is very slow, ap-
proaching a stagnation level and increasing outward from the
center. The ray-like patterns are the result of the two rotating
wings, such that at every rotation each wing leaves a wake
behind it with a lag of the following wing moving in the same di-
rection. The region of low velocity at the center seems to be
dependent on the AoA. At 30°, this area is smaller compared
to at both 20° and 40°, whereas at 40° it appears to expand
more than at 20° (Figure 7). This trend, which also appears in
other flow properties, suggests that at ~30° the flow experience
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changes, and at 40° it changes back to the characteristics dis-
played at lower angles.

To estimate the normal vorticity (w,) component from the
mean velocity fields, a second-order least squared method
was used.® Figure 8 depicts the average normal vorticity (@)
from the 500 maps for each AoA. The w, provides an indication
of the downwash motion.®® Commonly, vortices generated by
an airfoil, i.e., tip vortices, are associated with lift generation;
thus vorticity can serve as an indication to the downwash re-
gion.®® A stronger w, suggests an elevated vertical momentum
(downwash) and, consequently, increased lift generation.
Similar to the mean velocity, a rotational pattern is observed
for all AoAs. Here, positive and negative rotational patterns
are consistent over the range of AoAs, indicating a strong circu-
lar pattern (i.e., “vortex ring”) formed beneath the rotating
wings. At 20°, the magnitude of vorticity is higher compared
to the other two AoAs, suggesting a stronger rotational motion.
The weaker motion at 30° and 40° suggests that the flow may
experience separation, causing less momentum to transfer in
the downwash direction. Here again, the center of rotation is
small in terms of area at 30° compared to that at the other an-
gles. The mean vorticity, which is a velocity gradient invariant
of the coordinate system, follows a similar trend to that of the
mean velocity.

The rotational motion of the wings increases the rate of mixing
within the flow. At intermediate Reynolds numbers, the rota-
tional energy increases unsteadiness, shear, and mixing, thus
forming turbulence conditions. We applied the classical Rey-
nolds decomposition to estimate several of the turbulence
quantities in order to shed light on the coupling effects gener-
ated between the flexible wings and the near wake (in the down-
wash region). We focused on enstrophy (”, where o’ = « —
), which is associated with the small turbulent scales and is
used to indicate turbulence activity.®" Enstrophy evolution is
influenced by the interplay of strain rate, rotation rate, and
viscous dissipation. These interactions often display 3D charac-
teristics not directly evident in velocity or vorticity fields.®® Ens-
trophy may indicate, especially in shear-free flows, a favorable
interaction between the rate of strain and rate of rotation, result-
ing in the generation of enstrophy, signifying the formation
of concentrated vorticity pockets.®® The normal enstrophy
(Figure 9) is a measure of rms of fluctuating vorticity. The enstro-

phy is significantly higher at AoA = 20° due to increase in shear,
which makes it more turbulent and leads to overall increase in
enstrophy. At 30° and 40°, the enstrophy levels decrease (see
Figure S3), suggesting that the flow over the wing is in some
sort of transitional stage, experiencing separation, which causes
less momentum in the vertical direction toward the downwash
region. The uniform distribution of the enstrophy at 30°
compared to at the other AoAs seems to indicate less turbulent
activity. One possibility is that at 30° the flow may be in a transi-
tional stage, with the separation zone possibly smaller or the
flow not separating at all, which would lead to a more uniform
distribution of enstrophy. One would have expected to observe
a monotonic decrease in enstrophy with the increase of AoA in
rigid wings. However, in these experimental settings, the enstro-
phy values for 40° are slightly higher than at 30°. This suggests
that the wing flexibility coupled with a high AoA alters the flow
dynamics in the downwash region in a non-linear fashion. In or-
der to identify coherent vortices in a flow, we applied the swirl
ratio method®* to the PIV data.

Based on the swirl ratio analysis (see Figure S4), we estimated
the geometrical parameters of the identified coherent flow pat-
terns: i.e., the diameter of the pattern and its thickness (Table 1).
These parameters further support the observation that at 40° the
flow changes compared to at 30°, whereas it has presumably
already begun to separate at 30°. Although one would expect
to observe a trend of continuous decrease in diameter and thick-
ness as the wings move to a higher AoA, the lack of such a trend
when moving from AoA 30° to 40° potentially indicates less sep-
aration at 40°.

The measured flow beneath the wings generally conforms to
the dynamic and static observations on the wing deformations
and force measurements (sections “aerodynamic performance
as a function of wing size and Ro number” and “the scaling of
wing flexibility”). The scaling of wing flexibility section shows
that wing deformation increases with the AoA becoming more
significant at 40° and thus changing the FSI of the wing at higher
AoA. Aerodynamic performance as a function of wing size and
Ro number section shows that some transitions in the aerody-
namics seem to occur at AoA ~30°, since C; was much higher
than at 20° but not much lower than at 40°. Reattachment of
the flow at higher AoA as a result of increase in wing twist and
camber may explain the observed transition in the flow at 30°.
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As the additional wake flow properties, such as the 2D turbu-
lent kinetic energy (TKE) and Reynolds stress (RS), did not
exhibit any unexpected findings, they are provided in
Figures S5 and S6, respectively. Both TKE and RS decreased
with AoA, where at the center of rotation TKE/RS are minimal,
and at the edge, where shear dominates, they reached maximal
values. Their reduction in strength at 30° can be associated with
the separation of the flow over the wing, thus providing less mo-
mentum in the downwash direction (i.e., reduction in lift without
increase in drag).

Conclusions

Our study has shown that flexible B. rufomaculata wings avoid
the decrease in C, that occurs with the increase in Ro number
in rigid wings. This is achieved through wing compliance in the
real beetle wings, in which flexural stiffness increases with the in-
crease in wing length faster than would be expected based on
geometrical similarity. The mechanism that controls this scaling
reflects the anisometric growth of the wing vein diameters, re-
sulting in differences in the wall thickness and the cross-section
shape between small and large wings. As a result, smaller wings
can experience larger deformations than larger wings under
similar flow conditions (i.e., wing-tip speed). These deformations
increase with the AoA and become particularly large at AoA >
40° due to the higher aerodynamic loads associated with the
large AoA. Although our set-up could not directly describe the
FSI associated with the compliance of the wings, the flow
observed at the downwash region beneath the wing provides ev-
idence that the wing deformations at AoA >30° maintain the
aerodynamic performance of wings at higher AoAs, presumably
through the wings passively morphing to retard flow separation.
A similar improvement in flow attachment in flexible rectangular
wings revolving at large AoA (45°) has been described by van de
Meerendonk et al.>® Noteworthy, wing flexibility in their experi-

Table 1. Geometrical dimensions of the identified flow patterns
at the downwash region extracted through swirl ratio

AoA

Diameter [mm] Thickness [mm]

20° 36 8
30° 33 6
40° 37 6
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ments decreased the effective AoA, whereas here in real beetle
wings, it mostly increased wing twist and camber and depended
on wing size. Insect wings operate at large AoAs, at which con-
ventional rigid airfoils operating at high Re numbers would stall.®®
Our study demonstrates how flexible insect wings constitute
“smart” structures, improving aerodynamic performance by
manipulating the complex FSI associated with the flexible wings.
This manipulation is achieved passively by the mechanical prop-
erties of the wing and therefore does not require control by the
nervous system, as demonstrated in our experiments on de-
tached wings.

Limitations of the study

Our report of wing deformations, aerodynamic forces, and flow
measurements suggests a passive flow control mechanism
that retards, and possibly affix, flow separation from insect wings
at high AoA and/or high Ro numbers. Corroborating this sugges-
tion requires direct measurement of the flow over the elastic
wings, which was not possible in the set-up of the current study.
Another open question remaining is to what extent our study on
detached B. rufomaculata wings applies to insect wings in gen-
eral? Finally, while our study tested insect wings under angular
acceleration and spanwise velocity gradients, the revolving
wings set-up does not capture the full complexity of the un-
steady flow and FSI in flapping insect wings, leaving ample
room for future studies on the relationship between elastic
wing deformations and insect flight aerodynamics.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Batocera rufomaculata Lab Reared NA

Software and algorithms
MATLAB codes DLTdv5 and Easy wand5 Hedrick®® https://biomech.web.unc.edu/ditdv/

Dragonfly Comet Group https://dragonfly.comet.tech/en/
product-overview/dragonfly-3d-world

Deposited data

PIV vector maps https://ci.coastal.edu/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Research model: The study uses wings of the beetle Batocera rufomaculata. Developmental stage: Imago, the wings were removed
from dead adult beetles. Sex: The current study makes no distinction between wings taken from male or female beetles since pre-
vious work in the lab compared the flight and wings of males and females and found no significant inter-sex differences. Similarly,
B. rufomaculata displays high intraspecific variance in adult body mass but the body mass ranges of males and females overlap.
Population maintenance and care: the beetles were taken from a population maintained at Tel Aviv University. The animals in the pop-
ulation are individually housed in 1 L glass jars with fresh fig tree twigs for food. Rearing temperature is maintained at 27° + 2°. Allo-
cation to experiments: The wings available for the study were sorted by their length and then randomly allocated to the different ex-
periments to represent a wide range of wing sizes for each experiment.

METHOD DETAILS

Force measurements with variable Rand r

The revolving wing set-up (Figure 2A) comprised a DC motor connected to an electric power source. Controlling the voltage supplied
by the power source controlled the rotation rate of the motor. The shaft of the motor was oriented vertically with a horizontal
connector mounted on its tip. The two horizontal arms of the connector spanned 5 cm. The rigid 3D-printed wings, R = {3.0, 4.5,
5.0, 6.5 cmy}, with the planform shape of the beetle wings (Figure S1) were printed together with the connector in six copies each
at a different AoA (0°, 10°, 20°, 30°, 40° and 50°). For the real beetle wing we used the same 3D printed connector but with two holes
(4 mm apart) drilled at its ends, to which the two ends of a U-shaped metal pole (diameter = 1 mm) could be fitted. B. rufomaculata
wings of various sizes and including the wing hinge were carefully removed from dead beetles. The folded wings were spread open
and placed between two transparencies, which were sealed with tape to minimize water loss prior to measurements. For the mea-
surements, we removed the wings from the transparencies and glued each one at its root to the U-shaped metal pole. Fitting the ends
of the pole into the connector ensured that the length of the wings on either side of the connector was parallel to the ground. We
switched between 6 different connectors that were identical in shape and mass except for the orientation of the two holes mounting
the wings at different AoA. The motor was then activated to rotate the wings at a given AoA, about the vertical axis (i.e., in a horizontal
plane). The motor with the wings was mounted on top of a load cell (LB9H, Zimech) measuring the force in the vertical axis at 100 Hz.
When the motor was off, the load cell measured the weight of the entire apparatus. When the motor was on, the revolving wings
generated a vertical aerodynamic force (lift) which was registered by the load cell as a reduction in the weight of the motor + wings,
enabling extraction of the mean lift using the known mass of the apparatus. We used a high-speed camera filming at 1,000 frames per
second to measure the revolution rate of the revolving wings. We adjusted the revolution rate according to the wing length (R) and
offset distance (r) to retain the same wing-tip speed. The Rossby number for each trial was calculated as in Lee et al. (2016):

R

T

Ro =

where Ry is the second radius of gyration of the beetle wing while accounting for the offset r, and € is the mean wing chord. Both R»
and ¢ were extracted from the digital images of the wings’ contour as described in Ribak et al.®” The instantaneous lift measurements
were averaged over time, and from the mean lift (L) we found the lift coefficient C; for a given AoA as in Usherwood and Ellington®®
and introduction section. We subtracted the C; measured at AoA = 0° from the measurements at higher AoA in the same wing pairs to
correct for any vertical force associated with the revolving connector or small bias in gluing the different wings. Note that Usherwood
and Ellington®® made a more accurate distinction between the measured vertical force and wing lift by accounting for the effect of
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downwash velocity on the aerodynamic AoA of a wing blade. Here, we do not make this distinction and use only the geometrical AcA
at the wing root, thus referring to vertical aerodynamic force as lift.

In total, we carried out the lift measurements on 20 beetle wing pairs (3.0 < R < 5.7 cm) and the four 3D-printed rigid wings in a
range of AoA of 0°-50°. The offset was r=2.5 cm and the wing-tip speed was 10 ms™ in all of these measurements.

In a different set of measurements, we varied the offsets r = {2.2, 2.8, 3.6 cm} used on the same four wing pairs to change Ro
without changing wing length. In parallel with some of the measurement, a reading of the current (/) and voltage (V) supplied to
the motor by the power source provided the input electrical power (P, = [/-V) required to rotate the wings at the desired speed.
The non-dimensional input power coefficient (Cp) was calculated from P, for a given AoA as:

_ 2P,
- pSs.Qs

P

where S is the third moment of wing area of the wing pair that includes the offset r. The Cp measurements were performed on 10 wing
pairs (3.0 < R < 5.4 cm) and 6 offsets r = {2.0, 2.2, 2.5, 2.8, 3.0, 3.6 cm} for the same AoA range. The wing tip speed in these ex-
periments of variable r (Figure 3) was set at 7 ms™.

Static bending tests (dry and soaked wings)
The scaling of flexural stiffness in real beetle wings was measured on detached wings R ={3.2, 3.4, 3.7, 4.1, 4.3, 4.7, 5.2 cm} glued at
their root to the edge of glass microscope slide. We used acrylic glue mixed with baking soda to ensure that the root was encased
from all sides and the wing protruded from the edge of the slide horizontally as a cantilever beam. We measured the force required to
bend the wing by pressing normal to the wing plane at a specific vein junction (located at 0.62R, Fig. 5Bii) to displace it by 1 and 2 mm,
using a needle connected to a force transducer (LSb200, Futek) mounted on a micromanipulator, as described in Meresman et al.®
From the force-displacement data we estimated the flexural stiffness (E/) of the wing, assuming that it behaves as an Euler-Bernoulli
beam, i.e.:
FL3

El 5
where Fis the force [N] required to displace the vein junction by 8 [m] and L is the distance [m] from the fixed wing root to the pressed
vein junction. To obtain the scaling of E/ with wing length, we averaged for each wing the El measured from the g = 1 and 2 mm dis-
placements and then log-transformed the data to find the least-square linear relationship with log(R). Since insect wings start to dry
once removed and stiffen over time,®® we evaluated the effect of using dry wings on our scaling analysis by repeating the experiment
using the same wings, after soaking them in water for 24 hours. Following removal from the water, the wings were delicately blotted
with a paper towel and measured within less than 10 minutes. We noted that the soaked wings appeared to be more compliant than
freshly removed beetle wings.

Revolving wing deformation test

The deformation of the revolving wings was measured using two high-speed cameras (1,000 frames s™") following the technique
described by Meresman and Ribak.>® The deflection was measured at three specific landmarks on the trailing edge (Figure 4A)
by measuring the 3D positions of these landmarks using two spatially-calibrated®® high-speed cameras (Fastcam SA3, Photron)
and comparing the measured positions to their expected positions on a rigid wing, calculated based on three other landmarks on
the leading edge.®® The three trailing-edge landmarks were positioned between 0.27R and 0.65R of the wing length. We focused
on this region since it is expected to bear the largest aerodynamic loads.”®”" This technique measures instantaneous deformations
in a single movie frame. We averaged the deflection from 2-6 frames from different revolution cycles and also averaged the data from
the two wings in each pair.

Micro-CT scanning

We scanned five B. rufomaculata wing pairs R = {3.0, 3.5, 4, 4.5, 5.0 cm} with a u-CT (XT H 225 ST, Nikon Metrology NV, Leuven,
Belgium), operated using a 225 kV 225 W reflection target utilizing the following scan parameters: 45 um, 160 kV, 231 pA. The wings
were glued at their hinge to a wooden pole and placed vertically in the scanning area. Despite repeated attempts, the scanning of
the smallest wings provided unreliable data, likely due to the wing experiencing minute fluttering during the measurement. Conse-
quently, we had to exclude two 3 cm long wings and one 3.5 cm long wing from the analysis. The scanned data were imported to the
commercial software Dragonfly (Comet group) to measure the diameters of the veins’ cross-section at seven specific locations on
the wing vein structure (Figure 7). At each location, four diameter measurements were made: two diameters were parallel to connec-
tion of the wing membrane to the two sides of the vein (i.e., in the local membrane plane), comprising the external and internal diam-
eter of the vein in this plane (dhe and dhi in Figure 6A, respectively); and two diameters were perpendicular and included the external
and internal diameters out of the membrane plane (dve and dvi, respectively). Subtracting the internal diameter from the external
one gave the total wall thickness (both sides) of the vein at the specific position and plane. Point ‘G’ in Figure 6 was an exception
because the vein had a U-shaped cross-section, rather than a closed geometry. The dhi and dhe were measured as described
above, while the dve and dvi were measured by drawing a line connecting the membrane from both sides of the U-shape and
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measuring the distance from this line to the bottom of the U with and without the thickness of the bottom itself. While we denote the
diameter measurements as in-plane and out-of plane based on the local connection of the membrane to the veins, in practice the
local membrane plane had an angle 6 with the global plane of the wing. 6 did not change with wing size but did change between veins
or even at different locations along the same vein, resulting in a rotation of the measured diameters.

PIV set-up and data analysis

The flow experiments used the same revolving wing set-up described above withr=2.5cm, R =4.5cm, and AoA = {20°, 30°, 40°}. We
characterized the flow beneath the revolving wings using Particle Image Velocimetry (PIV). The wing-tip speed was 7 ms™, giving a
chord-based (€ = 15 mm) Reynolds number of Re. = 7,000, corresponding to a wing-beat frequency of ~25 Hz. The 2D PIV measure-
ment employed a dual cavity Nd:YAG laser emitting 200 mJ/pulse at 15 Hz with a 532 nm wavelength. Light-sheet forming optics
illuminated a streamwise-spanwise plane downstream 2 cm below the wing. This field of view enabled us to study the downwash
region formed by the rotational motion of the wing. A double-exposure 29MPixel CCD camera operating at 1 Hz with a 12-bit dynamic
range was mounted vertically under the chamber glass, enabling us to image the illuminated flow field (20x20 cm?) beneath the
wings. Each experimental set involved the capture of 500 image pairs, yielding 500 instantaneous vector maps, from which the aver-
aged velocities were determined, allowing for statistical convergence per AoA. The PIV analysis used a 64 x 64 interrogation window
with an overlap of 50%. Standard Gaussian and median filters were applied to the data to remove erroneous vectors filled by cubic
interpolated data.

QUANTIFICATION AND STATISTICAL ANALYSIS

When relevant, sample sizes are described in the figure legends. Mean values are reported + 1 standard error unless specifically
specified otherwise.
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