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Dragonfly wings are highly specialized locomotor systems, which are formed by a combination of several
structural components. The wing components, also known as structural elements, are responsible for the
various aspects of the wing functionality. Considering the complex interactions between the wing com-
ponents, modelling of the wings as a whole is only possible with inevitable huge oversimplifications. In
order to overcome this difficulty, we have recently proposed a new approach to model individual com-
ponents of complex wings comparatively. Here, we use this approach to study nodus, a structural ele-
ment of dragonfly wings which has been less studied to date. Using a combination of several imaging
techniques including scanning electron microscopy (SEM), wide-field fluorescence microscopy (WFM),
confocal laser scanning microscopy (CLSM) and micro-computed tomography (micro-CT) scanning, we
aim to characterize the spatial morphology and material composition of fore- and hindwing nodi of
the dragonfly Brachythemis contaminata. The microscopy results show the presence of resilin in the nodi,
which is expected to help the deformability of the wings. The computational results based on three-
dimensional (3D) structural data suggest that the specific geometry of the nodus restrains its displace-
ments when subjected to pressure on the ventral side. This effect, resulting from an interlocking mech-
anism, is expected to contribute to the dorso-ventral asymmetry of wing deformation and to provide a
higher resistance to aerodynamic forces during the downstroke. Our results provide an important step
towards better understanding of the structure-property-function relationship in dragonfly wings.

Statement of Significance

In this study, we investigate the wing nodus, a specialized wing component in dragonflies. Using a com-
bination of modern imaging techniques, we demonstrate the presence of resilin in the nodus, which is
expected to facilitate the wing deformability in flight. The specific geometry of the nodus, however,
seems to restrain its displacements when subjected to pressure on the ventral side. This effect, resulting
from an interlocking mechanism, is suggested to contribute to dorso-ventral asymmetry of wing defor-
mations and to provide a higher resistance to aerodynamic forces during the downstroke. Our results pro-
vide an important step towards better understanding of the structure-property-function relationship in
dragonfly wings and might help to design more efficient wings for biomimetic micro-air vehicles.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

the unique architecture of their wings [3-5]. The wings consist of
several major components, which contribute to their deformations

Dragonflies are one of the most sophisticated flyers in the nat-
ural world [1]. The superior flight characteristics exhibited by
these insects can rarely be found in other flying insects [2]. The
skilful flight of dragonflies is believed to be mainly the result of
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during flight [3-8]. These deformations are expected to remarkably
influence the aerodynamic performance of the wings, and conse-
quently the flight style of the insects [9,10].

According to their functions, the structural components of a
dragonfly wing can be divided into two main groups: (i) supporting
and (ii) mobilizing elements. Supporting elements are those which
provide support for the wing and stiffen its structure against
buckling, bending and twisting. Thickened areas [5], veins [11],
membrane [12], fused microjoints [3,13,14] and joint-associated
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spikes [3,13,14] are some of these supporting elements. In contrast,
mobilizing elements are those which improve the wing deformabil-
ity. These elements are believed to play an important role in drag-
onfly flight by increasing the aerodynamic lift generation [15]. Vein
fractures [16], flexion lines [16], resilin patches [17] and resilin
microjoints [7,18] can be considered as mobilizing elements.

There are also some other wing components that can be
included in both groups. One example is the wing corrugation.
The corrugated pattern increases the flexural stiffness of the wing,
but on the other hand facilitates its torsional deformability [19].
Leading edge spar [10], basal complex [10,20], and vein ultrastruc-
ture [6,21] are three other wing components with essentially the
same function as that of the wing corrugation.

In comparison to the other wing components, there are only
few data in the literature regarding the role of the nodus in the
wing deformability [3,10,22]. The present data indicate that the
nodus is a marked structure in the leading edge spar (Fig. 1A),
which separates it into two parts (the proximal or pre-nodal and
the distal or post-nodal parts). In dragonflies, the nodus typically
lies between 47% and 60% of the forewing span [4]. However, in
their hindwings, it has been a bit shifted to the base and is located
at 40% to 46% of the wing span.

The mechanical function of the nodus was first proposed by
Norberg [22]. Although no concrete evidence was given, he sug-
gested that the nodus permits strong wing twisting during the
up- and downstrokes, and further plays a role as a “shock
absorber”. Later, Newman [3]| and recently Fauziyah et al. [23]
demonstrated the presence of soft cuticle in the break of the costal
vein, an observation that could provide support for Norberg’s
hypothesis.

fixed proximal
edge

Using the available data, it is still difficult to unambiguously
categorize the nodus in either of the previously mentioned groups.
Considering this, the present study is designed to provide detailed
biomechanical data on the three-dimensional (3D) configuration
and material composition of the nodus of dragonfly wings by
means of modern imaging techniques. Furthermore, using sets of
numerical models, we show how the observed characteristics
may affect the functionality of the nodus. The aim is certainly
not to reproduce the real wing deformations, but to provide a com-
parative study demonstrating the potential influence of the nodus
on the deformability of dragonfly wings.

2. Materials and methods
2.1. Sample preparation

Specimens of the dragonfly Brachythemis contaminata (Anisop-
tera, Libellulidae) were collected in Nanjing (China) in August
2015 (Fig. 1A). They were euthanized using CO, gas and dried at
room temperature. Three male insects with relatively similar sizes
were selected for this study. The wings were carefully removed
from the bodies using sharp razor blades.

2.2. Wide-field fluorescence microscopy

A well-known characteristic of insect cuticle is its autofluores-
cence at different wavelengths, when excited with UV-light [24-
26]. This characteristic can be used to determine the material com-
position of the cuticle, especially its degree of sclerotization and
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Fig. 1. (A) The dragonfly B. contaminata. The black rectangles on the wings show the parts of the wings investigated in this study, the nodi. (B) Developed models of the fore-
and hindwing nodi. The images have been generated using the FE software package ABAQUS. (C) Before FE analysis, the models were fixed at the extreme proximal edge and a
tie constraint was used to bond their extreme distal edge to a reference point set on the aerodynamic pressure centre of the wings. Scale bars: 1 cm (A), 0.5 mm (B).
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the presence of resilin [25,27]. As shown by [28], resilin has excita-
tion and emission maxima of around 320 nm and 415 nm (in neu-
tral solutions), respectively, but can also be successfully visualized
by using higher excitation wavelengths at the outer borders of the
spectrum [25]. Sclerotized cuticle was shown to be dominated by
red autofluorescence, whereas less sclerotized, more chitinous
cuticle has a mainly green autofluorescence.

Wide-field fluorescence microscopy (WFM) was employed to
assess the occurrence of resilin in the wing nodus. For this purpose,
the fore- and hindwing samples were first rehydrated for 24 h.
Then, they were shortly washed with 70% ethanol and mounted
in glycerine between a glass slide and a cover slip. A fluorescence
microscope (Zeiss Axioplan, Oberkochen, Germany) equipped with
a DAPI-filter set (excitation 321-378, FT395, BP420-470 nm) was
utilized to observe both dorsal and ventral sides of the nodus of
both wings.

2.3. Confocal laser scanning microscopy

Michels and Gorb [25] showed that a confocal laser scanning
microscope equipped with a 405 nm laser can be employed to

demonstrate the presence of resilin in insect exoskeleton. Confocal
laser scanning microscopy (CLSM) has been also demonstrated to
be a useful technique to gain a detailed understanding of the mate-
rial distribution in biological structures [25,27,29].

Considering the similarity of the preparation methods, the same
specimens used in WFM were tested in CLSM. The confocal laser
scanning microscope (Zeiss LSM 700, Carl Zeiss Microscopy, Jena,
Germany) employed in this study had four stable solid-state lasers
with wavelengths of 405 nm, 488 nm, 555 nm and 639 nm. The fol-
lowing emission filters were utilized to detect autofluorescence
emitted from the nodus: BP420-480, LP490, LP560 and LP640 nm.

2.4. Micro-computed tomography

A Skyscan 1172 micro-computed tomography (micro-CT) scan-
ner (Bruker microCT, Kontich, Belgium) was employed to investi-
gate the 3D configuration of the nodus. For this purpose, small
parts of fore- and hindwings containing the nodus (~3 mm length)
were cut and fixed on the sample stage of the micro-CT scanner.
The samples were scanned with a resolution of about 1 um at a
source voltage of 40 kV and a current of 250 pA. The data from

Fig. 2. SEM images of the fore- and hindwing nodi of the dragonfly B. contaminata. (A) Dorsal side of the forewing nodus, representing the interface of the pre- and post-nodal
parts. The costal and subcostal veins are located on the pre-nodal part of the nodus. The elevated ridge (white arrow) is located on the distal end of the costal vein in the
proximal part of the nodus and somewhat covers its distal part. (B) Ventral side of the forewing nodus. The break between the pre-nodal and post-nodal parts of the costal
vein and the interface of the pre- and post-nodal parts can be seen here. It seems that ScP makes a transition to the post-nodal region of the leading edge spar. (C) Dorsal side
of the hindwing nodus representing the elevated ridge, break and transition between the costal and subcostal veins. (D) Ventral side of the hindwing nodus. The break
between the pre-nodal and post-nodal parts of the costal veins is shown here. The pre-nodal and post-nodal parts of the nodus can be found in the left- and right-hand side of
each image, respectively. nod, nodus; C, Costal vein (Costa); ScP, posterior subcostal vein. Scale bars: 500 pm (A, B), 200 um (C), 100 um (D).
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the scans were reconstructed in the NRecon reconstruction soft-
ware package (SkyScan, Kontich, Belgium). 3D image analysis soft-
ware Amira (FEI Visualization Sciences Group, Bordeaux, France)
was utilized for developing finite element (FE) models of the nodus
based on the reconstructed data.

2.5. Scanning electron microscopy

The same specimens used in micro-CT scanning were used later
for scanning electron microscopy (SEM). The small wing parts were
mounted on sample holders using carbon Leit-tabs (Plano GmbH,
Wetzlar, Germany). A Leica EM SCD 500 high-vacuum sputter
coater (Leica Microsystems, Mannheim, Germany) was used to coat
them with a thin layer of gold-palladium alloy (~9 nm). The spec-
imens were imaged using a Hitachi S-4800 scanning electron
microscope (Hitachi High-Tech., Tokyo, Japan) at an accelerating
voltage of 3 kV.

2.6. Numerical analysis

The 3D visualization software package Amira v6.0 (FEI SAS,
Mérignac Cedex, France) was used to develop FE models based
on the data obtained from the micro-CT scanning. Several models
with varying number of elements were created for both fore- and

hindwings, which allowed to perform a mesh convergence analysis
later on. The models were then exported to Materialise Magics STL
editor software (Materialise, Leuven, Belgium) to check and fix
their potential errors, especially intersecting elements, bad edges
and holes. After this adjustment, the commercial FE software pack-
age ABAQUS/Standard v6.14 (Simulia, Providence, RI) was utilized
to convert the two-dimensional (2D) shell elements of the models
(created by Amira) to volumetric ones. The models were meshed
using general purpose tetrahedral elements (C3D10), which are
recommended for structural analyses similar to that presented in
this study [30]. The second-order interpolation of these elements
leads to a higher accuracy of the results, compared to when linear
elements are employed.

We have previously shown that the mechanical behaviour of
insect wings can be estimated using a linear elastic material model
[8,9,13,14,20,21,31,32]. Here, we used the same method to simu-
late the mechanical response of the nodus to external forces
applied during flight. For this purpose, a stiffness and a Poisson’s
ratio of 3 GPa [33] and 0.49 [11], respectively, were assigned to
the models. The Young’s modulus of resilin was considered to be
2 MPa [29].

In order to capture the effect of changes in the geometric config-
uration of the models resulting from possible large deformations, a
geometric nonlinear analysis was carried out. The large deforma-

Fig. 3. CLSM images of the fore- and hindwing nodi of the dragonfly B. contaminata. The presence of the blue, green and red colours indicates the presence of resilin, less-
sclerotized and highly-sclerotized cuticle, respectively. (A) Dorsal and (B) ventral sides of the forewing nodus. (C) Dorsal and (D) ventral sides of the hindwing nodus. Resilin
in both wings can be mainly found in the interface of the pre- and post-nodal parts and also in the transition of the costal and subcostal veins on the dorsal side. The pre-nodal
and post-nodal parts of nodus can be found in the left- and right-hand side of each image, respectively. nod, nodus; S-nod, sub-nodus; C, Costal vein (Costa); ScP, posterior
subcostal vein; RA, anterior radial vein. Scale bars: 200 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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tions may also cause the different parts of the models to come in
contact. Therefore, we conducted a self-contact analysis to con-
sider the possible interactions between the parts of our models.

The ABAQUS implicit solver was used to simulate the mechan-
ical behaviour of the nodus subjected to an applied force. For this
purpose, all displacements and rotations of the extreme proximal
end of the models were constrained to be zero (Fig. 1C). On the
other side, a tie constraint was used to bond the extreme distal
end of the models to a reference point set on the aerodynamic
pressure centre of the wings. The defined tie constraint eliminates
the degrees of freedom of the free end of the models and couples
its motion to that of the reference point. This reference point was
then subjected to a concentrated force which is assumed to be
equal to a portion of the aerodynamic force applied to the region
of the insect wings considered in our models.

taking off

hovering

It has been previously shown that the bending and torsional
moments induced by aerodynamic forces during flight are predom-
inantly carried by longitudinal veins [8]. There are eight main lon-
gitudinal veins in the wings of the dragonfly B. contaminata, of
which two of them forming the nodus (costal and radial veins)
are included in our models (Fig. 1B). Therefore, assuming the same
aerodynamic lift generation by the wings, we can expect that the
part of the wings modelled in our study is subjected to an aerody-
namic force almost equal to 12% of the insect body weight
(0.103 mN) when in hovering flight [34]. The aerodynamic forces
applied to the models during take-off and gliding were taken to
be 2.5 times [35] and 0.3 times [36] the value of that in hovering
flight, respectively.

A mesh convergence analysis was performed on the developed
models with different numbers of elements to achieve a compro-

gliding

displacement
) 240
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Fig. 4. Displacements of the (A, C) forewing and (B, D) hindwing nodi during the (A, B) up- and (C, D) downstrokes. The displacements are shown in three different flight
modes: (Ai, Bi, Ci, Di) take-off, (Aii, Bii, Cii, Dii) hovering and (Aiii, Biii, Ciii, Diii) gliding. The models are shown from the (A, B) ventral and (C, D) dorsal sides when presenting
the displacements in the up- and downstrokes, respectively. In order to give a better impression of the displacements both deformed and undeformed shapes are shown. All
models are fixed at the extreme proximal edge and the maximum displacement occurs at their extreme distal edge.
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mise between the accuracy of the results and the computational
time. It was found that a total number of elements of about
90,000 is needed for both fore- and hindwing nodus models to
obtain the results which are not dependent on the mesh size.

3. Results

SEM images representing the 3D configuration of the fore- and
hindwing nodi of the dragonfly B. contaminata are given in Fig. 2.
Fig. 2A, B compares the geometry of the forewing nodus on the dor-
sal side with that on the ventral side. It seems that on both sides
the costal vein (C) bends at the nodus and fuses to the posterior
subcostal vein (ScP). The subcostal vein ends at the nodus on the
dorsal side (Fig. 2A), but on the other side it appears to make a
transition to the post-nodal part (Fig. 2B). A clear break can be
observed between the pre-nodal and post-nodal parts, on the dor-
sal side of the forewing nodus (Fig. 2A). This break also exists on
the ventral side (Fig. 2B), but it is less pronounced than that on
the dorsal side. The nodus from the hindwing is seen to have
almost the same characteristics as those already mentioned for
the forewing nodus (Fig. 2C, D).

There is an elevated ridge on the dorsal sides of both fore- and
hindwing nodi, which is absent on their ventral sides (see white
arrows in Fig. 2A, C). The ridges on both wings are located on the
distal end of the pre-nodal costal vein and they seem to partially
cover the proximal part of the costal vein in the post-nodal region.
A slight difference can be noted between the shapes of the ridges in
the fore- and hindwing nodi. The elevated ridge of the hindwing
appears to be a bit more bent, compared with that of the forewing
(Fig. 2A, C). This difference can also be seen in the images taken by
the CLSM (Fig. 3A, C).

The results from the CLSM analyses, illustrated in Fig. 3, reveal
the presence of resilin-dominated areas in the cuticle of the wing
nodus. These regions can be identified by their blue colour result-
ing from the blue autofluorescence of resilin [25]. Although resilin
can be found on both sides of the nodi, its presence is more promi-
nent on the ventral side (Fig. 3B, D) than on the other side
(Fig. 3A, C). On the dorsal side, resilin is located at the interval of
the pre- and post-nodal regions, and especially in the transition
zone between the costal and subcostal veins (see arrows in
Fig. 3A, C). On the ventral side, however, resilin spreads over a
wider area, including the distal end of the pre-nodal costal vein
(see arrows in Fig. 3B, D) and the interval of the pre- and post-
nodal parts. Considering the relatively larger distance between
the costal and subcostal veins in the forewing than in the hindwing
(almost 1.33 times), the resilin-dominated area in the former is a
bit more elongated. A good agreement was found between the
results of the WFM and those of the CLSM, which supports the
observations mentioned earlier (for more details on WFM data
see Fig. S1).

Fig. 4 compares the displacements of the fore- and hindwing
nodi during the up- and downstrokes in three different flight
modes including take-off, hovering and gliding. The models are
shown from the ventral and dorsal sides when presenting the
results of the up- (Fig. 4A, B) and downstrokes (Fig. 4C, D), respec-
tively. In order to provide a better impression of the displacements,
both deformed and undeformed shapes of the models are given in
this figure (the undeformed shapes remained uncoloured). The
results indicate a clear difference between the displacements of
the fore- and hindwing nodi. The displacement of the forewing
nodus in this region seems to be a combination of both bending
and twisting (Fig. 4A, C). However, in contrast, the hindwing nodus
undergoes pure torsion (Fig. 4B, D). The magnitude of the displace-
ments, however, considerably differs among the flight modes. As it
was expected, the largest and smallest displacements occur during

take-off and gliding flight, respectively. In the forewing nodus, the
translational displacement in take-off is seen to be 2.2-2.4 and
7.8-8.2 times larger than those in hovering and gliding, respec-
tively (Fig. 4A, C). These values are somewhat higher when com-
paring the angles of rotation in these three flight modes (2-2.8:1
and 6.7-17.8:1, respectively) (Fig. 4B, D). Taking into account that
there is no bending in the hindwing nodus, the rotation of this
model in take-off during the up- and downstrokes are measured
to be 2.2-2.5 and 6.2-8.1 times larger than those in hovering and
gliding, respectively (Fig. 4B, D). Table S1 lists the translational
and rotational displacements of the fore- and hindwing nodi dur-
ing the up- and downstrokes in all the studied flight modes.

An interesting phenomenon is observed when investigating the
displacements of the models in hovering and take-off. After some
levels of deformation, a contact occurs between the post-nodal
costal vein and the elevated ridge on the pre-nodal costal vein.
Video 1 shows the occurrence of this contact in the forewing
nodus. In contrast, Video 2 represents the deformation of the same
model when no contact pair is defined between the interacting sur-
faces. As can be seen here, the latter leads to a displacement which
is almost 1.5 times larger than that of the former analysis. The dis-
placement scale factor in both these videos is set to 2 to clearly
show the difference in the deformation of the models. It is impor-
tant to mention that the contact between the pre-nodal and post-
nodal parts of the nodus is formed in both fore- and hindwings, but
only during the downstroke. Video 3 presents the displacement of
the forewing nodus in the upstroke. The legend and displacement
scale factor were adjusted to be the same as those used in Video 1.

U, Magnitude

Video 1. Displacement of the forewing nodus when subjected to aerodynamic
pressure on the ventral side (downstroke) during take-off. The video shows the for-
mation of a contact between the costal vein in the distal part and the elevated ridge
in the pre-nodal part of the forewing nodus resulting in an interlocking mechanism.
The interlocking avoids further displacement of the nodus. Taking into account that
the interlocking takes place only in the downstroke, it leads to dorso-ventral asym-
metric deformation of the nodus. Displacement scale factor: 2.

U, Magnitude

Video 2. Displacement of the same model used in Video 1 when no contact pair is
defined between the interacting surfaces. This leads to an unrealistic large deforma-
tion, which is avoided by the interlocking mechanism of the real nodus. Displace-
ment scale factor: 2.
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U, Magnitude

Video 3. Displacement of the forewing nodus when subjected to aerodynamic
pressure on the dorsal side (upstroke) during take-off. Comparison of the displace-
ments of the model given in this video and in Video 1 clearly shows the dorso-
ventral asymmetry of the nodus deformation. This asymmetric deformation is
highly likely to be the result of the interlocking mechanism, which works only in
the downstroke. Displacement scale factor: 2.

Fig. 5 shows the effect of the removal of resilin on the mechan-
ical behaviour of the nodus. The figure compares the displacement
and stress pattern of the realistic forewing nodus (Fig. 5A, C) with
that of a similar model, but containing no resilin (Fig. 5B, D). In the
second model, the resilin dominated areas are substituted by cuti-
cle. Both models are subjected to the same aerodynamic pressures
on their ventral sides (downstroke) during hovering flight. It is
found that the removal of resilin decreases both translational and
rotational displacements of the nodus by about 3 and 1.6 times,
respectively (Fig. 5A, B). Looking at the stress distribution within
the models, it can be noticed that in the realistic model the stress
is mainly distributed on the post-nodal costal and anterior radial

(R) veins (Fig. 5C). In contrast, in the other model the stress is par-
ticularly concentrated on the posterior subcostal vein and at the
interval of the pre-nodal and post-nodal costal veins (see the black
arrow in Fig. 5D).

4. Discussion

Previous studies have indicated a considerable difference in the
deformability of fore- and hindwings in dragonflies [37,38]. One
might expect this difference to arise from the different wing mor-
phologies. In this study, however, we have seen that small geomet-
ric and material differences between the forewing and hindwing
nodi result in different deformation patterns of this wing compo-
nent (Fig. 4). These results are significant, since they suggest that,
not only macroscopic differences, but even small changes in micro-
scopic features of wing components may strongly influence their
functionality. Any difference between the functionality of similar
structural elements of fore- and hindwings can consequently result
in different deformation patterns of the wings.

Our computational results showed the formation of contact
between different parts of the wing nodus (Video 1). This contact
formation, resulting in an interlocking mechanism, was found to
operate when the wing is subjected to displacements larger than
those exerted in gliding flight. Hence, it is likely that this mecha-
nism is a design strategy to avoid extremely large displacements
in the nodus. This is in accordance with the observations of Chen
et al. [39] indicating the limited displacement of the nodus in the
wings of the dragonfly Sympetrum flaveolum. However, one should
take into account that this interlocking occurs only in one direction
when the wing is subjected to forces on the ventral side (during the
downstroke). Due to the absence of the elevated ridge on the other

displacement
(um)

Fig. 5. Effect of the removal of resilin on the mechanical behaviour of the nodus. Displacements of the forewing nodus (A) before and (B) after removal of resilin. Distribution
of maximum principal stress within the veins of the nodus (C) before and (D) after removal of resilin. The models are subjected to aerodynamic forces on their ventral sides in

hovering flight.
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side (Figs. 2 and 3), the nodus is free to move in the other direction
(Video 3). This geometric difference results in formation of a spe-
cialized “one-way” hinge, which allows the free movements in
the upstroke and restrains the displacements in the downstroke
(asymmetric displacements). Considering that the legend in Fig. 4
was chosen to cover a wide range of displacements and cannot
adequately represent this asymmetry, we have updated the legend
in Fig. 6. The displacements of the forewing nodus subjected to
forces on the dorsal and ventral sides during take-off are repre-
sented in this image.

The asymmetric displacement of the nodus shown in Fig. 6 is
expected to contribute to the observed dorso-ventral asymmetry
in the displacement of dragonfly wings [40]. The wings are known
to have an increased structural stiffness, and therefore an
enhanced load bearing capacity, when they are subjected to aero-
dynamic forces in the downstroke. Taking into account that drag-
onflies generate most of their aerodynamic lift during the
downstroke, the wing asymmetric displacement has been sug-
gested to remarkably influence lift generation [41]. But, if the
insect wings need this increased stiffness to resist external forces
in flight, what role does resilin play in the nodus?

Fig. 6. Displacements of the forewing nodus in the (A) up- and (B) downstrokes
during take-off. The models are shown from the (A) ventral and (B) dorsal sides
when presenting the displacements in the up- and downstrokes, respectively. The
interlocking mechanism of the nodus avoids further displacement of its distal part
in the downstroke. This effect results in a dorso-ventral asymmetry in the
deformation of the nodus. Here, the maximum displacement of the model in the
upstroke is almost 1.5 times larger than that in the downstroke.

During the downstroke, the post-nodal part of the leading edge
in both fore- and hindwing nodi was observed to experience a
nose-down rotation (Fig. 4C, D). The rotation of the leading edge,
resulting in twisting of the whole wing structure, has already been
reported for the wings of several insect species [19,42]. This has
been shown to remarkably improve the camber formation, and
therefore the lift generation by dragonfly wings. Although there
are some other structural components which are believed to con-
tribute to wing twisting in flight [9,20,43], our numerical simula-
tions suggest that the presence of resilin in the nodus may
remarkably facilitate it. This assertion may be verified by the
results illustrated in Fig. 5, indicating that the removal of resilin
from the forewing nodus leads to a noticeably smaller rotation of
the leading edge, compared to when resilin is present. However,
both bending and twisting are required to a limited extent. The
large deformations caused by further displacement of the wings
subjected to external forces in flight are highly likely to negatively
influence lift generation. As already mentioned, this is the role of
the interlocking mechanism in the nodus to avoid these undesir-
able displacements, especially in the leading edge spar which is
known to provide support for the whole wing structure.

On the other hand, our results indicated that the removal of
resilin from the nodus transmits the stress from the costal and
radial veins to the subcostal vein and the break in the costal vein
(Fig. 5C, D). In contrast to the costal and radial veins, the subcostal
vein is considerably thin and probably less strong. The discontinu-
ity of the costal vein, forming the nodus, may also be considered as
a critical zone. Previous studies have suggested that this part of the
wing usually fails prior to any other wing region when subjected to
high mechanical stresses [44]. Hence, one can conclude that the
removal of the resilin may remarkably increase the possibility of
the nodus failure. Taking into account that the wings have to with-
stand millions of cycles of mechanical loading during the lifespan
of the insect, any damage in the wings is likely to decrease their
fatigue resistance.

Future studies are planned to explore the possible variability of
the structural and material characteristics of the nodus in various
groups of Odonata to provide further insights into the functionality
of this wing component depending on typical flight behaviour in
different species.
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Appendix A. Supplementary data

The FE models can be made available on request: please contact
HR at hrajabi@zoologie.uni-kiel.de, harajabi@hotmail.com. Supple-
mentary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.actbio.2017.07.034.
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