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Abstract: Aiming at exploring the excellent structural performance of the vein-stiffening membrane structure of dragonfly hind
wings, we analyzed two planar computational models and three 3D computational models with cambered corrugation based on the
finite element method. It is shown that the vein size in different zones is proportional to the magnitude of the vein internal force
when the wing structure is subjected to uniform out-of-plane transverse loading. The membrane contributes little to the flexural
stiffness of the planar wing models, while exerting an immense impact upon the stiffness of the 3D wing models with cambered
corrugation. If a lumped mass of 10% of the wing is fixed on the leading edge close to the wing tip, the wing fundamental fre-
quency decreases by 10.7%~13.2%; if a lumped mass is connected to the wing via multiple springs, the wing fundamental fre-
quency decreases by 16.0%~18.0%. Such decrease in fundamental frequency explains the special function of the wing pterostigma
in alleviating the wing quivering effect. These particular features of dragonfly wings can be mimicked in the design of new-style
reticulately stiffening thin-walled roof systems and flapping wings in novel intelligent aerial vehicles.
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INTRODUCTION

Most existing species survive from long-term
evolution and natural selection, in which the fittest
species continue to thrive on, while inferior ones die
out. Such natural selection promotes species that
adapt well to the often demanding environment of
nature; and indeed most of these surviving species
would have optimized structures, functions, shapes
and forms. Humans should endeavor to understand
and learn from nature, and then use strengths of the
surviving species to ameliorate their own lives. Bi-
onics has found many applications in engineering.
For example, certain grass leaves curl up into

" Project supported by the National Natural Science Foundation of
China (No. 50408022), the Visiting Scholarship from the Future
Academic Star Project of Zhejiang University, and the Scientific
Research Foundation for the Returned Overseas Chinese Scholars,
MOE and Zhejiang Province, China

CLC number: TH113; TH161

shell-like shapes, and possess nearly perfect stability
and elegant form. Enlightened from the understand-
ing of such natural structures, we have designed and
built thin-walled shell structures in large-span roof
systems (Isler, 1986; Holgate, 1990). By modeling
after the cobweb, architects invented economic cable
domes and tented structural systems (Kawaguchi et
al., 1999; Liddell and Miller, 1999; Fest et al., 2003;
Sun and Zhang, 2005; Feng et al., 2007; Zhang et al.,
2007). The shape-forming and stiffness-adjusting
mechanisms of a cell through its inner filled liquid
have inspired some air-supported/liquid-supported
inflatable structural systems (Schlaich et al., 1994;
Bradshaw et al., 2002). By systematically studying
birds and imitating their gliding flight, the Wright
brothers invented the first engine-powered airplane
(Norberg, 2002; Somervill, 2005). The pterostigma
of an insect wing, which functions as a wing pitch
regulator during flight, can raise the critical gliding
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speed (at which self-excited vibrations set in) by 10%
to 25% in a dragonfly (Norberg R.A., 1972; Wootton,
1990; Ellington, 1999; Dudley, 2000; Norberg
U.M.L., 2002). Similarly, a steel or lead bar attached
along the blade span, at or near the profile nose of
helicopters and other aircrafts (Shapiro, 1955) can
preclude the highly destructive rotor blade flutter and
wing flutter. By imitating animals’ walking, running,
flying, swimming and other movements, humans
have developed a number of intelligent robots and
insect-like walking machines (Dillmann ez al., 2005).
Compared with traditional tension membrane struc-
tures, a dragonfly wing is superior in that its
vein-stiffening membrane structure provides greater
structural stability with the least possible material
expenditure. Since the wing membrane part has small
flexural stiffness, if such part being used to replace
the membrane in its traditional tension membrane
structure, then some technical complexity, such as
membrane cutting pattern and form finding in con-
struction (Liddell and Miller, 1999; Zhang and Zhang,
2000; Fest et al., 2003; Sun and Zhang, 2005; Zhang
et al., 2007), could be avoided. These merits can be
exploited in the bionic design of new-style reticu-
lately stiffening thin-walled roof systems (Shen,
2006; Zhang, 2007). On the other hand, dragonfly
wings are highly specialized flight organs, adapted to
cope with versatile, maneuverable, multi-speed flight
with the least energy-consumption (Wootton et al.,
1998). The cambered corrugation in the wings can
create a more suitable lift-drag-relationship at glid-
ing/flapping flights. Thus it is advantageous to apply
the special characteristics of dragonfly wing struc-
tures to the design of the flapping wings of novel
intelligent aircrafts (Ellington, 1999; Shyy et al.,
1999; Norberg U.M.L., 2002; Li and Zheng, 2005).
A dragonfly can perform various swift and
highly maneuverable flights with its flapping wings,
as a result of the highly functional and largely opti-
mized mechanical constructions of dragonfly wings.
The unique structure of dragonfly wings has become a
research focus. For example, Zeng et al.(1996)
measured the thickness and shape of dragonfly wings
and Sudo et al.(2000) checked the surface roughness
of dragonfly wings. Okamoto et al.(1996) character-
ized the effects of camber, thickness, sharpness of the
leading edge and surface roughness on the aerody-
namic characteristics of dragonfly wings in the flow

field. Combes and Daniel (2003a; 2003b) studied the
relationship between the venation pattern and the
wing flexibility by measuring the displacement along
the wing in response to a point force. Sunada et
al.(1998) investigated the effect of wing corrugation
on the torsional deformation of dragonfly wings.
Kesel et al.(1998) developed several finite element
models of a dragonfly wing to characterize the quality
of material distribution. Norberg R.A.(1972) found
that the pterostigma of dragonfly wings usually has an
optimal position at the leading edge of the wing (i.e.,
near the wing tip), helps to alleviate the wing quiv-
ering and makes the wing beat more efficient. In the
present study, unlike the previous works that already
focused on the measurement of wing shapes, thick-
ness, roughness, venation pattern, pterostigma mass
of dragonfly wings, we are aiming at exploring the
structural performance of the vein-stiffening mem-
brane structure of a dragonfly wing and the function
of the wing pterostigma in alleviating the quivering
effect of a light-weight wing structure. In particular,
its application in the design of new-style reticulately
stiffening thin-walled structural systems (Shen, 2006)
and the flapping wings of a novel intelligent aircraft
(Li and Zheng, 2005) will be examined.

It is necessary to employ beam and thin shell
elements simultaneously or to develop some super-
elements consisting of multiple beam and shell ele-
ments in the modeling of vein-stiffening membrane
structure of a dragonfly wing, while satisfying the
compatibility between the deformed beam and
curved shell elements to ensure computational effi-
ciency and accuracy. There already exist many beam
and shell elements (Ahmad et al., 1970; Cook, 1981;
Simo and Vu-Quoc, 1986; Ibrahimbegovic, 1995;
Zhang and Cheung, 2003; Tang and Tan, 2004;
Izzuddin, 2005; Zhang and Kim, 2005; Li, 2007a;
2007b; Li and Vu-Quoc, 2007; Li et al., 2008)
meeting this requirement. In this paper, the Beam 189
element (a 3-node quadratic beam element based on
Timoshenko beam theory, which has 6 degrees of
freedom of 3 translations and 3 rotations at each node
and is suitable for analyzing slender to moderately
stubby/thick beam structures) and the Shell 93 ele-
ment (a quadratic curved shell element with 6 de-
grees of freedom including 3 translations and 3 rota-
tions at each node) in ANSYS 9.0 are employed in
modeling the veins and the membrane, respectively.
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CONFIGURATION
WING

OF A DRAGONFLY HIND

Dragonflies (Pantala flavescens) used in sample
tests were captured in early September, 2005 at
Huapu Garden of Hangzhou, and the tests were ful-
filled on the same day to keep all the samples fresh.
All tests were carried out in the Biological Micro-
structure Lab of Zhejiang University, Hangzhou. The
digital image of the dragonfly hind wing was
achieved by using a high-resolution scanner (Fig.1).
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Fig.1 Image of a dragonfly hind wing

The wing structure of a dragonfly Pantala fla-
vescens (Fig.1), very delicate and versatile, consists
of transparent membrane pieces and tube-like veins of
different sizes. The membrane seems to be extremely
thin and flexible but results in a much stiffer,
light-weight structure after being strengthened by the
reticulate veins. The major frame (Figs.1 and 2) of the
wing structure is composed of much stiffer costa,
subcosta, radial veins, median veins, cubital veins,
posterior vein, and part of cross veins, etc. In addition,
it is reinforced further by secondary veins (Fig.1) and
membrane pieces. Among unique features of the ve-
nation pattern, the vein grids close to the wing base
and the leading edge are sparse and the vein sizes are
much thicker, while the grids near the wing tip and the
trailing edge become very dense and the veins be-
come thinner. In addition, the grid shapes, varying in
different zones and being very irregular, include
trigon, tetragon, pentagon, hexagon and heptagon, etc.
In the leading edge near the wing tip, there is a fus-
cous pterostigma, and in the middle of the leading
edge there exists a nodus, where the local structures
can rotate relatively.

Fig.2 Major frame of a dragonfly hind wing

The unique structure of a dragonfly wing has
been evolving more than three hundred million years,
and consequently its structural form, performance
and function are optimized systematically. Different
from general membranes, the wing membrane is of
small flexural stiffness, whereas the veins varies
greatly in stiffness; the costa, subcosta, radial veins,
median veins, cubital veins, part of cross veins and
posterior vein are much stiffer yet with enough
flexibility, and by contrast the other veins are much
more flexible.

The dragonfly wing features a number of unique
microstructures and configurations, all contributing to
special functions of a wing, respectively, but difficult
to be observed with unaided eyes. Thus an optical
microscope and a scanning electron microscope with
special cameras were utilized to take high-resolution
local photographs of the wing microstructures and
configurations.

Firstly, several splices were cut out from the
hind wing close to the zones of the mid-span, the
nodus and the pterostigma in sequence, then glued
respectively to a small test-bed, and coated with
platinum in an ion sputterer (IB-5 gold sputterer, Giko,
Japan). By focusing on the interesting zones, a series
of high-resolution photographs were taken. In Fig.3,
the junction between a vein and two pieces of mem-
branes is disclosed, and the vein has a tube-like
structure. Several veins integrated with one piece of
membrane form a fundamental cell of the wing
structure (Fig.1); on the vein, there are many ear-like
outshoots (Fig.3) in different sizes.

The microscopic photo of a pterostigma
cross-section was achieved by using a scanning elec-
tron microscope (Fig.4). It is shown that the
pterostigma is hollow, and has a very special con-
figuration.
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Fig.4 Microscopic cross-section of a pterostigma

As disclosed in the photographs of a wing nodus
(Fig.5) and the cross-section close to the nodus
(Fig.6), the structures beside the nodus are separated
by a short gap adjacent to the ends of the costa and
subcosta.

Fig.5 Nodus of a dragonfly hind wing

Fig.6 Microscopic photograph of a nodus cross-section

VENATION PATTERN AND VEIN SIZES VARIA-
TION

To obtain the geometric parameters of the hind
wing as accurate as possible, all the veins in the wing
photo were traced directly in an AUTOCAD envi-
ronment, then the coordinates of all joints of the wing
were achieved from the traced figure; accordingly, the
geometries of the computational models are very
close to those of the projective geometry of a real hind
wing (Fig.7). The traced figure is simply planar, un-
able to reflect the structural performance of the wing
structure with cambered corrugation, so it is neces-
sary to develop wing models with cambered corruga-
tion from the planar figure.

Fig.7 Planar computational model of dragonfly hind wing

In the morphological measurement of a dragon-
fly hind wing, Okamoto et al.(1996) fixed the wing
with resin and sliced it transversely into several ele-
ments and then used a microscope to achieve the
photograph of each cross-section (cross-sections 1, 2,
3, 4 in Fig.8). It was shown that the dragonfly wing
had a 3D structure with cambered corrugation (Fig.8).

Fig.8 Cross-sections of a dragonfly hind wing (Oka-
moto et al., 1996)

In elucidating the optimization of the venation
pattern and vein sizes variation of a dragonfly hind
wing, four computational models were proposed.
Based on the planar model of the hind wing (Fig.7),
and referred to the photograph in Fig.1 and those
(Fig.8) from Okamoto et al(1996), two 3D
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computational models with cambered corrugation
(Fig.9) were constructed by elevating the out-of-plane
coordinates of certain major veins and reshaping
other veins and membrane through interpolation.

Fig.9 Meshed 3D model with cambered corrugation

Model I is a planar one (Fig.10), where the chi-
tins of the veins and membrane are idealized as iso-
tropic material with Young’s modulus of £=6.1x10’
N/m? and Poisson’s ratio of 0.25 (Kesel e al., 1998).
All the veins are modeled using tube-like beams with
the same diameter (D=0.135 mm) and thickness
(#=0.025 mm); the membrane thickness in the basal
zone is assumed to be 0.012 mm, and in the remaining
zone 0.004 mm.

Fig.10 Meshed planar model

Model II is also a planar one (Fig.10). Referred
to Fig.1, the veins are divided into ten groups with
different diameters and thickness values (Table 1),
while the membrane thickness and the material prop-
erties of Model II are the same as those of Model 1.

Model III is a 3D model with cambered corru-
gation (Fig.9), where the maximum out-of-plane co-
ordinates of the joints on the subcosta are 1 mm, and
the maximum out-of-plane coordinates of the joints
on median veins, radial veins and cubital veins are 0.5
mm. This spatial model is rebuilt from the planar
model in Fig.7 by adjusting the out-of-plane coordi-
nates of all joints on part of the major veins, then
reshaping these veins, the rest veins and membrane
through interpolation. The vein diameter and thick-
ness, the membrane thickness of Model III, and their
material properties are the same as those of Model 1.

Model IV has a 3D geometry with cambered

corrugation as Model III, while its vein sizes and
membrane thickness are the same as Model II (Table
1), its material properties are the same as those of
Models I~IIIL.

Table 1 Vein diameters and thickness of Model 11

Group  Vein diameter (mm)  Vein thickness (mm)
1 0.106 0.015
2 0.136 0.025
3 0.146 0.030
4 0.174 0.030
5 0.217 0.040
6 0.260 0.040
7 0.271 0.060
8 0.466 0.060
9 0.300 0.050
10 0.304 0.050

ANSYS 9.0 was utilized to solve these models of
a dragonfly hind wing, and all models were assumed
to be fully clamped along the wing root (the raised
edges on the left sides of Models I~IV). Considering
that most of the wing veins are curved and feature
little flexural stiffness, and that the membrane is
flexible but typical of small flexural stiffness, Beam
189 (Simo and Vu-Quoc, 1986; Ibrahimbegovic,
1995; Mcrobie and Lasenby, 1999) was used in mod-
eling of the veins, and Shell 93 (Ahmad et al., 1970;
Cook, 1981) was adopted in modeling of the mem-
brane, accordingly, all elements modeling of the veins
and the membrane can work compatibly at a deformed
state.

The mass of the present dragonfly hind wing is
M=3.77%x10"° kg; the density of the wing material is
p=2.86x10% kg/m’; the wing length is 5x1072 m, and
its width is 1.43x107 m.

Under uniform out-of-plane transverse follower
loading ¢=2 N/m” (downward loading, about a half of
the distributed deadweight of the dragonfly wing), the
distribution of the axial stresses in the veins of Models
I~IV was depicted in Figs.11a~11d, and the maxima of
vein axial stresses were presented in Table 2.

In Model I, the axial stresses in the veins close to
the wing base and the leading edge, and in the
posterior vein are much greater, while the stresses in
the veins close to the wingtip and in the secondary
veins are smaller (Fig.11a and Table 2). This is
coincident with the sizes of the veins in different
zones.
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Fig.11
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The pattern of the stress distribution in Model 11
(Fig.11b) are similar to Model I, but the axial stresses
in major veins become even larger close to the wing
base and the leading edge, and smaller close to the
wing tip and in the posterior vein; in addition, the
axial stresses in the secondary veins also become
smaller (Table 2).

The axial stresses in the major veins of Model 111
increase greatly in contrast with those in Models I and
II (Table 2). The axial stresses in the veins close to the
wing base and the leading edge, and in the posterior
vein are much greater, while the stresses in the veins
close to the wing tip and in the secondary veins are
smaller (Fig.11c).

In contrast with Model 111, the distribution of the
axial stresses in the veins of Model IV becomes more
reasonable (Fig.11d and Table 2); the thicker the vein,
the greater the axial stresses in these veins, and vice
versa.

Based on the present study, several conclusions
can be drawn: (1) When the wing structure is sub-
jected to a uniform out-of-plane transverse loading
downwards, the vein sizes in different zones are con-
sistent with their internal forces; (2) The costa, sub-
costa, median veins, posterior vein are the major veins,
forming the main frame of a dragonfly wing and un-
dertaking a large percentage of the external load; (3)
The cambered corrugation in the vein-stiffening
membrane structure of a dragonfly wing can optimize

Table 2 Axial stresses in the veins of different zones

Maximum axial stresses in the vein (kPa)

Vein name Location Model I Model I1 Model 11 Model IV
Wing tip 18.07 8.47 239.19 326.74
Costa Middle of wing 59.00 —14.81 565.66 680.45
Wing base —60.84 —180.75 854.95 1133.90
Middle of wing 12.14 9.08 —43.62 —46.98
Subcosta Middle of vein 2291 20.70 —-151.16 —143.79
Wing base —-10.397 —44.78 391.32 218.79
Wing tip -6.67 -7.18 -103.53 -102.68
Median vein Middle of vein -21.27 -8.48 -270.86 -235.57
Wing base 27.10 160.16 —208.36 —512.46
Wing tip -5.58 -2.17 3.08 -5.43
Secondary vein Middle of wing —-14.96 -3.40 46.04 3.94
Wing base 9.84 —4.58 32.90 30.68
Wing tip 20.46 15.12 69.45 115.10
Posterior vein  Middle of wing 62.78 30.87 51.95 132.41
Wing base 53.41 —15.05 234.88 288.29
Note: “—” denotes “compressive stress”, while “+” before a tensile stress is ignored; for median veins; “wing tip” means the part of veins

on the side of the wing tip, and “wing base” means the part of veins on the side of the wing base
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the distribution of the internal forces in the wing
structure. Similar conclusions can be drawn if a uni-
formly distributed upward follower loading is exerted
on these models (Zhang, 2007).

CONTRIBUTION OF MEMBRANE TO THE
FLEXURAL STIFFNESS OF WING STRUCTURE

To evaluate the contribution of the membrane to
the flexural stiffness of a dragonfly hind wing, Mod-
els I, IV and V were analyzed, respectively. Model V
is a 3D model with cambered corrugation, whose
out-of-plane coordinates at any point are half of those
of Model IV, but its other geometrical parameters and
material properties are the same as those of Model IV.

Deflections at three selected points (Fig.12) of
these models subject to uniform out-of-plane down-
ward loading on the veins are depicted in
Figs.13a~13c, respectively.

Fig.12 Three selected points on the wing structure

It is shown that the contribution of the membrane
to the flexural stiffness of a planar model (Model II)
can be ignored, while the contribution of the mem-
brane to the flexural stiffness of 3D models with
cambered corrugation (Models IV and V) must be
taken into account. With the increase of the arch rise
of a 3D model, the flexural stiffness of its pure vein
frame becomes stiffer, and the contribution of the
membrane to the flexural stiffness of a 3D model
becomes more significant.

ROLES OF PTEROSTIGMA AND NODUS IN
ALLEVIATING THE WING QUIVERING

In the experiment on the wing and wing
pterostigma of a dragonfly Odonata, Norberg
R.A.(1972) found that the torsion axis of the wing lay
ahead of the chordwise centre of the wing mass
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Fig.13 Deflection curves at three selected points of
wing models. (a) Position 1; (b) Position 2; (c) Position
3. ‘“~M’ in the parentheses means that the contribution
of the membrane to the flexural stiffness of the wing
structure is ignored in the corresponding model; p is
line load; w is out-of-plane displacement

except at the pterostigma, and that wing without a
pterostigma was thus highly susceptible to
self-excited coupled flapping and feathering vibra-
tions, making gliding flight above a critical speed
impossible and a still lower speed limit set to active
flight. By contrast, the pterostigma usually had an
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optimal position, which tended to raise these speed
limits by causing favourable, inertial, pitching mo-

ments during the acceleration phases of wing flapping.

The contribution of a pterostigma mass and its en-
framing veins was 9% of the total wing mass in the
forewing of A. juneea and 5% in the hind wing
(Norberg R.A., 1972). In the present study, the wing
pterostigma was replaced by a lumped mass having
different values of mass and connecting rigidity with
the wing structure to figure out the optimized effect of
the pterostigma in alleviating the wing structure
quivering effect. In each computational model, the
lumped mass was fixed along the leading edge close
to the wing tip (Method 1) or connected to the wing
model by multiple springs (Method 2) (Fig.14). The
pterostigma had a hollow structure (Fig.4), and was
filled with viscous body fluid. Considering that the
damping effect of the body fluid in the pterostigma on
the vibration performance of the wing structure is
similar to that of a mass connecting to the wing
structure through multiple springs, we adopted an
assumption as Method 2, where the relative vibration
of the lumped mass to the wing structure was limited
in the normal direction of the wing planform. In both
methods, the lumped mass was assumed to be 0%,
10% and 20% of the wing mass, respectively.

Fig.14  Pterostigma model with multiple springs
connecting to the hind wing

The effect of a nodus on the vibration perform-
ance of the wing structure was also studied by evalu-
ating respectively the vibrating frequencies of the
dragonfly hind wing models with or without a nodus.
The nodus was idealized as a hinge, and the structures
on two sides of the hinge can rotate relatively, but
cannot separate.

Firstly, suppose that the lumped mass is fixed
along the leading edge close to the wing tip (Method
1), the fundamental frequencies (lst natural fre-
quency) of each model with different values of
lumped mass, and with or without a nodus are pre-
sented in Table 3. It is shown that, when 10% of the
wing mass is attached, the fundamental frequencies
decrease by 10.7%~13.2%, and when 20% of the
wing mass is attached, the frequencies decrease by
18.9%~22.4%, thus the lumped mass can lower the
fundamental frequencies of these models effectively.

Then suppose that the lumped mass replacing a
pterostigma is connected to the wing structure
through multiple springs, and it can only vibrate in the
normal direction of the wing planform (Method 2).
The lumped mass is 0%, 10% and 20% of the wing
mass, respectively. The fundamental frequencies of
the wing structural models with or without a nodus
are shown in Table 3. It demonstrates that, if the
lumped mass is 10% of the wing mass, the funda-
mental frequencies decrease by 16.0%~18.0%; while,
if 20% of the wing mass is attached, the frequencies
decrease by 23.0%~26.0%.

We can concluded that: (1) The fundamental
frequency of a wing model decreases with the in-
crease of the attached mass; (2) With the increase of
the arch rise of the cambered corrugation, the fun-
damental frequency increases rapidly, and the wing
structure becomes stiffer; (3) The mass attached to

Table 3 Fundamental frequency of wing models

Fundamental frequency (Hz)

Model Method 1 Method 2
Ryw=0%
Ryw=10% Ry w=20% Ry w=10% Ry w=20%
Model II 42.99 (0.0%) 38.28 (11.0%) 34.82 (19.0%) 35.74 (16.9%) 32.86 (23.6%)
Model IT (+N) 42.67 (0.0%) 37.99 (11.0%) 34.55 (19.0%) 35.32 (17.2%) 32.47 (23.9%)
Model V 74.85 (0.0%) 66.81 (10.7%) 60.69 (18.9%) 62.85 (16.0%) 57.64 (23.0%)
Model V (+N) 73.68 (0.0%) 65.60 (11.0%) 59.59 (19.1%) 61.71 (16.2%) 56.59 (23.2%)
Model IV 91.28 (0.0%) 79.24 (13.2%) 70.79 (22.4%) 74.88 (18.0%) 67.58 (26.0%)
Model IV (+N) 91.20 (0.0%) 79.18 (13.2%) 70.75 (22.4%) 74.84 (17.9%) 67.55 (25.9%)

Note: “+N” means that a nodus is included in the corresponding model; the lowered percentages of the fundamental frequencies in models
with lumped mass are given in parenthesis; Ry w is percentage of lumped mass to wing mass
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the wing structure through multiple springs can
lower the fundamental frequency of the wing model
more effectively; (4) The effect of a nodus on the
fundamental frequency of the wing model can be
nearly ignored. These findings are very significant
in bionic modeling of a dragonfly wing.

CONCLUSION

The unique vein-stiffening membrane structure
of a dragonfly hind wing was studied by using the
finite element method. It demonstrates that the vena-
tion pattern and the variation of the vein size in dif-
ferent zones in the wing coincide well with the vein
internal  force under uniformly  distributed
out-of-plane transverse loading. The cambered
corrugation in a wing structure subject to out-of-plane
transverse loading leads to the generation of tensile
stresses in the membrane of the wing structure, which
accordingly improves the wing flexural stiffness ef-
fectively. The pterostigma along the wing leading
edge close to the wing tip effectively lowers the
fundamental frequency of the wing structure, and thus
can efficiently alleviate the wing flutter. The nodus
exerts little effect on the flexural stiffness and vi-
brating frequency of the wing structure, whose func-
tion still needs further study. It is significant to inte-
grate these superiorities of dragonfly wings into the
design of new-style reticulately stiffening thin-walled
structural systems and the flapping wings of novel
intelligent aircrafts.
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