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Abstract: The flight performance and maneuverability of Odonata depends on wing shape and
aero-structural characteristics, including airfoil shape, wingspan, and chord. Despite the superficial
similarity between Odonata planforms, the frequency with which they are portrayed artistically,
and the research interest in their aerodynamics, those features that are stable and those that are
labile between species have not been identified. Studies have been done on 2D aerodynamics
over corrugated wings; however, there is limited comparative quantified data on the planforms of
Odonata wings. This study was undertaken to explore the scale relationships between the geometrical
parameters of photogrammetrically reconstructed wings of 75 Odonata species, 66 from Epiprocta,
and 9 from Zygoptera. The wing semi-spans captured in the database range from 24 to 85 mm.
By carrying out an extensive statistical analysis of data, we show that the geometrical parameters
for the suborder Epiprocta (dragonflies) can be classified into scale-dependent and independent
parameters using regression analysis. A number of close correlations were found between the
wingspan and the size of other structures. We found that amongst the variables considered, the largest
independent variations against the forewing span were found in the chord of the hindwing, and that
hindwing properties were not reliably predicted by the Odonata family. We suggest that this indicates
continuous evolutionary pressure on this structure.
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1. Introduction

There are various structural and aerodynamic demands related to the ecological niche of each
species of Odonata that have influenced the characteristics of their wings through natural selection.
An understanding of the aerodynamic performance of wings may inform considerations of metabolism,
ecology, and evolutionary processes. Unlike many insects, Odonata wings have comparatively high
aspect ratios [1], modest wing beat frequencies (30–40 Hz) [2–4], limited stroke angles (30◦–60◦) [5,6],
and are used in gliding flight modes [7]. Some steady-state aerodynamic parameters are worth
considering under these circumstances [8,9].

Odonata are categorized into the suborders Epiprocta (dragonflies) and Zygoptera (damselflies) [10].
The nodus size has been identified as an important parameter in the structure of a dragonfly wing,
as illustrated in Figure 1b. The nodus is the point where the camber of the leading edge spar inverts [11],
which is believed to provide strength and flexibility in flight [12]. Zhang et al. studied the dynamics
of the nodus and wing in gliding flight [13]. According to their experimental visualization analysis,
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the nodus is an essential structural element of the wing, providing flexibility to the wing under
aerodynamic loads [13]. The scanning electron microscopy (SEM) visualization and tensile testing
have shown that the location of the nodus is critical during flight, due to high tensile stresses [14].
It also provides the wings with shock-absorbing capability that may help in dealing with any externally
imposed torsion or bending stress [11]. During the flight, the wings undergo passive twist that is largely
dependent on the position of the nodus [15]. The nodus is located at the leading edge at the interface
of the second main vein and the leading edge of the wing where the orientation of the leading edge
changes [16,17], which is about 50% of wingspan from the root [18,19]. The other prominent structure
is the pterostigma. It is often found in the outer part of the span at the leading edge of Odonata wings,
and is created by a blood-sinus during emergence [15] (Figure 1). Pterostigma probably plays a major
role in the flight stability of Odonata. The concentrated mass of the pterostigma is believed to have a
counteracting role during undesired twisting of the wing in the airflow [20]. As shown in Figure 1,
the definition of chord lines for Odonata is different compared to commercial aircraft. For Odonata,
chord lines are defined to have an angle α to the reference body line, where α is the angle between
a perpendicular line to the reference body line and the perpendicular line to the chord. However,
for aircraft, chord lines are defined parallel to a fuselage [21].
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Figure 1. Dragonfly wing geometry definition: geometrical parameters (a) and dragonfly wing
geometry definitions nodus and pterostigma (b).

Odonata appear to have a characteristic arrangement of wings and overall planform common to all
species, but with parameter variations. The purpose of our study was to explore how non-dimensional
parameters might vary between species and scales of dragonflies for the next generation of the
bio-inspired micro air vehicle. Our collection of 75 solid models of Odonata wings was measured to
extract descriptive wing parameters. The main parameters of Odonata wings include forewing (FW)
and hindwing (HW) span, minimum and maximum chord length, and location (these parameters play
an important role to an optimum for the lift distribution over the wing) [22], nodus location and length,
pterostigma size, and distance from the nodus. These parameters together describe the key features
of an Odonata wing that are relevant to flight performance. Span and chord measurements have a
significant role [23] in establishing the basic performance characteristics of fixed-wing aircraft, and are
likely to be equally important to understanding the aerodynamic performance of Odonata. This paper
presents the essential geometrical parameters of Odonata wings and explores the trends apparent in
the dataset. The database and analysis procedure may be suitable for studies of ecology and evolution,
as well as for advancing the design of small technological aircraft.

2. Materials and Methods

For this study, 75 wing geometries of various Odonata were captured from the collection of
the South Australia Museum. Figure 2 shows the number of species of each family of Odonata
species in the dataset. As shown in Figure 2, 50% are from the Libellulidae and Aeshnidae families
that contain a large number of species with a wide range of sizes [24,25]. The 75 Odonata families
and species are included from the Libellulidae family (Libellula Pulchella, Libellula Murica Drury,
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Libellula Indica, Libellula Saturata, Lyriothemis Meyeri, Nesoxenia Mysis, Neurothemis Stig Matizans
Bramina, Neurothemis Oligoneura, Orthetrum Caledonicum, Orthetrum Glaucum, Orthetrum Villosovittatum,
Pantala Flave Scens, Lathrecista Asiatica, Protorthemis Coronata, Plathemis Lydia, Rhodothernis, Phyothemis
Graphipters, Phyothemis Phyllis, Phyothemis Princeps, Tholymis Tillarga, Tramea Loewii, Zyxomma Sp, Huonia
Thalassophila, Crocothemis Nigrifrons, Diplacina Phoebe, Camacinia Othello, Agrionopters Longitudinalis,
Agrionoptera Insignis, Celithemis Eponina), Aeshnidae family (Adversaechna, Anax Guttatus, Anax Junius,
Austroaeschna Multipunctata, Austroaeschna Parvistigma, Gynacantha Kirbyi, Gynacantha Mocsaryi,
Dendroaeschna Conspersa, Hemianax, Notoaeschna Sagittata, Telephlebia Godeffroyi, Accessions), Corduliidae
family (Epicordulia Princeps, Hemicordulia Australiae, Hemicordulia, Procordulia, Procordulia Jacksoniensis,
Procordulia), Gomphidae family (Gomphus Crassus, Accessions, Dromogomphus Spoliatus, Hemigomphus
Gouldii, Austrogomphus Prasinus, Ictinogomphus Australis), Calopterygidae family (Neurobasis Australis,
Hetaerina Americana, Calopteryx Maculata, Playcypha, Papuagrion Occipitale), Macromiidae family (Macromia
Tillyardi, Macromia Illinoiensis, Macromia Taeniolata), Petaluridae family (Petalura Ingentissima, Petalura
Gigantea, Uropetala Carovei), and Synthemistidae family (Eusynthemis Brevistyla, Choristhemis Flavoterminate,
Archaeosynthemis Orientalis).
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Figure 2. Number of each genus of Odonata, according to their species.

The dataset, including complete three-dimensional models, are available in the Dryad
repository [26], with the original photographs from which the models were constructed. 3DF Zephyr
Pro for photogrammetry and SolidWorks software for conversion of the point cloud to a solid model
were used to reconstruct the wings [26,27]. Figure 3 shows the 3D reconstructed hindwing of a Petalura
Ingentissima from the dataset. The dimensions of the wing and geometrical parameters were measured
for both FW and HW from the projected files.

All specimens were from a publicly available Odonata collection in the South Australian Museum.
Unfortunately, the entire collection has been classified by species, but has not been classified by sex.
Furthermore, the collection specimens could not be accessed ventrally to establish their sex. The labeling
of typical specimens is shown in the Appendix A. This is unquestionably a significant problem for
some possible uses of this dataset, given the important role that sex might play in behavior, and thus
functional demands on the flight apparatus. Considering further the implications of this limitation,
we have studied many species with few individuals per species. We have considered wing shape,
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not the remainder of the anatomy. There are known sex-specific features in Odonata [28], albeit more
subtle than in some species, such as butterflies [29,30]. Sex in dragonflies is established from ventral
thoracic structures [31] rather than wing features. However, examining the spread of the data,
there are no superficial indications of a bimodal distribution. This could only be expected if male
and female Odonata had systematic differences that were large compared to variations between
species. One implicit assumption in our study that results from this limitation is that the variations of
non-dimensional parameters between species are greater than the variations between sexes.
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The precision of the reconstruction of the wings in both surface dimensions and depth of
angles/corrugation patterns was evaluated against a measured transparent flat model wing and
Micro-CT, respectively, with good agreement between results (Figure 4). The method and validation
are documented in Chitsaz et al. [26].
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Wing Geometry and Parameter Definition

In this section, the measured wing geometry parameters are presented. We have defined wing
geometry to be consistent with standard aeronautical definitions where possible [32,33]. However,
due to the additional features of Odonata wings compared to aircraft and the tandem configuration [34],
there are some additional definitions presented for the nodus and pterostigma. Figure 1 shows a
schematic of dragonfly wing geometry and defined parameters [35]. The definition of the chord is the
same as in aeronautics; chord refers to the imaginary straight line joining the leading edge (LE) and
trailing edge (TE) of an airfoil that comes from the projected area of the reconstructed 3D wings and is
perpendicular to the span. b/2 is wing semi-span (half wingtip-to-wingtip span). Maximum chord
(Cmax) is the longest straight line from wing LE to TE [9,36].

The other defining feature of the wing is the pterostigma (pigmented area), which is located close
to the LE, which has a higher density than the rest of the wing [37]. This feature is also believed to be key
to increasing critical speed in glide [20]. These eight parameters that describe the Odonata wings in our
dataset are illustratively presented in the next section, and include wing semi-span, maximum chord,
maximum chord location, mean chord, nodus chord, nodus chord location, pterostigma length,
and location.

3. Results

The results include the geometrical parameters of wings from a total of 75 species from 15 families
of Odonata that were measured from the projected area of the 3D digitized wings. The measured wing
planform parameters include wing semi-span (b/2), maximum chord (Cmax), location of the maximum
chord (Cmax,L), mean chord length of the wing (Cmean), nodus chord (Cnodus), which is the straight
distance from LE to TE at the nodus, its location from the span coordinate of dragonfly body (Cnodus,L),
length of pterostigma (Spterostigma), and distance of nodus to pterostigma (D) for both FW and HW.
All parameter dimensions are in millimeters.

3.1. Database Analysis

In order to get a better understanding of the range in the processed data, initial results are shown
with the probability (area under the curve) and fitted normal distributions. Since it is possible that no
subsequent large study will be undertaken of dragonfly species’ wings, we have treated the sample as
if it were randomly selected. In a collection, there is every likelihood that this is not the case for the
most superficially obvious parameters, such as size, and other hidden indirect considerations leading
to ease of capture of specimens. We assumed that derived measures and ratios were less likely to be
biased by the process of sampling. Equation (1) shows the formula for calculating the probability of
normal distribution.

f (x
∣∣∣ µ, σ2 ) =

1
√

2πσˆ2
e−

(x−µ)̂2
2σ̂2 (1)

where µ, σ, and σˆ2 are the mean, standard deviation, and variance, respectively, and x is the desired
measured parameter [38].

Figure 5 shows the range of half-span of HW and FW across the collection, according to
their families. In this study, the species with the smallest wingspan was Huonia thalassophila, with
dimensions of 47.32 and 46.50 mm. The largest wingspan was 168.84 and 169.54 mm, of Petalura
ingentissima (PI), the giant petaltail [39].

The maximum chord length was 16.24 mm and 20.92 mm for FW and HW, respectively. As shown
in Figure 5, it is evident that the wingspan length of the Odonata wings can vary from 47 mm to
169 mm. Thus, in order to find a proper trend between the geometrical parameters of the wings, all
of the studied parameters of each wing were non-dimensionalized with the semi-span length (b/2)
of that wing. This is a useful approach to design an applicable micro air vehicle (MAV), in both
aerodynamics and flight performance aspects, which is similar to general airplanes. Figure 6 shows
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the non-dimensional maximum chord and its location and non-dimensional mean chord normal
distribution and probability density function (PDF) for both FW and HW. Results show that the average
mean and maximum chord length of the HW is around 25% larger than corresponding measurements
from the FW. The average value for Cmax/Cmean parameter is 1.4 for both HW and HW. The location
of Cmax is also an interesting parameter in the overall shape of the wing. Cmax,L is the deterministic
parameter for spanwise lift and drag distribution across the wing. Results show that Cmax,L/b has
high scatter, with standard deviation of around 0.1.
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The PDF and normal distribution of nodus and pterostigma parameters from the sample, which
are believed to be functional features of Odonata wings [20], were calculated. Figure 7 shows the
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non-dimensional normal distribution of nodus chord length, pterostigma size, and their locations for
FW and HW. As shown below, the ratio of nodus to pterostigma location is 1.7 and 1.9 for FW and HW.
The results show that the size of the pterostigma has a relatively high scatter. Calopterygidae and
Chlorocyphidae do not have pterostigma. Also, it is found that for Petalura Ingentissima, 2 × pterostigma,

L/b is between 0.6–0.7.
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The non-dimensional normal distribution of max chord, max chord location, mean chord
nodus chord, nodus chord location, pterostigma size, and pterostigma location for both FW and HW
for the same species of two families of Aeshnidae and Libellulidae are illustrated in Figures 8 and 9.
These two figures were plotted to compare two families of Aeshnidae and Libellulidae, as they are nearly
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50% of the dataset, and tend to be larger. By comparing two families, it is found that some parameters
are dependent, such as Cmax,L, and some are non-dependant, such as Cmax. Also, for HW, the standard
deviation differs between Aeshnidae and Libellulidae, compared with FW.
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Figure 8. Probability density function and fitted normal distribution of non-dimensional parameters:
FW max chord (a), HW max chord (b), FW max chord location (c), HW max chord location (d), HW mean
chord (e) and HW mean chord (f) of the two families of Aeshnidae and Libellulidae.
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Figure 9. Probability density function and fitted normal distribution of non-dimensional parameters:
FW nodus chord (a), HW nodus chord (b), FW nodus chord location (c), HW nodus chord location (d),
FW pterostigma size (e), HW pterostigma size (f), FW pterostigma location (g) and HW pterostigma
location (h) for both FW and HW of two families of Aeshnidae and Libellulidae.

3.2. Regression Analysis

The species studied included small species with a span length of 46 mm up to large ones with a
span length of 170 mm. In this section, both linear and polynomial regression is presented for the seven
measured parameters, including b/2, Cmax, Cmean, Cnodus, Cnodus,L, pterostigma size, and location.
A p-value of less than 0.05 is the criteria for accepting the regression equation [40]. Note that the
objective of this section is to identify trends, particularly with respect to scale.

Figure 10 shows the wing semi-span (b/2) length versus the maximum chord of the FW with
the minimum and maximum lengths of 5 mm and 16 mm, respectively. Both polynomial (y1) and
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linear (y2) regressions were found to be a satisfactory fit to find the Cmax vs. b/2 for both FW and HW.
In the following figures, the red dots correspond to Zygoptera (damselfly) order, while the black dots
relate to Epiprocta (dragonfly) order, and both are suborders of Odonata. Petalura Ingentissima is a large
dragonfly, but is a single sample very far from the other dragonflies in scale, so we have excluded it
and the Zygoptera from regression fitting in the following.
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Figure 10. Maximum chord versus wing semi-span of the forewings (a) of dragonflies, and maximum
chord versus wing semi-span of the hindwings (b) of dragonflies.

Figure 11 illustrates wingspan versus the mean chord of FW and HW, respectively. Similarly,
both polynomial (y1) and linear (y2) regressions predict the relationship between the mean chord and
the half-span for both FW and HW.
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Figure 11. Mean chord versus wingspan of the forewings (a) of dragonflies, and mean chord versus
wingspan of the hindwings (b) of dragonflies.

It has previously been proposed that the nodus plays an essential role in wing structural flexibility,
which has led to a nodus structured wing being used in an MAV [19]. The definition of the nodus
chord (Cnodus) for FW and HW is demonstrated in Figure 12.

The position and size of the pterostigma are believed to be important in dynamically regulating
wing pitch angle by harnessing inertial forces [20]. Figure 13a,b graphs b/2 versus nodus chord location
and pterostigma location (Lpterostigma) of FW and HW, respectively, with polynomial and linear
trends for the distribution. It is apparent that the FW nodus location to mid-span is almost similar
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compared to the HW. However, 90% of both FW and HW nodus are concentrated between 20% and
60% of wing semi-span. Strong correlation is found between wingspan and pterostigma size for both
FW and HW in Figure 13c. The red and green dots are related to Zygoptera family for FW and HW,
respectively.
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Figure 12. Nodus chord versus wing semi-span of forewings (a), and nodus chord versus wing
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Figure 13. (a) Nodus chord and pterostigma location versus wing semi-span of the forewing, (b) nodus
chord and pterostigma location versus wing semi-span of the hindwing, and (c) pterostigma size versus
wing semi-span of the forewings and hindwings.
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To better understand the correlation between the nodus and pterostigma, the nodus chord,
nodus location, and pterostigma size and its location were normalized to wing semi-span.
In the following, the non-dimensional parameters of nodus chord vs. pterostigma location
(Figure 14a,b), nodus chord location vs. pterostigma location (Figure 14c,d), and pterostigma location
vs. size (Figure 14e,f) for FW and HW are presented (Figure 14). The graph shows that nodus and
pterostigma of FW and HW are still well-correlated for both families. Correlation is found for chord
nodus vs. pterostigma for Epiprocta, being 40% to 60% of nodus chord, while for Zygoptera, it varies
(Figure 14a,b).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 20 

Figure 14. Nodus chord and pterostigma location versus wing semi-span of the forewings (a) and hindwings 

(b), nodus chord location and pterostigma location versus wing semi-span of the forewings (c) hindwings 

(d), and pterostigma size versus wing semi-span of the forewings (e) and hindwings (f).

3.3. Design Approach 

Table 1 presents the essential parameters extracted from regression for all studied Odonata wings, 

including damselflies and dragonflies. Normalizing against wingspan makes it possible to export the other

parameters of the wing and compare wing shape characteristics, despite scale variations. For instance, it 

has been shown that the pterostigma is located at 81% of the FW and 76% of HW. 

Table 1. Essential wing geometrical parameters exported from the graphs. 

Wing Geometry Parameter R2

Cmax FW = 0.219 × (b/2) 0.86 

Cmax HW = 0.276 × (b/2) 0.70 

Cmax,L FW = 0.58 × (b/2) 0.62 

Cmax,L HW = 0.37 × (b/2) 0.27 

Cmean FW = 0.16 × (b/2) 0.73 

Cmean HW = 0.20 × (b/2) 0.63 

b FW/HW = 1 - 

Cnodus,L FW = 0.489 × (b/2) 0.78 

(a) (b) 

(c) (d) 

(e) (f) 

y1 = 11.992x2 - 5.7519x + 0.9883

R² = 0.0872

y2 = -0.8241x + 0.4882

R² = 0.1089
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.05 0.1 0.15 0.2 0.25 0.3

D
  

F
W

/(
b
 

2
)

C nodus FW/(b 2)

PI

y1 = -9.8188x2 + 5.3273x - 0.3707

R² = 0.0585

y2 = -0.0347x + 0.3543

R² = 0.0005

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.1 0.2 0.3 0.4
D

  
H

W
/(

b
 

2
)

C nodus HW/(b 2)

PI

y1 = 2.9461x2 - 3.5759x + 1.3685

R² = 0.7807

y2 = -0.4933x + 0.5666

R² = 0.1818
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

D
  

F
W

/(
b
 

2
)

C nodus, L FW/(b 2)

PI

y1 = -2.7137x2 + 2.3543x - 0.1629

R² = 0.0319

y2 = 0.1881x + 0.2676

R² = 0.0177

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.1 0.2 0.3 0.4 0.5 0.6

D
  

H
W

/(
b
 

2
)

C nodus, L HW/(b 2)

PI

y1 = 1.3913x2 - 1.2455x + 0.3421

R² = 0.3157

y2 = -0.2964x + 0.1834

R² = 0.2381

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 0.2 0.4 0.6 0.8

S
 P

te
ro

st
ig

m
a 

 F
W

/(
b
 

2
)

D  FW/(b 2)

PI y1 = 1.0495x2 - 1.0966x + 0.3351

R² = 0.3556

y2 = -0.3355x + 0.1988

R² = 0.3029

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 0.2 0.4 0.6 0.8

S
 P

te
ro

st
ig

m
a 

 H
W

/(
b
 

2
)

D  HW/(b 2)

PI

Figure 14. Nodus chord and pterostigma location versus wing semi-span of the forewings (a) and
hindwings (b), nodus chord location and pterostigma location versus wing semi-span of the forewings
(c) hindwings (d), and pterostigma size versus wing semi-span of the forewings (e) and hindwings (f).

3.3. Design Approach

Table 1 presents the essential parameters extracted from regression for all studied Odonata wings,
including damselflies and dragonflies. Normalizing against wingspan makes it possible to export
the other parameters of the wing and compare wing shape characteristics, despite scale variations.
For instance, it has been shown that the pterostigma is located at 81% of the FW and 76% of HW.



Appl. Sci. 2020, 10, 5389 13 of 17

Table 1. Essential wing geometrical parameters exported from the graphs.

Wing Geometry Parameter R2

Cmax FW = 0.219 × (b/2) 0.86
Cmax HW = 0.276 × (b/2) 0.70
Cmax,L FW = 0.58 × (b/2) 0.62
Cmax,L HW = 0.37 × (b/2) 0.27
Cmean FW = 0.16 × (b/2) 0.73
Cmean HW = 0.20 × (b/2) 0.63

b FW/HW = 1 -
Cnodus,L FW = 0.489 × (b/2) 0.78
Cnodus,L HW = 0.404 × (b/2) 0.91

Cpterostigma,L FW = 0.811 × (b/2) 0.95
Cpterostigma,L HW = 0.756 × (b/2) 0.91

These parameters were derived from our sample of specimens of many species and are independent
of wing size. There is consistency and low deviation from the trend for some geometrical parameters,
like the maximum chord for the whole species, which means that these parameters are independent of
wing size and species. On the other hand, having a large deviation shows that the actual parameters for
a species (Figures 8 and 9) are driven by other factors. Table 2 lists the nondependent and dependent
variable parameters. For this case, it is assumed that the compiled results with R-squared correlation
value of less than 0.7 are dependent parameters.

Table 2. List of family-dependent and nondependent geometric parameters of the dragonfly wing.

Nondependent Parameters (R2 > 0.7) Dependent Parameters (R2 < 0.7)

Cmax Cmax,L
Cmean FW Pterostigma size

Cnodus Cmean HW
Cnodus,L -

Lpterostigma -

The non-dimensional maximum, average, and minimum ratio of the dimension and location of
the maximum chord, and also the nodus chord, for FW and HW are described in Table 3.

Table 3. Maximum, minimum, and average ratio for FW and HW.

Forewing Hindwing

Min. Ave. Max. Min. Ave. Max.
2 × Cmax/b 0.17 0.22 0.32 0.17 0.27 0.40

2 × Cmax L/b 0.33 0.59 0.79 0.10 0.37 0.74
2 × Cmean/b 0.10 0.16 0.23 0.10 0.20 0.30
2 × Cnodus/b 0.06 0.20 0.25 0.06 0.247 0.34

AR 8.74 12.68 19.30 6.77 10.37 19.20

4. Discussion

Comparing average results, one can say that the dimension of the maximum chord is around
25% of the wing semi-span in the species measured. However, its location is closer to the body for
the HW, which is 37% of the wing semi-span. Furthermore, the location of the maximum chord can
be significantly different for different species. The minimum span location belongs to the HW of the
Libellulidae family by a fraction of 0.1 of semi-span length. Among our dataset, the maximum chord is
placed at approximately 79% of the FW semi-span. Figure 15 presents an illustrative example of the
observed design criteria, regarding the minimum and maximum margins of the maximum chord and
its location relative to the wing dimension (hatch-line areas). The hatch areas are the representative
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of the estimation range for both max chord and its location. In other words, the length of the hatch
areas is representative of the range of the location of the max chord, which can vary from 0.33 to 0.8 of
the semi-span length. On the other hand, the width of the hatch areas is representative of the max
chord length, which can vary between 0.17 and 0.32 of the semi-span length.
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This graph can be extended for the other parameters, such as pterostigma and nodus,
to provide a general mapping algorithm for the preliminary design of a flapping wing drone aircraft.
Another parameter shown in Table 3 is the aspect ratio (AR), which is generally defined as the ratio
of full span to mean chord [41]. According to these data, the average AR is 12.68 and 10.37 for FW
and HW, respectively. Pterostigma is the other significant factor for designing the bio-inspired wing.
Possessing a favorable aerodynamic function, the pterostigma is located in close proximity to the tip of
the wing as a dark, thickened membrane structure [14]. The pterostigma changes the center of mass of
the wing at the leading edge, which leads to more stability in flapping flight [42]. The pterostigma
is located near the wingtip; in Aeshna Juncea (one the large species of hawker dragonflies from the
Aeshnidae family) they have mass relative to the FW and HW of around 9% and 16% respectively [43].
By comparing the results, it can be understood that the location of the pterostigma of the FW to
HW ratio is 1.07. The size of the pterostigma appears to be weakly correlated with size and chord,
which might be caused by evolution of flight performance and conspecific communication functions of
the pterostigma both driving this feature.

Previous research has shown that the wings of damselfly and dragonfly are different [44]. This is
also shown by our data, particularly relating to the nodus and pterostigma. In terms of overall
dimensions and ratios of wing geometry, the Zygoptera and Epiprocta are statistically similar.

In the methods section, a limitation of the underlying collection of animals, and thus the study,
was mentioned, which was that we could not determine the sex of the specimens. It seems reasonable
to surmise that the variations by sex are less than variations between orders, and this study aimed to
find the range of parameters and their trends against scale for the order Odonata.

The results regarding the placement of the nodus extend the data available in the literature [13],
and reaffirm that the nodus is a significant structure.

Throughout the dataset, there is a trend of non-dimensional HW parameters having lower
correlation against the trend and larger variation across the dataset than the FW, with species not being
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predictive of the variations. It may indicate that more recent adaptations, perhaps caused by variations
in habitat or lifestyle, favor HW changes over FW changes.

5. Conclusions

In this study, a geometrical and basic planform study on the dragonfly wings from 75 samples
of 15 different Odonata species families was performed. The diversity of species enabled us to
document the geometry of the planform of the wings from the span length of 48 mm to 170 mm.
The measured parameters were taken from the projected area of the 3D reconstructed models of
the wings. The measurements were taken over the eight essential planform wing parameters for
both FW and HW. These included wingspan length, mean and maximum chord length, maximum
chord location, nodus location, pterostigma size, and location. An extensive statistical analysis of the
data was performed to investigate the independence of the measured parameters from the families
of the Odonata. In general, across the species studied, HWs appear to have the most variation in all
dimensions measured compared to the FW, with family not being predictive of HW shape. Further
work will try to identify functional reasons for scale-related variations. In addition, the shapes of
Odonata wings are not similar, and this is an important parameter requiring further investigation in
the future.
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