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Abstract

Detailed investigations on the microstructure and the mechanical properties of the wing membrane of the dragonfly were carried out. It was
found that in the direction of the thickness the membrane was divided into three layers rather than as traditionally considered as a single entity, and
on the surfaces the membrane displayed a random distribution rough microstructure that was composed of numerous nanometer scale columns
coated by the cuticle wax secreted. The characteristics of the surfaces were accurately measured and a statistical radial distribution function of
the columns was presented to describe the structural properties of the surfaces. Based on the surface microstructure, the mechanical properties of
the membranes taken separately from the wings of living and dead dragonflies were investigated by the nanoindentation technique. The Young’s
moduli obtained here are approximately two times greater than the previous result, and the reasons that yield the difference are discussed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The wing membrane of insects is a natural biological mem-
brane made mainly of structural proteins. The material and
structural properties of the membranes, together with the vena-
tions, of insect wings are associated with the flight of the insects
themselves [1-3]. Recently, Combes and Daniel [1,2] indicated
that most membranes on insect wings undergo significant bend-
ing and twisting during flight, which may alter the direction and
magnitude of aerodynamic force production, and the deforma-
tions of the wing membranes increase thrust production in some
species by creating a force asymmetry between half-strokes,
and can enhance lift production by allowing wings to twist and
generate upward force throughout the stroke cycle. Therefore,
the material and mechanical properties of the wing membrane,
together with that of the wing vein, determine how the wing will
change shape in response to these forces [1,2]. In addition, the
membrane is not simply a barrier to the passage of air through the
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wing but, in some areas at least, has a structural role as a stressed
skin, stiffening the framework of veins. And there may be local
variation in the mechanical properties and, hence, in the structure
of the membrane within the wing, with profound implications
for its functioning in flight [3,4]. However, the basic material and
mechanical properties on the membrane of the insect wings, as
well as its microstructure, have not been understood very well
[1-5]. For example, the average Young’s module of the wing
membrane of dragonflies was measured by the traditional ten-
sile test method to be about 1 GPa [8], and determined by the
nanoindentation technique to be about 1.5 GPa [9]. Therefore,
the accurate measurements on the mechanical properties of the
membrane of the dragonfly wings have remained unclear so far,
although there have recently been a lot of investigations on the
flight mechanism of the dragonfly and its applications to the
microair vehicles [6,7].

Traditionally, the measurements of the mechanical properties
of the wing membrane of insects mainly used the methods of
tensile testing by some mechanical test machines [4,5,8]. How-
ever, the tensile testing is very inconvenient to some small scale
samples of insect wings, such as measuring the mechanical prop-
erties of a cell (a compartment of membrane between wing veins)
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of dragonfly wings, the area of which is generally about 1 mm?.
Moreover, the wing membranes of many insects are corrugated
or pleated, at least in part. For example, those of Odonata are
pleated almost throughout [8]. Therefore, it is necessary to find
anew testing method that can more conveniently and accurately
measure the mechanical properties of the small scale samples of
insects such as the cells on the dragonfly wings. The nanoinden-
tation technique is considered as an excellent tool for the study
of the mechanical behavior of thin membranes, in particular,
when simple tensile tests are very small and difficult to perform
[9-12]. The development of the nanoindentation technique has
allowed highly localized hardness and modulus measurements
to be performed on very small material volumes. In principle,
if a very sharp tip is used, the contact area between the sample
and the tip, and thus the volume of material that is tested, can
be made arbitrarily small [10,13].

In the present study, our investigations focus on the
microstructure and material properties of the wing membrane
of the dragonfly, in particular, the differences of mechanical
properties between the wing membranes of living and dead
dragonflies. By means of scanning electron microscope (SEM),
we measured the relevant geometrical and morphological char-
acteristics of the microstructure of the membrane. Then, a
statistical radial distribution function of the microstructure was
presented to describe the geometrical characteristics of the
surfaces of the membrane, and the hydrophobicity of the sur-
faces of the membrane was briefly investigated. Based on the
microstructural characteristics, the Young’s modulus and the
hardness of the membrane were accurately measured by using
the nanoindentation technique. Finally, we briefly gave some dis-
cussions on the microstructure and material characteristics of the
membrane.

2. Experimental

2.1. Materials and sample preparation

Test samples of the wing membranes were taken from the
dragonflies (Libellula basilinea McLachlan) that were caught
in the suburb of Beijing. Each of the tested samples consisted
only of one cell that was taken separately from R, Ry, 1stR3,
2ndR3, R4, R5, Ml, 1StM2, ZHdMg, M3, M, M4, Cl]]a, Culb and
1A in the forewings of dragonflies designated by the Comstock-
Needham system. We tested 15 different types of cells taking
from 20 forewings of 10 dragonflies. Each type of the cells
tested included 20 testing samples in which the living and the
dead were separately 10 samples. The dead samples of the wing
membranes were cut out from the wings of the dragonflies that
had died before 3 days and were preserved in a container with
room temperature and humidity. Based on the fact that the mate-
rial properties of the wing membrane changed fairly rapidly after
being removed from the insect [4], all living specimens of the
membranes were directly removed from the wings of living drag-
onflies, rapidly installed and examined on the relevant machines
within 5min. So that, the tested properties of the membranes
were deemed approximately the same as that of the parts of a
living dragonfly.

2.2. Microstructure measurements

We employed a SEM (Sirion 400NC, FEI, USA) to observe
and measure the microstructure of the wing membrane of the
dragonfly. Since the thickness of the wing membranes was very
thin, to measure the microstructure along the thickness of the
membrane, we dipped the tested samples in liquid nitrogen a
few minutes so that the membranes became very brittle, took out
the samples from the liquid nitrogen and broke them to obtain
fresh and planar fracture cross-sectional surfaces of the mem-
branes in the direction of the thickness. After that, all the treated
samples were coated with gold about 8 nm thick, and then, the
samples were observed by using SEM. Finally, all tested data of
SEM images were analyzed and recorded by employing Image
Analysis System (IAS, Image-Pro Plus 4.5, Media Cybernetics).

2.3. Mechanical testing

Nanoindentation tests of the wing membranes were carried
out by using a MTS NanoIndenter XP (MTS Systems Corp., Oak
Ridge, TN, USA) with a Berkovich diamond tip, and the hard-
ness and the Young’s modulus of the membranes were obtained
by using the continuous stiffness measurement (CSM) option.
We chose an aluminium plate as testing substrate and used an
instant adhesive (502 adhesive) to glue the tested sample on it.
Note that the adhesive between the tested membrane and the
substrate should be paved as thin and uniform as possible for
determining accurately the Young’s modulus and the hardness of
the membrane [14]. In our experiments, we used the Berkovich
diamond tip of the nanoindenter to penetrate the two layers of
the membrane and the adhesive from the surface of the mem-
brane to the surface of the aluminium substrate, such that, we can
obtained the total thickness of the tested membrane and adhe-
sive. Therefore, the thickness of the adhesive layer was estimated
to be about the difference between the total thickness that the
tip penetrated and the thickness of the membrane. The average
thickness of the adhesive layers in our experiments was roughly
equal to 0.42 £ 0.15 pm, which was satisfied the requirement of
the nanoindentation.

According to the theory of nanoindentation test [10,13,14],
the reduced modulus of the tested materials is expressed as

E=YT S
‘T 28 VA

where S 1is the contact stiffness that is defined by
S'=(dP/dh)unoad, and B is a coefficient related to the geome-
try of the tip, B=1.034 for the Berkovich tip. However, it is
usually difficult to obtain the contact stiffness according to the
definition. Employing the CSM method, we have

6]

1
S =
(1/((Po/Zo)cos @ — (Ks — mw?))) — (1/Kr)

2

where Py is the amplitude of the harmonic force, Zy the ampli-
tude of the tip’s displacement, and @ is the phase angle between
the displacement and the force. In this equation, K and Ky is
the corresponding values of the nanoindenter, m the mass of the
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indentation system, and w is the angular frequency of the har-
monic load, are constants of the machine, and Py, Zy and @ are
automatically measured and recorded by the nanoindenter. So,
the contact stiffness S is determined by Eq. (2).

Usually, the indented area is difficult to be measured by
microscope. Thus, the load and displacement during indenta-
tion process are recorded and these data are analyzed to obtain
the contact area. The contact area, A, is related to the contact
depth A, which can be written as

8
n—1
A=Y Cuhl? (3)
n=0

where C, are constants that depend on the indenter geome-
try and are given by calibrating initially a standard sample
with known material properties [15,16]. In the present study,
Co=21.4, C; =2100, and take the rests to be zero. In Eq. (3), &
is determined by

Pmax

S

For the Berkovich tip, e =0.75 is a constant depending on the
indenter geometry. The relationship between indentation load,
P, and penetration depth, A, is as shown in Fig. 1, where the
maximum load, Ppnax, and maximum penetration depth, hpax,
are recorded automatically by the indenter. From Eqgs. (1)—(4),
we can obtain the reduced modulus E;.

Further, the effects of a non-rigid indenter on the load dis-
placement behavior can be taken into account by defining an
effective modulus, E;, as follows

“4)

he =hmax — €

1_1—v2+1—vi2 )
E.  E E;

where E is the Young’s modulus and v is the Poisson’s ratio
of the specimen; E; and v; are the corresponding values of the
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Fig. 1. Plot of indention load, P, and penetration depth, &, showing the process
of the loading and unloading of the nanoindenter.

indenter. For the diamond indenter used in our experiments,
E;=1141GPa and v;=0.07. Also, in the present calculation,
Poisson’s ratio of the specimen is taken as 0.4 for macromolec-
ular materials [14—16]. The hardness of the material is defined
by

(6)

According to Egs. (1)—(6), Young’s modulus and the hardness
of the tested materials can be obtained. Note that in the testing
process of the wing membrane by virtue of CSM method the
indenter was firstly loaded to a peak load and held at the peak
load for 10s, then unloaded 90% from the peak load and held
the load for 50 s for thermal drift correction, finally, unloaded
completely. The strain rate and the allowable thermal drift rate
were taken in the testing process to be 0.05s~! and 0.05 nm/s,
respectively.

3. Results and discussions
3.1. Microstructure tests

The SEM images of the surfaces of the wing membrane of
the dragonfly reveal that along the direction of the thickness
the membrane is divided into three layers, which are sepa-
rately referred to as dorsal surface, middle layer and ventral
surface. The thickness of them was measured by the IAS and
statistically given to be 513.63 & 69.02nm, 1.93 +0.18 wm and
356.33 £42.50nm (mean =+ standard deviation), respectively.
And the average gross thickness of the wing membrane was
simultaneously measured to be about 2.8 0.3 pm, which was
in good agreement with the traditional results [8,9], as shown
in Fig. 2A. In addition, both the dorsal and the ventral surfaces,
as well as the surface of the wing venations, were found to be
composed of numerous nanometer scale columns coated by the
cuticle wax secreted. These columns almost vertically stood up
and randomly distributed on the surfaces of the membranes,
and the diameter and the numerical density of the columns on
the surfaces were measured to be about 38.52 +5.88 nm and
754 7 wm™2, respectively, as shown in Fig. 2B. The heights of
the columns on the dorsal and the ventral layers are equal to
the thickness of the two layers, respectively. From the numeri-
cal density, we readily estimated the average distance between
two columns on the surface to be about 115 nm. Further, it was
observed that the top of each of the nanometer scale columns
revealed the shape of a hemispherical cap, the diameter of which
was approximately equal to that of the columns. In particular, it
was found that there were some nanometer scale grooves sym-
metrically engraved on the surface of each of the columns along
the direction of the length of the columns, as shown in the inset of
Fig. 2B, and the thickness of the grooves was measured coarsely
13.8 £2.6 nm.

To describe the surface characteristics of the membrane, we
obtain the random radial distribution function of the columns on
the surface of the membrane, p(r), as

p(r)dr = ne ™" 2mr dr 7)
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Fig.2. (A) SEM image showing a cross-sectional surface of the wing membrane,
which includes three layers, i.e. dorsal surface, middle layer and ventral surface,
respectively. (B) SEM image showing the surface view of the cuticle waxy layer.
Inset of (B), the top of a column displays the shape of a spherical cap and some
nanogrooves are symmetrically engraved on the surface of the column.

where n =75+ 7 um~? is the numerical density as given above,
p(r)dr is the probability to find the closest column within r and
r+dr. The radial, r, is the distance from the center of one column
to that of the closest column. Therefore, the average distance
between two columns is written as

o 1
(r) = /o rp(r)dr = NG ®)

According to Eq. (8), we obtain the average distance from the
center of column to another between nearest-neighbor columns
tobe (r) =58.2 & 2.7 nm, which s just half as large as the average
distance between two columns on the surface.

In addition, because the surface microstructure of the mem-
brane displays a random nanometer scale roughness [17,18],
we briefly study the hydrophobicity of the surface of the mem-
branes. By using sessile water-drop measurements, we measured
the contact angles of water droplets on the surface of the different
cells and obtained the average contact angle of the membranes
with water droplets to be 174.21 £2.19°. In particular, the max-
imum water contact angle measured in the experiments reached

Fig. 3. Pictures showing an almost ball-shaped water droplet on the surface of
the wing membrane of a dragonfly. Inset, the top view of a water droplet on the
wing membrane shows a small contact region between water droplet and the
surface.

177.2°, which very closely approached the theoretical limit of a
water contact angle, 180°, as shown in Fig. 3. Such the superhy-
drophobicity makes the dragonfly fly agilely in the rain and keep
its wings non-wetting and self-cleaning, furthermore, reduce
drag during flight.

According to Cassie and Baxter equation for wetting on the
surface with a heterogeneous structure composed of solid and air,
the apparent contact angle 6* of a water droplet on the membrane
surface of the dragonfly wings can be written by [17]:

cosOk = —1 + ¢s(cos O + 1) ®

where ¢ is the fraction of projected plane area of water in contact
with the membrane surface of the wing and 6 is the equilibrium
contact angle between water droplet and the surface of the cuti-
cle wax covered on the membrane surface of the wing and is
approximately equal to 105° [17]. When a water droplet con-
tacts with the surface of the dorsal layer of the wing membrane,
its contact region with each of the nanometer scale columns in
the dorsal layer should not be whole of the spherical cap of
its top because the cuticle wax itself is hydrophobic and the
diameter of the spherical cap is too small. However, this contact
area and shape are not directly measured by the experiments.
Here we coarsely estimate the value of the contact area. It is
assumed that the shape of the contact area approximates a small
spherical cap covered on the spherical top of the column and
its diameter is taken as the value that the diameter of the col-
umn subtracts the thickness of the two grooves opposite to one
another. So that, we can compute the area of the contact region
between a water droplet and a column to be about 129.5 nm?
and the fraction of the contact area of a water droplet with the
surface of the dorsal layer,¢s, to be about 0.546%. According
to the equation above, the apparent contact angle is computed
to be approximately 174.8°, which is in good agreement with
the average experimental value obtained. This is an indication
that available air is trapped in spaces in the microstructure of the
surfaces of the dorsal and ventral layers, and the grooves on the



258 F. Song et al. / Materials Science and Engineering A 457 (2007) 254-260
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Fig.4. Atomic force microscope image of nanoindentation showing the indented
shape and thickness made by a triangular pyramid Berkovich indenter.

columns efficiently increase the hydrophobicity of the dragonfly
wings.

3.2. Mechanical tests

Based on the microstructure given above, on the one hand,
there is a column layer of about 513 nm thickness on the dor-
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sal surface of the wing membrane. So, when we employed the
indenter to measure the material properties of the membrane,
the penetration depth of the tip of the indenter should be greater
than the thickness of the column layer. On the other hand, the
middle layer and the ventral surface of the wing membrane
are about 1.93 and 0.36 pm thickness, respectively. To ensure
that the effects of the substrate are insignificant, the indentation
depth should be not greater than 10% of the tested sample thick-
ness, i.e. 229 nm [10,13]. Therefore, we accurately controlled
the indentation depth and only considered the testing data that
the indentation depth varied from 550 to 700 nm as the effective
data in the analysis, as shown in Fig. 4.

According to Egs. (1) and (6), we readily obtain a relationship
between the indentation load and the contact stiffness as

P mH 10
S2  4p2E2 (10)
In Eq. (10), the right hand side of the equation is only composed
of material constants. This is an indication that the left hand side
of the equation, P/S?, is thoroughly determined by the material
constants, which should not change with respect to the penetra-
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Fig. 5. (A) Plot of the quantity, P/S?, and the indentation depth, &, showing that P/S? is approximately a constant with respect to % in the effective region. (B)
Plot of the indentation load, P, and the contact stiffness, S, showing that P is approximately proportional to S* and the correlation coefficient for line fitting, R?, to
approximate 0.99. (C and D) Tested plots showing the relationships of the average Young’s modulus and the average hardness of the wing membranes taken from
the living and dead dragonflies with respect to the change of the indentation depth in the effective region, respectively.
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tion depth A. Therefore, Eq. (10) can be employed to check the
reliability of the test data and to control the testing systematic
errors [13,14].

Fig. 5A shows that P/S? is approximately a constant with
respect to the indentation depth % in the effective region from
550 to 700 nm, and Fig. 5B shows that P is approximately pro-
portional to S? with the correlation coefficient for line fitting,
R?, to approximately reach 0.99. According to Eq. (10), these
indicate that the testing data obtained under these conditions
are valid for the tested materials. Fig. 5C and D separately dis-
play the relationships of the average tested Young’s modulus
and the average tested hardness of the wing membranes taken
from living and dead dragonflies with respect to the indentation
depth from 550 to 700 nm. The experimental results give that the
Young’s moduli of the membranes of living and dead dragon-
flies are 2.85 +0.23 and 2.74 & 0.28 GPa, respectively, and the
hardness of the wing membranes of the living and the dead are
0.14 £0.04 and 0.10 = 0.03 GPa, respectively.

The results stated above on the Young’s modulus of the wing
membranes of both living and dead dragonflies are greater than
the previous result, 1.5 GPa, obtained by the same test method,
namely, the nanoindentation technique [9]. It may be because
the effects of the column layer of the wing surface were not
considered in the previous measurements. In order to prove
the present results, we investigated the Young’s modulus of the
membranes under the condition that the effects of the surface
columnar layer were not considered in our experiments. We
tested 20 membrane samples involving separately 10 samples
of the living and the dead under the condition. The Young’s
modulus of the living and the dead samples were measured to
be 1.41 +0.44 and 1.37 & 0.75 GPa, respectively, which were
in approximate agreement with the previous results obtained by
the same method [9]. It was reasonably believed that the dis-
crepancy in value between the present and the previous results
comes from controlling the depth of the nanoindentation rather
than differences in technique, equipment, etc.

In addition, it was found that the Young’s modulus of the
wing membrane of the dragonfly was lower than that of locust
(5 GPa), a-keratin (4 Gpa), B-keratin (8—10 Gpa), lepidopteran
silk (10 Gpa) [4], and cicada (3.7 GPa) [12], but was much higher
than some amorphous protein polymers, e.g. resilin (1.2 MPa)
and abductin (4 MPa) [19], where the Young’s modulus of locust
was measured by the traditional method of tensile testing and
the Young’s modulus of cicada was measured by both the tensile
testing and the nanoindentation methods [4,12]. In particular,
the present results indicate that there are only a few differences
between the wing membranes taken from living and dead drag-
onflies. From the results above, the relative errors of both the
mean Young’s modulus and the mean hardness for the living
and the dead wings are computed to be less than 4%. However,
under the tested conditions that we measured the mechanical
properties of the membranes, the testing processes might induce
a testing error to be about 5% [15,16]. Therefore, if we consider
the testing deviations derived from the testing system itself, such
as the instability of the indenter, we can approximately deem that
there are not differences between the material properties of the
wing membranes of the living and the dead dragonflies. How-

ever, it is a fact that the wings of dead insects are much more
brittle than those of the living. This is an indication that the dif-
ferences between the mechanical properties of the wing of living
and dead insects do not derive from their wing membranes.

4. Conclusions

The present work studies the microstructure and material
properties of the wing membrane of the dragonfly. In the direc-
tion of the thickness, the membrane is divided into three layers
that are separately referred to as dorsal surface, middle layer
and ventral surface, the average thickness of which are mea-
sured to be 513.63nm, 1.93 wm and 356.33 nm, respectively.
On the dorsal and ventral surfaces, the membrane displays a
random distribution rough microstructure that is composed of
numerous nanometer scale columns coated by the cuticle wax.
The average diameter and numerical density of the columns
on the surfaces are about 38.52nm and 75 wm ™2, respectively.
According to the characteristics of the surfaces, we present a
statistical radial distribution function of the columns on the
surfaces, p(r) = 2nrn e_”’”z, and give the average distance
between nearest-neighbor columns to be about 58.2 nm from the
distribution function. Also, the microstructure of the surface of
the membrane has excellent superhydrophobicity with the water
contact angle about 174°. Based on the surface microstructure
of the membrane, the average Young’s modulus and hardness of
the membrane are measured by the nanoindentation technique
to be about 2.85 and 0.14 GPa, respectively. When we consider
the deviations derived from the testing system, we indicate that
there are few differences of the material properties between the
membranes taken from the wings of living and dead dragon-
flies. The present results can provide a guide to the biomimetic
designs of the aerofoil materials of microair vehicles.
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