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A dragonfly wing consists of membranes and both longitudinal and cross veins. We observed the microstructure cross-section at
several locations in the dragonfly wing using environmental scanning electron microscopy (ESEM). The organic nature of the
junction between the vein and the membrane was clearly identifiable. The membrane was divided into two layers, the upper epi-
dermis and the lower epidermis. These layers extend around the sandwich structure vein, and combine with the adjacent mem-
brane at a symmetrical location along the vein. Thus, we defined this as an organic junction between the vein and the membranes.
The organic junction is able to form a tight corrugation angle, which dramatically increases both the warping rigidity and the
strength of the wing, but not the torsional rigidity. The torsional deformation is primarily controlled by the microstructure of the
longitudinal veins, and is based on the relative rotation angle between the epidermal layer and the inner layer of the vein that
forms the zigzag section.
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The dragonfly wing has long fascinated physicists and bi-
ologists. Both functional and optimized mechanical models
have been constructed by scholars such as Wootton, Elling-
ton, and Newman [1-3]. The studies to date have used me-
chanical models and fluid dynamics to study the aerody-
namic performance and flight behaviors of the insect wing,
forewing, or hindwing. However, the complex motions of
flapping insects have not yet been adequately described.
Similarly, no one has accurately measured the force im-
posed on the wing surface of flapping wings. Ennos [4] first
highlighted the importance of torsion in the design of insect
wings. This is because the inertia of the wing can cause it to
rotate at the point of stroke reversal, resulting in the neces-
sary changes in pitch among the longitudinal veins.
Recently, a number of studies have evaluated the micro-
structure and mechanical properties of the dragonfly wing
vein and membrane. Wang et al. [5] first reported that the
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microstructure of the longitudinal vein is a complex sand-
wich consisting of chitinous shells and a protein layer with
some fibrils. This allows the vein to endure greater bending
loading and torsional deformation. Song et al. [6] concluded
that the membrane is divided into three layers, a dorsal sur-
face, a middle layer, and a ventral surface. These divisions
were evident at the nano scale, along the orientation of the
thickness of the membrane, and arose from their disparate
functions. The thickness of these layers was 513.63+69.02
nm, 1.93+0.18 um, and 356.33+42.50 nm, respectively.

The surface morphologies of moth and butterfly wings
are closely related to their physical and chemical properties
[7-10]. Zhao et al. [11] recently reported the morphologies
of spikes and ripple wave of the longitudinal vein at both
micro and nano scales. However, the structure of the joint
between the vein and the membrane remains unclear. We
investigated the structure of the connection between the
vein and the membrane using pictures obtained by ESEM.
Based on our observations, we discuss the self-adaptability
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of the organic junction and the effect of the microstructure
on flight behaviors.

A dragonfly wing is generally considered to be com-
posed of membranes and veins that are distinguished as
cross veins and longitudinal veins (Figure 1). The longitu-
dinal spars in the wings perform a similar function to man-
made girders, that is, they resist the bending moment and
torque in the wing when flapping. The corrugated structure
of the wing was first studied by Hertel [12] who concluded
that it was caused by the three dimensional (3-D) arrange-
ment of the longitudinal veins. A cell is defined as the
membranous region between the longitudinal and cross
veins. Cross veins that link adjacent longitudinal veins are
thinner, so their function tends to prevent the membrane
between the spars from folding up [11]. To some extent,
these veins can be viewed as support for structural corruga-
tion [4].

We used Pantala flavesens that were captured on the
campus of Tsinghua University. All individuals were main-
tained alive prior to the experiments. The ESEM (FEI
Quanta 200) images (x2000 magnification) of the wing’s
cross-section (Figure 2) reveal that the membrane is divided
into two layers in the region outside the joint between the
vein and the membrane. These layers are referred to as the
upper epidermis and the lower epidermis. These layers dif-
fer from the three layers proposed by Song et al. (mentioned
above) because of the differences in scale (nano versus mi-
cro). The dorsal surface is incorporated in the upper epi-
dermis and the lower epidermis incorporates the ventral
surface. However, for the latter, separating the ventral sur-
face layer from the lower epidermis or the dorsal surface
from the lower epidermis appears futile. Both the upper and
lower epidermises extend around the sandwich structure
vein and combine with the adjacent membrane at a symmet-
rical position along the vein. This point of connection is
termed the organic junction between the membrane and the
vein, and is very similar to the structure of a joint. The left
and right membranes are distributed symmetrically along
the vein (Figures 2 and 3). The left membrane grows across
the sandwich vein, and then combines with the right mem-
brane. Therefore, the membrane of the wing can be charac-
terized as a continuous organic sheet, similar to the skin of
an airfoil (Figure 4). This arrangement allows the formation
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Figure 1 The skeleton of Pantala flavesens hindwing.
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Figure 2 Microstructure of the wing’s cross-section (a) and a model of
the organic junction (b).

of a smooth effective profile for the wing. The thickness of
both the upper epidermis and the lower epidermis (Figure
3(b)) was 3 um. The thickness of the membrane and the
diameter of the vein were 6 pm and 55 um, respectively.

The organic junction or self-adaptable joint is able to
form ultra small corrugation angle (Figure 4), which dra-
matically increases both the warping rigidity and strength of
the wing, but not the torsional rigidity [13]. However, the
structure of the vein likely aids in resisting torque as the
relative rotation angle between the epidermis layer and the
protein layer of the vein is fixed.

The average value of parameter 6 (the corrugation angle)
can be as small as 50° [14]. The ratio of the warping rigidity
between an uncorrugated and corrugated wing is approxi-
mated as [6]

FL = (9/8)(c/t)(cos2 H/Sin 03),(c/t >10,60 = 90°), (1)

R

where /7 and 7/} represent the warping rigidity for an uncor-
rugated and corrugated wing, respectively, ¢ is the chord
length, and ¢ is the wing thickness. This equation indicates
that the ratio is a decreasing function of 4. Thus, smaller 6
values equate to increased warping rigidity. Fortunately, the
organic joint between the membrane and vein was able to
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Figure 3 (a) Microstructure of the wing’s cross-section at the leading
edge; (b) a partial enlargement of (a) (x5000 magnification).

(a)

(b)

Figure 4 The airfoil skin. The label “1” represents the skin covering the
surface which forms a smooth profile, as shown in (b).

afford the corrugation.

In summary, there are reasonable explanations for the
differences in construction between insect wings and the
wings of modern aircraft. The monocoque structure of air-
craft wings strongly resists torsion. However, dragonfly
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Figure 5 (a) Zigzag cross-section of the wing; (b) 3-D model of the cross-
section. Drawn in SolidWorks.

wings must twist between wingbeats to optimize the per-
formance of the aerofoil. The open sandwich vein and the
self-adaptable joint or organic junction between the veins
and the membrane enable corrugation of the wing structure.
This, in turn, allows torsion and results in the camber being
set automatically as the wing is twisted. Thus, the organic
junction between the vein and membrane contributes to the
dragonfly wing’s remarkable mechanical behaviors. The
microstructure of the organic junction greatly increases
warping and torsional rigidity. Further research will focus
on quantifying the effect of the joint.
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