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Effects of pterostigma structure
on vibrational characteristics
during flight of Asian ladybird
Harmonia axyridis (Coleoptera:
Coccinellidae)

Z.L.Song, J. Tong, Y.W.Yan &J.Y. Sun**

The hind wings of beetles are deployable and play an essential role in flight. In the Asian ladybird
Harmonia axyridis (Coleoptera: Coccinellidae), the pterostigma (pst) is found in the middle of the
hind wing instead of at the tip of the hind wing. This paper investigates the effect of the pst on the
vibrational characteristics during the flight of H. axyridis. Based on cross sections of the pst and
veins as well as the morphology and nanomechanical properties of the hind wing, including the wing
membrane and veins, three three-dimensional coupling models, Models I-lll, of hind wings with/
without pst structures and veins with varying or uniform reduced moduli are established. Modal
analysis results for these three models show that the vibrational characteristics and deformation
tendencies change the flight performance of the hind wing models with pst structures compared
with that of the other models. The results in this paper reveal that the pst structure has an
important influence on vibrational characteristics and deformation tendencies and, hence, on flight
performance; the relationships between the body mass and the area of the hind wing, which have
significant implications for the design of biomimetic deployable wing structures for micro air vehicles
(MAVs), are also analyzed.

The aim of this paper is to investigate the relationship between the body mass and hind wing area and the func-
tion of the pterostigma of the hind wing of a selected beetle species. In insect-inspired flapping-wing micro air
vehicles (FW-MAV3s), researchers are constantly striving for more lightweight and miniaturized designs"* The
multifunctional structures of dragonfly wings have inspired the bionics of micro air vehicles (MAVs)**. MAVs
based on birds whose wing span is reduced to 15% with a wing-folding mechanism have also been designed®.
Harmonia axyridis is a lightweight insect whose deployable hind wing can fold to an area reduction ratio of 27.
The folding mechanism of the hind wings of beetles can serve as useful inspiration for the design of deployable
wings for MAV's with reduced sizes®’. Therefore, for the design of smaller MAVs, research into deployable wings
is meaningful.

Different wing geometries have distinct kinematics under varying flow conditions®. The complex, deform-
able structural shapes and material characteristics of insect wings change continuously during flight, which is
powered by flight muscles”!’. Various angles of attack, wingtip trace patterns, wing areas and complex adjust-
ments to feather orientation can be combined to enable advanced flight capabilities''~*. In the design of MAV
wings, the relationships between wing length, wing area and body weight should be considered'. To design an
MAYV that can generate the maximum thrust and lift with the minimum body weight, it is necessary to assess
the dependence of the lift and thrust on the wing shape and area'®. With increasing flight speed, the wing-beat
amplitude, wing-beat duration, wing-beat frequency, and angle of attack of the wings and body decrease'®. For
an insect, the body mass is equal to the flight force during hovering flight and can affect its flight performance'”.
The body mass, wing area, wing loading and wing-beat frequency are all mutually related'®. Notably, the wing/
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body mass ratios of avians and insects are 10-20% and 1-5%, respectively'. Thus, the body mass of a flyer is a
significant factor influencing its flight performance.

The structure of a wing always consists of veins within a membrane as well as other components, such as
spines, nodi and pterostigmata (psts)?*-?. Psts are found in Odonata, Zoraptera, some Hemiptera, Raphidioptera,
Hymenoptera, some Mecoptera, Strepsiptera and Coleoptera®®. The pst structure of an insect wing is usually
located close to the leading edge and appears as a pigmented spot far out on the wing that acts as a concentrated
mass®. The maximum local mass and inertial load always appear at the pst?*®*”. The pst structure of the dragon-
fly wing has been found to control the wing vibration amplitude®. The pst structures in dragonflies also have
important inertial effects on wing rotation®. Psts are ubiquitous structures in insect wings® that can influence
their flight performance®*. In addition, spike structures have been found at the vein joints of dragonflies**-** that
can prevent structural damage and aerodynamic instability*®. Notably, the Young’s modulus of the wing varies
at different positions®”*¢. However, analyses of the effects of hemolymph and the effects of the camber and stress
stiffening of the membrane have always relied on an assumption of a uniform Young’s modulus of the veins*>***.

In this paper, the relationship between the body mass and hind wing area is studied with regard to flight
performance. In addition, the function of the pst structure of the hind wing is investigated with regard to the
vibrational characteristics during flight based on three-dimensional coupling models established in Solid Edge.
First, nanoindentation measurements performed to obtain the reduced moduli of the veins and wing membrane
of the hind wing are presented. Then, three different hind wing models with varying or uniform reduced moduli
of the veins and with/without pst structures are analyzed by means of the ANSYS workbench. Based on the results
of modal analyses and the observed deformations, it is demonstrated that the functions of the reduced moduli of
the veins and the pst structure are significant factors in the design of wing structures for MAVs, and the relation-
ship between the area of the wing and the body mass can provide a basis for determining the volume of an MAV.

Materials and methods

Sample preparation. Specimens of H. axyridis (Polyphaga, Coccinellidae) were collected in Changchun,
China, in October 2019. Fifty male H. axyridis were selected as specimens for this study, of which seven were
used for fluorescence tests, ten were used for sectioning, and the rest were used for mass measurements. The
specimens were 6.3-8.8 mm in length and 2-2.8 mm in width. Ultradeep-freeze equipment was used to eutha-
nize the specimens for the tests. The hind wings were carefully removed at the base point of the bodies using
sharp razor blades.

Microstructures of hind wing and pst. A stereomicroscope (OLYMPUS SZX7, Olympus Optical Co.,
Ltd., Tokyo, Japan) was used to obtain the morphology and the positions to be used for cutting. Photographs of
the hind wings were first acquired using a stereomicroscope. Then, the photographs were imported into Auto-
CAD software. The spline curve function of AutoCAD was used to extract outlines and establish area regions.
Subsequently, the areas of the hind wings could be obtained.

Hematoxylin—eosin (HE) staining tests of paraffin sections® helped us to clearly observe the cross sections of
the wing membranes, veins and psts. The structure of the hind wing is thin and soft, so obtaining cross sections
of the hind wings, including the veins, wing membranes and psts, was difficult. Each sample was dehydrated by
soaking for 24 h in a stationary liquid consisting of glacial acetic acid, ethyl alcohol and formalin and was cut
into one piece with pst, as shown in Fig. 1. A paraffin embedding machine (Leica EG1150C, Leica Biosystems,
Germany) was used to embed the piece in paraffin to support the specimen. Paraffin sections were cut from the
specimen using a paraffin slicing machine (Leica RM2235, Leica Biosystems, Germany). The paraffin sections
were stained with HE and then sealed with coverslips. These sections were used to acquire the structural outline
and size of the pst.

To acquire the cross-sectional microstructure of the pst, which is a structure that is peculiar to the costalized
wings of many pterygotes®, the hind wing needed to be pretreated and then cut at a location near the pst. The
specimens for pst cross sections of the hind wing were soaked in ethylenediaminetetraacetic acid (EDTA) for
24 h and then dehydrated and embedded in epoxy resin, which served as the supporting base, for slicing. An
ultramicrotome (Leica EM UC7, Leica Biosystems, Germany) was used to cut each pst specimen into ultrathin
sections, which were then deposited on glass slides with an ethanol solution.

To observe the cross-sectional microstructures of the veins and pst and to obtain the diameters and thick-
nesses of the veins, the wing membrane and pst were stained with HE, and to investigate whether the major veins
of the hind wing were hollow, inverted fluorescence microscopy (OLYMPUS DP80, Olympus Optical Co., Ltd.,
Tokyo, Japan) was employed. During the fluorescence test, the hind wing of H. axyridis was supported by an
object slide. The hind wing specimens naturally exhibited autofluorescence, so no additional fluorescent agent
was necessary. In addition, the green fluorescent indicator fluorescein isothiocyanate (FITC) was injected into
the abdomen of an H. axyridis specimen. This H. axyridis specimen was used for fluorescent measurements
in vivo. Fluorescent measurements were acquired with an excitation wavelength of 488 nm.

Body mass tests. To investigate the relationship between the area of the hind wing and the body mass of
H. axyridis, electronic scales (Sartorius PRACTUM224-1CN, Sartorius Stedim Biotech GmbH, Germany) were
used to measure the body masses of 33 different H. axyridis specimens that were treated with ether, and each
body mass was measured 5 times. The body mass measured was the entire H. axyridis mass, corresponding to
the entire ladybird specimen.

Finite element modeling. The structure and material properties of the hind wing together determine its
deformation and vibrational characteristics. Therefore, highly realistic and integrated three-dimensional mod-
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1 mm

Figure 1. The morphology of the hind wing of H. axyridis is composed of a wing membrane, veins and a

pst. (a) H. axyridis hind wing. Scale bar: 1 mm. (b-j) Cross-sectional structures of psts. Scale bar: 50 um. (k)
Simplified model of the veins and pst based on the location marked in brown. ScP: subcosta posterior. RA:
radius anterior. RP: radius posterior. RP2: radius posterior 2. MP1 +2: media posterior 1+2. AA: anal veins.
CuA: cubitus anterior. cb: costal bar. arc.c.: complex arculus. pst: pterostigma. ams: anteromedian sclerotization.
cs: central sclerotization. aas: antero-apical sclerotization. pcas: postcosto-apical sclerotization.

els were created for this study. The geometries of the hind wings were established in the Solid Edge software.
In Model I, the veins were set to have varying reduced moduli, and no pst structure was included in the wing;
in Model II, the veins were set to have a uniform reduced modulus, and no pst structure was included; and in
Model II1, the veins were set to have a uniform reduced modulus, and a pst structure was included in the wing.

The mesh convergence of the developed models was analyzed with different numbers of elements to achieve a
compromise between high accuracy and a short computation time. To obtain convergent results, the meshes were
refined. Due to the complex geometry of the wing membrane and the veins, these components were both meshed
using an automatic method. The models of the wing membrane and the veins were meshed with element sizes of
0.008 mm and 0.006 mm, respectively, corresponding to the necessary minimum numbers of elements to obtain
the modal results for the hind wing. The total numbers of elements were 2,350,040 in Model I, 2,414,695 in Model
II and 2,994,672 in Model III. Meshes with 4,596,055, 4,649,992 and 5,446,142 nodes were created, respectively.
The mesh should be fine enough so that the results obtained for Model I (with varying reduced moduli and no
pst), Model II (with a uniform reduced modulus and no pst) and Model III (with a uniform reduced modulus
and a pst) does not depend on the mesh geometry around the scale of the selected mesh size.

Ethics. This work complies with ethical guidelines at Jilin University.

Results
Microstructures of the hind wing and pst.  The HE staining tests showed that the pst was stained much
more than the other veins and is almost filled with protein, as shown in Fig. 1b-j. The protein appears pink in
the HE-stained specimens. There are some hollow holes present in the veins; however, no such holes are found
in the pst.

The cross section of the pst cut from the region at the end of the subcosta posterior (ScP) was observed
by means of inverted fluorescence microscopy under LED light (light field) and in two fluorescence channels
(two excitation wavelengths of 423-476 nm and 595-677 nm)*"*. Figure 2a shows the hemolymph, as marked
with the green fluorescent indicator FITC, flowing in the veins. Figure 2b shows the cross section of the pst.
Figure 2¢,d show the images of the pst in the two fluorescence channels (excitation wavelengths of 423-476 nm
and 595-677 nm). The pst of the hind wing is assumed to be filled with solid protein with a uniform texture, and
the combined autofluorescence image is shown in Fig. 2e.

The pst is thicker than the wing membrane, which is light in color. The thicknesses and widths of the pst in
different positions are shown in Table 1. A spike is also observed on the pst near the vein. The thickness of the
pst is almost uniform, whereas the width initially increases and then decreases.
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Figure 2. (a) Hemolymph flowing in the veins. Scale bar: 200 pum. (b) Cross section of the pst. (¢, d) The pst
under two fluorescence channels (excitation wavelengths of 423-476 nm and 595-677 nm). Scale bar: 50 um. (e)
Composite image of ¢ and d. Scale bar: 50 pum.

Position 1 2 3 4 5 6 7
Thickness (um) 26.75 24.99 26.11 23.50 22.98 25.20 32.18
Width (um) 167.45 |207.10 |290.70 |308.73 |330.41 |310.23 | 297.04

Table 1. Thicknesses and widths of the pst in different positions from Fig. 1b-j.

My (1g) | C (% 2) (mm) | L, (gmm’) | [, (gmm?) | I, (g-mm’)
Model without pst | 124.49 (0.95,0.002,3.52) |2.14x107 |2.32x10° | 178x10™*
Model with pst 139.50 (0.86,0.003,3.49) |220x107 |247x10° |179x10™*

Table 2. Total masses, centers of mass and moments of inertia for hind wing models without/with a pst
structure (1, denotes the total hind wing mass, C (x, y, 2) is the center of mass, and I,, I,,, and I, represent
the moments of inertia about the x, y and z axes, respectively).

As Table 2 shows, the mass of the hind wing with a pst is nearly 12.04% higher than that of the hind wing
without a pst. The total masses of hind wings with veins with and without a pst are 139.50 pg and 124.49 pg,
respectively. The pst, which is full of protein during flight, increases the total mass of the hind wing. There is
some difference between the masses of the real and model hind wings due to the hemolymph and, possibly, some
neglected unknown contribution. The locations of the center of mass and center of form are slightly different. Due
to the pst situated at the end of the veins, the center of mass of a hind wing with a pst is always shifted forward
relative to that of a hind wing without a pst. The center of mass of the hind wing, which can reduce the moment
of inertia of the hind wing, plays a significant role in the deformation of the hind wing during flight'’. Because
the pst exerts an important influence on the center of mass, the pst also influences the flight characteristics.

The area of the hind wing and the body mass of H. axyridis. The relationship between the area of
the hind wing and the body mass of H. axyridis is shown in Fig. 3. The load on the wing during hovering can be
deduced from the slope of the line between any point on the curve and the origin. The hind wing areas of the
adult H. axyridis specimens are mostly concentrated in the range of 14-16 mm?, while their body masses are
27-31 mg. The results show that the trend of variation in the area of the hind wing is almost consistent with the
variation in the body mass of H. axyridis, and the corresponding polynomial fit of Y and M is as follows:

Y = —48.39 + 6.20M — 0.20M? +2.23 x 1073M> + 4.90 x 107 Mm*

where Y is the area of the hind wing and M is the body mass of H. axyridis. The coeflicient of determination R?,
which represents the goodness of fit of the curve, is 0.998 for this polynomial fit.

The trend relating the body mass of H. axyridis and the area of the hind wing follows a quadrinomial relation,
i.e., a 4th-degree polynomial function. More specifically, the area of the hind wing is a quadrinomial function of
the body mass of H. axyridis. The area of the H. axyridis hind wing is a significant factor affecting flight perfor-
mance. In this paper, the body masses of the H. axyridis specimens range from 16.94 to 38.01 mg, and the hind
wing areas range from 9.94 mm? to 19.06 mm?. The area of the hind wing tends to be stable within a body mass
range of 24-35 mg. Notably, the mean of the points in the interval between 27 and 31 mg is greater than that in
the interval between 21 and 35 mg. The polynomial fit does not have this anomaly, but it is still different from
the expected isometric relation. However, the overall tendency of the relationship is that the area of the hind
wing increases with increasing body mass.
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Figure 3. The fitted curve relating the area of the hind wing and the body mass of H. axyridis.

Vibration characteristics. As Fig. 2 shows, hemolymph is observed flowing in the veins, so the veins can
be assumed to be hollow. The diameter of each vein was assumed to be uniform from the base to the tip, and
the cross sections of the veins were set to be circular. The average thickness of the veins was measured to be
0.047 mm, so the equivalent vein diameter was set to 0.047 mm. The minimum thickness of the vein walls was
found to be 0.012 mm, and the maximum thickness was 0.078 mm. Therefore, the equivalent inner diameter was
set to correspond to a circular tube of 0.023 mm.

The material properties of the veins were set based on the results of nanoindentation tests (our previous
work*!). In Model I (Fig. 4a), the veins were set to have varying reduced moduli, and no pst structure was
included in the wing; in Model II (Fig. 4b), the veins were set to have a uniform reduced modulus, and no pst
structure was included; and in Model III (Fig. 4¢), the veins were set to have a uniform reduced modulus, and a
pst structure was included in the wing. The wing membranes in all three models were set to have the same thick-
ness and material properties. In this paper, we focus on the effect of the pst on flight performance; therefore, the
wing membranes were set to be the same, and their effects were not considered. This is helpful for eliminating
the influence of confounding factors.

To investigate the effects of the nanomechanical properties of the veins and the pst structure on the vibra-
tional characteristics during flight, the structure of the hind wing and the reduced moduli of the veins and wing
membrane were measured (Table 3).

The numerical results were different and anisotropic. To analyze the nanomechanical properties of the veins
of the hind wing using the ANSYS software, different veins with either different reduced moduli or the same
average reduced modulus were considered to be the same material. The average reduced modulus of the wing
membrane was 0.90 £0.05 GPa*'. The average reduced modulus of the veins was 5.17 GPa. The densities of the
veins and the wing membrane were both assumed to be 1.2 mg/mm?, and the Poisson ratio was assumed to be
0.25*> when this parameter was unknown.

The deformations observed from the modal analysis results for the three models are shown in Fig. 5, and the
mode frequencies of the three finite element models are shown in Table 4. Model I has varying reduced moduli
and no pst, Model IT has a uniform reduced modulus and no pst, and Model IIT has a uniform reduced modulus
and a pst. The mode frequencies of the three models are different, and most modes of Model III have the smaller
frequencies than the others. The deformation tendencies of the three models are the same, but their levels of
the deformation are different. The modal analysis results show that the bending and twisting deformation ten-
dencies of the hind wing models are obviously different for the models with and without a pst. Hence, the pst
plays an important role in the bending and twisting deformation of the hind wing during flight and affects the
vibrational characteristics.

Discussion

This paper considers the hind wing of H. axyridis, which is a deployable structure for which the effects of bending
and twisting deformation on flight performance arise from the nanomechanical properties of varying reduced
moduli of the veins and the presence of a pst structure. Importantly, the factors influencing the vibrational
characteristics of the hind wings can serve as a guide for the design of biomimetic wings to be used in MAVs.

Microstructure of the hind wing. The wing membrane thickness, pigmentation and veins form taxon-
specific color patterns on the hind wings*. The differently colored middle regions of a hind wing are the most
important regions for hind wing folding/unfolding®. Corrugations of veins that are farther from the wing tip,
such as those in the dragonfly?, have been shown to effectively enhance structural stability'?, and simulation
analyses based on this type of structure are much more reasonable than those using planar models®.

SCIENTIFIC REPORTS |

(2020) 10:11371 |

https://doi.org/10.1038/s41598-020-68384-6



www.nature.com/scientificreports/

Model |

Model Il /

Model il

Figure 4. The models of the hind wings. (a) In Model I, the veins are set to have varying reduced moduli, and
there is no pst structure in the wing. (b) In Model II, the veins are set to have a uniform reduced modulus, and
there is no pst structure. (c) In Model III, the veins are set to have a uniform reduced modulus, and there is a pst
structure in the wing.

Experimental points | 1 2 3 4 5 6 7 8 9 10
E/GPa 229 [3.12 |581 |840 |10.06 |2.61 |2.00 |7.78 |3.08 |6.52

Table 3. Reduced moduli (E) defined at different locations for the veins in the models. The experimental
points for the veins are the ten points marked with numbers*!.

Figure 2b-e show that there is epidermis present on the outside of the pst. In contrast to the internal proteins,
this outside structure did not exhibit autofluorescence, which indicates that they are not the same component.
The results of inverted fluorescence microscopy using different wavelengths of light indicate that the pst of the
hind wing is filled with protein. A hollow pst, with a maximum thickness equal to that of the wing membrane,
has been found in dragonflies?®, where it plays an important role in hemolymph circulation and consequently
influences flight performance®. The pst is located in front of the torsion axis; hence, the pst can counteract
adverse feathering®.

The reason that the width of the pst initially increases and then decreases may be that the pst structure is
related to wing folding and is located at a position along the folding line. The pst does not deform when the wing
folds, so the pst may be responsible for the flight performance of the hind wing. The pst is a unique structure
particular to the costalized wings of numerous pterygotes. For example, as an elongated patch of thickened wing
membrane between the anterior wing margin and the subcostal or radius anterior proximal to the wing apex,
the pst makes the wing operate more effectively by maintaining an optimal angle of attack in the early upstroke
and suppressing the flutter effect”. In Coleoptera and some Hymenoptera species, psts serve as counterweights
to reduce hind wing torsion?!.
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Figure 5. The modal deformation analysis results for (a-f) Model I, (g-1) Model II and (m-r) Model IIL (a, g,
m) Mode 1 is the up-down flapping mode; (b, h, n) Mode 2 is a bending and twisting mode; (c, i, 0) Mode 3 is
the front-back flapping mode; (d, j, p) Mode 4 is a twisting and bending mode; (e, k, @) Mode 5 is the twisting

mode; (£, 1, r) Mode 6 is a twisting and bending mode.

Model |Mode2 |Mode3 | Mode4 | Mode5 | Mode6
Model I (Hz) 40.94 194.49 201.20 445.55 528.53 712.52
Model II (Hz) 40.90 193.06 202.26 451.37 526.66 722.49
Model III (Hz) 43.18 182.24 210.16 355.50 487.97 523.60

Table 4. Mode frequencies of the three finite element models.

Because the center of mass of the hind wing lies behind the torsional axis, it has been proposed that hind wing
inertia about the torsional axis alone is responsible for pitch changes as the hind wing accelerates during stroke
reversal®. The pst, which is a concentration of mass, plays an important role in flight performance.

The spikes on the pst can prevent material damage due to excessive deflection by inhibiting joint movement
during flight**. The spikes prevent excessive deformation by establishing physical contact with the nearby vein*.
The spikes act as stoppers located at the vein joints that mechanically limit angular deformations, thereby pre-
venting structural damage and aerodynamic instability due to extremely large deformations™.

The hind wing has a folding/unfolding mechanism that is controlled by the veins, and the reduced moduli
of the veins vary in different positions. The reduced moduli of the veins are related to hind wing folding, vein
bending and the structure of the hind wing. The deformation of the hind wings is limited to endow the hind
wings with high strength, which can help H. axyridis in flight. If the veins are sufficiently thick, considerable force
is necessary to fold the hind wings; hence, the corresponding energy consumption of H. axyridis is a function
of the reduced modulus of the veins.
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The area of the hind wing and the body mass of H. axyridis.  As Fig. 1 shows, the cross section of the
hind wing exhibits cambered corrugation. This cambered corrugation helps the insect by increasing the effective
surface area of the wing, consequently improving the aerodynamic force*. During flight, the rotational motions
of the hind wing cause the frontal area of the hind wing to decrease, thereby reducing drag and allowing the
flapping frequency to increase'.

Previous research shows that the total moment (T;) associated with the inertial bending torque is as follows':

R
Ty = &®®/d* > ri(r; — r)dm (1)

r

where d’®/d#? is the angular acceleration, dm is the incremental mass of a strip of the wing, @ is the instantane-
ous angular position of the wing along the stroke plane, r is the distance from the wing base of the wing section
around which the torque is generated, and r; is the distance from the wing base of the center of the wing strip
that is generating the torque.

A pst can add mass to a wing section relative to a wing without a pst; therefore, the addition of a pst can
increase the total moment at the location of the pst. As a result, the total moment of the hind wing increases.

The wing is the main flight part of a flapping-wing insect® '°. The flight load on the hind wing is defined as
follows:

F mg

T 25 28 @

where P is the flight load on the hind wing, F is the weight of H. axyridis, m is the body mass, g is the gravitational
acceleration, and S is the area of the hind wing.

A linear fit of the relationship between the area of the hind wing and the body mass of H. axyridis can support
the calculation of the flight load on the hind wing from the slopes between points. The area of the hind wing
plays an important role in the flight performance of H. axyridis. Research on the relationship between the body
mass and the area of the hind wing is helpful for the design of bionic wings for different MAVss.

As shown in Fig. 1k, the cross sections of the vein and pst are assumed to be circular; the vein diameter is d,
and the pst diameter is D. The length of the pst is /,. The distance from the pst to the base of the wing is L. p is
the density of the vein and pst.

The masses of the vein and pst are M and M, respectively.

dz
M="% i« 0 (3)
4
DZ
MO = 7”4 X lO X P (4)
The total mass of the vein and pst is M,
Mtotal =M+ My (5)
wd? 7 D?
Miptal = —— xXIxp+——xlhxp (6)
4 4
7 (d?> + D?
Miotal = % xIxp (7)

The rotational inertias of the vein and pst are J and J,, respectively.

12

]:gde (8)
Io 2

]oz{deO (9)

The total rotational inertia of the vein and pst is ],

Jiotat =T +Jo (10)
L b,
Jiotal = bfx aM +.{x dMy (11)
I 42 I+ly 7 D?
Jtotal = fxz%pdx + J xﬂ—pdx (12)
0 1
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pr [d*P + D*(1 + Iy)® — D?P]

= 13
]totul 12 ( )

pTT (d213 + 3D211%2 + SDZZ(%I + Dzlg)
Jtotal = (14)

12
To analyze the rotational inertias, we created the following function:

f(x) = d*P +3D*IyI* + 3D*I31 + D*I3 (15)
f/(x) = 3d*1* + 6D*lhl + 3D*} > 0 (16)
f"(x) = 6d°1 4+ 6Dy > 0 (17)

The rotational inertia (J) increases with increasing I, so the best location for the pst is the tip of the hind wing.
The hind wing, however, needs to fold, so unlike that of the dragonfly, the pst of H. axyridis is located in the
farther bending zone where there is no folding mechanism.

Vibrational characteristics of the pst.  The thicknesses of the veins may not influence the reduced mod-
uli of the veins but may nevertheless influence the veins’ bending function. The value of the reduced modulus
is related to the level of bending in the hind wings and the folding of the veins. The veins at the base of the hind
wing are tubular to provide optimal resistance to torsion and bending'’. Veins in different locations have dif-
ferent reduced moduli and different vein structures to enhance the bending and wind resistance of the hind
wing. The reduced modulus can vary widely within a hind wing®, and the presence of certain proteins, such as
resilin*, can also alter the local properties of the wing™®.

Because the center of mass of the hind wing is behind the torsional axis, the inertia of the hind wing around
the torsional axis is solely responsible for changes in pitch as the hind wing accelerates during stroke reversal®,
and the pst, which is essentially a concentration of mass, plays an important role in determining the flight
characteristics. One significant function of the pst is that it can increase the potential speed of active flight®.

The natural frequency of the hind wing decreases with increasing mass*>*°. The natural frequency should be
decreased with increasing mass. The natural frequency should be decreased with increasing mass. The Model
III (with pst) is heavier than the Model IT (without pst), however their natural frequency has a small increase
of 5.28% and 3.76% in mode 1 and mode 3 of Model III, respectively (show in Table 4). While most natural
frequencies of modes of Model III are smaller than that of Model II, which decreases 5.6%, 21.24%, 7.35% and
27.53% in mode 2, mode 4, mode 5 and mode 6, respectively. The possible reason is that they are caused by the
deformation tendency due to different modes have different bending and twisting deformations. The addition
of a pst increases the total mass of the hind wing. In particular, the wing masses of dragonflies and bees are
increased by the presence of psts®. Due to the unbalanced location of the pst, the center of mass of the wing is
shifted forward, thereby suppressing flutter due to unfavorable inertial pitching moments?*. Whether the veins
have varying or uniform reduced moduli has little influence on the vibrational characteristics, whereas the pst
obviously affects the vibrational characteristics. The models considered here otherwise have the same mechanical
properties; therefore, it is clear that the designer of the wing veins for an MAV must consider whether the veins
should have different reduced moduli or the same average reduced modulus. Considering the deployability of
MAV wings, the wing structures should be effectively designed to have veins with different reduced moduli to
provide the deployable wings for an MAV with greater flexibility.

Conclusion

In summary, the results presented here for H. axyridis show that Coleoptera hind wings are deployable and are
significant components for flight. The pterostigma (pst) at the end of the main vein in the bending zone without
a folding mechanism of the hind wing of an adult H. axyridis (Coleoptera: Coccinellidae) plays a significant
role in the flight of the insect. The deformation tendencies and vibrational characteristics are analyzed through
the modal analysis of three hind wing models. The pst structure influences the deformation tendency, but con-
sidering varying reduced moduli for the veins has little effect on the deformation tendency. Similarly, whether
the veins have different or uniform reduced moduli has little influence on the vibrational characteristics during
flight, whereas the pst obviously affects the vibrational characteristics. The pst exerts an important influence
on the vibrational characteristics during flight, and the relationship between the body mass and the area of the
hind wing also influences the flight performance. This research has significant implications for the design of
biomimetic deployable wing structures for MAVs.
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