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1. Introduction

The modern development of air transport enables
people to travel long distances quickly and comfortably.
However, the use of aircraft is expanding significantly over
time. In order to access environments that are difficult for
hu-mans to survive in, or extremely small, and to be able to
transmit signals over a distance, the Defense Advanced Re-
search Projects Agency (DARPA) has introduced the idea
of Micro Aerial Vehicles (MAVs). Compared to con-ven-
tional large-scale aircraft, MAVs have the great advantage
of being able to hide their movement and be agile in small
spaces due to their limited wingspan and weight. Such small
unmanned aerial vehicle (UAV) can therefore be used for
national defense and infrastructure, such as military, rescue
work and ground searches in extreme environmental condi-
tions. Early MAVs were mostly designed by downsizing
conventional aircraft. However, there was a problem that
such fixed-wing micro-aircraft could not hover. This led to
a turn to nature. Research on the aerodynamics of insect
flight was already being carried out in the 1960s (e.g. Jensen
1956). Inspired by insect biology and mechanics, scientists
have developed walking, crawling and flying robots. Insect-
inspired flight research has arguably been the most inten-
sively and extensively re-searched area of all insect-related
engineering research [1].

Dragonfly flight is unique. The most important
flight characteristics are: speed range (lowest speed without
braking, highest speed for escape and pursuit, lowest speed
for long flight over a small area and highest speed for long-
distance migration), endurance (more or less equivalent to
power economy), acceleration (includes linear acceleration
for escape and pursuit and maneuverability in various turns).
These characteristics may be influenced by wing shape, size
and other parameters, e.g. relatively long wings may con-
tribute to maneuvering at high speed. Narrow wings have
the further advantage that, because of their narrow-ness, the
wing cores are close together, making it easier for the wing
to undergo passive rotation and a greater proportion of the
wing area to exert lift when the dragonfly rises [2].

An adult dragonfly can fly in six directions: up,
down, forward, backward, left and right. The flight of these
in-sects can generally be divided into four different modes:
slow flight or hovering, forward flight (forward move-
ment), acceleration, and free flight (gliding). The flapping
wing also generates oscillations that can be used to gener-
ate lift in modes such as: fast bank, vortex catch and de-
layed leading edge vortex (LEV) braking [3].

The SEM can be used to investigate the structure
of the wing, which can then be used to investigate its biol-
ogy, aerodynamics and mechanics [4, 5]. This method also
allows a very close observation of the nodes and a better

understanding of how it works, leading to a better under-
standing of how this part of the wing deforms [6]. SEM can
also be used to investigate the effect of mechanical damage
to a dragonfly wing on its flight characteristics if the SEM
has been preceded by a live dragonfly dynamics study.

The dragonfly wing can withstand high flapping
frequencies during flight, while at the same time the wing is
subject to deformation [7]. The literature indicates that the
wing has a resonant frequency of more than 100 Hz and does
not break if the frequency is greater than 30 Hz [8]. Other
studies have shown that the flapping frequency of the drag-
onfly Aeshna Juncea is 27 Hz [9].

The dragonfly has the ability to control each of its
wings individually, in different phases [10]. In flight, the
dragonfly generates leading-edge vortices (LEVS), thus in-
creasing its lift, and can only control the flow of air by al-
tering the angle of attack (AoA) of the wings [11]. The pri-
mary lift contributor is the LEV, but about 35% percent of
the total lift is due to rotational effects [12].

Dragonfly wings are extremely stable and can
withstand comparatively high loads from gliding, hovering
and flapping, even though they account for only 2% of the
total mass of a dragonfly [13]. Compared to a conventional
aircraft wing, a deformable wing increases lift during both
wake capture and delayed stall mechanisms [14]. Computa-
tional methods have become a popular way of under-stand-
ing how biological systems work in recent decades [15]. The
finite element method allows biological systems, in this case
the dragonfly wing, to be studied with different parameters,
which is of particular importance when studying stability in
structures [16]. One example of such a dragonfly method is
the numerical analysis of steady and unsteady airflow when
the dragonfly is hovering. The analysis was carried out at
very low Reynolds numbers and was defined by the Navier-
Stokes equations. Finite element and other methods were
used to facilitate the solution of these equations in computer
applications [17].

The dragonfly wing membrane consists of three
layers with a total thickness of about 3 um [18]. And some
veins are more elastic and flexible than others, due to the
varying amount of resilin (a flexible protein found in many
insects) in them [19]. Resilin is mainly found in the joints
and veins, and the joints are divided into flexible and rigid
according to the amount of resilin they contain [20].

This study will look at the morphological and me-
chanical design of the Aeshna Cyanea wing and will con-
duct an experiment to investigate the force generated by the
dragonfly during flight. An SEM study of the dragonfly
fore-wing will also be carried out to observe the veins and
nodes and the wing root. In order to understand the wing
vibrations, a first resonance frequency study of the forewing
will be carried out.



2. Materials and methods
2.1. Specimen collection

Dragonflies are one of the best predators in the
world with an outstanding 97% probability of catching its
prey. The insect's flight and wings are responsible for this
very good performance [21]. Like other flying insects, drag-
onfly wings are made of a membrane and veins. However,
dragonflies are distinguished from other insects by their
complex wing structure [22]. The wings of flying insects are
not only for flying, but also for fighting, defense, thermoreg-
ulation, food and water collection, etc [23]. Wings often
take up to 6% of a dragonfly’s body mass. In some places,
the thickness of the wing is less than 0.5 um [24].

Dragonflies were captured in the summer of 2023
in southern Lithuania, in the Varéna district, near two water
bodies (coordinates: 54.21550775533976,
24.292221617867497 and 54.235882399877845,
24.25285738039737). Each insect was also photographed in
order to correctly identify the dragonfly species. All the de-
scribed information and photographs were sent to V. Jusys,
the head of the Ventés Ragas Ornithological Station, who
described the dragonfly species captured. Of the 48 dragon-
flies captured, Aeshna Cyanea was the most abundant spe-
cies, and this species was chosen for the study due to the
most amount of information gathered.

Fig. 1 Dragonfly (male) Aeshna Cyanea

Aeshna Cyanea is a common species, evenly dis-
tributed in Lithuania. It is observed in forest sites, along
rarely travelled roads, although sources say that this species
is rarely found near water bodies in Lithuania, all Aeshna
Cyanea dragonflies observed by the author were near water
bodies [25]. The species is characterized by its large size and
the blue and green coloration of its body. The average length
of the body is about 75 mm and the distance be-tween the
wing tips is up to 100 mm [26].

Dragonfly wings, like those of other flying insects,
are made up of veins and membranes. The membrane is
composed mainly of structural proteins that allow the wing
to withstand high bending, twisting and aerodynamic forc-
es during flight. As the wing rotates throughout the entire
gliding cycle, it generates more lift than if the wing were not
rotating during flight, in which case the membrane not only
acts as a sail for the wing, but also adds stiffness to the wing
[27]. The mechanical and biological properties of the wing
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membrane and veins, as well as the mechanical damage sus-
tained by the wing, determine how the wing will react to the
forces experienced. However, the magnitudes of the me-
chanical properties of the membrane vary in the literature,
depending on the method of investigation and the part of the
wing being investigated. For example, the Young's modulus
determined by the conventional method is approximately
1 GPa, while the nano-identification method suggests
1.5 GPa. Itis also possible that the mechanical properties of
the membrane vary depending on the age, species, and other
parameters of the dragonfly [22]. The veins of the wing are
interconnected by nodes, distributed over the entire area of
the wing in different shapes and sizes [14]. Nodes are di-
vided into two groups according to their mechanical proper-
ties. In the first group (flexible nodes), the veins connect to
each other over a large area, while the veins in the second
group (rigid nodes) connect in such a way that they do not
have any contact with each other, and the node is enriched
with resilin [28]. The veins of the wing are enriched with a
chitin (the most common type of chitin found in nature) and
resilin, a protein that gives flexibility and elasticity to the
structural parts of the wing [29].

The dragonfly species Aeshna Cyanea is very suit-
able for micro aerial vehicle (MAV) applications. This is
because this species is widely studied by scientists. Aerody-
namic studies on the wings of this species are being carried
out, as well as studies on wing mechanical properties, defor-
mations, and other parameters. Interactions between indi-
viduals of this species are also being studied and can be used
for the application of biomimicry in the MAV design phase.
MAV’s inspired by dragonfly flight in the future may be
used for military and civilian operations where it is neces-
sary to be unseen, or to be delivered to places that are un-
reachable or unsurvivable by humans [30].

2.2. Wing morphology and geometry

A dragonfly wing has an extremely dense network
of veins, which is made up of a few major veins emanating
from the root of the wing and many smaller veins that con-
nect the major veins. For further investigation, a photograph
of the wing was imported into the software and the vein net-
work model of the wing was reduced to simplify the model.
A few main (more pronounced) veins and wing borders
were left. Fig. 2, a shows a high-quality photograph of the

Fig. 2 Dragonfly Aeshna Cyanea forewing (a) and simpli-
fied geometrical model with major veins (b)



forewing of Aeshna Cyanea, Fig. 2, b shows a simplified
model of the forewing.

The table below shows the parameters of the drag-
onfly's front wing. The length and area of the wing are meas-
ured at the longest and widest point respectively, the area of
the wing is calculated with the help of AutoCAD software.
To simplify the calculations, it was assumed that the veins
are circular in their entire length, only their outer diameter
was measured, also with the help of the software. It is as-
sumed that the diameter of the vein remains the same
throughout its length. Average vein diameter was calculated
by picking 5 random points of main veins in the first centi-
meter of the wing length, measuring the diameter of the vein
in these points and calculating the average value of those
diameters.

Table 1
Measured dragonfly forewing geometric parameters
Parameters Dragonfly forewing
Width 10.58 mm
Wing vein diam- 011 mm
eter
Wing area 417.85 mm?

The distance between the wing root and the nodus,
marked with red dots in the Fig. 2 was also measured for
further calculations, simulations, and research. As can be
seen in Table 2, the distance between the root and the nodus
is approximately half of the total wing length. Average dis-
tance L between the root and the wingtip is 43.94 mm. Cal-
culated average distance between the root and the nodus LD
is 21.43 mm. So, the ratio between L and LD is 0.48.

Table 2
Dragonfly wing length and distance between root
and nodus
Specimen | Distance between the | Distance between the
No. root and wingtip, LD root and nodus, L
1 43.43 mm 21.04 mm
2 44.02 mm 21.86 mm
3 43.12 mm 20.48 mm
4 42.48 mm 20.97 mm
5 47.31 mm 23.27 mm
6 43.27 mm 20.97 mm

In general, there has not been much research on the
mechanical properties of nodus. Some literature refers to its
location in the wing, other authors describe the functional
characteristics of this wing structure and its influence on de-
formation [6, 36]. No studies could be found on the nodus
as a structural element and on its degrees of freedom during
flight (at different stages of flight). It is possible to think of
the principle of the nodus as a human elbow or knee, but
more research is needed to further investigate this wing ele-
ment to see the exact structure of the nodus. In a few studies
there was the ability to see a section of the nodus, but it is
looks like because the amount of resilin in the nodus was
tested [21].
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2.3. Scanning electron microscopy
2.3.1. SEM structure

The mechanical properties of biological tissues are
highly dependent on the microstructure of the tissues. In or-
der to get to know the dragonfly of the studied species bet-
ter, the forewing of Aeshna Cyanea was studied by scanning
electron microscope (SEM). Monitored areas of the wing -
root, nodus, vein connections, mechanic sensors. The oper-
ation of scanning electronic microscope is shown in the
Fig. 3.

Condensor lens

Objective lens
Back-scattered electron detector

X-ray (Ieleclor—%

Sample

Fig. 3 Principal scheme of the SEM

4 ;_ Secondary electron

detector

After the test sample is irradiated with an electron
beam in a vacuum, secondary electrons, backscattered elec-
trons, and other signals are created. Signals from the men-
tioned electrons are used to reproduce images. Secondary
electrons are formed near the surface of the sample, and the
image obtained after detecting these electrons shows the
fine structure of the sample. The SEM structure consists of
a column, a chamber containing the sample, a screen, and a
control section. There is a vacuum inside the column, and
the released electrons from the source pass through electro-
magnetic lenses and become a fine beam of electrons. This
electron beam is scanned longitudinally across the speci-
men. Meanwhile, the specimen chamber is equipped with a
specimen stand with a goniometer, a secondary electron de-
tector to detect signals emitted by the specimen, and, de-
pending on the SEM, an electron backscatter detector and/or
an X-ray detector. A vacuum pump is connected to the sam-
ple chamber to maintain vacuum in the column and chamber
[31].

The dragonfly wing was examined with a tabletop
SEM, which has the same principle of operation, but the mi-
cro-scope is smaller than conventional microscopes and can
be placed on a table. Its dimensions are 330 mm width and
614 mm height. The microscope demonstration was carried
out by “Armgate” company. The SEM used for the study
was a Hitachi TM4000 series tabletop SEM. The maxi-mum
magnification of this SEM is 5000. Acceleration voltages of
5kV, 10 kV, 15 kV and 20 kV can be selected, and three
choices of image types are available: secondary electron im-
ages, backscattered electron images, and a mixture of the
two images. Depending on the type of sample (biological,
chemical, etc.), different types of vacuum can be selected:
conducting, standard and charge reducing [31].



2.3.2. Sample preparation

A dried dragonfly wing was glued to the mount
with double-sided carbon tape. Next, the required height of
the holder was determined and the specimen was placed in
the test chamber. Later, vacuum and voltage parameters are
selected. Since the specimen is biological, the vacuum type
is chosen as standard and the voltage is set at 5 kV to mini-
mize irritation of the wing surface. Fig. 4 shows the work
area set up.

Computer SEM Sampie 7

Fig. 4 Experimental stand

The study was carried out on two samples, ob-
served from the same side of the wing. During the study, the
lower zoom was used to observe a larger area of the wing,
while the higher zoom was used to observe leading edge
vein (a), sensors (e), vein overlaps (b, f, g), joints (c), wing
root (d) and other extremely small parts of the wing struc-
ture like nodus (c).

A few photos show dust, possibly from improper
storage. Preliminary dragonfly wing locations are shown in
Fig. 5.

Fig. 5 SEM study areas: a — leading edge vein, b — intersec-
tion of veins, ¢ — nodus, d — root e — mechanosensors,
f — branching of the veins, g — merged veins

Fig. 6 shows the root of a dragonfly wing. It is pos-
sible to observe the irregularities of the wing, which contrib-
ute to the strength and stiffness of the wing [32]. The root of
the wing is uneven due to the high concentration of veins in
a small area, the connections that connect the muscles in the
dragonfly's body to the wing, and the mechanic sensors that
help the dragonfly read its surroundings. These sensors help
monitor the condition of the wings in real time and react to
changes in air flow and deformations occur-ring at the time
[33].

Fig. 7 shows leading-edge vein of the forewing and
a spike on it. This structure of the vein not only gives the
wing excellent aerodynamic properties, but also reduces the
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Fig. 6 Wing root

noise level generated by the movement of the wing. The
height of the visible spiked structure influences the noise at-
tenuation property - the higher the height, the more sound is
attenuated, but sound attenuation only occurs up to a certain
height of the spike. The width of the spiked structure influ-
ences the distribution of pressure fluctuations in the main
vein. As the width of the spikes increases, the pressure dis-
tribution moves from the front of the wing more towards the
center of the wing [34].

The irregularities visible in the zoomed-in view of
Fig. 7 may indicate existing structural damage caused by
mechanical damage, parasites, bacteria etc. This damage
could also be due to the wing being stored in an unsuitable
environment, so that the wing may have been exposed to
dust and moisture. At the wing root, the veins and mem-
brane are thicker compared to the wing tip, providing stabil-
ity under both inertial and aerodynamic loads. The costal
veins change shape along the entire length of the wing, i.e.
It is not circular. These shapes help the wing to withstand
the loads created in that area of the wing. In the part of the
wing to be deformed, the cross-veins are covered with a
membrane strip which helps the cross-vein to rotate slightly
when the longitudinal vein rotates [35].

Fig. 8 shows the costal, subcostal, and radial veins
connecting the nodus (a) in the center of the wing. This no-
dus is elastic and flexible, allowing the wing to bend through
its center in flight. Other veins (b, c) are staying in their de-
grees of freedom and the veins entering the node have more
degrees of freedom. The main purpose of this node is to

Fig. 7 Leading edge vein of a forewing



Fig. 8 Nodus and veins of a forewing: a — nodus, b — inter-
seption of veins, ¢ — merged veins

reduce the received loads [36].

SEM studies can be extremely useful in the devel-
opment of micro aerial vehicles, by biomimicking a dragon-
fly wing it is possible to design small drones that are in-
spired by the best flight of the world's predator.

2.4. Dragonfly wing dynamic analysis
2.4.1. Test work area

The vibrations of a dragonfly's forewing have been
studied. An attempt was made to find the first resonant fre-
quency of the wing of Aeshna Cyanea by means of a
“bump* test and a forced excitation test. Both tests were
both carried out on the same work stand, the structure of
which can be seen in the Fig. 9.

Laser
controller

.

Laser
Doppler
vibrometer

Analogue-
digital
converter

Computer Sample

Work
area

Fig. 9 ,,Bump® test and forced excitation test principal
scheme, computer shows “Pico-Scope 6” software

2.4.2. Specimen preparation

The mass of a dragonfly wing is approximately
evenly distributed over the entire wing area, so that this
value can be considered constant, whereas the wing stiffness
starts to change when contact with air occurs, since air has
a drag as well as a compressibility. So, when the amplitude
of vibration increases, the wing is actually moving more in
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the air, so the air has a greater influence on the wing — flu-
id/structure phenomena.

The root of the wing was glued to a wooden block,
which was attached to a Doppler vibrometer that was con-
nected to a Polytec OFV-5000 controller. The challenge in
this study was to find a suitable point on the wing where the
laser beam did not pass through (the most accurate results
were obtained by applying the laser beam to a prominent
vein at the end of the wing). The wing vibration data from
the study was read in PicoScope 6.

Laser beam was directed to a specific point of the
wing tip, that is shown in the Fig. 10.

Fig. 10 Point (red mark) on the wing that laser was directed
to

This point was chosen because of the thinness of
the wing tip, the laser beam could easily pass through the
membrane, so vein was chosen instead.

2.4.3. Results

The “bump” test was carried out on two Aeshna
Cyanea forewings and the results are presented in Fig. 11,
Fig. 12, Fig. 13 and Fig. 14.

From the available graphs it is possible to observe
how the wing stops oscillating after only a few oscillations
after hitting the work bench (the highest jump in the graph).
For the first wing “bump” test, the oscillations stop at about
60 ms and the frequency between the two peaks T=12.26
ms. With this value it is therefore possible to determine the
first resonant frequency with Eq. 1:

f=T1:81.56 Hz. 1)

Here: T is period, s, f is frequency, Hz.

As can be seen from the results of the “bump” test
for the second wing, more oscillations occur before settling
compared to the first wing. The time between peaks was
found to be 9.8 ms. Using the above calculations, the first
resonant frequency of the second wing was determined to
be 101,75 Hz.

From the results of the “bump” test, further inves-
tigations can be carried out to investigate the damping of the
wing in contact with the air and to further investigate the
application of this dragonfly species to MAV's. The “bump”
test was carried out to see if it is even possible to find the
first resonant frequency of the wing with such a small bio-
assay.

The same parameter was further investigated, but
by a different method, by setting a certain steady vibration
frequency of the work bench (shown in red in the graphs)
and observing the wing vibrating (shown in blue in the
graphs). The result of the first wing test with forced excita-
tion is shown in Fig. 13.



As can be seen from the graphs, the highest point
reached by the blue curve was at 88.4 mV and the period
was set at 12.71 ms. Compared to the “bump” test result, the
difference is only 0.45 ms, which corresponds to 2.2 Hz af-
ter the calculation.

The results of the second wing test were also simi-
lar for both test methods. The period of oscillation was
found to be 10.4 ms, a difference of 0.572 ms compared to
the first wing tested by the first method, corresponding to
1.74 Hz. The highest point of the curve was found at
64.23 mV. The results of second dragonfly’s forewing
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forced excitation test is shown in Fig. 14. The first and sec-
ond specimen resonant frequencies are so different because
the first specimen area is bigger than the second specimen
area.

3. Discussion

This study investigated the basic characteristics of
the dragonfly wing, which will be further investigated in fu-
ture studies. The study involved the wings of real Aeshna
Cyanea dragonflies, which were dried in a room environ-
ment and subsequently subjected to SEM and vibration
studies.

The Aeshna Cyanea dragonfly was chosen because
it was the species with the highest capture rate and it was
judged that studying a single species of dragonfly would
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Fig. 13 Kinematic excitation on the first wing specimen: red - vibration of the vibrometer, blue - vibration of the wing
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Fig 14 Kinematic excitation on the second wing specimen: red - vibration of the vibrometer, and blue - vibration of the wing

provide the most accurate results. This dragonfly species is
not often used for surveys, with Aeshnidea dragonflies be-
ing more commonly surveyed than Aeshna Juncea dragon-
flies, probably due to the higher prevalence of this species
in the countries where surveys are carried out.

The morphology of the dragonfly is so peculiar that
it has remained virtually unchanged since the appearance of
this insect. The veins and joints in dragonfly wings contain
the protein resilin, which gives the wing its flexibility and
elasticity. Many different studies have been carried out on
the morphology of the wing (SEM, TEM, etc.), but few re-
searchers have studied the wing's nodus, its morphology and
its mechanics, although this part of the wing contributes to
the wing's flexibility and absorbs a very large amount of in-
coming loads during flight.

The scanning electron microscope study on
Aeshna Cyanea forewing gives us good understanding of
morphology and structure, and how the wing looks like from
microscopic level. This research method opens up new pos-
sibilities for MAV modelling and mimicry of the wing. Var-
ious studies have shown how mechanical damage to the
wing affects the flight, how the wing vein section looks like
at different locations etc.

The studies on the dragonfly's wing dynamics can
give a very good understanding of how the wing itself
works. From the biomimicry point of view the studies on the
wing dynamics can help with designing and modelling of
the artificial wing of the MAV. Both wing vibration tests
have shown that the wing vibration can be investigated by
different methods and the results will be the same. However,
the results obtained cannot be considered as a general fea-
ture of the species, as the amplitude of the wing vibration
also depends on the wing area, the influence of the air on the
compressibility and other parameters.

4, Conclusions

1. Over the last few decades, a lot of research has
been carried out on dragonflies to understand their morphol-
ogy and mechanics, with a view to applying this to the de-
velopment of MAVSs. A review of the literature has provided
an overview of wing biological properties, resilin, wing
morphology and mechanical characteristics. The dragonfly

Aeshna Cyanea, which is one of the most common dragon-
flies of the family Aeshnidea in Lithuania, was studied in
this study.

2. Dragonflies were captured for the study and their
geometrical characteristics such as mass, wing spacing, and
body length were examined to identify the species. Fore-
wing geometric parameters were measured. The location of
the nodus on the wing was measured. Average distance be-
tween the wing root and the wingtip from the 6 measured
forewings was 43.94 mm. Calculated average distance be-
tween the root and the nodus was 21,43 mm. The ratio be-
tween the average wing length and the distance between the
root and the nodus is 0.48.

3. The study also included an SEM study of the
dragonfly forewing, which provided an overview of the
wing structure and an insight into the different structural
parts and their characteristics in relation to the overall wing.
Several areas were observed during the study: root, overlap-
ping veins, leading-edge vein, nodus.

4. Also, investigations were carried out to find the
first resonant frequency of the wing. It was observed from
the tests that both the bump test and the forced excitation
test gave very similar results. The first resonant frequency
of the first wing was found to be 81.56 Hz and that of the
second wing tested was 101.75 Hz. Future research will fur-
ther investigate the mechanics of dragonfly wings, dragon-
fly dynamics and its application to MAV's.
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K. G. Zurlyté, R. Gaidys, B. Narijauskaité

BIOMECHANICAL STUDY OF THE WING OF THE
DRAGONFLY AESHNA CYANEA

Summary

Aeshna Cyanea is a species of dragonfly in the
Aesnidea family. In this study, morphology and mechanical
proper-ties of dragonfly were investigated. The location of
the nodus on the wing was observed. A SEM study was also
carried out to get a closer look at the mechanical structure
of the dragonfly wing. A dynamic study of the wing was
carried out to and the first resonant frequency of the wing
was found. Future research will cover dragonfly wing math-
ematical model and simulation of the wing dynam-ics.

Keywords: dragonfly Aeshna Cyanea, SEM, resonance vi-
bration, morphology, forewing.
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