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Abstract Although wings of insects show a large varia-
tion in morphology, they are all made from a network of
irregular veins interconnected through membranous areas.
Depending on their shape, size, and position, wing veins are
usually divided into three different groups: longitudinal
veins, cross-veins and ambient veins. The veins together
with the membrane and some other elements such as spines,
nodus and pterostigma can be considered as the wing’s
“constructional elements”. In spite of rather extensive lit-
erature on dragonfly wing structure, the role of each of these
elements in determining the wing’s function remains mostly
unknown. As this question is difficult to answer in vivo
using biomechanical experiments on actual wings, this
study was undertaken to reveal the effects of the construc-
tional elements on the mechanical behaviour of dragonfly
wings by applying numerical simulations. An image pro-
cessing technique was used to develop 12 finite element
models of the insect wings with different constructional
elements. The mechanical behaviour of these models was
then simulated under normal and shear stresses due to
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tension, bending and torsion. A free vibration analysis was
also performed to determine the resonant frequencies and
the mode shapes of the models. For the first time, a quan-
titative comparison was carried out between the mechanical
effects selectively caused by different elements. Our results
suggest that the complex interactions of veins, membranes
and corrugations may considerably affect the dynamic
deformation of the insect wings during flight.

1 Introduction

Dragonflies are known as one of the most proficient flyers
of the world [3, 17, 22, 36]. They exhibit versatile flight
capabilities, which are very difficult to achieve in man-
made flying systems. Superior manoeuvre abilities [16, 36],
variety of flight styles [44], generation of high lift forces
[1], ability of sidewise and backward motions [12] are a
few striking characteristics of their flapping flight.

Wings, as the main parts of the insect flight system, have
to withstand a high level of mechanical stresses during
flight. Given the repeated flapping motion of most insect
wings, external loads are mostly applied to the wings in a
cyclic manner. Hence, the wings should have a great ability
to reduce fatigue related damage effects. The authors, who
previously studied dragonfly and locust wings, showed
that, up to the fracture point, the wings typically behave
similar to brittle materials which may be highly sensitive to
stress concentration [9, 10, 13, 29, 31]. Then the question is
that how do insect wings cope with the different types of
mechanical stresses during flight?

The influence of wing morphology on its aerodynamic
performance has been previously investigated by many
researchers [7, 19, 20, 28, 42]. It has been shown that
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corrugations have an important role in increasing the torsional
rigidity of insect wings [35, 41]. Corrugations also provide
enhanced bending rigidity across the wing span [45]. Wootton
et al. showed that membranes, during bending, contribute to
the overall rigidity of the wing structure [26, 46]. Some
researchers indicated that thick veins at the base and the
leading edge make the wing stiffer in these parts than the other
regions [6, 7, 39]. However, how important are different wing
components in relation to each other? How do these con-
structional elements contribute to the specific mechanical
behaviour of wings? How does the mechanical behaviour
change, if we remove one of these elements from the wing?
The above questions cannot be addressed experimen-
tally, and thus we need numerical simulations to find the
answers. In absence of a thorough quantitative study, this
article is the first systematic numerical investigation of the
effect of dragonfly wing structure on its free vibration
behaviour and load-bearing capacity. Here, we develop a
series of finite element (FE) models which contain different
constructional elements. These models give us the oppor-
tunity to study the effect of each single element separately.
It is also important to note that the expression “construc-
tional element” is used here to refer the wing corrugations,
longitudinal veins (Fig. lc, g), cross-veins (Fig. 1d, h),
ambient veins (Fig. le, i) and membranes (Fig. 1f, j). The
results of this study, in particular, the relatively simple
numerical models, may help to gain a better insight into the
complex biomechanical behaviour of insect wings.

2 Materials and methods
2.1 Modelling procedure

A new FE modelling method has been recently proposed
by the authors to develop numerical models of planar

biological structure [15, 31]. The advantage of this method,
in comparison with the other available modelling tech-
niques, is the accuracy of the developed models, as well as
the short run-time (a few seconds). In this study, we now
apply this technique to develop FE models of dragonfly
wings. The method, which is based on a digital image
processing technique, was implemented in a MATLAB
code and is able to develop FE models of complex bio-
logical structures. The only required input for the pro-
gramme is a 2D image representing the desired
morphological wing structure. Here, two images of the
dragonfly Orthetrum sabina (Anisoptera, Libellulidae)
fore- and hind-wings are used as the inputs (Fig. 1a, b). In
the first step, the programme converts the input image to a
binary format where veins and membranes are represented
by black and white pixels, respectively. By connecting a
specific number of black pixels, which determines the
element size, the first element of the model is made. This
process is continued until a meshed model of all veins is
developed. The number of pixels that makes an element is
determined by the user and defines the mesh size. The same
process is applied to develop FE models of the white pixels
that are surrounded by the black ones. These white pixels
represent the membrane of the insect wing. In this way,
veins and membrane are modelled separately. At the end,
the programme assembles these different parts and devel-
ops an integrated model of the wing.

2.2 Out-of-plane modelling

Dragonfly wings are corrugated in both spanwise and
chordwise directions. These corrugations may have an
important influence on the mechanical behaviour of the
insect wing [20, 41]. The described modelling programme,
mentioned in the previous section, is also able to model
such corrugations. For this purpose, it is necessary to

Fig. 1 Right a fore- and b hind-wings of Orthetrum sabina (Anisoptera, Libellulidae) (scale bar 1 cm). Constructional elements of fore- and
hind-wings including ¢, g longitudinal veins, d, h cross-veins, e, i ambient veins, and f, j membranes
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directly assign the heights of some specific nodes. These
nodes are the points with the maximum height, and usually
along the longitudinal veins on the upper side of the wing.
In order to obtain the coordinates of the nodes with max-
imum height, six fresh dragonfly wings (three forewings
and three hind-wings of Orthetrum sabina (Anisoptera,
Libellulidae), were used. First, they were completely
embedded in epoxy resin. The embedded wing samples
were then transversally cut into sections of 2-3 mm length
with a razor blade. These slices were observed under a light
microscope, and the heights of the desired nodes were
carefully measured with respect to a predefined coordinate
system. Here, to improve the accuracy of our model, we
measured the height of more than 60 points. The coordi-
nates of the nodes and their corresponding heights were
directly given to the programme. Finally, an averaging
technique is used to provide a smooth transition between
the nodes with minimum and maximum height values.

The output of the code is a text file that is written in
ANSYS parametric design language (APDL) and contains
the location of all nodes on the insect wing model and their
connections (see suppl. files 1 and 2). The generated text
file can be easily exported to any FE commercial software
package, such as ANSYS, ABAQUS. Here, we used
ABAQUS 6.10 finite element solver to analyse the
mechanical behaviour of the developed model under dif-
ferent conditions.

2.3 Numerical models

Twelve FE models of dragonfly wings (six models of
forewing and six models of hind-wing) were developed in
this paper (Fig. 2). All forewing models have a maximum
length of 38.12 mm and a maximum width of 9.11 mm.
The length and width of hind-wing models are 36.19 and
11.54 mm, respectively. Four-node shell elements (S4R)
with reduced integration and a large-strain formulation
were used to represent different components of the models.
Each model has a series of specific constructional elements
that allow it to be distinguished from the other models.
These models with different features allowed us to study
the effect of each constructional element on the mechanical
behaviour of insect wings under various loading condi-
tions. The detailed characteristics of the models are listed
in Table 1, with models of the front wing labelled F and
hind-wing H, respectively. Corresponding models have the
same indices. As seen in the table, models F1 and H1 are
the exact models of the forewing and hind-wing including
membrane, all veins and corrugations. The APDL files of
these two models have been added as supplementary
materials (see suppl. files 1 and 2). The other wing models
are developed by excluding the constructional elements
from these two models.

Previous studies performed on the wings of the drag-
onfly Sympetrum vulgatum showed that the thickness of the
wing membranes changes between 3.6 and 15 pm [19]. In
our models, the thickness of the membrane was assumed to
be constant over the entire wing structure and equal to the
value of about 5 um [11, 18, 21, 30]. Wing veins were
modelled as having a rectangular cross section. Consider-
ing the fact that veins in the insect wings are mainly
dumbbell- or elliptical-shaped, their thickness in the
models was adjusted to achieve the same mechanical
effect. For this purpose, the thickness of the veins was
assumed to be dependent on loading conditions. For
example, when the wing model was under tensile stress, the
thickness of the veins was adapted to make the same cross-
sectional area as a real wing. Subsequently, when the
model was under bending or torsion, the vein thickness was
adjusted to produce the same moment of inertia and polar
moment of inertia as the original wing sample, respec-
tively. Eight sections along the wings were used for this
adjustment procedure.

2.4 Material properties

Very limited data are available on the mechanical charac-
teristics of dragonfly wing and its components [38, 40, 47],
and we used them to complete our models. The measure-
ment and investigation of the mentioned characteristics are
out of the scope of this research. Therefore, in our simu-
lations, the wing veins and membrane were assumed as
homogeneous materials.

Previous experiments revealed that up to the fracture
point, the wing material of locusts and dragonflies behaves
in an elastic manner [14, 29]. Therefore, the wing veins and
membranes were modelled as linear elastic materials with
Young’s moduli of 6 and 3.5 GPa, respectively [18]. The
Poisson’s ratio and density of both veins and membranes
were considered to be 0.3 and 1200 kg m ™, respectively
[43].

2.5 Loadings and boundary conditions

Free vibration analysis was performed to measure the
natural frequencies of the models and to identify their
natural vibration modes. Recent studies indicated that both
linear and nonlinear analyses yielded similar results [19].
Therefore, in order to decrease the computational costs, the
vibration analysis was performed based on the assumption
of geometric linearity.

The mechanical behaviour of the models was also
studied under three different loading types including ten-
sion, bending and torsion. These loading conditions might
differ from the typical loading condition that an insect wing
experiences during normal flight. However, the external
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a

Fig. 2 FE models of the dragonfly wings. Models of the forewing:
a model F1, b model F2, ¢ model F3, d model F4, e model F5,
f model F6 and models of hind-wing: g model H1, h model H2,

forces applied to the wings are supposed to be a combi-
nation of these three general loading types. Therefore, as
the main objective of this study is to establish a compar-
ative study between the mechanical behaviour of the
models, these simplifications seem to be justified for this
FE model trial.

Considering the assumption of linear elastic material
behaviour, the deformation of the models should not
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i model H3, j model H4, k model HS5, 1 model H6. Detailed
characteristics of the models are listed in Table 1

exceed the elastic limit (less than 5 % of the length of the
models). Therefore, the magnitude of the applied forces in
each loading condition was chosen accordingly.

Based on our previous experiments on the tensile
properties of dragonfly wings [29], we chose a force of
0.5 N to produce a tensile force in the wing’s spanwise
direction. In order to simulate an experimental tensile test
and to produce a uniform displacement distribution, this
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Table 1 Characteristics of the

models of dragonfly wings Forewing/hind-wing Membrane  Ambient veins  Longitudinal veins  Cross-veins  Corrugations
FI/H1 X X X X X
F2/H2 X X X X
F3/H3 X X X X
F4/H4 X X X X
F5/H5 X X X X
F6/H6 X X X X

force was applied to a rectangular frame (as the grips of a
tensile machine) that held the wing [14].

Numerical simulation of bending was achieved by
applying a point load of 0.5 x 107> N perpendicular to the
wing surface and in downward direction. The magnitude of
this force is 1/5 of the mean vertical force applied to the
wings of dragonfly Sympetrum frequens in the steady slow
climbing flight [2]. The load was imposed on the torsional
axis of the wing that is necessary to prevent torsional
deformations.

A 50 x 107° Nm torsional moment was used to make
an angular deflection. The moment is produced around the
torsional axis of the wings reported in Sunada et al. [41].
The value of the angular displacement was measured
around this torsional axis. In all loading conditions, the
models were considered to have a clamped boundary at the
wing joint [21].

2.6 Mesh optimization

The accuracy of the results in a FE analysis depends on
finding the coarsest mesh size that leads to a reasonable
error tolerance. Therefore, a mesh convergence analysis
was conducted by subdividing the mesh size of the models
and solving the problem until reaching the results that are
not dependent on the mesh size. Taking into account that
the optimum mesh size depends on both the geometry of
the model and the loading type, different mesh densities
were obtained for each model in each analysis. An average
element size of 0.09 mm x 0.09 mm was found to be
sufficient for an accurate numerical solution.

3 Results
3.1 Natural frequencies and mode shapes

The results from the vibrational analysis of the models are
illustrated in Table 2. The numerically calculated values of
the natural frequencies obtained from models F1 and H1
(the exact models of fore- and hind-wings, respectively) are
in a very good agreement with the previous experimental
results reported by the other researchers [4, 48]. The results

indicate that the first natural frequencies of the fore- and
hind-wings are 151 and 146 Hz, respectively. The esti-
mated values of the second and third natural frequencies
are 295 and 530 Hz for the forewing, and 287 and 735 Hz
for the hind-wing, respectively.

As seen in Table 2, the main deformation mechanism of
the forewing models (models F1-F6) in the first vibration
mode is bending that occurs at the tip of the wing near the
trailing edge. The second natural vibration mode is domi-
nated by torsion. The maximum torsional deformation
takes place at a part of the leading edge close to the tip as
well as the middle of the trailing edge. The results also
indicate that the torsional deformation dominates the third
mode. The magnitude of the deformation is much larger at
the tip of the wing and middle of the trailing edge than the
other parts. Almost the same types of deformation were
observed for the hind-wing models (models H1-H6) in
each fundamental natural mode. With an exception of one
case (third mode shape of the model H4), there is no
substantial difference between the fundamental mode
shapes of fore- and hind-wings. There is a good correlation
between the predicted numerical mode shapes and those
previously observed by Chen et al. [4].

Figure 3 shows a comparison between the first three
natural frequencies of the 12 developed models. Compar-
ison of the results showed that removal of each construc-
tional element significantly changes the wings’ natural
frequencies. For example, removal of corrugations (F2),
longitudinal veins (F3), ambient veins (F5) and membranes
(F6) decreases the first natural frequency of the forewing
by 74, 56, 33 and 30 %, respectively. The first natural
frequencies of hind-wing models with no corrugation (H2),
longitudinal vein (H3), ambient vein (HS5) and membrane
(H6) are, respectively, 71, 49, 40 and 20 % less than the
complete hind-wing model (H1). However, excluding the
cross-veins (models F4 and H4) causes an increase in the
fundamental natural frequencies of both wings by 19 and
30 %, respectively.

3.2 Loadings and deformations

Figure 4 presents the force—displacement diagrams from
numerical simulations of the uniaxial tensile test, described
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Table 2 Results of the numerical simulations

Model Mode Frequency Dominant Location of maximum deformation
no. no. (Hz) mode - - - - -
shape Leadmg edge clgse Tip of. the wing  Tip Mldfile of the Er}d and Camber
to the tip and middle and middle of of leading edge and middle of near
of the trailing edge  the trailing edge the trailing edge close to the trailing  wing
wing the tip edge root
F1 1 151.04 Bending X
2 295.35 Torsion X
3 529.99 Torsion
F2 1 38.93 Bending X
2 222.25 Torsion X
3 332.29 Torsion X
F3 1 66.62 Bending X
2 180.95 Torsion X
3 316.74 Torsion
F4 1 179.06 Bending X
2 274.08 Torsion X
3 564.41 Torsion X
F5 1 101.84 Bending X
2 238.31 Torsion X
3 355.74 Torsion X
F6 1 105.63 Bending
2 236.91 Torsion X
3 340.24 Torsion X
H1 1 146.40 Bending X
2 287.04 Torsion X
3 734.56 Torsion
H2 1 42.71 Bending X
2 214.68 Torsion X
3 346.51 Torsion X
H3 1 74.58 Bending X
2 199.54 Torsion X
3 486.78 Torsion X
H4 1 189.60 Bending X
2 298.79 Torsion X
3 551.88 Bending X
H5 1 88.27 Bending X
2 267.24 Torsion
3 424.61 Torsion X
H6 1 117.30 Bending X
2 237.96 Torsion X
3 446.91 Torsion X

Comparison of the natural frequencies, mode shapes and location of the maximum deformations between the dragonfly wing models. To
minimize rounding errors, all results of numerical calculations are reported with two significant figures

in Sect. 2.6. The resulting maximum principal stress dis-
tributions are also given in this figure and are plotted with
the same contour legend. The elastic elongation of 83.2 um
obtained for the forewing model (F1) under a tensile load
of 0.5 N is consistent with the results of our previous
experiments [29] showing an average elongation of

@ Springer

86.0 um for eleven samples of O. sabina dragonfly
forewing.

As seen in Fig. 4, removing the constructional elements
from the insect wings strongly influences their mechanical
behaviour under tensile loading condition. Based on the
simulation results, deletion of corrugations (models F2 and
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Fig. 4 Numerical force—displacement diagrams for a forewing and b hind-wing models under tension. The distribution of the maximum
principal stress has been shown for all models. Red colours show the local stress concentrations

H2) leads to an increase in the axial rigidity of both wings.
The removal of the longitudinal veins (models F3 and H3)
produces a decrease in the axial stiffness, but it also causes
high stress concentrations especially on the anterior part of

the wings. We found that the elimination of cross-veins
(models F4 and H4) reduces the axial stiffness of the fore-
and hind-wings by 27 and 36 %, respectively. It is
important to note that, in this case, we observed relatively
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higher stresses (1.7 times) in the membranes. By removing
the ambient veins (models F5 and HS5), the stiffness of fore-
and hind-wings is decreased by 44 and 53 %, respectively.
Deleting the membranes (model F6 and H6) yields a rel-
atively small reduction in the axial rigidity of the forewing
(around 3 %) but a larger decrease in the stiffness of the
hind-wing. In this case, the values of the maximum stress
in these two models (F6 and H6) are 1.3 and 1.1 times
higher than the complete fore- and hind-wing models
(Fland H1), respectively.

Figures 5 and 6 represent the deflection of the models
subjected to pure bending. The same contour legends are
used in these two figures. The maximum deformations of
the main wing models (Fland H1), under the described
loading condition, are 82.0 and 86.1 um, respectively.
These numerical results are in good agreement with the
values obtained from the analytical equation that is used to
calculate the deflection of a cantilever beam (81.5 and
88.2 um for fore- and hind-wings, respectively). In this
calculation, the flexural stiffness of the wings is supposed
to be constant and equal to the average values of
6.2 x 107> and 6.3 x 107> N m® for fore- and hind-
wings, respectively [23, 41].

We observed a very large increase in the maximum
bending deformation of the models with no corrugation
(models F2 and H2), in comparison with the complete wing
models (models F1 and H1), by 18.4 and 154 times,
respectively. Removal of the longitudinal veins (F3), cross-
veins (F4) and ambient veins (F5) has a less effect and
causes 5.8, 2.0 and 2.5 times increase in the bending
deformation of the forewing, respectively. Although
excluding the membrane from the forewing (model F6)
leads to the less strong increase in deflection, the maximum
deformation of this model is still 2.0 times larger than the
respective deformation of the exact model of native
forewing (model F1). Almost the same effects were
observed in the deformation of the hind-wing by removing
the same constructional elements.

The effect of the constructional elements on the angular
displacement of the models due to a torsional moment is
shown in Fig. 7. As displayed in this figure, removing each
of these elements from the forewing implies an increase in
the angular deformation of the main forewing model (F1).
The results are qualitatively the same for the hind-wing
model (H1). The maximum angles of twist of the models
Fland H1 subjected to the same twisting moment are 1.15°
and 0.73°, respectively. The numerical data indicate that
cross-veins have the most and membranes the least influ-
ences on the torsional rigidity of the dragonfly wings
(Table 3). Interestingly, the effect of longitudinal veins on
the torsional rigidity of the wings is very close to that of
Cross-veins.
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Table 3 summarizes the effect of removal of each con-
structional element on the axial, bending and torsional
rigidities of the insect fore-and hind-wings. The data are
expressed in percent compared to the results obtained from
the complete wing models (F1 and H1).

4 Discussion

4.1 The influence of the constructional elements
on the natural frequencies and mode shapes
of dragonfly wings

The effect of damping was not considered in our simula-
tions. However, structural and aerodynamic damping may
influence the natural frequencies of the wings. The fol-
lowing equation can be used to calculate the damped nat-
ural frequency of the wing system [32]:

wg=1\/1—-Coy, (1)

where wy and , are the damped and undamped natural
frequencies, respectively, and { is the dimensionless
damping ratio.

It has been demonstrated that the dragonfly wing
structure and its surrounding air together provide an aver-
age damping ratio less than 5 % which cannot make a
significant change in the dominant natural frequency and
mode shapes [4, 7]. Therefore, considering a damping ratio
of 5 % decreases the first natural frequencies of fore- and
hind-wings to 150.85 and 146.22 Hz, respectively.

It has been previously reported that dragonflies flap their
wings with a frequency between 29 and 52 Hz [24, 27, 36].
It means that the flapping frequency of these insects is at
least 2.8 times and at most 5.2 times less than the resonance
frequency of their wings. The considerable difference
between the flapping and natural frequencies provides a safe
and stable flight, as the morphology of the wing prevents it
to vibrate at its natural frequency, and therefore avoids the
flight disturbance and possible failure due to resonance.

The significant reduction in the first three natural fre-
quencies of the wings due to the removal of corrugations
(see Fig. 3) can be used to explain the empirical findings
indicating the lower flapping frequency of damselfly wings
than that of the wings of dragonflies [37]. The previous
observations demonstrated that the maximum wing beat
frequency of dragonflies, which belongs to Epiophlebia
superstes, is around 52 Hz, whereas damselflies flap their
wings with a maximum frequency of about 33 Hz. Based
on our simulations, this difference may come from the
more corrugated pattern of dragonfly wings compared to
wings of damselflies.
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Fig. 5 Results of bending tests on FE models of the forewing. a Model F1, b model F2, ¢ model F3, d model F4, e model F5 and f model F6.

Detailed characteristics of the models are listed in Table 1
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Fig. 6 Results of bending tests on FE models of the hind-wing. a Model H1, b model H2, ¢ model H3, d model H4, e model HS and f model H6.

Detailed characteristics of the models are listed in Table 1

As clearly illustrated in Fig. 3, in contrast to the
removal of the other constructional elements, removing
cross-veins has an opposite effect and leads to an
increase in the natural frequency of both fore- and hind-
wings. This phenomenon is probably due to the fact that

cross-veins might affect the weight of the wing
more than its overall stiffness. However, as recently
reported, cross-veins in insect wings play an important
role to distribute the stress and prevent stress concen-
trations [8].
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Fig. 7 Torque—angular displacement diagrams for a forewing and
b hind-wing models

Further investigation of the results from modal analysis
of the models revealed that the absence of a constructional
element, just in one case (third mode shape of model H4),
has no effect on their dominant form of deformation, and it
has a small effect on the location of the maximal defor-
mations (see Table 2). Indeed, the excessive oscillations
induced by resonance mainly occur at the tip and trailing
edge which are thinner and therefore more flexible than the
other parts of the wings. However, removing one of the
constructional elements from the complete models of the
wings (models F1 and H1) may lead to a considerable
increase in the magnitude of the deflection, especially
when corrugations are missing from the wings.

4.2 The influence of the constructional elements
on the axial stiffness of dragonfly wings

The remarkable difference in the deformation and stress

distribution of the wing models subjected to tension sug-
gests that the mechanical behaviour of the insect wings
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under normal stresses in the spanwise direction is consid-
erably affected by the interaction of all the constructional
elements. Investigation of the stress distribution in the
models with no longitudinal vein (models F3 and H3) and
no cross-vein (models F4 and H4) compared to that of the
main wing models (F1 and H1) shows high local stress
concentrations on the anterior and posterior parts of the
wings, respectively (see Fig. 4). Further, removal of
ambient veins (models F5 and HS) from the margin of the
wings increases the average tensile stress in whole wing
structure. These results demonstrate the importance of the
interaction between the wing veins in distributing stress
and preventing stress concentrations, as observed in our
previous simulations [8, 31]. Nevertheless, these stress
concentrations may significantly decrease the load-bearing
capacity of both wings.

Although, in comparison with the other constructional
elements, the membrane has the lowest influence on the
mechanical behaviour of the wing, removing the membrane
from the wings considerably increases the stress levels in
the veins. On the other hand, the models with no membrane
(models F6 and H6) exhibit lower stiffness in comparison
to the complete wing models (models F1 and H1). These
results support the conclusion reached by Newman and
Wootton [26] and Wootton et al. [46], indicating that the
membrane in insect wings acts as a “stressed skin” that
withstands the applied stress and increases the stiffness of
the wing structure.

4.3 The influence of the constructional elements
on the bending stiffness of dragonfly wings

The same mechanical resistance of the similar fore- and
hind-wing models (models with similar constructional
elements) to bending indicates the same functional role of
each element in both wings (see Figs. 5, 6). In other words,
the same constructional elements have the same influence
on the bending behaviour of the dragonfly fore- and hind-
wings. After removal of the corrugations (models F2 and
H2), both wings of the insect showed a large increase in the
bending deformation. This phenomenon suggests the cru-
cial role of corrugations in improving the flexural stiffness
of the wings (see Table 3), as previously reported by Rees
[33, 34]. Otherwise, the extremely large deformation of the
wing under the same bending stress may reduce the aero-
dynamic force production in flight or lead to structural
failure [5, 25].

In comparison with the models with no corrugation
(models F2 and H2), the other wing models showed a
relatively lower reduction in the bending stiffness (see
Table 3). The resulting change in the stiffness of the
models with no membrane (models F6 and H6) in contrast
to the complete wing models (models F1 and H1) confirms
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Table 3 Results of the numerical simulations

Constructional Wing Change in the axial Change in the bending Change in the torsional
element stiffness (%) stiffness (%) stiffness (%)
Corrugation Forewing +986.16 —94.57 —40.72
Hind-wing +5202.00 —93.51 —44.70
Longitudinal vein Forewing —93.60 —82.74 —63.72
Hind-wing —74.81 —80.25 —57.31
Cross-vein Forewing —27.02 —50.90 —66.08
Hind-wing —35.68 —34.36 —57.56
Ambient vein Forewing —43.78 —59.41 —35.75
Hind-wing —52.66 —62.66 —36.52
Membrane Forewing —2.80 —49.69 —23.33
Hind-wing —25.20 —33.45 —29.81

The effect of the removal of constructional elements (in percent) on the axial stiffness, bending stiffness and torsional stiffness of dragonfly fore-

and hind-wings in comparison to the complete wing model

the statement described in the previous section about the
effective influence of the membrane on the stiffness of the
insect wing.

4.4 The influence of the constructional elements
on the torsional stiffness of dragonfly wings

Numerical results indicated that all the constructional ele-
ments considered in this study noticeably influence the
torsional behaviour of dragonfly wings (see Fig. 7a, b).
Between all these elements, cross-veins were found to have
the largest effect on the wing torsional rigidity (see
Table 3). Considering the primary importance of cross-
veins as structural elements linking longitudinal veins, we
might suggest that, in torsion, the veins tend to maintain the
shape of the wing and resist angular deformation by
restraining the deflection of longitudinal veins and their
movements. As seen in Fig. 7, removing longitudinal veins
has almost the same effect on the torsional stiffness of the
wings as that caused by the removal of cross-veins. This
result provides more evidence for the proposed mechanism
enhancing the torsional rigidity of the insect wings that
involves the interaction of longitudinal and cross-veins.

Comparison of the results obtained from the analysis of
the complete wing models (models F1 and H1) and 2D
models (models F2 and H2) indicates that the wing cor-
rugations may also increase the torsional rigidity. It seems
likely that the corrugated design is a morphological adap-
tation that enables insect wings to resist higher torsional
moments [41].

The results indicate that the constructional elements
provide a balance between the flexibility and load-bearing
ability of the wings. Based on our results, to build the
flapping wings for a micro-aerial vehicle (MAV), one can
possibly remove the cross-veins because it has been proved
that, except membranes that are crucial to prevent air

passage, they are not as effective as the other wing ele-
ments. However, our previous work has shown that the
cross-veins are the main elements of the “crack barrier”
mechanism of the wing structure [14, 31].

In this study, we investigated the deformation and the
stress distribution of the wing models under static loads.
These loading conditions are different from those applying
to the insect wing during flight. Although the behaviour of
the wings are different when they are subjected to time-
varying distributed forces, the presented deformation and
stress analysis results can be used to better understand the
complex biomechanical behaviour of dragonfly wings.
However, one should note that the repeated stresses acting
on the insect wings may significantly influence the strength
of the wing structure and its lifetime. Therefore, the chal-
lenge of the future work is to understand the influence of
the constructional elements on the fatigue behaviour of
insect wings.

5 Conclusions

This article presents the results of a comparative study on
the effects of some constructional elements on the complex
vibrational and mechanical behaviour of dragonfly wings.
Our results show that each constructional element may
have a stronger effect in one condition, but a lesser effect in
another one. In some cases, the constructional elements
may also produce different effects. Using extensive
numerical simulations, we have shown that cross-veins
decrease the main natural frequency of the wings, whereas
the other constructional elements increase it. The corru-
gations were found to have the strongest impact on the
natural frequencies. The axial and bending rigidity of the
wings are mainly influenced by longitudinal veins and
corrugations. However, the torsional deformation of the
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insect wings is mostly affected by the interaction of both
longitudinal and cross-veins. Interestingly, in all cases,
membranes were found to have the lowest effect on the
vibrational and mechanical behaviour of the wings. Based
on the results, we can conclude that the constructional
elements and their complex interactions considerably
influence the deformation of the wings in flight. Consid-
ering the importance of passive deformability of insect
wings on their flight performance, the results obtained in
this article may be useful in the future design of more
efficient MAVs with bioinspired wing structures.
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