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ABSTRACT

Dragonfly wings provide a valuable biological model for studying how passive structural deformations may
contribute to flapping-wing performance. This study presents a biomimetic design and optimization framework
that integrates geometricamorphometrics of natural dragonfly wings with parametric Finite Element Analysis.
Using a database of 880 fore-.and, hindwings from four Odonata families, Elliptic Fourier Descriptors and
Principal Component Analysisiwere utilized to.characterize the variation in wing planform. A parametric wing
model was developed in the Grasshopper environment, utilizing the Karamba3D solver to evaluate the influence
of planform shape, longitudinal veinyangles,/basal triangular cell geometry, and pterostigma dimensions on
structural deformation. Multi-objective optimization conducted via the Octopus evolutionary algorithm revealed
a fundamental functional trade-off between bending and torsional compliance. The optimized wing
configurations exhibit partial morphological correspondence.with the hindwing of Tramea and the forewing of
Potamarcha, which serve here as representative ‘examples. While these similarities suggest that the selected
geometric and structural variables capture key features_oef“natural wings, they do not imply identical
aerodynamic performance or direct evolutionary optimization. Furthermore, dynamic analysis revealed
consistent relationships between static deformation trends andithe first two vibration modes. This work provides
a structurally interpretable basis for the future design and experimental assessment of bioinspired flapping-wing

micro air vehicles.
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1. Introduction

Flapping-wing micro air vehicles (FWMAVSs) have
attracted considerable attention for their potential to
achieve agile flight at small scales. Among flying insects,
dragonfliesare especially important as biological models
because their exceptional maneuverability and hovering
ability are closely linked to the structural organization of
their wings and the resulting passive deformation during
flight /[1-3]. Unlike conventional engineered wings,
dragonfly wings regulate bending and twisting through
their inherent mechanical architecture and stiffness
distribution [4].

Most previous studies have examined individual wing
features separately, whereas actual dragonfly wings
function as integrated structural systems. In response, the
present study adopts a holistic'approach by extracting
dominant morphological patterns from: four major
dragonfly families, parameterizing.them, and evaluating
their structural effects using finite element analysis. The
aim is to identify interactive geometric patterns that
govern the balance between bending and‘twisting and to
support the structural design of bioinspired FWMAV
wings [5].

2. Methodology

The methodological contribution of this study lies in
linking biological morphology to computational
structural design through a hierarchical and data-driven
framework. To ensure broad morphological coverage,
880 male forewings and hindwings from four Anisoptera
families (Aeshnidae, Corduliidae, Gomphidae, and
Libellulidae) were examined using high-quality dorsal
images selected from museum-based and open-access
repositories. Rather than treating the wing as a purely
geometric outline, the method focused on the principal
structural features expected to influence passive
structural deformation under the prescribed loading
conditions, namely the wing contour, major longitudinal
veins, the triangular cell, and the pterostigma (Figure 1).

A key aspect of the approach was the separation of global
and local morphology into parameterized components.
Overall wing shape was quantified using Elliptic Fourier
Descriptors (EFD) and reduced through Principal
Component Analysis (PCA), providing a compact
representation of interspecific variation while preserving
dominant geometric trends. At the same time, vein
orientations and the dimensions of the triangular element
and pterostigma were explicitly parameterized to retain
structurally meaningful internal features that are often
overlooked in simplified bioinspired models.

These biologically grounded parameters were then
embedded into a fully parametric finite element
framework in Grasshopper/Karamba3D, enabling direct
translation of morphological variation into structural
response. The simplified structural model was compared
with published reference cases for static deflection and
modal response to ensure consistency with previously
reported mechanical trends. By coupling this model with
a two-stage multi-objective optimization procedure in
Octopus, the study moved beyond descriptive
morphology and identified design relationships among
bending—twisting behavior, vibrational performance, and
structural efficiency.
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Figure 1. Selected morphological components of the
dragonfly hindwing.

3. Discussion and Results

Principal component analysis demonstrated that the
morphological diversity of dragonfly wings can be
represented within a compact and structurally
meaningful design space. The first three principal
components explained 78.4% of the total variation, with
the “first twosmodes capturing the dominant planform
changes observed across the sampled wings (Figure 2).
Thesefvariations were mainly associated with posterior
expansion of the‘wing. area, displacement of the anal
lobe, and /changes.in trailing-edge curvature and tip
geometry. This result indicates that the wide range of
biological wing forms can-e reduced to a limited set of
coordinated geometrictransformations, providing a low-
dimensional basis for engineering interpretation and
bioinspired design.

The distribution of specimens/within the reduced space
was distinctly non-uniform. Forewings occupied a
relatively compact region, suggesting a mare conserved
morphological  organization, “whereas, hindwings
exhibited broader dispersion across families. This
contrast suggests that the two wing pairs,may be.subject
to different structural and functional constraints, and.that
natural dragonfly wings occupy only a restrictedportion
of the theoretically admissible geometric space:
Therefore, the reduced morphological domain should be
interpreted not only as a statistical representation of



biological variation, but also as a biologically observed
design domain that may reflect coupled geometric,
structural, and functional constraints.
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Figure 2. Shape variation associated with the first three
principal components, shown as deviations from the mean
wing geometry along each mode. PC1 primarily€aptures
expansion of the posterior wing region; PC2 represents
displacement and elongation of the anal lobe accompanied
by changes in trailing-edge curvature; and PC3 reflects
local redistribution of curvature along the'wing.margins.
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Figure 3. First-stage optimization of coupled bending and
twisting in the primary design space. Shaded areas show
allowable parameter ranges, bold curves indicate limiting
structural responses, black curves mark boundary
extrema, and red curves show interior extrema. Optimized

parameter distributions are shown relative to wing
bending and twisting.

The results further showed that dragonfly wings preserve
stable global proportions while permitting systematic
local variation. Overall wing geometry remained
comparatively  constrained, whereas regional
modifications in shape and structural arrangement
provided the flexibility necessary to tune mechanical
behavior. In the first optimization stage, the primary
design variables were varied to identify the dominant
global trends in coupled bending and twisting response
(Figure 3). The resulting Pareto-optimal solutions
revealed a clear trade-off between bending and twisting
performance, indicating that no single configuration can
simultaneously maximize resistance to both deformation
modes. Instead, they defined a continuum between stiffer

wings with reduced deformation and more compliant
wings with greater passive flexibility. The second-stage
analysis then refined these responses using lower-
sensitivity  local  variables,  confirming their
complementary role in tuning the bending—twisting
balance This finding indicates that the structural response
of the wing arises from coordinated interactions between
global planform geometry and internal structural
organization. The consistency observed between the
static and modal trends further supports the mechanical
relevance of the proposed framework and highlights its
potential as a practical basis for the structural design of
dragonfly-inspired flapping-wing micro air vehicles.

4, Conclusions

This study reduced dragonfly-wing morphological
complexity to a low-dimensional, biologically grounded
design space integrating planform variation and vein-
network geometry. PCA revealed non-uniform
morphological occupancy, with more conserved
forewing patterns and more variable hindwing
configurations, suggesting underlying geometric and
functional constraints. Structural analyses showed that
local cell geometry, vein orientation, and pterostigma-
related geometric features influence passive stiffness and
deformation. Multi-objective optimization identified a
clear bending-twisting trade-off, governed by
coordinated global and local geometric changes rather
than isolated parameters. Static and modal responses
exhibited» consistent trends, linking deformation
resistance to natural-frequency behavior. Despite
simplified  planar,  homogeneous, linear-elastic
representation, the framework provides interpretable
structural design principles for bioinspired wings and
motivates experimental and aeroelastic validation.
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Figure 1. Schematic representation of selectedsmorphological components in a dragonfly hindwing. The highlighted
components include the overall wing shape, the main longitudinal veins, the triangle cell, and the pterostigma. These
elements are among the most important two-dimensional structural features of the dragonfly wing. The blue points
indicate the origins of the selected main longitudinal veins: RP2 (Radius posterior branch 2), MA (Media anterior),
MP (Media posterior), CuA’(Cubitus anterior), and CuP (Cubitus posterior).
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Figure 2. Extraction of contour coordinates for Elliptic Fourier Analysis of a dragonfly wing. The closed wing
contour (solid line) is sampled as an ordered set of boundary points (black.squares) traversed in a specified direction
(arrow). For each consecutive point, incremental displacements 4x; and‘4y; ; along with the cumulative path length t,
along the contour, are computed. The inset provides a magnified view of the geometric parameters associated with a
sampled point p. These sequential coordinates serve as the input data for calculating the Elliptic Fourier Descriptors.
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Figure 3. (A) Schematic representation’of the boundary conditions and loading configuration of the finite-element
model. The wing root was modeled as fully constrained (green arrows), and the inertial load was applied as
concentrated forces with a linear distribution from the root to the wing tip along all longitudinal veins (red arrows).
(B) Wing deformation under the applied loading, shown in lateral and three-dimensional views. (C) First and second
natural mode shapes of the wing, corresponding to bending and torsion, respectively.
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Figure 4. Primary modes of dragonfly wing shape variation derived from Principal Component Analysis (PCA). (A)
Independent effects of the first three principal components on'wing geometry. The first component PC1, primarily
captures the expansion of the posterior wing region; PC2.represents the.displacement and elongation of the anal lobe
accompanied by changes in trailing-edge curvature; and PC3.reflectsthe local redistribution of curvature along the
wing margins. (B) Combined effects of two or three principal components on reconstruction and overall geometric
variations of the wing. (C) Representative forewing and hindwing planforms showing the highest frequency of PCs
across the entire dataset. PC1 was incorporated as an independent parameter, while PC2 was utilized as the primary
parameter in the optimization process.
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Figure 5. Morphological distribution of specimens in the PC1-PC2 space across four families: Aeshnidae,
Corduliidae, Gomphidae, and Libellulidae. Blue, red, purple, and green colors are assigned to these families,
respectively. The accompanying bar chart illustrates the PC1 and PC2 values for representative specimens selected

from distinct and overlapping regions within the morphological space between the families.
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Figure 6. Planform geometric indices of the studied wing specimens: (A) ratio of the centroid’s longitudinalsposition
to the total wing length; (B) centroid coordinates, plotted as the transverse component versus the longitudinal
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component; (C) wing area versus wing length, where the line segments connect the forewing and hindwing of the
same species; and (D) aspect ratio versus wing length. Forewings and hindwings are represented in blue and purple,

respectively. The abbreviations F and H denote forewing and hindwing.
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Figure 7. Statistical comparison of longitudinal vein orientations (V1-V5) in forewings (F) and hindwings (H)
across four families: Aeshnidae (A), Corduliidae (C), Gomphidae (G), and Libellulidae (L). The orientation of.€ach
vein is defined as the angle of the line segment connecting its start and end points relative to the wing’s longitudinal
axis (horizontal line in the upper schematic). The box plots illustrate the distribution of values, where solid colored

areas represent forewings and hatched areas represent hindwings. V1, V4, and V5 serve as primary parameters,

while V2 and V3 are incorporated as secondary parameters in the optimization process.



o e s e s sl sl b oo 5 o3l ez 13 1y siplato slasSII (A JS2) tlie ol i o el Sl
Juus o polie g asls (F MM LY MM ) o o8 (SouSTy Tri_LL icte a5 ceul o1 51 Sl Jsb slo i oo
S Sligean JU 93 0,0 TH_L2 jiie 555 sgm 3 Canl gl JU 51 a8 Logas A o3lgils 124 daoslgls  alos e
Bl gl; sl iite Logas 55 9b oo pleie Wog,S L 51 (Y MM LY MM) 55,5 e 0,005 LA oolgils Ll

gools plaislsgs 4 g sYL polie Tri_Theta2 a5 Jl>,o o ls 13 (F-deg b -\ -deg sg0>) 05,28 5L ,o Tri_Thetal
PR A gl 3aly nl ki se aes oo lad Gdie g sl JU Gl (4285 BB ST L o554 3G C slaodlgils o
5 FouniS 5 liaglell LI A oolgils oS 25wt g n eailie dmin bl anl laSe L JU o

Dgls odalin e g ol U gwais Solad oy yiiin Looolgils o aS Jl ol Jb 9o b Salie

Tri L1 Tri_Thetal Tri_Theta2 ,
- - - Forewing mean shapes
8 100 I A 7
/ 80 : V4
6 G
g S | |
T L
§D 4 %)D 40 Iﬂ‘:‘ L Ay = Hindwing mean shapes
= : ey = A
3 [= . | =
3711 <2 & b \_—
2 lj] I; I % c "N
\'fEW H 0 7
1 t§ N
0 -20 ‘ L
A CGL ACGL ACGL ACGL

b 5 s> Jb sl sl sl logai ;] ooliz/ L/, Tri_Theta2 5 Tri_Thetal. Tri_L2 . Tri_L1 _ileo sl sl dli 5 Job slo Sl A S
Olpts’ (565N b Ceo] 0 L] b £57 50 40 40 00lpils o ol Jilio Gl awgio duwdin izead Ao oo Hlid\Qilizee (slooolyils gl e
S Tri_Ll s lo o, 50/l (IQR) Sl s 05l 5 aileo ,Slo oibools fylis yyolie .ail snaliv L5 lo flcd> By looolle o wiiis
sl o (s il digs Al 0 ol slo ol b Tri_Theta2 5 Tri_Thetal o Lo/ slo,col,l Tri_L2

Figure 8. Box plots of the longitudinal and angular parameters of the triangle cell, including Tri_L1{ Tri_L2,
Tri_Thetal, and Tri_Theta2, for forewings and hindwings across the different dragonfly families. Thedmean
geometry of the triangle cell is also presented for each family in both wing types to illustrate geometric variation
among families and between forewings and hindwings. The box plots display the median and interquartile range
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(IQR) of the measurements. Tri_L1 and Tri_L2 were treated as primary design parameters, whereas Tri_Thetal and
Tri_Theta2 were kept fixed during the optimization process.
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Figure 9. Comparison of pterostigma geometric parameters across four dragonfly families. The considered
parameters include BD (distance from the wing base), ND (distance from the nodus), WS (pterostigma width),A-S

(pterostigma length), and pterostigma area (WS x LS). All quantities are reported in non-dimensional form
normalized by wing length, and the pterostigma area is additionally presented as a non-dimensional ratio relative to

VY



total wing area. Comparisons are provided for both forewings and hindwings across the families. LS was treated as a
primary design parameter, whereas WS was included as a secondary parameter in the optimization process.
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Figure 10. Results of the first-stage optimization for simultaneous bending and torsion within.the designsSpace of
primary parameters. The hatched area represents the allowable range of variation for each parameter:"Solid lines
indicate values corresponding to extreme states of structural response, where black lines represent boundary extrema
located at the limits of the design space, and red lines denote internal extrema within the design space. This figure
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illustrates the optimal distribution of parameters PC2, V1, V4, and LS in relation to the bending and torsional
responses of the wing.
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Figure 11. Results of the second-stage optimization for simultaneous bending and torsion within the design space of
secondary parameters. The hatched area represents the allowable range of variation for each parameter. Solid\lines
indicate values corresponding to extreme states of structural response, where black lines represent boundary extrema
located at the limits of the design space. This figure illustrates the optimal distribution of parameters Tri_L1,

Tri_L2, V2, V3, and WS in relation to the bending and torsional responses of the wing.
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Figure 12. Optimization results for simultaneous minimization of strain/energy and:wing mass within the design
spaces of both primary and secondary parameters.
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Libellulidae Tramea Libellulidae Potamarcha
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Figure 13. Images of the hindwing of the Tramea species (left) and the forewing of the Potamarcha species (right).
Key structural features, including the overall planform, venation network, pterostigma, and the triangle cell region,

are presented for morphological comparison.
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