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Experimental investigations of the functional morphology
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Nowadays, the importance of identifying the flight mechanisms of the dragonfly, as an inspiration for designing
flapping wing vehicles, is well known. An experimental approach to understanding the complexities of insect wings as
organs of flight could provide significant outcomes for design purposes. In this paper, a comprehensive investigation is
carried out on the morphological and microstructural features of dragonfly wings. Scanning electron microscopy (SEM)
and tensile testing are used to experimentally verify the functional roles of different parts of the wings. A number of SEM
images of the elements of the wings, such as the nodus, leading edge, trailing edge, and vein sections, which play dominant
roles in strengthening the whole structure, are presented. The results from the tensile tests indicate that the nodus might
be the critical region of the wing that is subjected to high tensile stresses. Considering the patterns of the longitudinal
corrugations of the wings obtained in this paper, it can be supposed that they increase the load-bearing capacity, giving
the wings an ability to tolerate dynamic loading conditions. In addition, it is suggested that the longitudinal veins, along
with the leading and trailing edges, are structural mechanisms that further improve fatigue resistance by providing higher
fracture toughness, preventing crack propagation, and allowing the wings to sustain a significant amount of damage without

loss of strength.
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1. Introduction

Bionics or biomimetics is a new scientific and technical
discipline that attempts to create artificial structures inspired
by those found in nature. This multidimensional empirical
knowledge involves a wide variety of fields, such as biology,
physics, chemistry, mathematics, material science, and biome-
chanics.

Recent scientific discoveries have shown that all natu-
ral materials, tissues, and structures have the most optimized
shape and physical appearance. Hence, we dare to say that
mimicking nature is the best way to create engineering struc-
tures and sustainable products.

One of the most remarkable features of nature is its pro-
ficiency in the science of engineering design. Our previ-
ous work has showed that insects’ wings are one of the best
examples of design perfection!!! because they are super-
lightweight composite structures that have complex configu-
rations at both the macro and micro levels. One of the most
amazing and interesting wing structures belongs to dragon-
flies. The wings, as organs of flight, enable the insect to per-
form a very smooth and stable flight with remarkable agility.
A variety of unique flight maneuvers, including flapping, hov-
ering, gliding, and taking off, are demonstrated by dragonflies.
In fact, they are one of the fastest and most agile flying insects
in the living world.

What is beyond doubt is that both the macro and micro
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structures of dragonfly wings play an important role in their
efficiency, and this is why many researchers have tried to study
the effects of these two factors on wing performance and con-
trollability.

Newman’s work exhibited the wide range of structural
complexities in the vein sections, the shape of the cross-veins
and their intersections with the longitudinal veins.[®! The ex-
perimental analysis and numerical modeling of veins was per-
formed by Wang et al.!”! The experimental data were obtained
from scanning electron microscopy (SEM), tensile, and three-
point bending tests, and the numerical models were developed
using the finite element method. The results showed that the
vein has a sandwich microstructure that increases the bending
and twisting stiffness of the wings. A micro-CT scanner was
used by Jongerius and Lentink®! to make a three-dimensional
(3D) scan of a dragonfly wing. The scans contain a significant
amount of accurate and reliable data relating to the wing ve-
nation patterns and the thickness distribution of the veins and
membranes.

Two-dimensional (2D) cross sections of the wings of a
dragonfly were obtained by Okamoto et al.°! The magnified
photographs indicated that the wings are corrugated in the
chordwise direction. A set of valuable observations was col-
lected by Ren et al.!'%! to explore these corrugations. Their ex-
perimental results revealed that the corrugated angles between
the longitudinal veins range from 80° to 150°.

An experimental investigation on the wing membrane was
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done by Song et al.!'!! It was found that the membrane has a
three-layered microstructure with different thickness values.
Further, it was observed that the surface of the wing venations
is composed of numerous nanometer-scale columns coated by
a cuticle waxy layer. This wing covering was thoroughly an-
alyzed by Gorb et al.,!'”) who used a combination of acous-
tic microscopy, SEM, and transmission electron microscopy
(TEM) techniques to identify the possible functions of this
waxy layer. Another valuable study on the wax covering was
carried out recently.!!3] The authors suggested that the primary
function of the mentioned layer is to reduce the surface wetta-
bility by water. Other potential functions were also discussed
in detail.

Combes et al.!'¥ examined the effects of wing damage
on dragonfly flight performance. They suggested that the mor-
phology of the wings has a significant influence on their abil-
ity to undergo numerous flapping cycles. A review on the
morphologies of dragonfly wings and their mechanical prop-
erties was given by Sun and Bhushan.!'3] They further used
the topology optimization method to design a strong, stiff, and
lightweight film.

The above-mentioned studies are a number of remark-
able researches on the microstructural features and mechan-
ical properties of dragonfly wings. But, as far as we know, the
effects of some wing parameters on its mechanical character-
istics are still unknown.!1%16]

The microstructures of dragonfly wings were previously
investigated by us.['! We used our knowledge to develop
comprehensive numerical models to simulate the wing dynam-
ics. Here, we present our new empirical findings about drag-
onfly wings and their microstructures.

In this paper, a detailed study of the morphological and
microstructural aspects of dragonfly wings is made using an
SEM technique to give a better understanding and description
of the different parts of the insect wings. The main struc-
tural components of the wings are introduced and their specific
roles are explained in detail. A number of possible functions
are proposed for some parts of the wings. Tensile tests are
performed on dragonfly wing samples to validate the assump-
tions. In addition, for the first time, the different patterns of
the longitudinal corrugations of both the forewing and hind-
wing are explored and their effects are thoroughly discussed.
The obtained results are very interesting. The aim of this paper
is to provide an overview and to increase the understanding of
the unique mechanical-structural characteristics of dragonfly
wings.

2. Materials and methods
2.1. Scanning electron microscopy

As is well known, the mechanical performances of bio-
materials and biological tissues critically depend on their com-

positions on the microscopic scale. Based on this argument,
it can be concluded that the microstructure of the wing of a
dragonfly has a great influence on its functions. Therefore, a
Philips XLL.30 SEM device was used to observe, follow, and
characterize the wing morphology and microstructure. To pre-
pare the samples for SEM imaging, an untreated wing was
chosen and dried for 24 hours at room temperature. Although
the drying process can deform the shape of the wing, it is nec-
essary to obtain high-quality images. After drying, the sample
was cut into an appropriate size and fixed onto the stubs using
double-sided sticky tape. Then, small pieces of the wing were
coated with a thin gold-palladium layer using a sputter coater.
Finally, each sample was scanned under the microscope and a
number of remarkable observations were made.

It is interesting to note that in order to provide appro-
priate cross sections of the wing, samples were plunged into
liquid nitrogen and held for a few minutes. Thereafter, the
brittle samples were taken out and quickly broken into smaller
pieces. Finally, the small pieces were investigated under the
SEM device along their thickness direction.

2.2. Mechanical testing

Forty fresh samples (20 forewings and 20 hindwings)
were carefully taken from dragonflies with the same physical
characteristics. All the dragonflies had been gassed with ethyl-
acetate and died only a few seconds before the test began, to
preserve their mechanical capabilities. The whole process of
sample preparation and testing took about 10 minutes. Me-
chanical testing was performed using a vertical tensile testing
machine with two clamps (Fig. 1(a)). The specimens were
placed in the test machine to study the mechanical behaviors
of the wing structure under the effect of external tensile forces.

In order to prevent any local damage, slipping or un-
wanted rupture at the grip interface, four rough rectangles of
pasteboard were cut and placed on two sides of each wing
specimen (Fig. 1(b)). The rectangle pasteboards were ce-
mented to the wings using a small drop of cyanoacrylate adhe-
sive. Finally, each test specimen was held by the grips of the
tensile testing machine at the pasteboards (Fig. 1(c)).

Fig. 1. (color online) (a) A front view of the tensile testing machine.
(b) A wing specimen. (c) The specimen in the test rig.
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2.3. Section photography

Because of the importance of the size, shape, and pat-
tern of the longitudinal corrugations of dragonfly wings, five
forewings and five hindwings were widely investigated. The
wings were prepared and placed on a substrate. Four longitu-
dinal sections were made on each wing, and the sections were
obtained by slicing the wings with a razor blade, parallel to the
spanwise direction. They were then fixed vertically in a soft
polystyrene substrate. High-magnification images were taken
from the sections, and finally, using a simple image processing
technique, the coordinates of all the points on the longitudinal
section were determined with respect to a chosen origin.

3. Results and discussion

The typical dragonfly studied in this section is shown in
Fig. 2. It is called “Orthetrum sabina”, and can be widely
found in the north of Iran, flying around the rice fields dur-
ing spring and summer. The maximum length and width
of the forewing and hindwing are 39.12 mm, 9.11 mm,
36.89 mm, and 11.54 mm, respectively, as measured using a
digital caliper (Mitutoyo, Tokyo, Japan) with an accuracy of
0.01 mm.

Fig. 2. Photograph of an Orthetrum sabina.

The main component of the external skeleton of the insect
is chitin. Chitin, which is a long-chain polymer of N-acetyl
glucosamine, is insoluble in water.['”] The essential function
of chitin is to prevent the insect from losing too much water,
which can be important under dry environmental conditions.
Another significant role of chitin is to serve as a mechanically
strong layer to protect the insect’s wings and body against
physical damage, as well as moisture and dirt. In addition,
it is very interesting to note that chitin has remarkable anti-

[18.19] Thege characteristics

fungal and antibacterial properties.
can defend the body against harmful biological agents.

As seen in Fig. 2, the insect wing is generally composed
of two key components, namely veins and membranes. The
veins have been extended as a structural network in the wing

to provide a series of rigid frameworks for the membranes.

In other words, they are the main supporting elements in the
wing construction. They increase its strength and stiffness and
improve its functional performance.

There are considerable differences in the shape and size
between the veins. This is why they are divided into three
types: ambient veins, longitudinal veins, and cross veins.
Those veins that encircle the wing, acting as a framework,
are commonly called ambient veins. The leading and trail-
ing edges of the wing are supported by an ambient vein. In
fact, the ambient vein increases the stiffness of the margin of
the wing and also forms its boundary.

Longitudinal veins are those extended from the base to the
tip. They provide superior rigidity to the wing structure and
protect it from bending and torsional moments. These veins
are anchored to the base of the wing and can be easily con-
trolled by the insect. The longitudinal veins are joined together
with a series of small light veins called cross-veins, which are
irregularly distributed throughout the wing. The cross-veins
stiffen the wing and enhance its aerodynamic performance.?"!

The thickness of the veins decreases from the wing base
to the wing tip and from the leading edge to the trailing edge.
This enables the wing to be more flexible near the tip and the
trailing edge. This feature consequently allows the wing to

effectively bear both inertial and aerodynamic forces. 8211

Fig. 4. The microstructure of a tubular vein (791X).

The wing veins have tubular cross sections (Figs. 3-5).
These tubular structures are largely made from chitin and pro-
tein. Actually, each vein has a sandwich-type configuration
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including two chitinous shells separated by a fibrous protein
layer, as seen in Fig. 5. This type of biological architecture
reduces the weight of the wing and leads to minimum energy
consumption. On the other hand, it can increase the stiffness of
the structure extremely against bending moments and twisting
deformations. [7-??]

Fig. 5. The fibrous protein layer in the vein wall (766X).

It is expected that the maximum value of the aerodynamic
bending load generated during flight is tolerated by the chiti-
nous layers, especially the outer one. This is because the pro-
tein layer acts as a ductile material and, as previously reported,
it mainly experiences torsional deformations.!”!

The membrane is the ultrathin transparent film, which has
been stiffened by the veins. Its primitive function is possi-
bly to prevent the passage of air through the wing. But, we
have also demonstrated that the membranes of insect wings,
in some regions, act as a stressed skin to stiffen the whole
structure.!>3-231 It is also subjected to relatively large bending

and twisting moments during flight.[26-28]

The membrane has a three-layered microstructure.!'!!
The central layer is typically thicker than the covering lay-
ers. Both covering layers are almost the same in thickness and
mechanical property. The same variation is found in the mem-
brane thickness as observed in the veins, and this provides a
similar effect on the flight dynamics of the wing. ®!

The entire surface of the membrane is coated with a very
thin rough waxy layer, which clearly enhances the strength of
the wing and provides strong protection against environmental

(291 This layer also has a super-hydrophobic and self-

agents.
cleaning microstructure (Fig. 6). Self-cleaning reduces energy
consumption and hydrophobicity causes a sharp increase in
flight agility when the insect flies in a humid place. The waxy
layer, however, performs a more important task. It controls
the wing surface boundary layer, and in this way fulfills an
aerodynamic function.[%??3% Actually, the surface roughness
of the wing results in a considerable increase in the maximum

lift coefficient and the maximum lift to drag ratio. "’

contamination
water droplet

/ surface of the
wing membrane

/

Fig. 6. Schematic view of the hydrophobic and self-cleaning effects
of the surface microstructure of the wing.

Fig. 7. SEM images of the leading edge of the wing. (a) 50X; (b) 169X
(c) 648X, and (d) 1297X.

The dragonfly wing is divided into different regions with
different shapes and areas. These regions are named “cell”.
In other words, each cell is an area of membrane separated
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by veins. The cells near the leading edge are often square or
rectangular, but their shapes and sizes considerably change to-
wards the trailing edge. As depicted in Fig. 2, the trailing edge
is mainly composed of non-square cells (e.g. rectangular, pen-
tagonal, and hexagonal ones). Most of the cells in this region
are obviously smaller and less uniform in shape. Certainly,
the four-sided cells are stiffer than the others. The bending
and twisting deformations in a square cell structure are lower
than a hexagonal one. This feature allows the wing to be more
rigid at the leading edge and more flexible at the trailing edge.

It is supposed that the configuration of the leading edge is
very important for the flight capacity of the insect. A three-
dimensional configuration is illustrated by Figs. 7(a)-7(d),

showing the leading edge of the wing. The leading edge pro-
vides exceptional structural strength and stiffness for the wing.
It causes a remarkable increase in the flexural stiffness of the
wing and significantly improves its acrodynamic and stability
characteristics. [6::26:27.31]

Electron microscopic images of the trailing edge reveal
a series of three-dimensional spade-shaped spines (Figs. 8(b)
and 8(c)). It is assumed that these structural elements play
an important role in the flight of the insect. They act as Gur-
ney flaps, increasing the lift coefficient as well as stabilizing
the flight maneuverability.*?] Figure 8(d) shows the magnified

details of the trailing edge.

Fig. 8. A selection of SEM images of the dragonfly hindwing. (a) The hindwing of Orthetrum sabina; (b), (c), (d) the trailing edge
with three-dimensional spade-shaped spines, 37X, 300X, and 1200X, respectively; (e)—(h) the nodus, 22X, 90X, 181X, and 362X,
respectively; and (i), (j) the distributed spines on the wing, 28X and 322X, respectively.

One of the main structural components of the wing is the
nodus. As depicted in Fig. 8(e), the nodus is a semicircular
spot located at the center of the leading edge. It connects
the basal part with the distal part. It is actually a hinge-like
structure that increases flexibility and prevents the wing from
bending failure. This is because the nodus prevents the bend-
ing moment in the center of the leading edge from becoming
too high.33! Likewise, results from previous studies suggest
that the nodus has a major influence on the spatial distribution
of inertial loads.®! Closer views of the nodus are provided in
Figs. 8(£)-8(h).

Figure 9 shows the initiation of fracture in a dragonfly
wing. It is very important to note that all fractures are initiated
at the nodus, i.e., the nodus is the critical location with the
highest stress concentration when the wings are under tensile
forces.

Fig. 9. Limited crack propagation in a test specimen.
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Fig. 10. (color online) The different patterns of the longitudinal sections of both the forewing and hindwing. (a) Section 1, (b) section
2, (c) section 3, and (d) section 4 of the forewing. (e) Section 1, (f) section 2, (g) section 3, and (h) section 4 of the hindwing.

Another important consideration in the design of dragon-
fly wings is the pterostigma. The pterostigma is a dark, thick-
ened, and blood-filled membrane structure near the tip of the
wing. The pterostigma has a favorable aerodynamic function.
It increases the stability of the wings by moving the centre-of-
mass towards the leading edge and passively controls the angle
of attack of the wing during flapping flight. 34381 It is also be-

lieved that the pterostigma reduces wing flutter during gliding
and therefore raises the maximum speed at which gliding can
occur.[34 Additionally, it can be utilized as a visual marker to
detect and court females.

The SEM images reveal that a number of tiny and nar-
row spines are densely distributed on the veins all over the
wings (Figs. 8(i) and 8(j)). The spines each have a hollow
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microstructure (Fig. 3). They are usually cone-shaped with
a dome-like tip. It is assumed that the spines are efficient
and effective mechanisms to provide an optimized flow of air
above the wing surface.!'! Additionally, we propose that an-
other function of the spines is to facilitate convection cooling
of the insect wings, because they increase the contact surface
area between the air and the wing.

Cross-sectional corrugations at the middle and trailing
edge increase the lift coefficients at all Reynolds numbers.
These corrugations also decrease the drag force acting on
the wing.!*®! Another important role of the cross-sectional
corrugations is to improve the flexural rigidity of the wing
structure. [40]

Different patterns of the longitudinal corrugations of both
the forewing and hindwing are plotted in Fig. 10. The patterns
are related to four longitudinal sections on each wing. Fig-
ure 10(a) illustrates the pattern of the forewing corrugation in
section 1. As seen in this figure, the magnitude of the longitu-
dinal corrugation remains without significant changes all the
way through this section. As can be seen from Fig. 10(b), in
section 2, there is an increase in the magnitude of the corru-
gation near the base, while it remains almost constant in the
longitudinal direction. In section 3, a continuous increase in
the magnitude of the longitudinal corrugation, from the base
to the tip, can be observed with respect to the base point
(Fig. 10(c)). The pattern of the longitudinal corrugation in
section 4 is shown in Fig. 10(d). The drawn pattern indicates
that the magnitude of the corrugation is increasing, but near
the tip an abrupt change occurs in the corrugation slope.

The corrugation patterns of the hindwing, along the span-
wise direction, are shown in Figs. 10(e) and 10(f). The profiles
of the corrugation of the hindwing, in sections 1 and 2, are ap-
proximately the same as those of the forewing. But, from a
morphological point of view, there are differences in the cor-
rugation pattern between the wings in sections 3 and 4. In fact,
in section 3, unlike in the forewing, the slope of the longitudi-
nal corrugation of the hindwing after a rapid increase slightly
decreases (Fig. 10(g)). Finally, in section 4, near the base, an
increase occurs in the magnitude of the corrugation, but after
that a continuous decrease takes place (Fig. 10(h)).

It is clear that the longitudinal bending of the wings in-
creases with the increase in the longitudinal corrugations to-
wards the tip. On the other hand, the experimental results
from the tensile loading of the wing samples indicate that these
corrugations have a great influence on the load-bearing capac-
ity of the wings. The longitudinal corrugations also increase
the elongation ability and longitudinal flexibility of dragonfly
wings. In fact, these corrugations are anti-failure mechanisms
that prevent structural damage due to external applied loads.
A force-elongation diagram of a dragonfly hindwing is given
in Fig. 11. It appears that each peak on this diagram corre-
sponds to the tensile rupture of one of the reinforcing longitu-

dinal veins. The first peak is related to the tensile resistance
of the first longitudinal vein (costa). Once the initial crack
starts to grow, it rapidly reaches the next longitudinal vein.
Indeed, the membrane between two longitudinal veins experi-
ences a catastrophic failure. Then, it can be concluded that the
longitudinal veins are the main components that increase the
fracture toughness values of the wings.
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Fig. 11. (color online) (a) Force-elongation diagram of a hindwing.
(b) The top view of a fractured hindwing under tensile loading.
The fracture is initiated from the nodus, rapidly passes through
the membrane, and when it reaches the next longitudinal vein it
is stopped.

The fracture strains obtained from the tensile testing
experiments for the forewing and hindwing are 5.65% and
5.58%, respectively. These values are obviously higher than
the fracture strain of the chitin (1%—-2%), which is the main
component of the insect wing and body. The mechanical be-
havior of the wings subjected to tensile loads needs further
investigation, and the results will be presented in our future
work.

4. Conclusion

In this work, detailed observations on dragonfly wings
are performed using SEM. The obtained images are employed
to study the surface morphologies and microstructures of the
wings. A vertical tensile testing machine is used to explore the
mechanical behaviors of the wings under tensile forces.

The SEM images taken from the leading and trailing
edges display a crimped structure. This structure effectively
increases the stiffness of the wing and potentially prevents
crack initiation and tearing. In total, the reinforced wing struc-
ture seems to be an effective design that prevents crack propa-
gation by providing tough barriers in front of the crack tips.

The typical images of the fractured surfaces due to ten-
sile loads indicate that the nodus is the critical region of the
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wing. The relatively extensive elongations of the samples un-
der tensile loading conditions verify that the longitudinal cor-
rugations are beneficial as anti-failure patterns because they
significantly improve the load-bearing capacity of the wing.
They also increase the flexibility of the wing structure, thereby
affecting its fatigue resistance.

Moreover, concerning the hollow shape and microstruc-
ture of the spines, it can be proposed that the combination of
multiple spines and longitudinal corrugations can provide an
optimized fatigue resistance when the wings are subjected to
dynamic loading conditions. The spines may also have an ef-
fective role in normalizing the wing temperature due to the in-
creased surface area of the wings. The results from the present
study may be useful in the further development of new designs
inspired from dragonflies.
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