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Effect of incorporating wing
veins on soft wings for flapping
micro air vehicles

Risa Ishiguro*, Takumi Kawasetsu and Koh Hosoda

Adaptive Robotics Laboratory, Graduate School of Engineering Science, Osaka University, Toyonaka,
Japan

Small insects with flapping wings, such as bees and flies, have flexible wings with
veins, and their compliant motion enhances flight efficiency and robustness.
This study investigated the effects of integrating wing veins into soft wings for
micro-flapping aerial vehicles. Prototypes of soft wings, featuring various wing
areas and vein patterns in both the wing-chord and wing-span directions, were
fabricated and evaluated to determine the force generated through flapping.
The results indicated that the force is not solely dependent upon the wing
area and is influenced by the wing vein pattern. Wings incorporating wing-
chord veins produced more force compared to those with wing-span veins. In
contrast, when the wing area was the specific wing area, wings with crossed wing
veins, comprising both wing-span veins and wing-chord veins, produced more
force. Although wing-chord veins tended to exert more influence on the force
generated than the wing-span veins, the findings suggested that a combination
of wing-span and wing-chord veins may be requisite, depending upon the wing
area.
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1 Introduction

The field of micro air vehicles (MAVs) that emulate the flapping wing motion of insects
and birds has been rapidly advancing. In particular, flapping MAVs have been extensively
studied (Dileo and Deng, 2009; Ma et al., 2013; Liu et al., 2016; Zou et al., 2016; Chen et al.,
2019) with the aim of designing air vehicles that are smaller than their fixed-wing and rotary-
wing counterparts (Ma et al., 2013). Flapping MAV's are considered to be safer than rotary-
wing MAVs because of the probability of causing damage to themselves upon contact with
other objects or humans is significantly less. MAV's can be employed to measure terrain and
search for victims. Smaller MAV's have the potential to expand applications in environments
characterized by various obstacles, such as forests and buildings, where the available flight
space is limited.

Wings are the largest component of these vehicles. Therefore, to miniaturize the flapping
wings, it is crucial to reduce the wing size while maintaining flight performance using the
same actuators. For a simple rigid plate wing, reducing the wing size results in decreased
output power, necessitating an increase in the flapping frequency and thus requiring
increased actuator power. However, for motors, the most mainstream actuators employed
in flapping MAV's (Dileo and Deng, 2009), increasing the output power leads to an increase
in the size and mass, demanding more power for flight. More compact, high-power actuators,
such as piezoelectric bimorphs and dielectric elastomers, have been developed for flapping
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robots (Maetal.,, 2013; Chenetal, 2019). Nevertheless, these
alternatives fall short of motors in terms of availability and
ease of operation. Consequently, there is a need for a method
that
power output from flapping motion while using the same

enables wing size reduction without compromising
actuator.

Wing veins could potentially hold the key to reducing wing
size while maintaining the power output of flapping wings. The
small, high-performance insect wings possess wing veins, which are
reinforcing structures that vary in design across species. These veins
enhance wing stiffness (Wootton, 1992; Combes and Daniel, 2003),
inhibit crack propagation (Dirks and Taylor, 2012; Rajabi et al.,
2015; Zhang et al., 2018), and may be associated with the forces
generated by wing flapping (Ennos, 1988; Mountcastle and Combes,
2013). Experiments conducted using wings with only wing veins
and membranes on the leading edge have demonstrated that if
the membrane stiffness is too low, the force generated by wing
flapping will be small (Ryu et al., 2019). Consequently, wing veins
that increase wing stiffness are considered an effective means of
maintaining the force produced by wing flapping. Understanding
the relationship between wing veins and flight performance makes
it possible to optimize wing vein design to minimize wing
size with reduced power loss, even when using simple wing
flapping.

Instead of replicating the intricate wing veins of insects, a
simplified wing vein design could be employed to approach an
ideal configuration for flapping MAVs. Evidently, empirical evidence
suggest that simplified wing veins can be more effective than
complex insect-like wing veins. Majority of wings developed for
flapping MAVs so far have featured simplified wing veins, typically
consisting of two oblique straight lines (Dileo and Deng, 2009;
Ma et al., 2013; Liu et al., 2016; Zou et al., 2016; Chen et al., 2019).
However, there is a lack of published data comparing the relationship
between wing veins and the force produced by wing flapping, thus
resulting in limited understanding of this relationship. Moreover,
investigating the forces generated by the flapping of flexible wings
through numerical simulations that combine actively moving elastic
bodies and fluids is not easy. For an improved understanding,
it is necessary to conduct flapping experiments in real-world
environments.

In this study, we focused on wing veins oriented in the wing-
chord and wing-span directions and investigated the relationship
between these veins, variations in the wing area, and the force
generated by wing flapping. Artificial wings with different veins
configurations and wing areas were fabricated, and the force
produced by a simple flap of the wings was measured. To focus
on the performance of the simplest flapping robot resulting from
wing flexibility, we conducted experiments while fixing the wing
roots to prevent pitch rotation, same as some previous flapping
robot studies (De Croon et al., 2009; Gerdes et al., 2014; Sukvichai
and Yajai, 2020). The results showed that the force generated by wing
flapping was not proportional to wing area, and wings with veins
only in the wing-chord direction produced more force than those
with veins solely in the wing-span direction, except when the wing
area was a specific wing area. In that case, the crossed wing veins
incorporating both wing-span and wing-chord directions, generated
greater force.
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2 Materials and methods
2.1 Artificial wings with wing veins

To investigate the variations in force produced by the same wing
flap when wing veins and wing area are altered, we fabricated a
total of 28 different artificial wings, encompassing four different vein
designs and seven unique wing areas (Figures 1, 2). We created four
types of wing veins: one that mimics the wings of the honeybee (Apis
mellifera) as referenced in Angel-Beamonte et al. (2018) represented
as ALL; one with only two veins in the wing-chord direction (S); one
with only two veins in the wing-span direction (C); and one with a
crossed type (SC) that combines the S- and C-types (Figure 1). The
outer frames of all the wings are consistent with the outer frames of
the ALL wing type. We fabricated wings of different areas by varying
the wing-span and wing-chord in seven different sizes (90%, 100%,
110%, 120%, 130%, 140%, 150%), based on a reference wing with
a wing-span of 57.254 mm and a wing-chord of 24.381 mm used
in our preliminary experiment (Ishiguro et al., 2021), as represented
in Figure 2. A list of the produced wing areas and their length ratio
values relative to the reference wings are shown in Table 1. All wing
veins, including the leading edge, had rectangular cross-sections.
The wing vein widths of the reference wings were all set at 0.8 mm.
The leading edge of the wing was thicker than the rest of the wing,
with the remaining wing thickness being half of that of the leading
edge. The thickness of the wing’s leading edge was determined for
each size using the method described in the following sections.
The minimum wing area was determined to be approximately
773 mm?* owing to the lower limit of the number of layers that
could be fabricated. The tip-to-tip length of the largest wing used
in the experiment was approximately 190 mm when attached to the
flapping device. This is similar to that of Megaloprepus caerulatus, the
largest species of dragonfly with horizontally elongated, non-folded
wings, which is a larger insect than the bee used as a reference for
wing veins in this study.

Figure 3 illustrates the wing fabrication procedure. An FDM
3D printer (Stratasys F120; Stratasys Ltd.) was used to create
the artificial wing veins. Because the minimum build thickness
of the 3D printer was 0.1778 mm (0.007 inches), the thickness
of the wing veins for the artificial wings fabricated in this
study was an integral multiple of this thickness. We used
acrylonitrile styrene acrylate (ASA) as the 3D printing material.
Young’s modulus (E) and density (p) of this material were
2.2x10° MPa and 1.047 x 10° kg/m?, respectively. After printing
the wing veins, a thin film of polyvinylidene chloride was
applied to the flat leading edge using adhesive, and the excess
film extending beyond the wing outline was removed using
a cutter knife. Parts for attaching the flapping device, were
attached to the base of the wing using glue, as described
below.

The thickness of the leading edge of the wings was adjusted
so that when the wings were attached to the flapping device, the
wing exhibited the primary mode of flapping in wing-span direction,
akin to that observed in real insects. The mode of flapping was
determined by evaluating the relationship between the frequency of
the flapping wings and the device. When the natural frequency of
the wings is greater than the flapping frequency of the device, the
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FIGURE 1

Photographs of the wings with various wing veins produced in this
study. From top to bottom: wings with all veins types (ALL), simplified
wing-chord directional veins(S), simplified wing-span directional veins
(C), and crossed wing veins (SC). All wings are of the standard size.

flapping became the primary mode. In contrast, when the natural
frequency is lower than the flapping frequency of the device, the
flapping became a secondary or higher mode. When wing flapping
occurred in a secondary mode, the volume of air displaced by the
wings was smaller than that in the primary mode; thereby generating
a smaller force. The wing-span bending stiffness in insects is known
to be highly dependent on the thickness of the leading edge of the
wing (Combes and Daniel, 2003). Further, the wing bending stiffness
can be modeled as that of a cantilever beam (Chen et al., 2016). The
influence of the mode in the chord direction on the mode in the span
direction is minimal. We did not consider the wing-chord natural
frequencies here because our goal was to make the deformation
mode in the wing-span direction the primary mode resemble that
of insects. Therefore, we modeled the wing-span bending stiffness
and the natural frequency of the entire wing by considering them
as equivalent to those exhibited by the leading edge of the wing.
In this case, where the wing-span length is I, the thickness of

TABLE 1 Wing size and layer number.

FIGURE 2

Photographs of wings with ALL types of wing veins produced in this
study with various sizes. The percentages values on the left of each
wing indicate the percentage of length relative to the standard wing
size.

the leading edge of the wing is 4, and the width is b, the wing-
span bending stiffness (EI,,) and the primary natural frequency

(f) are

bh?
EIxX_EX E, (1)
1 1.875° , E bl
= — _ 2
f 2n PP phb 12 @

Here, I, denotes wing-span inertia. The Young’s modulus E and
density p of the material used here have been described earlier in
this section.

In this study, to eliminate the effects of mode variation, the
thickness of the wings for each size was determined to ensure that

Percentage = Wing-span Wing-chord Leading edge Leadingedge Wingarea Wing-span Wing-span
forstandard length [mm] length [mm] thickness [mm] layer number [mm?] inertia I, [mm*]  bending stiffness
wings [%] Ely [N-mm?]
90 51.088 21.943 0.356 3 773.058 0.003 5.956
100 57.254 24.381 0.534 4 954.392 0.010 22.333
110 63.419 26.820 0.712 4 1154.814 0.026 58.232
120 69.585 29.258 0.890 5 1374.324 0.056 124.075
130 75.750 31.696 1.068 6 1612.922 0.106 232.268
140 81.915 34.134 1.245 7 1870.608 0.180 396.248
150 88.081 36.572 1.424 8 2147.382 0.289 635.262
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FIGURE 3
Wing manufacturing methods.

the flapping of all the wings of all sizes occur in primary mode and
nearly identical primary natural frequencies. This operation results
in nearly identical values of bending stiffness in the wing-span
direction, and thus wing-span inertia I, for all wings. The flapping
device flapped the wings at approximately 32 Hz, as described in
subsequent section. Based on Eq. 2, we specified the wing thickness
so that the primary natural frequency (f) was 1.25 times higher than
the frequency of the flapping device. Furthermore, we calculated
the thickness (h) at which the primary natural frequency was 40 Hz
and selected the closest thickness for the leading edge out of the
multiple variations of one layer of 0.1744 mm obtained from the 3D
printer. Because inertia affects wing bendability, this manipulation
implies that, inertia was manipulated to align wing bendability for
all wing sizes. The values of wing-span inertia and bending stiffness
calculated by the above method are shown in Table 1. Because of
the root constraint of the wing, the wing-chord primary natural
frequency cannot be calculated as simply as the wing-span resonant
frequency. Therefore, it is difficult to predict the deformation in
the wing-chord direction from the primary natural frequency, as
in the wing-span direction. However, the deformation in the wing-
chord direction is affected by the bending stiffness in the wing-chord
direction. For reference, the wing-chord bending stiffness (EIW) of
a reference size wing is shown in Table 2. This bending stiffness was
calculated using the structural analysis function of the CAD software
(Inventor; Autodesk Inc.), using the same method as in the previous
study (Combes and Daniel, 2003).

2.2 Measurement of forces produced by a
simple flap of wing

We experimented with measuring the force produced by the
flapping motion of the wings we created. First, we describe the
experimental setup, which is similar to a pendulum, that we
used to measure the forces. Next, we describe the direction in
which the force was generated by flapping the wings, which we
measured during the study. We also provide details regarding the
flapping device we utilized in the experiments. Finally, we describe
normalization.
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TABLE 2 Wing-chord bending stiffness of a reference wing.

Wing vein Wing-chord bending stiffness E/,, [N - mm?]
ALL 1345.664
S 685.964
C 1524.736
SC 1442.470

To investigate the force produced by the flapping of wings, we
developed a pendulum-like experimental setup (Figure 5A) based
on the swing test method of previous research (Nguyen et al., 2010).
According to their previous study, this swing test method can
perform the same measurement as the general measurement method
using a load cell (Nguyen et al., 2010). A brass pipe was used as
the rod of the pendulum, and a flapping device was attached to
its tip. When the wings generate force by flapping, the pendulum
tilts. The combined force generated by flapping (F,,) and the pipe
pulling the flapping device (F,) balance the gravity on the flapping
device and the pendulum rod, where F,, is the force in the direction
perpendicular to the flapping plane. Gravity on the pendulum rod
occurs at the center of the pendulum rod. Therefore, by measuring
the angle 6 of the pendulum at this point of balance, the force (F,,)
generated by the flap was obtained using

AP
FW:<m+7)gsm9, 3)
where m is the mass of the flapping device, m,, is the mass of the
pendulum rod and g is the gravitational acceleration, as shown in
Figure 4. We calculated the mass of the flapping device by combining
the mass of the flapping device, excluding the wings (3.77 g), with
double the mass of one wing including attachments as listed in
Table 3. The mass of the pendulum rod was 1.90 g.

The pendulum was filmed using a camera (RX100V1II; Sony Co.)
during the experiment. The angle of the pendulum was measured
by tracking the pendulum in the captured video using Kinovea
(Charmant, 2021). The pendulum was tracked for more than 5s
starting approximately 2 s after the start of the flapping motion.
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Center of rotation

of pendulum
FIGURE 4
Relationship between the force F,, produced by the wing flapping, the
gravity of the flapping device mg, the gravity of the pendulum rod m,g
and the force F, produced by the pendulum device. The pendulum
angle 0 oscillates in a damped manner at the beginning of flapping,
but when it converges, these forces reach a balance.

TABLE 3 Weight of wings. The unit is Gram. The values include the weight of
attachment parts.

Wing vein
Size [%]
100 0.82 0.81 0.78 0.82
110 0.85 0.87 0.81 0.86
120 0.98 0.94 0.86 0.96
130 1.07 1.00 0.94 1.02
140 1.20 1.15 1.06 1.19
150 131 1.27 113 1.30

The pendulum performed a damped oscillation after the flapping
motion started, until the forces due to gravity and flapping were
balanced. The damped oscillation can be described as

0=Ae " cos(wt+a) + B. (4)
Here, ¢t is time and A,y,w,a, and B are constants, where y is the
damping coefficient and is greater than zero. When ¢ approaches
infinity and the forces are balanced, the angle 6 converges to B.
The time required for sufficient damping depends on the generated
flapping force, which varies depending on the wing used. In

this study, the balancing angle B, when the damping oscillation
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converges, was obtained by fitting Eq. 4 to the change in angle
obtained from tracking, to standardize the time for video recording
of the wing.

We investigated only the force generated in the wing-chord
direction (F,, in Figure 4), following a previous study (Nan et al.,
2017). During a single flap, the force perpendicular to the wing
surface was considered to be almost canceled out by the down-
stroke and the up-stroke. In addition, the force in the wing-
span direction was considered to be canceled out by the left
and right wings. The force generated in the wing-chord direction
is considered the largest among the forces generated by the
flapping of the wings; hence, only this force was measured in this
study.

Figures 5B, C display the flapping device used in this study,
which consists of a small motor and a plastic gear crank mechanism.
Figure 6A shows the detailed parameters of the gear crank
mechanism. Torque from the installed DC motor transmitted to the
crank mechanism is amplified by a gear ratio of 1600/63:1. During
the experiment, 5V power was applied to the motor, generating
a flapping motion at a frequency of approximately 32 Hz. This
flapping frequency was measured using a camera (RX100VII; Sony
Co.) and Kinovea (Charmant, 2021). The flapping device performed
a simple to-and-fro motion with an angle () of approximately
39.69° (Figure 5C). The flapping angle was calculated from the crank
mechanism parameters shown in Figure 6A. The flapping plane
was perpendicular to the wing surface (Figure 6B). We attached
the artificial wing, as previously described, to the flapping device
using attachment parts. A polyoxymethylene (POM) (Figure 7A)
was attached to the base of the artificial wing using adhesive, and
a 3D printed polylactic acid (PLA) (Figure 7B) was hook-shaped
and press-fitted into the POM. These two parts were used to secure
the artificial wing to the flapping device. These components ensure
that the wing base remains stationary, essentially preventing any
rotation at the base. Owing to the wing’s flexibility, rotational
deformation in the pitch direction is only observed at the wing
tips.

Here, we describe the choice of the flapping frequency of the
flapping device. The previous study (Liu and Aono, 2009) defines
the Reynolds number in hovering flight as

_ OfR?
m

4

Re Ve

(%)

5)
where @ is the flapping amplitude, f is the flapping frequency, R is
the wing string length, u is the kinematic viscosity of air, and & is
the aspect ratio of the wing. In this study, the wing outline was
designed based on the honeybee (Apis mellifera); thus, the aspect
ratio & is the same as that of the honeybee. Therefore, to adjust the
Reynolds number Re in this study to that of the actual honeybee,
®fR? should be adjusted. According to the previous study (Ellington,
1984), ® =130 deg, f=197 Hz, R=9.8 mm for Apis mellifera.
However, ® =39.69 deg, R =57.254 mm for the reference wing
in this study. Therefore, if ®fR” is the same as that of the actual
honeybee, the flapping frequency should be approximately f=18.9
Hz. In this study, we adopted f = 32 Hz as a flapping frequency close
to this value at which the motor used can stably generate sufficient
torque.

The function of time ¢ s for the flapping angle ¢ can be calculated
from the gear-clank mechanism shown in Figure 6A as follows:
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Pendulum
rod

FIGURE 5

Pendulum and flapping device used in this study. (A) Overall view of
the pendulum device without wings attached. (B) Close-up view of

the flapping device with attached wings, from the side. (C) Close-up
view of the flapping device with attached wings, from the front.

FIGURE 6

Diagram of the flapping device. (A) Detailed parameters of the gear
crank of the flapping device. The unit is millimeter. (B) Flapping plane
is shown in yellow and is perpendicular to the wing surface

¢ =2atan
76 76 478422 o 591581 o1, 2415581\ 47842
1259””\/( D51~ ) +(Ber+ 5 - Togn ) (2720 - T+ 550 ) - Hg
o . 2415581
13602 = 15 + Z5500

(6)
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Wing-chord
length

FIGURE 7

An example of a wing fabricated in this study, with measurement
positions of wing-span length and wing-chord length indicated. The
parts labeled (A) and (B) in the figure are for attaching the wing to the
flapping device, with (A) made of POM and (B) made of PLA.

where 0, and o, are introduced to simplify the equation and are
defined as follows:

0, =1259sin (64 71) 7

0, =cos(64t). (8)

From this equation, angular velocity and angular acceleration
can be derived. The detailed derivation of the equation can be found
in the supplementary materials.

Given that the parameters, such as wing size, are slightly
different, and for comparison with the results of other studies, the
force produced by the flapping of the wings must be normalized.
Following the previous study (Balta etal., 2021), we define the
coefficient of the force Cy produced by the flapping of wings as
follows:

FW
=T ©
N2pV, fS
where Nis the number of wings, p is the air density, S is the wing area,
and V. is the reference velocity. We used the maximum flapping
speed for reference velocity, as in the previous study (Balta et al.,
2021). Therefore, V,ef is defined as follows:

V,pp = 21fRO, (10)

where fis the flapping frequency, R is the wing length, and @ is the
stroke amplitude.

3 Result

As representative data, the tracking and fitting results of the
pendulum angle are shown in Figure 8 for a wing with wing vein type
S and wing size of 150% of the reference wing, and in Figure 9 for a
wing with wing vein type C and wing size of 140% of the reference
wing. The horizontal axis of the graph represents time, while the
vertical axis indicates the angle of the pendulum device at each point
in time. The dots in the graph represent the angle data obtained by
tracking, the solid line shows the result of fitting Eq. 4 to the tracking
data, and the horizontal dotted line displays the value at which the
damping oscillation converges. When the wing vein type was S and
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FIGURE 8

Time series data and snapshots of the pendulum device with wing vein type S and size of 150% of the reference wing. The horizontal axis represents
time and the vertical axis represents the angle 6 of the pendulum device. The dots in the graph represent angle data obtained by tracking, the solid line
represents the result of fitting Eq. 4 to the tracking data, and the horizontal dotted line represents the value at the converged oscillation. The red line in

the snapshot represents the tracking result including time before and after.

the wing size was 150% of the reference wing, the convergence point
was approximately 18.25°. Conversely, when the wing vein type was
C and the wing size was 140% of the reference wing, the convergence
point was approximately 20.11°. For some wings, including the wing
with wing vein type C and a wing size of 140% of the reference
wing, a minute vibration of the pendulum’s pipe was observed. In this
study, the angle of convergence was calculated by fitting a damping
function; this helped exclude errors in the measurement angle due
to pipe vibration.

For each artificial wing parameter, five sets of data were
collected and the mean and standard error were obtained from
the convergence of the pendulum device’s angle when using each
wing. Figure 10 displays the results. The horizontal axis represents
the length variation of the wing-span relative to the reference wing,
while the vertical axis indicates the force produced by the flapping
of the wings. The error bars show the standard error for each value.
In all the experimental cases, except for wings with an area of
approximately 1613 mm? (130% of the reference wing size), wings
with veins only in wing-chord direction generated more force than
those with veins only in the wing-span direction. For a wing area
of approximately 1613 mm? (130% of the reference wing size), the
crossed wing veins, which included both the wing-chord and wing-
span veins, produced greater force. The force generated by wing
flapping was not consistently proportional to the wing area for any
wing vein type, and decreased for all vein types when the wing
area was approximately 1375 mm? (120% of the reference wing
size).

Figure 11 shows the result of the force coeflicient, which is the
normalized force generated by the flapping of each wing. For all
wing types, the force coefficient shows a maximum value when the
wing area is 954 mm? (100% of the reference wing size). The change
in force coefficient between wing size of 120% and 150% of the
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reference wing size is smaller than that between 100% and 120% of
the reference wing size.

4 Discussion

In this study, we focused on two types of simplified wing
vein elements: the wing-chord directional veins and the wing-span
directional veins, to investigate how the force generated by the wing
changes with varying wing area. Wings with only wing-chord veins
produced more force than those with only wing-span veins in all
cases, except for the case when the wing area was approximately
1613 mm? (130% of the reference wing size). The reason why wings
with only wing-chord veins produced greater forces for almost all
wing areas might be related to the difference in bending stiffness in
the wing-chord direction, depending on the vein shape. The wings
used in this study have thicker wing leading edges, similar to those
found in insects. Consequently, the displacement of the wing leading
edge is more constrained compared to that of the wing trailing
edge. It is believed that this produces a displacement motion of
the wings trailing edge around its leading edge. In the wing-chord
direction, the wing may oscillate in a primary mode, with the wing’s
leading edge acting as the fixed end of the cantilever. The wing veins
extending from the wing leading edge to the wing trailing edge, i.e.,
the wing veins in the wing-chord direction, are believed to increase
the bending stiffness in the wing-chord direction and limit the mode
of deformation in the wing-chord direction to a primary mode.
Wings without wing-chord veins may possess lower stiffness in the
wing-chord direction compared to those with wing veins, potentially
oscillate in second-order modes or higher and generating less force.
The force produced by wing flapping generally increased with larger
wing area. However, it was not always proportional.
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FIGURE 9

Time series data and snapshots of the pendulum device with wing vein type C and size of 140% of the reference wing. The horizontal axis represents
time and the vertical axis represents the angle 6 of the pendulum device. The dots in the graph represent the angle data obtained by tracking, the solid
line represents the result of fitting Eq. 4 to the tracking data, and the horizontal dotted line represents the value at the converged oscillation. The red
line in the snapshot represents the tracking result including time before and after.
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FIGURE 10
Force generated by wing flapping. The horizontal axis represents the
wing size relative to a reference wing, and the vertical axis represents
the force generated by wing flapping. The error bars indicate the
standard errors.

The force tended to decrease when the wing area was
approximately 1375 mm? (120% of the reference wing size) for all
the wing veins. In contrast, when the wing area was approximately
1613 mm? (130% of the reference wing size), crossed veins
containing both the wing-chord and wing-span veins generated
more force. This suggests that, compared to wing-span veins, wing-
chord veins tend to have a greater influence on the forces produced.
However, some wing areas may require a combination of wing-chord
and wing-span veins. In previous studies, wing flapping experiments
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FIGURE 11

Force coefficient of wing flapping. The horizontal axis represents the
wing size relative to a reference wing, and the vertical axis represents
the force coefficient of wing flapping. The error bars indicate the
standard errors.

on wings with leading edge wing veins and membranes (Ryu et al.,
2019), as well as experiments focusing on wing stiffness (Lua et al.,
2010), have been conducted to investigate the forces generated by the
flapping of flexible wings. These studies suggest that flexible wings
exhibit higher aerodynamic performance within a specific range of
wing-chord directional flexibility. In the present study, the effect of
changes in wing-span inertia was suppressed by keeping the wing-
span natural frequencies the same. The results of this study may be
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attributed to the characteristics of the wing-span. The results drawn
from this study, in conjunction with prior findings, indicate that
the wing-chord flexibility of wing vein type S in the wing-chord
direction was inadequate, whereas it was more suited for wing vein
type C. In addition, the suitable wing vein design differed according
to the wing area. This suggests that even wings made of the same
material and flapping in the same mode may have different ranges
of suitable flexibility depending on the wing area. Optimizing wing
stiffness, as well as the wing area, should therefore be considered.

In this study, the relationship between the wing veins and the
force generated by wing flapping was experimentally investigated
using the flapping motion that is most commonly utilized in
MAVs. The flapping robot has a mechanism that allows for passive
pitch rotation of the wings in some previous studies (Dileo and
Deng, 2009; Maetal.,, 2013; Zou etal., 2016; Chen etal., 2019).
However, the flapping robot does not have a mechanism that allows
for passive pitch rotation of the wings in some other previous
studies (De Croon et al., 2009; Gerdes et al., 2014; Sukvichai and
Yajai, 2020). Because this study focuses on the performance of
the simplest flapping robot, which results from the flexibility of
the wings, experiments were conducted with the wing roots fixed
so that pitch rotation would not occur. In addition, we selected
the wing manufacturing method and flapping device that are easy
to manufacture and use for flapping robots. The wing fabrication
and flapping motion generation methods used in this experiment
are practical and can be easily adapted for MAV fabrication.
People can apply the data gained in this study to create actual
MAVs.

This study was conducted to obtain experimental knowledge
regarding the relationship between wing vein design and the
forces produced by wing flapping. The results were consistent with
previous research. This study simultaneously compared artificial and
biological wing vein patterns and supported its consistent results
with previous studies. Also, this study’s data is valuable for numerical
simulations of the flapping motion of flexible wings. It is because
simulating the flapping motion of a non-uniformly flexible wing that
deforms during the flapping motion and the force generated by the
flapping motion is challenging, as it involves the interaction between
an elastic body and a fluid.

A possible avenue for future investigation is the impact of wing
shape on the force generated by wing flapping. In this study, all
wings had the same external shape, but previous research has shown
that wing aspect ratio and other factors related to wing shape
can influence the force generated during wing flapping (Nan et al.,
2017). Therefore, it is possible that the effect of wing veins on
wing flapping force may vary depending on specific wing shape.
In addition, this study only investigated the effect of wing veins in
the wing-chord direction on the force generated by wing flapping,
and it was found that in six out of the seven different wing areas
tested, wing veins only in the wing-chord direction produced either
the greatest force or a force equivalent to the largest. However,
the optimal number of wing veins in the wing-chord direction for
producing the greatest force was not investigated in this study. An
additional issue that needs to be investigated in the future is the
effect of the number of wing veins. Moreover, when the wing area
was approximately 1613 mm? (130% of the reference wing size),
crossed wing veins generated more force than wing-chord veins,
but no numerical data were obtained to explain this. Measuring the
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shape of the wing surface during the flapping process will provide
more insights in the future.

Importantly, the accuracy of the 3D printer used in this study
is limited. The width of the printed wing veins is narrow and
approaches the minimum limit of the 3D printer. This is particularly
true for smaller wings, such as those that are 90% of the size of the
reference wing, where thickness is also close to the minimum limit
of the 3D printer because of the limited number of printing layers in
the smallest part. This could result in variations in printing accuracy
among different 3D printers. Additionally, the uniform enlargement
and reduction of the wing size makes it difficult to determine which
specific changes in wing size had greater impact on the relationship
between the force produced by wing flapping and wing size. While
the experimental results showed lower performance at specific wing
area for all wing veins, it was not possible to identify which part of
the wing size was responsible for this.

One limitation of this study is that it considered only robotic
applications and did not consider the detailed body structure of
insects. We considered this research as a study of artificial wings
for use in flapping robots and did not aim to investigate the
characteristics of actual insect wings. Therefore, the thickness of the
wing was uniform except for the leading edge, in order to investigate
the characteristics of the artificial wing in a manufacturing process
that is easy to use. For this reason, the material is different from the
material of actual insect wings, although it is effective as information
when employed in a flapping robot. Additionally, we did not take
into account the microstructure, the variation in the thickness
of the wing veins, and the cavities inside the veins, which are
found in the wings of actual insects. The structural characteristics
of insect wings cannot be discussed from the results of this
study.

5 Conclusion

In this study, we investigated how the forces generated by
flapping change when the wing area is changed by focusing on
two types of wing vein elements, namely, the simplified wing-chord
directional veins and the simplified wing-span directional veins. The
results showed that the wings with only wing-chord veins produced
more force than wings with only wing-span veins in all the cases of
the wings used in the experiment, except for those with a wing area
of approximately 1613 mm? (130% of the reference wing size). The
force generated by wing flapping tended to increase with an increase
in the wing area. However, it was not always directly proportional
to the wing area, and decreased for all wing veins when the wing
area was approximately 1375 mm? (120% of the reference wing size).
For the creation of a simple flapping MAV, a wing design with only
wing-chord-directed wing veins may be advantageous. However, for
specific wing sizes, it may be beneficial to add wing veins in the
wing-span direction.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/frobt.2023.1243238
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org

Ishiguro et al.

Author contributions

RI contributed to the concept and design, development, analysis,
interpretation, and manuscript writing of the study. TK and KH
supervised the project. All authors contributed to the article and
approved the submitted version.

Funding

This research was partly supported by Humanware
Innovation  Program, Osaka University and by JST,
the establishment of university fellowships toward the

creation of science technology innovation, Grant Number
JPMJES2125.

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships

References

Angel-Beamonte, E., Martin-Ramos, P, Santolaria, P, Sales, E., Abizanda, J., and
Yéniz, J. L. (2018). Automatic determination of landmark coordinates for honey
bee forewing venation using a new matlab-based tool. J. Apic. Res. 57, 605-610.
doi:10.1080/00218839.2018.1501856

Balta, M., Deb, D., and Taha, H. E. (2021). Flow visualization and force measurement
of the clapping effect in bio-inspired flying robots. Bioinspiration Biomimetics 16,
066020. doi:10.1088/1748-3190/ac2b00

Charmant, J. (2021). Kinovea (0.9.5). Version.

Chen, Y., Ma, K., and Wood, R. J. (2016). “Influence of wing morphological and
inertial parameters on flapping flight performance,” in 2016 IEEE/RS] International
Conference on Intelligent Robots and Systems (IROS), Daejeon, Korea (South), 09-14
October 2016 (IEEE), 2329-2336.

Chen, Y., Zhao, H., Mao, J., Chirarattananon, P., Helbling, E. E, Hyun, N. S. P, et al.
(2019). Controlled flight of a microrobot powered by soft artificial muscles. Nature 575,
324-329. doi:10.1038/s41586-019-1737-7

Combes, S., and Daniel, T. (2003). Flexural stiffness in insect wings i. scaling and the
influence of wing venation. J. Exp. Biol. 206, 2979-2987. doi:10.1242/jeb.00523

De Croon, G., De Clercq, K., Ruijsink, R., Remes, B., and De Wagter, C. (2009).
Design, aerodynamics, and vision-based control of the delfly. Int. J. Micro Air Veh. 1,
71-97. doi:10.1260/175682909789498288

Dileo, C., and Deng, X. (2009). Design of and experiments on a dragonfly-inspired
robot. Adv. Robot. 23, 1003-1021. doi:10.1163/156855309x443160

Dirks, J. H., and Taylor, D. (2012). Veins improve fracture toughness of insect wings.
PLOS ONE 7, €43411-43419. doi:10.1371/journal.pone.0043411

Ellington, C. P. (1984). The aerodynamics of hovering insect flight. vi. lift and power
requirements. Philosophical Trans. R. Soc. Lond. B, Biol. Sci. 305, 145-181.

Ennos, A. R. (1988). The importance of torsion in the design of insect wings. J. Exp.
Biol. 140, 137-160. doi:10.1242/jeb.140.1.137

Gerdes, J., Holness, A., Perez-Rosado, A., Roberts, L., Greisinger, A., Barnett, E.,
et al. (2014). Robo raven: A flapping-wing air vehicle with highly compliant and
independently controlled wings. Soft Robot. 1, 275-288. doi:10.1089/s0r0.2014.0019

Ishiguro, R., Kawasetsu, T., and Hosoda, K. (2021). “Artificial wings for flapping MAV
imitating insect wings,” in The 9.5th International Symposium on Adaptive Motion of
Animals and Machines (Ottawa, Canada: Adaptive Motion of Animals and Machines
Organizing Committee), 17. doi:10.18910/84858

Liu, H.,, and Aono, H. (2009). Size effects on insect hovering aerodynamics:
An integrated computational study. Bioinspiration Biomimetics 4, 015002.
doi:10.1088/1748-3182/4/1/015002

Frontiers in Robotics and Al

10.3389/frobt.2023.1243238

that could be construed as a conflict  of

interest.

potential

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary Material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/

frobt.2023.1243238/full#supplementary-material

Liu, H., Ravi, S, Kolomenskiy, D., and Tanaka, H. (2016).
Biomechanics  and  biomimetics in  insect-inspired  flight  systems.
Philosophical ~Trans. R. Soc. B Biol. Sci. 371, 20150390. doi:10.1098/
rstb.2015.0390

Lua, K., Lai, K,, Lim, T, and Yeo, K. (2010). On the aerodynamic characteristics
of hovering rigid and flexible hawkmoth-like wings. Exp. Fluids 49, 1263-1291.
doi:10.1007/s00348-010-0873-5

Ma, K. Y., Chirarattananon, P.,, Fuller, S. B., and Wood, R. J. (2013). Controlled
flight of a biologically inspired, insect-scale robot. Science 340, 603-607.
doi:10.1126/science.1231806

Mountcastle, A. M., and Combes, S. A. (2013). Wing flexibility enhances
load-lifting capacity in bumblebees. Proc. R. Soc. B Biol. Sci. 280, 20130531.
doi:10.1098/rspb.2013.0531

Nan, Y., Kardsek, M., Lalami, M. E., and Preumont, A. (2017). Experimental
optimization of wing shape for a hummingbird-like flapping wing micro
air  vehicle. Bioinspiration —biomimetics 12, 026010. doi:10.1088/1748-3190/
aa5c9e

Nguyen, Q. V., Truong, Q T, Park, H. C, Goo, N. S, and Byun, D.
(2010). Measurement of force produced by an insect-mimicking flapping-
wing system. J. Bionic Eng. 7, $94-S102. do0i:10.1016/S1672-6529(09)
60222-5

Rajabi, H., Darvizeh, A., Shafiei, A, Taylor, D., and Dirks, J. H. (2015).
Numerical investigation of insect wing fracture behaviour. J. biomechanics 48, 89-94.
doi:10.1016/j.jbiomech.2014.10.037

Ryu, Y., Chang, J. W,, and Chung, J. (2019). Aerodynamic characteristics of flexible
wings with leading-edge veins in pitch motions. Aerosp. Sci. Technol. 86, 558-571.
doi:10.1016/j.ast.2019.01.013

Sukvichai, K., and Yajai, K. (2020). “Aerodynamics force analysis for designing
a flapping butterfly robot wing,” in 2020 International Conference on Electronics,
Information, and Communication (ICEIC), Barcelona, Spain, 19-22 January 2020
(IEEE).

Wootton, R.J. (1992). Functional morphology of insect wings. Annu. Rev. entomology
37, 113-140. doi:10.1146/annurev.en.37.010192.000553

Zhang, Z., Zhang, L., Yu, Z., Liu, ], Li, X,, and Liang, Y. (2018). In-situ mechanical
test of dragonfly wing veins and their crack arrest behavior. Micron 110, 67-72.
doi:10.1016/j.micron.2018.05.003

Zou, Y., Zhang, W, and Zhang, Z. (2016). Liftoff of an electromagnetically
driven insect-inspired flapping-wing robot. IEEE Trans. Robotics 32, 1285-1289.
doi:10.1109/tr0.2016.2593449

frontiersin.org


https://doi.org/10.3389/frobt.2023.1243238
https://www.frontiersin.org/articles/10.3389/frobt.2023.1243238/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frobt.2023.1243238/full#supplementary-material
https://doi.org/10.1080/00218839.2018.1501856
https://doi.org/10.1088/1748-3190/ac2b00
https://doi.org/10.1038/s41586-019-1737-7
https://doi.org/10.1242/jeb.00523
https://doi.org/10.1260/175682909789498288
https://doi.org/10.1163/156855309x443160
https://doi.org/10.1371/journal.pone.0043411
https://doi.org/10.1242/jeb.140.1.137
https://doi.org/10.1089/soro.2014.0019
https://doi.org/10.18910/84858
https://doi.org/10.1088/1748-3182/4/1/015002
https://doi.org/10.1098/rstb.2015.0390
https://doi.org/10.1098/rstb.2015.0390
https://doi.org/10.1007/s00348-010-0873-5
https://doi.org/10.1126/science.1231806
https://doi.org/10.1098/rspb.2013.0531
https://doi.org/10.1088/1748-3190/aa5c9e
https://doi.org/10.1088/1748-3190/aa5c9e
https://doi.org/10.1016/S1672-6529(09)60222-5
https://doi.org/10.1016/S1672-6529(09)60222-5
https://doi.org/10.1016/j.jbiomech.2014.10.037
https://doi.org/10.1016/j.ast.2019.01.013
https://doi.org/10.1146/annurev.en.37.010192.000553
https://doi.org/10.1016/j.micron.2018.05.003
https://doi.org/10.1109/tro.2016.2593449
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Artificial wings with wing veins
	2.2 Measurement of forces produced by a simple flap of wing

	3 Result
	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary Material
	References

