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This paper presents research and measurements leading to obtaining the Young’s modulus of wing bearing structures of selected in-
sect species. A small testing machine intended for three-point bending and equipped with instruments registering low forces was con-
structed for the needs of the experiment. The machine was used to perform numerous bending tests of wings of three species of insects
(obtained from a breeding farm): Attacus atlas, Vespa crabro, Libellula Depressa at various air-humidity conditions. Values of the force
and displacement obtained in the course of the tests were used to calculate Young’s modulus. In order to do so, it was also necessary to
obtain the moment of inertia of the wing cross-section. These values were measured on the basis of the images obtained with a SEM
microscope. Obtained results were averaged and presented with a breakdown by air-humidity conditions. It was observed that Young’s
modulus decreased with an increase of humidity, hence the calculations of the percentage decrease of this mechanical parameter were
performed. Obtained results were compared with the observed structure which was also presented under light microscope. It transpired
that the construction of a wing does not only influence the mechanical values but also it influences their susceptibility to the changes
occurring in the environment. Thereby, differences between Lepidoptera and Hymenoptera insects were indicated also within the aspect
discussed in this paper.
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Others try to produce a material (a composite one,
usually) reflecting the mechanical parameters and
structure of the insect wings [1], [10] or even con-

1. Introduction

Research falling within the material science which
have been performed so far focused mostly on the
structure of insects wings instead of their strength
parameters. Wings structures were examined, with
a microscope as well, by scientists representing various
disciplines, aiming at the description of the construc-
tion of a wing [15], [19], [25]. Le Roy [17] described
the variation of wing shape caused by adaptation in
evolution process. Some of these works attempt to re-
create or mimic the wings, their deformations during
flight or the frequency of natural vibrations, even with
the application of the FEM method [27], [20], [13].

struct a Biomimetic Micro Aerial Vehicle (BMAV)
that is a flying vehicle mimicking not only biological
materials but also the way insects move [25], [12], [22].
A significant part of scientists focuses solely on ex-
amining the construction of the wings of Lepidoptera
insects. Microstructure of the particular scales and
their fixings as well as the implication of such a con-
struction are the subjects of numerous research and, at
the same time, give hope of obtaining interesting re-
sults [4], [5], [24], [21]. In the articles [3], [18], [23],
material properties of insect wings built only from
veins and membrane were conducted. The research

* Corresponding author: Krzysztof Sibilski, Warsaw University of Technology, Faculty of Power and Aeronautical Engineering,
Division of Mechanics, ul. Nowowiejska 24, 00-665, Warsaw, Poland. Phone: 0048604417540, e-mail: sibilski@hot.pl

Received: December 14th, 2019
Accepted for publication: May 13th, 2020



A\ MOST

200 M. LANDOWSKI et al.

described in this paper clearly shows that the charac-
teristics of these properties in Lepidoptera are differ-
ent. In addition, thanks to the conducted analyzes, it
can be clearly demonstrated that the flexibility of insect
wings is highly dependent on the ambient humidity.
Therefore, the proper value of the Young’s modulus
for a given wing should be considered the module
tested in such humidity conditions that are present in
the place of occurrence of a given species. None of
the articles abovemention, this important parameter.
There are plans of taking the advantage of the knowl-
edge on the influence of the scale structure on the
colours of a wing. Among others, an example of
Morpho butterfly was used to examine the method of
reflecting white light of a scale in order to identify the
method of creating a unique gloss on the wing. This
knowledge can be used in manufacturing solar cells.
There are also research projects which directly deal
with the flexion of a wing and joints of its structures
depending on the species of an insect [9]. As far as the
research of insect wings is concerned, dragonflies and
butterflies are most gladly used, followed by beetles.
The latter constitute a very interesting case for flight
mechanics, since one pair of wings evolved into
elytron (wing covers) and in majority of species it is
a fixed bearing surface, while the wings act as a pro-
peller [8].

Despite interesting and profound analyses, in the
vast majority, the researches did not lead to obtaining
reliable mechanical parameters. It is even harder be-
cause insect wings are natural composites and belong
to anisotropic materials. Basically, the wings are con-
structed of veins which act as supporting frame and
membrane spanning between these veins. The veins
are placed in an irregular manner (neither longitudi-
nal, nor transverse, at times almost radial — butterflies)
[8]. What is more, each vein slightly differs in terms
of construction. Individual features are also important.
In the article [18], the bending test was carried out by
attaching the wing at the point of its rotation and ap-
plying force at a distance of 0.7 of the chord from this
point. This led to an average result. Similarly, in the
studies described here, half-leading and half-trailing
experiments were performed to obtain the average
Young’s modulus — veins reduce the cross-section as
the distance from the rotation point increases. Studies
differ in the method of attachment, but both tend to
obtain an average result, because only such one is
possible in the case of different biological materials.
In the case of large wings, it is possible to examine
a specific section of a wing, while small wings need to
be examined as a whole, without zonal division. This
requires constructing a testing machine with equip-

ment allowing bending specimens which are several
hundred micrometers long and force sensors of a very
small range. In their paper, Jiyu Sun and Bharat
Bhushan [26] describe the construction of a dragonfly
wing. They publish the photographs of the cross-
sections depending on the distance between the cross
section and insect body along with the table contain-
ing mechanical properties: Young’s modulus and the
hardness of various elements of wings. It is, however,
the only such a vast source of data and it refers to one
order of insects only. Additionally, the values are
significantly diversified, depending on the wing ele-
ment and measurement method. The research was
performed with a nanoindenter which uses a diamond
indenter to determine mechanical properties and de-
fines the characteristics on the basis of nano-hardness
measurements. Insect wings, being a natural compos-
ite, have a complex construction, which is why deter-
mining the properties of a wing on the basis of the
properties of the component materials without the
influence of the reinforcement distribution and shape
causes significant discrepancies with the real mechani-
cal properties of the wings. Nevertheless, the data can
be a used as a certain reference point and allow for the
verification of the correctness of performed experi-
ments. Numerous literary sources contain information
on the relationship between mechanical properties and
condition of the insect wings. Young’s modulus value
of a fresh membrane of an Allomyrina dichotoma
hindwing ranges from 2.97 to 4.5 GPa [14]. Com-
pared with the fresh hindwing, the Young’s modulus
value of the dry membrane of a Allomyrina dichotoma
hindwing is lower and varies over the area of the wing
and ranges from 2.06 to 2.74 GPa [9]. These results
suggest the necessity of selecting the air humidity
conditions which will allow for performing the re-
search on mechanical properties compliant with the
conditions of the insects habitats. Only the results of
mechanical examinations performed in conditions
which are similar to the real ones will allow for using
them in simulation of the wing movement and yield
correct outcomes. Insect wings are made of composite
materials — natural composites. Years of evolution
have affected the proper distribution of reinforcements
and optimal use of material [17], which encourages
the use of solutions in the design of composites. In
aviation constructions, often used are composite mate-
rials whose advantages over conventional materials
are obvious [16]. The aim of the work was to obtain
reliable material data necessary to describe the flight
mechanics and create a MAV prototype. Ultimately,
the material data obtained is to be used for the FSI
(Fluid Structure Interaction) numerical calculations to
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model the interaction of the wing and the airflow
around it. The next stage is the possibility of using the
information obtained in this way to implement it in the
entomopter (micro air vehicle modeled on the flight of
insects). These types of devices allow for low-speed
flight in low pressure conditions. An increase in flap
frequency increases the lift. This solution can be used
at high altitudes or as part of rover equipment in space
missions. An example of such a concept is the NASA
entomopter (NIAC team) [7].

2. Materials and methods

Due to the lack of appropriate measuring devices,
in order to examine the insect wings, a special testing
machine adapted for biological material tests was de-
signed and constructed. The appropriate selection of the
components parameters was necessary because of low
forces breaking the material and small sizes of the
specimens. The machine consisted of two basic parts:
— structural part: main frame made of aluminium pro-

files ensuring the appropriate stiffness, linear ac-

tuator and adjustable grip for the test of 3-point
bending, made of S355 structural steel;

— measurement part: force and displacement sensor
with data acquisition system.

The initial design of the machine was made in In-
ventor software. The design, which can be seen in Fig. 1,
did not assume the final selection of the elements, but
rather aimed at specifying the dimensions and outline
of the construction. Initially it was assumed that the
displacement will be achieved with a gearbox trans-
mission, however, an electrical linear actuator was
used in the final version.

Fig. 1. Initial concept and 3D outline of the machine

The main frame was made of 30 mm wide alumin-
ium profiles featuring four T-slots, joined together
with bolts and angle brackets to form the frame con-
struction. Aluminium profiles used in construction
ensured the stiffness of the structure due to their ap-
propriate cross-section which translates into more
precise results of the forces and displacement meas-
urements. Using special profiles allowed for fixing the
elements with T-head bolts and arbitrary reconfigura-
tion of the measurement system. Special cuts in the
T-head of the bolts ensured self-locking and allowed
the penetration of the oxide layer on the profile sur-
face, which ensured better dissipation of static elec-
tricity. Static electricity accumulated on the operator
can significantly impede the measurements or even
cause the damage of the measurement system. Elec-
tronic components in measurement system are powered
by the current of 5 V—10 V voltage, 100 V voltage is
capable of causing a permanent damage of the com-
ponents. In the case of electrostatic discharge, the
voltage exceeds 5 kV — discharge of this type, at im-
proper dissipation of the charge, causes the majority
of the damage in electronic components. The initial
concept assumed transferring the progressive move-
ment by a gearbox transmission joined with a trapezoid
spindle translating the rotary motion of the motor into
the progressive motion of the spindle. Such a concept
assumed determining the pin stroke from the function
of the revolutions of stepper motor. However, in the
final version (Fig. 2), an electrical linear actuator
DSZY4-12-50-100-IP65 with integrated DC motor
powered by 12 V DC, with 50:1 ratio internal gearbox,
100 mm stroke and maximum force of 2500 N was
selected. Application of a linear actuator guaranteed
the possibility of adjusting the displacement speed
within the range of 0.25-5 mm/s for control voltage
0.5 to 12 V, respectively, ensuring a more precise
measurement.

The advantage of a linear actuator consists in the
possibility of avoiding abrupt displacement which is an
obvious effect of using a stepper motor with a gearbox.
The application of a linear actuator eliminated impact
loads during bending (smooth displacement) which
contributed to obtaining more reliable results. A metal
grip for 3-point bending was fixed to the main frame.
The grip was made of 5 mm-thick plate with guides
allowing smooth adjustment of the rests span. Par-
ticular elements were joined with bolts, allowing for
the modification and locking the setting of each ele-
ment of the construction depending on the current
needs.

Displacement sensor PELTRON PSz 50 with meas-
urement range of 50 mm was fixed in parallel to the
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Fig. 2. Measurement station

Fig. 3. Schematic drawing of the measurement system. 1 — force sensor, 2 — displacement sensor,
3 — stabilized power source, 4 — signal amplifier, 5 — computer with data acquisition software

linear actuator. Displacement transducer was built on
the base of a differential transformer placed in a cy-
lindrical housing, featuring a spring system allowing
for contact measurements. Transducer housing con-
tained an electronic component with output signal of
+10 V. The actuator was equipped with a tensometric
S-shaped force sensor (for measuring the compressive
and tensile forces) with a loading pin. Additionally,
force sensor ZEPWN type CL14m, measurement range
2 N powered with stabilized current of 5 V and with
2 mV/V sensitivity was selected. Measurement station
(Fig. 3) features a 14-bit data acquisition system and

separate stabilized power supplies in order to avoid

the interference of signals from particular channels.
Three species of insects, one species of three vari-

ous orders of winged insects: butterflies, Hymenop-
tera bees and dragonflies were selected for the exami-
nations:

— Attacus atlas (Fig. 4a) the largest representative of
butterflies in the world. In the natural habitat it oc-
curs in Ceylon, Malaysia, and China [2]. Specimens
were obtained from a breeding farm;

—  Vespa crabro (Fig. 4b) a representative of Hymenop-
tera bees, the largest representative of Vespidae in
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Poland. Its large wings facilitate the performance

of the experiments; Libellula depressa (Fig. 4c)

a common representative of Odonata (dragonflies)

order widely spread in Poland.

All specimens originated from the insects bought
from a breeder.

©

Fig. 4. Reference photographs of the examined insects:
(a) Attacus atlas, (b) Vespa crabro, (c) Libellula depressa

In the case of Vespa crabro and Libellula depressa,
deformation of the whole wing was measured. The
hind wing of Vespa crabro was too small (too low
strength) and the bending forces were not registered.
In the case of Attacus atlas, a section of the leading edge
(Fig. 5a) and a section of the trailing edge (Fig. 5b)
of a wing were examined. Sampling locations were
marked in Fig. 4b in red and green for leading and
trailing edges, respectively. The examination of the
butterfly wing membrane itself did not yield any
effects: registered bending force equalled zero. The
wing should have been divided into zones, since at
such a large surface area, the mechanical properties

exhibit significant differences depending on the loca-
tion. Figure 5 shows examples of macro-photographs
of the excised sections of wings which were the
specimens under examination.

(b)

Fig. 5. Excised sections of the forewings of Attacus Atlas:
a) leading edge (AAP_N_8), b) trailing edge (AAP_S )

Wing bending flexural stiffness was measured
during the experiment by applying the force in the
middle of the measurement section. The wing was
being bent perpendicularly to its length. Examined
specimens were placed on the rests freely, without
any adhesive or clamps. The next stage consisted
in slow lowering of the load pin to a level which was
2 mm above the specimen. Then, a stabilized power
supply unit was used to set the voltage corresponding
to the selected extension speed. In the next stage, the
apparatus and data acquisition system were engaged
and the voltage was supplied to the actuator. Force
registration was initiated before the load pin con-
tacted the wing and lasted until force value decreased
after the break. The tested wing was unloaded by
slow withdrawal of the load pin and it was put into
safe storage with appropriate marking in order to
examine the fracture with the SEM microscope.
Power supply unit system was reset after each meas-
urement and the correctness of the operation of force
sensor was tested with three certified weighs: 1, 2
and 5 g.

The examination of the insects with more intricate
or smaller wings, such as Tipulapadulosa or smaller
species of dragonflies was impossible since the break-
ing forces would be so low that they would not be
correctly recorded or not recorded at all. Registration
of such forces would require constructing a testing
station isolated from the air movement (air would
influence the measurements) and equipped with force
sensor with the range below 2 N. The experiment was
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performed in three various air humidity conditions in
order to simultaneously specify their influence on
the mechanical parameters of biological materials for
whose the conditions of the operating environment
have a significant meaning. The majority of specimens
was conditioned at 80% air humidity and 25 °C in
Binder MKF115 climatic chamber for over 24 hours.
Air humidity of 80% reflects the condition of air pre-
vailing for insects habitating in Poland. In compari-
son, the experiments included dragonfly wing speci-
mens conditioned at approximately 98% and 30% air
humidity. The humidity of air in the area where Attacus
atlas is present reaches, approximately, 80—100% [28].
The examination at 30% air humidity had only theo-
retical character as it was not aimed at simulating the
natural conditions of the insects’ habitats. It was only
performed in order to compare the mechanical values
which biological materials could have in extreme
conditions.

Bending tests were performed with two various
settings of the lower rests: 5 and 10 mm span:
> For specimens of Attacus atlas and Libellula de-

pressa: 10 mm,
> For Vespa crabro wing: 5 mm.

3. Results

The measurements provided the relationship be-
tween the force and wing deflection. Figure 6 presents
an example of the course of the force in the deflection
function during the test of 3-point bending for speci-
mens Attacus atlas leading edge in 80% rH and 98%
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0.5+

04 ’ )
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rH conditioning. The graph exhibits a varied inclina-
tion of the initial, straight line section of the curve,
which indicates the differences in Young’s modulus
depending on the humidity.

On the basis of the example graphs of the force
and displacement, it can be determined that the
maximum forces obtained at bending Attacus atlas
(80% rH) specimen are lower than in the case of
specimens conditioned at 98% rH. Assuming similar
cross-sections of the wings, this indicates a decrease
of the flexural strength of wings at lower humidity.
During the tests of a dry wing (30% rH) of Libellula
depressa, a decrease of wing elasticity was noticed,
there was a brittle fracture after maximum force was
reached.

Fracture places of the wings and their surfaces
were examined with Olympus BX52 light microscope.
Figures 7-8 present the specific sections of the ex-
amined wings — their cross-sections and structure.

The structure of the wing surface of Lepidoptera
insects differs significantly from other examined
species. The difference is the most probable reason
for varied susceptibility of the mechanical values to
the changes in the humidity of the environment.
Butterfly wings material is not as susceptible to the
changes in the humidity. This is probably caused
by the fact that the wings are covered with scales
(Fig. 7a, b). The veins of the insects are made of
chitin and their diameters are quite large in Attacus
(Fig. 7c). In majority of cases, the veins remain hol-
low, while smaller diameter veins are filled with
protein. Due to this solution, it was possible to
achieve high flexural strength with simultaneous
minimization of mass.
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Fig. 6. Example graphs of the force and displacement in various humidity conditions:
(a) Attacus atlas, (b) Libellula depressa
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Fig. 7. Microscopic photographs: (a) Attacus atlas wing surface, section of a pink line,
(b) Attacus atlas wing surface, coloration change border, (c) Attacus atlas cross-section of the leading edge,
(d) leading edge, (e) Vespa crabro middle section of a wing, (f) Vespa crabro cross-section of the membrane,
(g) Libellula depressa cross-section of the forewing, (h) Libellula depressa surface of the forewing

Very thin wing membrane whose thickness is in the
order of 1 micrometer in Vespa cabro is covered with
small bristles (Fig. 7d, e, f). This is probably con-
nected with braking off a boundary layer of fluid dur-
ing dynamic motion of a flapping flight. However,
a precise description of the phenomenon would re-
quire profound examinations. Transverse cross-section
(Fig. 7g) of a dragonfly wing shows that the wing is
not a flat surface. Curves shown in this figure have
significant meaning for the aerodynamics of flight. In
spite of the considerable differences in sizes, the veins
in Libellula depressa also remain hollow. Figure 7h
presents a section of a wing with a stigma. This cell

consists of two chitin walls and it remains hollow
insde.

General stiffness of a wing is the product of
material stiffness (£, describing the stiffness of the
wing material itself) and geometric inertia moment
(Z, describing the stiffness generated by the geometry
of the wing cross-section). In order to obtain Young’s
modulus after bending tests, it was necessary to
obtain:

— flexion force — F,

— restsspan— L,

— deflection value — s,

— geometric inertia moment — /.
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Fig. 8. (a) Cross-section of the specimen leading edge of Attacus atlas,
(b) Cross-section of the specimen leading edge of Attacus atlas,
(c) Cross-section of the specimen forewing of Vespa crabro,
(d) Cross-section of the specimen forewing of Libellula depressa,
(e) Cross-section of the specimen hindwing of Libellula depressa
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The relationship between deflection value and force
was derived from the results of the experiments.
Young’s modulus characterizes the stiffness of material
within the range of elastic deformations following
Hooke’s law. In order to calculate Young’s modulus, it
was necessary to consider only the linear relation from
the first section of the graph. Exceeding the range of
the deformation and stress, proportionality is accompa-
nied by non-reversible changes in the material — lasting
deformation or rupture of the material continuity. The
span of the rests was selected in relation to specific
wings, set on the grip attached to the testing machine.
The design of the measurement system allows smooth
adjustment of the rests span, however, two settings
were sufficient for the examined specimens. They were
adjusted to the size of the specimens in such a way as
to ensure, on one hand, that the specimen does not slide
in between the rests (too big distance) and, on the other
hand, to avoid or minimize the shearing stresses occur-
ring instead of bending stresses when the span between
the rests is too small.

Inertia moment, being the measurement of a body
inertia in rotary motion in relation to specific rotation
axis could not have been calculated manually. Taking
the irregularity of the shape into consideration, man-
ual division into geometric figures of known inertia
moment, finding the center of gravity and calculations
considering Steiner theorem, would not only be bur-
dened with a significant error, but also would be im-
possible to perform with the extent of precision allow-
ing the result which would not interfere with further
calculations. Thus, inertia moments were calculated in
AutoCAD software on the basis of the microscopic
photographs (Fig. 8) of the transverse cross-sections of
wings at the breaking point. Photos were taken with
a scanning electron microscope Jeol JSM-7800F. The
outline of the cross-section was drawn manually, the
envelopes of particular veins were combined into
a single object. Next, with “physical parameters”
command, geometric inertia moment was calculated
automaticly.

Table 1. Inertia moments for cross-sections in Fig. 8

Cross-section . G cometric 4

inertia moment [m"]
ttacus atlas forewing leading edge 1.17E-13
ttacus atlas forewing trailing edge 1.51E-15
Vespa crabro 2.24E-17
Libellula depressa forewing 1.45E-15
ILibellula depressa hindwing 2.07E-15

Next, Young’s modulus was calculated with the
formula (1) [11].

F-I
E=—"_ 1
49.5-] M

where:

E — Young’s modulus,

F — pressure force,

L —rests span,

s — deflection value,

I — geometric inertia moment.

The values of Young’s modulus expressed in GPa
for three various levels of air humidity are presented
below (Table 2).

4. Discussion

In comparison with experiment results intervals,
Young’s modulus of other natural materials falls
within the following intervals [19] (Table 3). The
Young’s modulus of biological materials, due to
their often individual characteristics, is given in
ranges. These ranges have a span of several GPa.
For example, the Young’s modulus of cotton is in
the range of 8-35 GPa, and the coconut 4-6 GPa. In
this context, the results of this study fall within the
ranges of results of biological materials.

Table 2. Results of the calculations of Young’s modulus [GPa] and its percentage decrease

; Specimen Humidity Percentage decrease
nsect .
of wing 30% 80% 98% 30 — 80 80 — 98 30 — 98
forewing - 035 0.32 - 8.99 -
leading edge
Attacus atlas ; -
orewing - 7.45 6.54 - 12.20 -
trailing edge
Vespa crabro  |forewing - 13.88 6.72 - 51.55 -
Libellula forewing 1.81 1.65 0.86 8.98 47.64 52.34
depressa hindwing 1.74 1.51 - 13.11 - -
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Table 3. Comparison of literature and experimental results range
of Young’s modulus

Experimental results range

Literature results range [19] (80% rH)
0

e balsa: 0.04-0.5 GPa,
e bamboo: 3-70 GPa,

o Attacus atlas forewing
leading edge: 0.09—0.86 GPa
e chitin: 40-90 GPa, o Attacus atlas forewing
e cotton: 8-35 GPa, trailing edge: 4.65-11.25 GPa
e apple skin: 0.06-0.08 GPa, |e Vespa crabro: 6.86-22.44 GPa
o leather: 0.007-0.08 GPa,  |e Libellula depressa forewing:
e cggshell: 11-40 GPa. 0.27-3.75 GPa
o Libellula depressa hindwing:
0.42-2.48 GPa

Natural materials are characterized by considerable
differences in mechanical parameters. Also, in the case
of Young’s modulus, lower and upper extremes yield
a large interval. This results partially from the meas-
urement errors, but mostly from the individual fea-
tures of each specimen and each creature (or indi-
vidual). This is the reason why it is necessary to
average the data and results in order to perform fur-
ther analyses.

During the described experiments, measurements
yielded average values of Young’s modulus for vari-
ous wings and at different humidity conditions. Sub-
sequently, percentage decrease of Young’s modulus
at the change of humidity was calculated. This way
yielded a surprisingly repeatable result. When the value
of air humidity changes from 80 to 98%, the decrease
is approximately 10% for Lepidoptera insects and
approximately 50% for the remaining wings speci-
mens. Table 2 contains the precise data on the per-
centage decrease of Young’s modulus at the change of
humidity level. The difference in the susceptibility to
the change of humidity level should be detected in the
structure of the wing. It transpires that covering the
wings with scales significantly influences the wing
mechanical properties and their change depending on
the environmental conditions.

5. Conclusions

Essentially, the material of insects wings is excep-
tionally complex and its properties are unique and
ontogenetic. Nevertheless, performed examinations
indicated that it is possible to determine an approxi-
mate Young’s modulus if the wing is treated as a uni-
form material without determining the mechanical
parameters of particular cells, veins or scales. It is
indeed a certain approximation, however, it is neces-
sary since the measurement of such small elements

would be burdened with significant error and, what is
more, would not have a considerable meaning for
flight mechanism because the entire composite is en-
gaged in the flight physics. Therefore, for the needs of
this and the following research (e.g., on the flapping
flight mechanism) it should be assumed that an in-
sect wing is a uniform material of specific properties.
Modelling of the particular parts of the structure
would be pointless. Prospective clarification would
be assuming the existence of the zones with various
values of mechanical parameters. For example, in the
case of large surface area of the wing of Attacus
atlas, on the basis of the performed analyses, it is
possible to determine various values of Young’s
modulus for the leading and trailing edges. However,
it is impossible to examine the mechanical properties
in a specific spot, because, for instance, the exam-
ined specimen needs to have a specific length. For
this purpose, it would be sensible to assume the ex-
istence of a certain distribution of Young’s modulus
on the surface of the wing where the zones which
were not measured directly would have values ap-
proximated on the basis of the measured ones. How-
ever, this will still be an approximation. Each at-
tempt of recognition and mathematical description of
nature needs to produce an approximation since we
are only mimicking solutions which proved to be the
best in the course of evolution.
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