
COMPUTATION & THEORY

The rigidizable behavior of the deployable hindwings

of the Asian ladybeetle during flight

Zelai Song1, Jin Tong1, Yongwei Yan1, Limei Tian1,*, and Jiyu Sun1,*

1Key Laboratory of Bionic Engineering (Ministry of Education, China), Jilin University, Changchun 130022, People’s Republic of

China

Received: 24 July 2020

Accepted: 22 November 2020

Published online:

3 January 2021

� Springer Science+Business

Media, LLC, part of Springer

Nature 2021

ABSTRACT

Deployable hindwings support the excellent flight performance of Coleoptera

during flapping flight, exhibiting rigidizable behavior without refolding during

flight. This paper investigates the inner structure of the veins of the Asian

ladybird beetle (Harmonia axyridis) hindwing by histological sections and

inverted fluorescence microscopy. Considering the hollow and solid structures

of the veins and the wing membrane, two three-dimensional (3-D) models of the

right hindwings are established for comparison: Model I with a solid C ? ScA

vein and Model II with a hollow C ? ScA vein, and the other veins are solid.

The relationships among the attack angles (- 60�, - 30�, 0�, 30� and 60�),
locations at which the pressure is set and bending deformation tendencies of the

two models are discussed. These related data are obtained by simulation. The

results demonstrate that the hollow structures of the veins have a higher flexi-

bility and self-adaption deformation than those of the solid veins, and sinu-

soidal relationships are observed between the resulting deformations and attack

angles. The relationship between the rigidizable behavior of deployable hind-

wings and vein structure is discussed.

Introduction

Inspired by insect flight, people have recently

designed flapping wing micro-aircraft that may be

utilized for the folding/unfolding mechanism of

larger flapping wing aircraft [1, 2]. The light mass

and smart body design of a micro-air vehicle (MAV)

are necessities, so many studies have been focused on

researching and developing flapping wing micro-air

vehicles (FWMAVs) using insect wing designs [3–6].

The enhanced flight performance of insects is due

to factors such as wake capture, delayed stall, and

rotational circulation [7]. Pitch rate damping [8],

muscle contraction of the thorax [9], the protein

resilin for wing elasticity and flexibility [10–12], and

the added wing mass due to the hemolymph [13–15]

and vein structure [16, 17] have significant effects on
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flight. The structure of the wing vein influences flight

performance [18]. The attack angle of the wing flap-

ping of an insect significantly influences its force

generation [16, 19, 20], which affects its flight per-

formance. And it must be optimized relative to the

wing path in designs for FWMAVs [21].

The flapping wings of tiny insects are the necessary

flight organs that undergo twisting and bending

deformations [22]. The wing stiffness also depends

on the vein pattern and the structure of the veins

[23, 24]. The wings of an insect consist of veins, which

are made of fibrous materials, and flexible wing

membranes [25]. Wing veins are made of six different

cuticle layers and epidermal cells [18]. The sandwich

structure of the veins can restrict damage diffusion

and retain the remaining structure in steady state

[26]. The veins of insects can be hollow and filled

with hemolymph [15, 27], and the function of

unfolding the hindwings is achieved by a hydraulic

mechanism [28]. The wing membranes of some insect

wings contain a flexion structure and fold lines that

often interrupt veins in favor of bending or folding

the wing [29], while similar flexion structure also can

be found in the pterostigma of some insects.

The analysis of the flight performance of insects

uses modeling methods such as conceptual, physical,

shell, deformable framework, numerical, and simple

analytical models [30]. Attitude kinematics equations

are used to analyze the insect flight [31]. The influ-

ence of the vein joints of dragonfly wings in flight on

passive deformability is dependent on the different

structures of the wing [32, 33]. Damage patterns for

the sandwich structure of dragonfly veins by struck

during experimental observation and numerical

predictions indicate that the veins are hollow [26].

The three-dimensional (3-D) models of the libellulid

dragonfly (S. vulgatum) simulate various microstruc-

tural features of sliced sections of veins [34]. The

tape-spring-like structure at the surface of the vein is

used to fold the hindwings of ladybird beetles [35].

The wings of the fly (Sarcophaga carnaria), dragonfly

(Pantala flavescens), and honeybee (Apis cerana cerana)

are assumed to be flat plates to analyze their

mechanical properties [36]. The static bending tests of

the wings of the hawkmoth (Manduca sexta) used thin

shell elements whose load is set in one direction [37].

The direct study of insects to theoretically calculate

flight aerodynamics and construct mechanical mod-

els to study insect flight is difficult [38].

In this paper, the relationships between the attack

angles, vein structures, and rigidizable behavior of

the deployable hindwings of the Asian ladybird

(Harmonia axyridis) are investigated, which is helpful

for designing new MAVs with deployable wing

structures. The hemolymph flow in the costa and

subcosta anterior (C ? ScA) as well as the

microstructure of the cross sections of the veins and

the wing membranes are observed. Based on veins

and the wing membranes structures and dimensions,

3-D models for solid and hollow C ? ScA are estab-

lished. The twisting and bending deformations of the

wing models during flight at various attack angles

are investigated by ANSYS� software. The relation-

ship between the rigidizable behavior of deployable

hindwings and veins is also discussed.

Materials and experimental methods

Biological specimens

Harmonia axyridis were collected from Changchun,

China, in March 2020. They were 5–6 mm wide and

6–7 mm long. CO2 gas was used to euthanize three

adult beetle specimens at room temperature; their

right hindwings were sliced by sharp razor blades.

Structure of the hindwing and veins

A stereomicroscope (SteREO Discovery V20, Carl

Zeiss Microimaging Inc., Germany) was used to

determine the outline size and make morphological

observations of the whole hindwing in the progres-

sion of this study, and these imaging systems provide

powerful solutions for observing the structures of the

right hindwing. Thus, 3-D models of the hindwing

were established. As methods established in Song

et al. [15], the hollow structures and dimensions of

the veins were got.

The resilin on the C ? ScA and around the pter-

ostigma (pst) was obtained by inverted fluorescence

microscopy (OLYMPUS DP80, Olympus Optical Co.,

Ltd., Tokyo, Japan).

Finite element modeling and material
properties

The geometric parameters of three hindwings were

tested. The average value of vein diameter and wing
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membrane thickness was chosen to build the 3-D

wing models. This choice is representative because

the sizes of the beetles varied. The outline of the wing

membrane and the size measurements of the veins

were both used to establish the 3-D models of the

right hindwing. Considering the structure of the

veins, Model I with solid C ? ScA venations and

Model II with hollow C ? ScA venations of the right

hindwing were established with Solid Edge. For the

comparison of the hindwing vein structures and the

attack angles during flight, the flight performances of

the models were investigated by ANSYS� software.

The parameters of Model I and Model II were set as

follows: the Young’s moduli of the wing membrane

and veins were 0.9 GPa and 5.17 GPa, respectively

[39], and their Poisson’s ratios were both set to 0.25

[39]. The elastic modulus of the H. axyridis veins

ranges from 2.00 to 10.06 GPa [39]. Then, the meshes

of Model I and Model II were generated by the

ANSYS� software.

Simulation analysis

The statistical analysis of the workbench was used to

investigate the flight performance of the right hind-

wing. The right hindwing models had set loads

under the ventral side of C ? ScA and all the veins at

various attack angles (- 60�, - 30�, 0�, 30� and 60�).
The aerodynamic force was set approximately equal

to the weight of H. axyridis during its hovering flight,

23 mg [39]. The area of the hindwing was approxi-

mately 17.48 mm2. Therefore, the load pressure was

set to 6.58 9 10–6 MPa, and the supports for Model I

with the solid C ? ScA and Model II with the hollow

C ? ScA were fixed at the hindwing root. Then, the

deformation tendency of the models at different

attack angles was observed, and their flight perfor-

mances were investigated.

Results

The hemolymph flow and resilin

Figure 1 shows the C ? ScA veins with the fluores-

cent indicator. The brighter sections show the

hemolymph flow; the veins of insects are hollow and

filled with hemolymph [15, 27]. Hemolymph flows

into the hindwing due to accessory pulsatile organs

pulling hemolymph from the wing into the thoracic

cavity [40]. However, the other H. axyridis veins were

not hollow. Thus, the C ? ScA was assumed to be

hollow veins, and the other veins were assumed to be

solid veins. The resilin around positions b, c and d is

blue in Fig. 1b–d; however, the C ? ScA is a brighter

blue than the surrounding structure, showing that it

has much more resilin. The resilin around the pst is

shown in Fig. 1e–g.

Finite element modeling

The outline shape and the various colors of the sec-

tions of the hindwing, which were the basic data for

the 3-D models of the hindwing, were observed

(Fig. 2a). To establish the two models, Model I

(hindwing with solid C ? ScA) and Model II (hind-

wing with hollow C ? ScA), the data of the diameters

of the veins and the thicknesses of the wing mem-

brane were obtained by the wing vein morphology

through histological sections, as illustrated in Fig. 2b.

To simplify the 3-D models, the shapes of all the

veins are assumed to be circular tubes. Based on the

slicing experiment of the hindwing, its outline shape

and the diameters of the veins were determined. The

C ? ScA was assumed to be a hollow circular tube,

and the other veins were assumed to be solid. The

average diameter of all the veins was assumed to be

40 lm, and the wall thickness of the C ? ScA was

assumed to be 10 lm. The average thickness of the

wing membrane was assumed to be 5 lm. The cross

sections of the two models showed that the C ? ScA

was solid veins and hollow veins in Fig. 2c, d,

respectively. As shown in Fig. 2f, the pressure loads

set on the different models were always set straight

up. a represents the attack angle; when pulling up,

the angle of the leading edge is positive, and that of

the ventral head is negative.

The element sizes of the two models of the wing

membrane and veins were both set as 0.008 mm to

determine the twisting and bending deformation

behavior of the right hindwing and to ensure the

necessary element capturing. All the veins were

meshed by the hex–dominant method, and the wing

membranes were meshed by the automatic method.

The total number of elements in Model I and Model II

were 2,044,442 and 2,054,945, respectively. Model I

and Model II were meshed with 4225230 nodes and

4228958 nodes, respectively.
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The deformation at different attack angles

When the elytra are lifted high enough during flight,

the hindwings will unfold and flap [12]. Figure 3a–e

shows the simulation analysis results of the Model I

deformations with the loads set under the ventral

surface of the C ? ScA, and the simulation analysis

results of Model II are shown in Fig. 3f–j during flight

at various attack angles. The attack angle is opti-

mized relative to the wing path in designs for

FWMAVs [21]. As Fig. 3 shows, the maximum

deformations of the models occurred at the wing

membrane tip, whereas the minimal deformations

occurred at the location of the support near the

hindwing upper left corner because the pressure is

set on the C ? ScA. The twisting and bending

deformation tendencies of these models were along

the load direction.

The deformation trends of these models were

similar, whereas the maximum deformations were

different. Figure 4a–e shows the total deformations of

the simulation analysis result of Model I, whose loads

were exerted under the ventral surface of all the veins

during flight at different attack angles (- 60�, - 30�,
0�, 30� and 60�). The stroke angle of the hindwing

ranges approximately from 160� to 170� [41]. Thus,

the lateral angle of attack of the flapping wing of H.

axyridis is - 60� to 60�. The simulation analysis

results of Model II are shown in Fig. 4f–j. The maxi-

mum deformations of the models are at the ventral

right corner of the wing membrane. Due to the

pressures set on all the veins, the hindwing experi-

enced changing deformations. Figures 3 and 4 show

that the bending and twisting deformation tendencies

of the models are focused along the direction of the

pressure loading. Due to the attack angle and the vein

structure of hind wing various, the deformation trend

of the right hindwing models and maximum defor-

mations are changed. These results show that veins

have the most important effect on the flight perfor-

mance of H. axyridis and can shift the hindwing

deformation trend in flight.

Figure 1 a The hemolymph

flows through the C ? ScA.

b The resilin observed at

position b marked with a red

pentagon. c The resilin

observed at position c marked

with a red pentagon. d The

resilin observed at position d

marked with a red pentagon.

e The resilin observed at

position e marked with a red

circle. f The resilin observed at

position f marked with a red

circle. g The enlarged view of

Fig. 1f.
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As Figs. 3 and 4 show, the simulation analysis

results of the models whose loads were set under the

ventral surface of the veins at the attack angle of 0�
showed the maximum deformations, which were

210.8 lm and 49.4 lm for the hollow and solid

C ? ScA, respectively. As all of the main veins were

under a load, with the C ? ScA only under pressure,

the maximum deformation due to the load under the

ventral surface of all of the veins was 4.27 times that

of only the C ? ScA. Thus, the hindwing where each

of the veins is under pressure experienced a larger

load force.

Figure 5 shows the variation in the deformation of

the models whose loads were exerted on different

veins as sinusoidal functions with different attack

angles (- 60�, - 30�, 0�, 30� and 60�), demonstrating

that the variation trends of the maximum deforma-

tion y of the four models were almost consistent with

the attack angle x and the sinusoidal fitting of x and y,

as follows:

y1 ¼ �0:59þ 47:21 sin p
xþ 91:54

183:04

� �
ð1Þ

y2 ¼ 3:60þ 45:79 sin p
xþ 87:15

174:30

� �
ð2Þ

y3 ¼ 9:09þ 191:36 sin p
xþ 88:24

176:48

� �
ð3Þ

y4 ¼ 37:42þ 173:38 sin p
xþ 81:08

162:15

� �
ð4Þ

where x is the attack angle and y is the maximum

deformation in units of lm. The coefficient of deter-

mination R2 illustrates the goodness of fit of a curve,

and the R2 values of the sinusoidal fitting curves of y

are as follows: R2
1 = 0.998, R2

2 = 0.999, R2
3 = 0.999 and

R2
4 = 0.998.

As Fig. 5 shows, the four models had the same

trend of maximum deformation with the angle of

attack and location of pressure. Larger deformations

of the hindwing always occurred in the model with a

hollow C ? ScA. The hollow veins had a much

Figure 2 a H. axyridis hindwing. b The cross section with

hematoxylin–eosin staining cut at location I along the red line.

c Model I (hindwing with solid C ? ScA). d Model II (hindwing

with hollow C ? ScA). e Hindwing model. f The flight force

diagram with the load set straight up; a is the attack angle. g The

black frame: a partial view of the hindwing. The dark gray

represents the main veins, and the pale gray represents the false

vein. The other areas represent the wing membrane. The red lines

are folding lines. h Simplified model of g. The HE staining process

included dewaxing, hematoxylin staining, hydrochloric acid

alcohol differentiation, weak ammonia water returning orchid,

eosin staining, dehydration, and neutral gum sealing [15].
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higher flexibility, and the solid veins had a much

higher stability.

The bar graphs in Figs. 6 and 7 show the relations

of the maximum equivalent elastic strain and the

maximum equivalent stress of the simulation analysis

results of the right hindwings, respectively, with

attack angles of - 60�, - 30�, 0�, 30� and 60�.
The two bar graphs show that the relations of the

maximum equivalent elastic strain and the maximum

equivalent stress in the simulation analyses result

from the deformation tendency of the - 60�, - 30�,
0�, 30� and 60� attack angles. The equivalent stress of

the solid C ? ScA is less than the hollow vein set

pressure on the C ? ScA. A change in the vein

structures of the hindwing will change the stress

conditions. Each vein is a function of flight defor-

mation, and the coupled motions of all the veins on

the twisting and bending deformations during flight

are very important.

Discussion

The hindwing and veins

The added wing mass due to the hemolymph [13, 14]

and vein structure [16] has significant effects on

flight. The vein structure may be hollow or solid, and

the hemolymph flows through the hollow veins.

Hemolymph is necessary for numerous sensory

structures and live tissues in the wing, and through

hydraulic pressure, it is responsible for opening and

closing the foldable beetle hindwings [42, 43]. The

addition of hindwing mass also changes the natural

frequency of the hindwing [39]. Thus, the hemo-

lymph helps control the flight performance of the

hindwing [15].

The wings of an insect consist of veins, which are

made of fibrous materials, and flexible wing mem-

branes [25]. Some main veins support the wing

membrane; these veins are mostly in the first half

section [44]. The veins with dark color (which can be

observed in the wing) may only be bent, without

folding and unfolding, to ensure the stability of the

hindwing because not all veins have the folding

Figure 3 Simulation analysis

results of Model I and Model

II, whose loads were set under

the ventral surface of the

C ? ScA at different attack

angles (- 60�, - 30�, 0�, 30�
and 60�) during flight.
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function. The wing membrane is a composite mate-

rial with a high tensile strength [11]. In contrast, the

light color sections and the dark color sections both

play roles in the flight performance of the twisting

and bending deformation behaviors and the folding/

unfolding mechanisms of the right hindwing.

Figure 4 Simulation analysis

results of Model I and Model

II, whose loads are set under

the ventral surface of all the

veins at different attack angles

(- 60�, - 30�, 0�, 30� and
60�) during flight.

Figure 5 The maximum deformations of the simulation analysis

results of Model I and Model II, whose loads are set under the

ventral face of the C ? ScA, with all veins, at different attack

angles (- 60�, - 30�, 0�, 30� and 60�) during flight.

Figure 6 The maximum equivalent elastic strains of the

simulation analysis results of Model I and Model II, whose

loads are set under the ventral face of the C ? ScA, with all veins,

at different attack angles (- 60�, - 30�, 0�, 30� and 60�) during
flight.
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The structures of the veins influence the flight

performance [18]. The major veins include the nerve

and trachea [40], which can control the hindwings.

The false veins of the hindwing are almost curved

and exhibit the folding and unfolding function [35].

Their structure and shape in the cross sections may

be helpful for determining their twisting and bending

deformations during flight and their folding/un-

folding mechanism. The wing stiffness also depends

on the vein pattern and the structure of the veins

[23, 24]. The cross sections of the wing membrane,

which can be used to study both the unfold-

ing/folding mechanism and the flight performance

for the hindwing, form irregular half-circles. The

wrinkle structure on the hindwing is helpful for

folding [17]. The resilin acts as the energy storage

material for folding and unfolding the hindwing [11].

The reduced modulus of different veins is also

helpful for folding the hindwing [17]. The vein

structure is critical for the design of the deployable

wings of MAVs.

The rigidizable behavior of deployable
hindwings

Resilin, a superelastic protein, is embedded in

arthropod exoskeletons, especially in insect wings

which is helpful for the wing elasticity and flexibility,

and capable of elastic energy storage [10–12]. Due to

the fluoresces, Fig. 1b–d show that the C ? ScA has

much brighter blue color than the other regions

which means it has much more resilin. The structures

that allow wing folding, built-in creases in the

membrane and vein joints, can be damaged; how-

ever, the embedded resilin found throughout wing

veins can resist that damage [11]. The C ? ScA is

bent when the hindwing is folded, and it is helpful

for the hindwing to unfold [11]. The C ? ScA is the

main vein for hindwing flapping. The pst is located at

the end of the C ? ScA. The pst has no resilin, but the

resilin surrounds it, as shown in Fig. 1d–g, because

pst adds mass to the hindwing to decrease the natural

frequency of the hindwing, which is helpful for flight

[39], while the structures around the pst are helpful

for folding/unfolding of the hindwing.

The line mn in Fig. 2a is the folding line, and it is

located on the margin of the hindwing. The area

around point m exhibits different folding structures,

such as the bending zone, folding patch, and mar-

ginal joint [45]. However, these folding structures are

not observed at m because this position may only

fold, without bending deformation, during folding of

the hindwing. This position is not folded during

flight, and torsion also occurs during flapping flight.

The vein distributions are the main factor for main-

taining hindwing unfolding. The main veins are also

linked with each other or the false veins so that the

hindwing can maintain a stable condition during

flapping flight.

Based on the simplified model of Fig. 2h, six

comparative models are established. The tested

thicknesses of the vein (Tv) are 20 lm and 10 lm, and

the tested thicknesses of the membrane (Tm) are

20 lm and 10 lm, respectively. The element sizes of

the six models are set as 0.01 mm to more clearly

observe the deformation behavior. All the models are

meshed with the hex dominant method. The total

amounts of the elements of the six models are 20519,

19369, 20819, 10468, 201819 and 10468. These models

are meshed with 116522, 111421, 114904, 72992,

114904 and 72992 nodes, respectively. The force set

on the models is 2.3 9 10–5 N to induce bending

deformation, and the torque is 1.05 9 10–4 N�mm to

induce twisting deformation. The simulation results

are shown in Figs. 8 and 9.

The simulation results show that the rigidizable

material can change the deformation tendency,

unlike the uniform materials of other parts. The

membrane exhibits a flexible deformation that is

greater than the flexible deformation of other parts,

Figure 7 The maximum equivalent stresses of the simulation

analysis results of Model I and Model II, whose loads are set

under the ventral face of the C ? ScA, with all veins, at different

attack angles (- 60�, - 30�, 0�, 30� and 60�) during flight.
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but this structure may be damaged easily. The vein

structure has higher stability than the other models,

but it does not contribute to folding the hindwing.

Thus, the complex membrane and vein structures

interact to allow stable flight and folding/unfolding

of the hindwing. The vein structure supporting the

membrane keeps the hindwing stable, and the

membrane increases in area, which is helpful for

stable flight and folding/unfolding the hindwing

many times with resilin. The rigidizable behavior of

deployable hindwings is a significant factor for both

flight performance and the necessary folding/un-

folding mechanism.

The deformation at different attack angles

The flapping angle is taken to be 60�, which is a

representative average value for Odonata flapping

amplitudes. The angle of attack of the wing during

flapping is assumed to be 30� on average for both the

Figure 8 Bending deformation of the six models. a Complex I

(vein and membrane with the same greater thickness).

b Deformation, c elastic strain, d stress of Complex I.

e Complex II (vein and membrane with different thicknesses).

f Deformation, g elastic strain, and h stress of Complex II. i Vein I

(thicker). j Deformation, k elastic strain, l stress of Vein I. m Vein

II (thinner). n Deformation, o elastic strain, and p stress of Vein II.

q Membrane I (thicker). r Deformation, s elastic strain, and t stress

of membrane I. u Membrane II (thinner). v Deformation, w elastic

strain, and x stress of membrane II.
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up- and downstroke, which is estimated based on

values found for several insects [46]. The magnitudes

of the deformations of the models at attack angles

of ± 30� are almost equivalent, as are the values at

attack angles of ± 60�. The maximum deformations

of the models occur at an attack angle of 0�, as shown

in Fig. 3. The minimum deformations of the right

hindwings are observed at attack angles ± 60�. Thus,
the deformation has a relationship with the attack

angle. The change in the attack angle during wing

flapping influences the production of force [16, 19].

The magnitudes of the deformation of the right

hindwings at attack angles of ± 30� and ± 60� are

almost equivalent. As Fig. 4 shows, the maximum

Figure 9 Twisting deformation of the six models. a Complex I

(vein and membrane with the same greater thickness).

b Deformation, c elastic strain, d stress of Complex I.

e Complex II (vein and membrane with different thicknesses).

f Deformation, g elastic strain, h stress of Complex II. i Vein I

(thicker). j Deformation, k elastic strain, l stress of Vein I. m Vein

II (thinner). n Deformation, o elastic strain, and p stress of Vein II.

q Membrane I (thicker). r Deformation, s elastic strain, and t stress

of membrane I. u Membrane II (thinner). v Deformation, w elastic

strain, and x stress of membrane II.
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deformations of the models are observed at the attack

angle of 0�. However, the minimum deformations are

observed at attack angles ± 60�. Because the hind-

wing is supported by all of the veins [12], their

twisting and bending deformations extend from the

ventral right margin to the end of the hindwing root.

The maximum deformations are observed at the

posterior margins, and the deformation trends are the

same for the two models. However, the maximum

deformations of the two models begin at different

locations of the wingtip, and the minimum defor-

mations always occur at the hindwing root. Because

the wing root positions have muscles for flight, they

are always moving. The deformations of all the veins

under pressure are homogenous, so each vein of the

hindwing plays a significant role in the hindwing

twisting and bending deformations.

The deformations of the models with a set pressure

on all the veins are more uniform than those with a

set pressure on only the C ? ScA. The analysis

results show that the C ? ScA plays an important

role in flight performance. The hindwing may pos-

sess the function of self-adaption, which is helpful for

flight performance, and the different deformations of

the hindwing are caused by the different attack

angles.

The airflow that contacts the surface of the hind-

wing generates lift force, which is used to support the

insect’s flapping flight [16]. The magnitudes of the

twisting and bending deformations of the models of

the two situations are different because the same

pressures affect the ventral surfaces of different

veins. The veins play significant roles in the twisting

and bending deformations of the hindwings, so they

can influence the flight performance of the hind-

wings. Thus, the deformation tendencies are along

the component direction of force. When different

areas of the veins are affected, the load force on the

veins varies.

With increasing mass, the natural frequency of the

hindwing decreases [15]. The mass of the hindwing

with hollow veins is lighter than that with solid veins,

so the solid veins can decrease the natural frequency

of the hindwing. The reduced modulus of a vein has

little influence on the natural frequency of the hind-

wing [17]. Thus, the mass may be the major influ-

encing factor on the natural frequency of the

hindwing. Each vein is an influencing factor of flight

performance, and the coupled motions of all the veins

on the twisting and bending deformations during

flight play a positive role in its flapping motion.

The deflection of a vein is wB:

wB ¼ Fl3

3EI
ð5Þ

where F is the load force, l is the distance between the

location of the load set and root, E is Young’s mod-

ulus, and I is the moment of inertia.

The moment of inertia of a solid vein is IP1:

IP1 ¼ r

D=2

0

q2 � 2pqdq ð6Þ

IP1 ¼
p
32

D4 ð7Þ

where D is the outer diameter of the vein.

The deflection of a solid vein is wB1:

wB1 ¼
32Fl3

3EpD4
ð8Þ

The moment of inertia of a hollow vein is IP2:

IP2 ¼ r

D=2

d=2
q2 � 2pqdq ð9Þ

IP2 ¼
p
32

D4 � d4
� �

ð10Þ

where d is the inner diameter of the hollow vein.

The deflection of a hollow vein is wB2:

wB2 ¼
32Fl3

3Ep D4 � d4
� � ð11Þ

Thus, the deflection ratio between a solid vein and

a hollow vein is as follows:

wB1

wB2
¼ D4 � d4

D4
ð12Þ

wB1

wB2
¼ 1� d4

D4
\1 ð13Þ

The hollow vein undergoes a greater deformation

than the solid vein. The magnitudes of the deforma-

tions of the veins are the same for the same magni-

tude of force at different attack angles. However, the

deformation of the hindwing changes with the attack

angle, which may be caused by the structure of the

hindwing. The loads are applied to the veins, and

they are linked with the wing membrane. Thus, the

veins will impact the deformation of the hindwing.
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The wing membrane is also a stiffener, which can

change the mechanical properties. The complex

structures of the wing membrane and veins are the

important parts supporting hindwing flight.

The attack angle is optimized relative to the wing

path in designs for FWMAVs [21]. The deformation

of the hindwing during flight has a sinusoidal rela-

tionship with the attack angle. The attack angle plays

a significant role in deformation; thus, it is a signifi-

cant factor for analyzing the effect of veins on flight

performance and the total hindwing deformation

during flight. To design the attack angle of an MAV

flapping wing, the total weight is also considered, as

it is critical for the design of the body of the MAV.

The attack angle and the vein structure both play

important roles in flight performance. Biological

systems can be used for devising biomimetic struc-

tures based on their excellent physical, mechanical,

sensing, and optical capabilities [47, 48]. A compar-

ison of the simulation analysis results proves that

each vein plays a significant role in the twisting and

bending deformation; analysis of their mechanical

properties is essential for devising the wing flapping

attack angles for MAVs.

Conclusions

The Asian ladybird beetle (Harmonia axyridis) shows

that very small Coleoptera are capable of flight

through deployable hindwings, which feature flight

stability and folding/unfolding mechanisms. Con-

sidering the rigidizable behavior without refolding

during flight, the relationship between the rigidizable

behavior of deployable hindwings and vein structure

is investigated. The wing membranes are assumed to

be the same thickness, and the veins are also assumed

to be circular tubes of the same diameter for the

design of 3-D models so that workbench software

could be used to study the structural properties of the

veins and the wing membrane and the resulting

hindwing deformation properties. The flight perfor-

mance of the hindwing deformation is studied con-

sidering the comparison between the hollow

C ? ScA of the hindwing as a natural structure and

solid C ? ScA. The hollow veins are flexible, and the

sinusoidal fitting curve of the deformations and

attack angles motivates biomimetic design and

function and inspires the bionic engineering of the

flapping performance of the wings of biomimetic

MAVs.
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