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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 µm, 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 (×2000 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 

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

 ( ) ( ) ( ) ( )2 39 8 cos sin , 10, 90 ,
R

c t c tΓ θ θ θ
Γ

= > ≠  (1) 

where Γ and ΓR represent the warping rigidity for an uncor-
rugated and corrugated wing, respectively, c is the chord 
length, and t is the wing thickness. This equation indicates 
that the ratio is a decreasing function of θ. Thus, smaller θ 
values equate to increased warping rigidity. Fortunately, the 
organic joint between the membrane and vein was able to 

 

Figure 1  The skeleton of Pantala flavesens hindwing.  

 

Figure 2  Microstructure of the wing’s cross-section (a) and a model of 
the organic junction (b). 
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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 

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. 

This work was supported by the National Natural Science Foundation of 
China (10772091, 11072124) and the National Basic Research Program of 
China (2007CB936803, 2010CB631006). 

1 Ellington C P. Philos T R Soc B, 1984, 305: 1–15 
2 Newman D J S, Wootton R J. J Exp Biol, 1986, 125: 361–372 
3 Zhao H X, Yin Y J, Zhong Z. Chinese Sci Bull, 2010, 55: 1856–1858 
4 Ennos A R. J Exp Biol, 1988, 140: 137–160 
5 Wang X S, Li Y, Shi Y F. Comp Sci Technol, 2008, 68: 186–192 
6 Song F, Xiao K W, Bai K, et al. Mater Sci Eng A, 2007, 457: 254– 

260 
7 Wang X J, Cong Q, Zhang J J, et al. Chinese Sci Bull, 2009, 54: 569− 

575 
8 Fang Y, Sun G, Wang T Q, et al. Chinese Sci Bull, 2007, 52: 711− 

716 
9 Han Z W, Wu L Y, Qiu Z M, et al. Chinese Sci Bull, 2009, 54: 535− 

540 
10 Yang Z X, Dai Z D, Guo C. Chinese Sci Bull, 2010, 55: 771−776 
11 Zhao H X, Yin Y J, Zhong Z. Chinese Sci Bull, 2010, 55: 1993–1995 
12 Hertel H. Structure, Form, Movement. New York: Reinhold, 1966 
13 Sunada S, Zeng L J, Kawachi K. J Theor Biol, 1998, 193: 39–45 
14 Rees C J C. Nature, 1975, 256: 200–203 

 
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 

in any medium, provided the original author(s) and source are credited. 

 

 

Figure 3  (a) Microstructure of the wing’s cross-section at the leading
edge; (b) a partial enlargement of (a) (×5000 magnification).  

 

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

 

Figure 5  (a) Zigzag cross-section of the wing; (b) 3-D model of the cross-
section. Drawn in SolidWorks. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


