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Dragonfly-Inspired Wing Design Enabled by Machine
Learning and Maxwell’s Reciprocal Diagrams

Hao Zheng, Hossein Mofatteh, Marton Hablicsek, Abdolhamid Akbarzadeh,*

and Masoud Akbarzadeh*

This research is taking the first steps toward applying a 2D dragonfly wing
skeleton in the design of an airplane wing using artificial intelligence. The
work relates the 2D morphology of the structural network of dragonfly veins
to a secondary graph that is topologically dual and geometrically
perpendicular to the initial network. This secondary network is referred as the
reciprocal diagram proposed by Maxwell that can represent the static
equilibrium of forces in the initial graph. Surprisingly, the secondary graph
shows a direct relationship between the thickness of the structural members
of a dragonfly wing and their in-plane static equilibrium of forces that gives
the location of the primary and secondary veins in the network. The initial and
the reciprocal graph of the wing are used to train an integrated and
comprehensive machine-learning model that can generate similar graphs with
both primary and secondary veins for a given boundary geometry. The result
shows that the proposed algorithm can generate similar vein networks for an
arbitrary boundary geometry with no prior topological information or the
primary veins’ location. The structural performance of the dragonfly wing in
nature also motivated the authors to test this research’s real-world application
for designing the cellular structures for the core of airplane wings as
cantilever porous beams. The boundary geometry of various airplane wings is
used as an input for the design proccedure. The internal structure is
generated using the training model of the dragonfly veins and their reciprocal
graphs. One application of this method is experimentally and numerically
examined for designing the cellular core, 3D printed by fused deposition
modeling, of the airfoil wing; the results suggest up to 25% improvements in
the out-of-plane stiffness. The findings demonstrate that the proposed
machine-learning-assisted approach can facilitate the generation of multiscale
architectural patterns inspired by nature to form lightweight load-bearable
elements with superior structural properties.

1. Introduction

Engineers, scientists, and designers have
long been inspired by the morphologi-
cal and mechanical properties of natu-
ral/biological structures and used them
in the design of next generation of ad-
vanced materials and structures in vari-
ous scales.[?3] The dragonfly wing is an ex-
ample of a high-performance, lightweight
structure, providing a repository of design
inspirations.[*7! Various properties of drag-
onfly wings have been studied previously
that may fall into the following main cate-
gories: (i) the morphological properties in-
cluding geometric descriptions and the mi-
crostructures of the materials of the veins
and surface patches with a focus on the
structural properties of the joints;/10-1582]
(ii) mechanical and aerodynamic perfor-
mance of the wing including the assess-
ment of the behavior of the wing under dif-
ferent loading conditions;[!*2%5] and, (iii)
the biological and material properties of the
wing particularly in terms of recording the
structural parameters of artificial wings un-
der specific loading conditions and the ma-
terialization of designs related to advanced
materials inspired by the microstructures of
the dragonfly wing.[23-254]

This research is the first step of multi-
step research on the structural pattern of
a dragonfly wing that starts by projecting
the 3D geometry of the wing’s network on
a 2D plane. Valuable research has been
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conducted on the 3D morphology of the dragonfly wing, includ-
ing the ridges and valleys of the wing.['*2¢-28] Nevertheless, we
deem the 2D pattern of the wing still possesses exciting proper-
ties that are yet to be studied and exploited in the design of ar-
chitected materials or structures. Thus, we limit the scope of this
work to 2D networks and intend to shed light on some undis-
covered features through this research. In addition, we develop
machine-learning tools to realize alternative bio-inspired struc-
tures that may experience out-of-plane bending under uniform
pressure and point load or twist. We extrude our networks in the
normal direction to create 3D sections to relate the proposed in-
plane geometry to the structural bending performance for poten-
tial applications without involving the complexities of the actual
folded plate geometry of the dragonfly wing as discussed by other
researchers.?28] The outcome of this research may pave the road
for a better understanding of the 3D morphology of the dragon-
fly wing.

This work builds upon previous research on the morpholog-
ical aspects of the wing by Hoffmann et al.l®] In their research,
they divide the internal network structure of the wing into the
primary and secondary veins, and provide an approach using a
Voronoi decomposition 2! to generate the secondary veins if the
primary veins and the boundary geometry of the wing are given.
In the current study, we introduce an alternative approach that
enables generating similar networks for given boundaries with-
out the need for information about the primary veins.

In the 19th century, mathematicians and engineers investi-
gated the rigidity of frameworks made of iron bars and nodes and
their studies led them to the internal static equilibrium of tension
and compression forces in the bars. Maxwell in 1864[!] proposed
a geometry-based method to calculate the internal static equilib-
rium of forces. In this proposal, for a given network consisting of
closed polygons of bars and nodes a dual network is constructed
such that each polygon in the first/primal network can be related
to a node/vertex in the dual. Moreover, each bar/edge of the pri-
mal corresponds to an edge in the dual. If the dual diagram is
drawn such that each edge is normal to its corresponding edge
in the primal diagram, then these two diagrams are reciprocal,
that is, topologically dual and geometrically perpendicular. The
direct application of this approach is in structural analysis, where
one diagram represents the structural form while the other rep-
resents the forces in equilibrium. The former is called the form
diagram and the latter is the force diagram, which are interchange-
able.

Maxwell elucidated the relationship between the reciprocal dia-
grams as follows: each closed polygon in the force diagram shows
the equilibrium of the corresponding node in the structure, and
the length of each edge of the force diagram represents the mag-
nitude of the force in its reciprocal members of the structural
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form. This relationship was the basis of the methods of Graphic
statics that have been used to find efficient structural forms of
cathedrals, bridges, buildings, and long-span structures for the
past 150 years.[1342] This approach has been used to describe
the equilibrium of forces in the spider web that consists of convex
polygons and itis justified that the spider web can be created from
a projection of a polyhedron on a 2D plane.[*}] We are inspired
by this approach and our study begins with the geometric anal-
ysis of the network of the veins using a methodology proposed
by Maxwell in 1864.[11 Maxwell reciprocity has been used to ana-
lyze spiderwebs that consist of convex polygons.[**! The convex-
dominant pattern of the dragonfly has never been studied using
his proposed reciprocity.

The structural geometry of the dragonfly wing consists of veins
connected by surface patches. The projected geometry of the
dragonfly veins or the skeleton of the wing on a 2D plane may rep-
resent a structural network made of bars and nodes from which
Maxwell’s reciprocal diagrams can be extracted (Figure 1al). Fig-
ure 1a2 shows the structural network of the wing and Figure 1a3
shows its dual reciprocal diagram with their related components
highlighted in Figure 1a4. Based on Maxwell’s reciprocity, the re-
ciprocal dual diagram for the internal network of the wing may
represent a possible equilibrium condition for the internal forces
in the structure of the wing as follows: each node of the form di-
agram is reciprocal to a closed polygon of force in the dual dia-
gram. That is, if the internal force in each edge connected to a
node matches the length of its corresponding edge in the force
polygon then the system will be in equilibrium. The structure’s
geometry and its reciprocal diagram will provide comprehensive
learning data for the machine-learning model in the later stages
of the research.

The equation system for the mathematical representation of
the dual diagram is indeterminate and can have infinite possible
solutions. To overcome this problem, we divide the geometry of
the wing into two parts by separating the internal network from
the boundary edges. This means that the system of equations to
solve for the dual can also be divided into the equations related to
the main network and the equations pertaining to the boundary
edges and their nodes. The key observation is that the internal
network of the dragonfly wing has a unique dual/reciprocal dia-
gram up to scaling (Figure 1b). In fact, the force equilibrium in
the projected network of the structure of the wing excluding the
boundary edges mainly consists of triangles representing a geo-
metrically determinate network. Based on this dual diagram, we
can conclude that the internal structural skeleton of the wing is
a statically determinate system (Figure 1b). Visualizing the inter-
nal forces as diameters in the members of the wing provides a
thickened network of the wing as illustrated in Figure 1c.

A surprising observation is that the network with member di-
ameters defined by the geometric equilibrium of forces matches
the 2D projection of the real structure of the wing with its mem-
ber diameters with an acceptable range of tolerance (Figure 1d,e).
This observation has four major outcomes: (1) the internal net-
work of the wing has a unique dual reciprocal diagram that
can show a determinate equilibrium of forces in the network
providing additional learning data for machine learning together
with the geometry of the wing; (2) the location of the primary and
secondary members of the real wing matches the reconstructed
structural network made by graphic statics; (3) the primary
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Figure 1. (al) The structural network of the dragonfly wing: (a2) Maxwell’s form diagram of the structure including vertices (v), edges (e), and faces (f);
(a3) the dual reciprocal force diagram with its vertexes (vT), edges (et), and faces (ft); and (a4) the corresponding components of the diagrams; b) a
computational flowchart for the construction of the dual from the main network of the wing. c) combining force and form diagram of the wing using
Minkowski sum; d) Comparison of the reconstructed form (blue) and the real wing (brown) with structural thickness, r: measured radius; R: normalized
radius; 0: accuracy; 0 = 1 — |R™@ — Reenerated|: ) superimposition of the reconstructed and the real wing; f-k) combining the determinate force diagram
of the main structure and the indeterminate force of the boundaries to complete the geometry of the wing with the boundary edges; I) measuring the
pixel width and mapping to the external force diagram.

members in the form of the wing corresponds to a particular
region in the force diagram including force triangles with larger
edge lengths; this information is quite useful in the regeneration
of the wing and the location of potential primary and secondary
members; and (4) the determinate solution for the dual graph
of the main network can be used to find a dual diagram for the

Adv. Sci. 2023, 10, 2207635

boundary members by matching the diameters of the real wing
and the static force equilibrium in the nodes (Figure 1f-k).
Before proceeding to the following stages of this research,
the authors would like to state the following disclaimer. Un-
doubtedly, the mentioned observation does neither imply that
the entire structure of the cellular core of the wing is in static
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Figure 2. Workflow of this research: graphic statics, machine learning, and application. We propose to: a) extract the main features of the dragonfly
wings using graphic statics; b) train machine learning models using the form and force diagrams to generate dragonfly wing structures; c) implement
the trained models from step (a) to generate a determinate network for given boundary conditions of an airplane wing structures.

equilibrium nor does it say that the static equilibrium is suf-
ficient to describe the behavior of cellular core of wing or its
loading conditions. We acknowledge that the biological and
environmental loading conditions, including sophisticated
loading patterns that led to the formation of the wing’s ge-
ometry over the years, are quite complex, as it has already
been investigated.[**#’] Nevertheless, our observation provides
researchers with additional insight that the morphological
configuration of the veins may suggest an in-plane, static equi-
librium of forces as a possible force equilibrium in the system.
Furthermore, the geometric representation of forces can be used
for the regeneration of lightweight structural design solutions
for various boundaries inspired by the geometry of the wing;
in this paper, we present selected experimental and computa-
tional studies on the structural performance of the 3D printed
dragonfly-inspired cellular cores that may be used in aeroplane
wing or meta-sandwich structures in load-bearing structural
applications.[“®]

We further use machine learning methods to generate the
structural networks by inputting the form and force diagrams of
the dragonfly wing as the training dataset for the generation pro-
cess (Figure 2a). We identify the main regions in the force dia-
gram that includes triangles with similar edge lengths and area.
These regions correspond to the primary and secondary veins
of the wing. We then reconstruct these regions using machine
learning and triangulate those regions to get force polygons that
complete the force diagram (Figure 2b). Subsequently, a vector-
based machine learning model is used to construct the determi-
nate structural network of the wing as a dual for the regener-
ated force diagram. This machine learning model predicts edge
lengths for the structural network that is close to the actual ge-
ometry of the wing. In this process, we use the force diagram

Adv. Sci. 2023, 10, 2207635

to ensure that the resulting structural network generated by ma-
chine learning is in static equilibrium (Figure 2c).

The novelty of this work is to replicate the structural patterns of
some natural species using reciprocal diagrams of graphic statics
and machine learning methods. The out-of-plane performance of
the dragonfly wing in nature motivated us to test this research’s
real-world application in designing structures for airplane wings
as a cantilever structure. Specifically, we investigate dragonfly-
inspired designs on the 1:120 scale, 2D extruded airframe of the
Boeing 777 wing and could observe the improvement of the struc-
tural efficiency of the wings from the perspective of stiffness and
weight. In this regard, the out-of-plane stiffness of the wing with
respect to point load and distributed air pressure has been stud-
ied. Numerical and experimental results depict dragonfly design
can improve out-of-plane stiffness by 25%, leading to lighter de-
signs. In the following sections, we will provide detailed explana-
tions of the methodology and findings of this research.

2. Results and Discussion

The following sections present the results of this study based on
our proposed methodology. In this regard, our investigations and
the related outcome can be divided into the following steps: (1)
generating the geometry of the force equilibrium using recipro-
cal diagrams for the main network of the wing; (2) reconstructing
the network from the calculated force diagram; (3) adding bound-
ary members of the main network and constructing a determi-
nate reciprocal diagram for the entire wing; (4) training machine
learning models using the geometry of the force diagram to gen-
erate wing networks for a given boundary geometry; (5) design-
ing, and numerically and experimentally testing the cellular core
of airplane wing structures using our proposed method; and (6)
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applying the same methodology to generate networks for other
species with convex networks.

2.1. Constructing a Reciprocal Diagram for the Main Network of
the Wing

The member connections on a dragonfly wing include (T), (Y),
and (+) shaped connections.l*’] Since the (T) joints in the pro-
jected network may represent zero-force members, we adjusted
the network slightly and changed them to (Y) joints. Thus, we as-
sumed in this study that the main network of the dragonfly wing
includes convex-only polygons so that we can solve for its dual
diagram. This assumption inherently induces some deviations
from the network’s original geometry, which is insignificant.

Figure S3 (Supporting Information) shows the process of the
data preparation. The original dragonfly wing image is trans-
formed into a vector-based geometry with convex and non-convex
polygons using image processing techniques of edge detection
in OpenCV!*8! (Figure S3a,b, Supporting Information). The non-
convex polygons are slightly adjusted to make convex polygons
by an algorithm that iteratively updates the coordinates of the ver-
texes (Figure S3c,d, Supporting Information).

A dual reciprocal diagram for the geometry of the wing can
be constructed as proposed by Maxwell.[!! To achieve this goal,
we call the dragonfly network the form diagram (') that repre-
sents the form of a structural network and includes the length
of members, and the locations where members are connected to
the boundaries. Respectively, its reciprocal dual is the force dia-
gram (I'T) that consists of closed polygonal faces and can show
an equilibrium configuration of forces in each node of the form
diagram. These two diagrams are reciprocal, meaning that the
vertices, edges, and faces of one diagram correspond to the faces,
edges, and vertices of the other diagram. Moreover, the edges of
the two diagrams are perpendicular. Given a form diagram, there
can be infinitely many reciprocal force diagrams that represent
the static equilibrium of forces in the members of the form dia-
gram. The dimension of the possible dual networks is called the
Geometric Degrees of Freedom (GDoF) of the dual network.[*!
Indeed, the degrees of static indeterminacy in the form diagram
is equal to the GDoF of the force diagram. In the case of the inter-
nal network of a dragonfly wing, the dual network mainly consists
of triangular faces forcing its GDoF to be one. This means that
the force diagram is unique up to scaling and the form diagram
of the wing is statically determinate.

To construct the unique force diagram for the internal network
of the dragonfly wing, we use iterative methods developed in 1]
(see Section A.4, Supporting Information). Each polygon f; in the
form diagram is transformed into a vertex vj in the force dia-
gram, and all the adjacent vertices are connected by an edge (Fig-
ure S4a,b, Supporting Information). This gives the dual graph of
the form diagram, which includes the topology of the force di-
agram with incorrect edge lengths. Then an iterative method is
applied to adjust the position of each vertex vj/ and make its con-
nected edges perpendicular to the edges of the polygon f; (Fig-
ure S4c, Supporting Information). In this approach, in each step
of the iteration, the edges of the force diagram are rotated to be-
come perpendicular to the edges of the form diagram. The differ-
ence measured from the right angle 90° and the angle of the two
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corresponding edges a is defined as the deviation §. The iteration
process minimizes the value of 6 to derive a solution of the force
diagram within a predefined tolerance (Figure 1b).

2.2. Reconstructing the Wing’s Main Network from its Reciprocal
Dual Diagram

Once the force diagram is constructed for the original network,
we can use it to reconstruct a new network of the wing. The dual
relationship between these graphs allows us to indefinitely build
one from the other using the iterative method of.[**! Note that al-
though the force diagram is geometrically determinate, its recip-
rocal dual, that is, the network of the wing, has GDoF larger than
one. In fact, for the same force diagram, there are infinite recip-
rocal form diagrams that can be constructed with different edge
lengths, all representing a statically-determinate network in equi-
librium (See section A.5, Supporting Information). Besides, the
magnitude of the forces in the members stays intact, as only one
force diagram represents the equilibrium. Therefore, to get the
closest possible solution to the dragonfly wing, we need the orig-
inal network’s edge lengths and use them to reconstruct a stati-
cally determinate network similar to the wing. This edge length
information will be used later in the machine-learning process
for regeneration purposes. The average deviations of the angles of
corresponding edges for the form-to-force and the force-to-form
processes are 2.64° and 0.64°, respectively.

With the force diagram, the members of the new structural net-
work can be sized based on Maxwell’s reciprocity: the magnitude
of the force in each member of the structure is proportional to the
length of its dual edge in the force diagram. We found that the
ratio of the minimum and maximum edge lengths in the force
diagram is approximately 1:10. We also measured the thickness
of the real dragonfly wing in pixel, the minimum and maximum
widths are approximately 6 pixels and 60 pixels. Thus we size the
members of the generated network using the force diagram.

We assume a circular section for the generated network to
compare with the real wing since the outer shape of the cross-
section of the actual members is circular.®!l Note that the cross-
section of the real members is not uniform,®? and for this re-
search, we only compare the outer diameter of the real and the
generated members. First, the maximum and minimum diam-
eters of the members of the real wing are measured. Then, the
force diagram is scaled to match the maximum diameter (pro-
jected cross-section in 2D) of the members in the real wing. Sub-
sequently, the edges of the new form diagram are sized based on
the magnitude of the force by relating them to their correspond-
ing edge in the force diagram. Next, we compared the member
thicknesses in the real and the generated form. Our results show
a 91.9% match (Figures S8 and S9, Supporting Information),
which concludes that sizing the members in the real wing may
follow the static equilibrium of forces in the determinate graph of
the wing. This sizing can be visualized by combining both form
and force diagrams into a single diagram using Minkowski sum
[*1] a5 illustrated in Figure 1c.

2.3. Completing the Boundary Edges

As Dbriefly discussed, finding the design forces in nature
for which the wing has evolved to perform optimally is a
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Figure 3. The Workflow of GAN+ANN models with automatic process to reconstruct the force geometry.

challenging task. We also mentioned that finding a dual dia-
gram for the entire wing network, including the boundary edges,
is a complex problem since the network has many dual solu-
tions. Nevertheless, we showed that the internal network of the
wing, as a graph with bars and nodes, is statically determinate
and has a unique dual diagram. The combination of the internal
network and the boundary edges make a statically indeterminate
system.

We have shown that the internal network of the wing with the
member sizes proportional to the edge lengths of the reciprocal
diagram matches the members in the real wing. We can use these
results as deductive reasoning to find the thickness of the exter-
nal members and complete a determinate dual diagram. As illus-
trated in Figure 11, we introduce a set of external loads at the pe-
riphery of the wing called virtual forces. We find these loads such
thatif applied to the boundaries, they would produce the same in-
ternal forces proportional to the diameters of the members in the
real wing. To find the magnitude of such forces, we measure the
diameter of the actual boundary members and solve for an exter-
nalloading that can create such internal forces in those members
proportional to their diameter. Then, a separate force diagram is
constructed for the boundary members and combined with the
determinate force diagram of the internal network of the wing
(Figure 1f=k). The resulting combined dual diagram is determi-
nate and can be used to describe the geometry of the entire wing.
Note that the entire wing geometry represents an indeterminate
system, and our dual diagram can present an equilibrium condi-
tion among others where the internal forces match each mem-
ber’s diameters.

Figure le shows an example of the comparison of the gener-
ated dragonfly wing and the real dragonfly wing by measuring
the radius of each member (Figure 1f). The structural thickness is
predicted with an accuracy 0f 92.5%. Then, we proceeded with an-
other 24 pieces of dragonfly wings. The results of all cases show
an accuracy higher than 88.1%, while the overall average accu-
racy is 92.0%. The comparison of the reconstructed and the real
dragonfly wings are illustrated in Figure S14 (Supporting Infor-
mation), and the related statistics are shown in Table S2 (Support-
ing Information). These initial results lay the basis for the second
phase of this research, which is related to the work’s generative
use of machine-learning algorithms with no information on the
initial topology of the network. The determinate force diagram of
the wing with its convex polygons includes Information about the
primary and secondary veins and their diameters. Thus, it will be
used as valuable data to learn from and apply its design logic to
similar cases.

Adv. Sci. 2023, 10, 2207635

2.4. Generating Structural Networks using Machine Learning
Models

In the following phase, we develop a method using machine
learning models capable of generating the entire structural form
of the wing from a user-input boundary with an intermediate
product of the force diagram (Figure 3). First, two image-based
machine learning models are trained, first of which generates the
force boundary from the form boundary, and the rest generates
the force main path from the force boundary. Then, an algorithm
is developed to reconstruct the force diagram as vectors from the
force main path image. Last, a vector-based machine learning
model is trained to predict the length of the corresponding edge
in the form diagram for each edge in the generated force dia-
gram. Therefore, the final structural form can be generated from
the force diagram and the predicted length values by graphic stat-
ics method.

To build the training and testing dataset for the image-based
models, geometries in different stages are transformed into im-
ages (see Section A.9, Supporting Information). Inspired by the
identification of the main veins by,®! a similar method is devel-
oped to extract the main path of the force diagram of the dragon-
fly wing (Figure S16, Supporting Information). In the main path
image, the R channel with a value of either 0 or 255 represents
the existence of regions of each main path, the B channel with
a value of either 0 or 255 represents the existence of the middle
point of each edge in each region, and the G channel represents
the length of the corresponding edge in the force geometry if the
value in the B channel shows an existing middle point in that
pixel. If the values in the R, G, and B channels are all 0, the pixel is
regarded as the Black channel, which represents the boundaries
of the main path. Therefore, this force main path can store both
the pixel-based information of the boundaries of the main path,
and the vector-based geometric information of the force lines.
Finally, a dataset of 25 pieces of dragonfly wings is collected, in
which the first 21 pieces are used as the training set and the re-
maining four pieces are used as the testing set. To increase the
size of the dataset, we apply image augmentation techniques to
rotate the training images with -15, -10, -5, 0, 5, 10, and 15 de-
grees, thus there are 147 image pairs in the training set.

Then, since the data is in the format of images and each im-
age is generated one by one in a clear order of an input and an
output, image-to-image machine learning models called Genera-
tive Adversarial Networks (GANs) 3] are used to learn the map-
ping between each stage of the dragonfly wing data. Besides, to
automatically generate the force geometry from the force main
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path, we develop a method that triangulates the regions in the
predicted main path according to the recognized vertexes (Fig-
ure S19, Supporting Information). To be specific, the R channel
is first separated and the skeleton geometry is extracted. Second,
the middle points are recognized from the G and B channels. The
main path boundaries are extracted from the black pixels, from
which the external force geometry is reconstructed. Next, the in-
ternal vertexes are inferred from the skeleton geometry, middle
points, and the main path boundaries. And finally, the internal
triangulation is generated based on the internal vertexes, and the
entire force geometry is combined from the internal and the ex-
ternal force geometries. The final geometry should be a series of
closed polygons that together becomes a convex network to meet
the requirement of our graphic statics method.

However, the force diagram can only represent the topological
information of the structural form; the geometric information,
including the edge lengths for the form diagram, is still miss-
ing. Therefore, another vector-based machine learning model of
Artificial Neural Network (ANN) 34 is proposed to predict the
edge lengths of the form diagram using a dataset of the edge
lengths extracted from the dragonfly wing geometries (see Sec-
tion A.10, Supporting Information). It inputs the coordinates of
the start and end points and the length of an edge in the force di-
agram, and outputs the length of the corresponding edge in the
form diagram (Figure S20, Supporting Information). To be spe-
cific, the dual diagram of the force geometry is first generated by
the graphic statics method. Then for each edge in the dual dia-
gram, a vector (x;, y;, %,, ¥, f) is generated, which represents the
coordinates of the start and end points and the force magnitude
(length for the corresponding edge in the force diagram). In ad-
dition, the corresponding edge length in the real form is found as
the output of the ANN model. After the fine-tuning of the hyper-
parameters and the training process, the ANN model can predict
the actual edge length for each edge in the dual diagram, thus
helping generate the structural form using the graphic statics
method. Therefore, the machine learning models can predict all
information needed to generate the structural form of the wing.
This GAN+ANN workflow can first generate images of force di-
agrams, then extract the geometric information, and finally, pre-
dict the length constraints to generate the form diagrams.

2.5. Validating the Results

To test the performance of the overall workflow, a testing dataset
with three categories of dragonfly wings is used, including top
and bottom wings for male dragonflies and bottom wings for
female dragonflies. Figure S21 (Supporting Information) shows
the samples of the three categories, in which the top wings of
male and female are the same, while the bottom wings are dif-
ferent. Thus, the testing dataset contains the input (form bound-
ary) and the output (structural form) of dragonfly wings in these
three categories. Figure 4a shows the comparison of the real and
the generated dragonfly wings in the three categories.

To compare the similarity of the wing pairs, the evaluation
method based on the area and the circularity of each cell in the
wing pattern (8 is implemented. They represent the morpholog-
ical features of each cell, and the statistics can show the overall
similarity of the entire pattern. The area is computed from the ge-
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ometry of the cell, while the circularity is computed by the ratio of
the area of the cell to the area of a circle with the same perimeter
of the cell. Figure 4b,c shows the visualization of the two mea-
sures, while Figure 4d,e shows the plot diagrams. In the scatter
plot (Figure 4d), the scatters for the real and the generated drag-
onfly wings are generally close and overlapped. For the cells with
similar areas, the circularity of the generated dragonfly wings is
higher, while for the cells with similar circularity, the area of the
generated dragonfly wings is higher. This phenomenon might be
caused by the deviation in the graphic statics when generating the
form diagram from the force diagram. The deviation makes the
angles in the cells of the form diagram shifted compared with the
designed angles in the force diagram. Meanwhile, the distribu-
tion map (Figure 4e) also proves the above observation. But gen-
erally speaking, the generated dragonfly wings are similar to the
real dragonfly wings. We also determine mode shape, natural fre-
quencies, and the stiffness of a real wing and a generated one un-
der uniform pressure; numerical results demonstrate high simi-
larities for the response of the two cellular patterns (Figure S41,
Supporting Information). Our method successfully generates the
structural form of the dragonfly wing from its form boundary.

To compare the ML-assisted generated wing with the actual
dragonfly wing, the average out-of-plane displacement of three
wings under uniform pressure has been studied. In this compar-
ison, the thickness of the generated wings is bio-mimicked to be
very similar to the actual wing. The adopted design methodology
is capable of generating vein patterns, therefore veins are mod-
eled accurately in the simulation. Although the patches enclosing
the in-plane space between veins may have different thicknesses,
for a fair comparison we assume an average value for all patches

gratch —4  patch win, 3 o’

(T = 4x107%, %" and L are patch thickness and wing'’s
length, respectively). Results in Figure 4g shows that the out-
of-plane stiffness of generated wings differ by about 20% from
the real wings, which are acceptable since the similarity of struc-
tural properties was not the objective of the ML-assisted design
methodology. By analyzing stress contours, it can be understood
that patches are experiencing more stress at the left part of the
wing, which can be a part that initiates larger passive deforma-
tion in the wing. This is more obvious in the rotation contour that
the right part of the wing has rigid displacement (uniform color
from the middle to the tail). The deformation contour depicts that
by mimicking thicknesses we can achieve a similar deformation
pattern but softer in the generated wings.

2.6. Designing an Airplane Wing using the Proposed Method

In the broader application of engineering and design fields, the
design of a nature-inspired structure can be achieved using our
method. With the trained models, we can input the human-
defined boundary and ask the machine learning model to gen-
erate the structural form within the boundary. Figure 5 shows
one of the applications of designing an airplane wing. The load-
ing scenarios of the dragonfly wing and the airplane wing have
some common similarity, that both bear the lifting force from
bottom to top. Therefore, features from the dragonfly wing can
be transformed to design an airplane wing. Besides, we learn
from the dragonfly that the design needs a larger external force
in the front compared to smaller external forces in the back. The
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design example of an airplane wing

generated airplane wings with different boundaries

O SSmm e
NP

generated force diagram matches this principle that the internal
forces in the top are larger than that in the bottom. Also, the struc-
tural form contains similar features such as the main paths as the
dragonfly wing. In addition, by modifying the 2D force diagram
into 3D geometries with forces represented as inclined closed
polyhedrons, the overall curvature in the section can be created,
which matches the cross-section of a real airplane wing. Figures
S26 and S27 (Supporting Information) present more generated
airplane wings with different boundaries.

Airplane wings are among structures that require to be stiff
and lightweight simultaneously. Even a small improvement in
achieving a higher stiffness-to-weight ratio leads to a consider-
able reduction of material and fuel consumption in the aerospace
sector. For along time, airplane wings are fabricated with straight
ribs. Advances in manufacturing have enabled the fabrication
of advanced materials and structures with complex architecture
from nanoscale macroscale.l*6>5-%37] However, obtaining a very
stiff design for the airplane wing is a crucial challenge. We can-
not guarantee to achieve the global-optimum point in the cellu-
lar core of the wing design.[*%] In the current study, we uti-
lized the developed ML-assisted design methodology to introduce
dragonfly-inspired structures as the core of the airfoil wing, as-
suming that the dragonfly’s wings generate a great lift force while
being lightweight and stiff.[+¢7]
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form boundary

Regular

Figure 5. A broader application of generating an airplane wing using our method.

We generate four dragonfly structures with alternative sub-
division densities correlated to their architectural features (i.e.,
number of constitutive struts), namely V,, V,, V,, and V; designs
(Figure 6a). Besides, we have considered a minimum thickness
limitation in our design to reflect the constraints of additive man-
ufacturing technologies for the 3D printing of small features.
Adopting 0.6 mm as the minimum strut thickness, manufac-
turable by common fused deposition modeling (FDM), we have
also designed four samples (i.e., V}, V}, V], and V}) with man-
ufacturing constraints. Exploring the microstructure of the drag-
onfly wing demonstrates the existence of mainstream of thick
struts (main veins) in the front of the wing. Interestingly by re-
ducing subdivision density, the mainstream is getting more pro-
nounced, while applying manufacturing constraints to the design
vanishes the mainstream. Samples tested under point loads have
height and weight of 7.8 mm and 30g, and those tested in the
wind tunnel have a height of 2.32 and 3.85 mm and weight of 9g
and 14.8g, respectively. All samples are designed with the same
volume fraction of 0.38.

Mechanical properties studied here for the wing structure
are out-of-plane, torsional, and in-plane stiffness and maximum
strength. Due to the importance of out-of-plane stiffness, it has
been evaluated under both point load and uniformly-distributed
load (wind pressure). Torsional and in-plane stiffness have been
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Figure 6. a) 3D printed samples for conventional designs (BD and CD) and dragonfly-inspired designs (V, to V3 and Vé to V3L L3), b) Wind tunnel setup;
3D printed samples are covered with 0.02 mm stencil sheets for conducting the test, and c) Out-of-plane stiffness properties of the 3D printed samples
with (c1) 2.32 mm thickness and (c2) 3.85 mm thickness under uniform air pressure.

measured under point load. The maximum strengths of the 3D
printed samples, made out of polylactic acid (PLA), is evaluated
under out-of-plane two-sided clamped deformation and tail rota-
tion. ADMET eXpert 8612 axial-torsion testers were used to carry
out the out-of-plane, torsion, and in-plane tests. SONY DSC-
RX100M4 camera was used to capture the videos of the experi-
ments (more information can be found in Figures S42-S70, Sup-
porting Information).

Initially, the developed bio-inspired designs are studied un-
der a simplified load case (i.e., point load) to better understand
the effect of geometrical constraints, minimum beam width, and
subdivision density on the structural performance of dragonfly-
inspire cellular core of the wing designs. For the baseline, two
wing core patterns have been chosen. The first traditional de-

Adv. Sci. 2023, 10, 2207635

sign with straight ribs has conventionally been used in designs
of aeroplanes, and the curved rib design has recently been sug-
gested to improve the performance of the wing structures.[®!]
This study compares all results to the wing with the traditional
pattern (straight ribs) as a baseline. The experimental results for
structural stiffness evaluated under a point load condition in-
dicate that dragonfly-inspired designs can improve out-of-plane
and torsional stiffness of the wing compared to the basic design
(BD), especially for V] and V' (Figure 6b; Figure S66a, Support-
ing Information); however, the basic design performs very well
under an in-plane loading condition. Itis found that reducing the
number of features and adopting the minimum thickness limita-
tions improve the strength of the structure, which may emanate
from manufacturing defects for samples with high subdivision
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Table 1. Table Comparison of the stiffness results of all cellular core samples with respect to the basic design (BD). Cases (1-3) represent experimental
test results of the core wings under out-of-plane, torsional, and in-plane point load, respectively. Cases (4,5) are identified as experimental testing of the
core wings with 2.32 and 3.85mm heights under the out-of-plane a uniform air pressure distribution in the wind tunnel.

Stiffness improvement (%) of cellular cores compared to the basic design (BD)

cD Vo 2 v, V3 G G 5 G
Case (1) -2.5 5 1 2 1 -9.5 5.5 24.5 215
Case (2) -5 -15 -12 1 6 -20 -12 5 15.5
Case (3) —145 -29 -31 -27 -26 -29 -26 -8 -18
Case (4) -18 —4 8 20 10 -10 1 6 9
Case (5) 5 13 5 25 17 -2 13 21 9

density and very thin struts (Figure S65a, Supporting Informa-
tion). In addition to improving the strength of V) and V| designs
compared to BD, the ultimate structural failure section occurs at
the tip of dragonfly designs (Figure S66b, Supporting Informa-
tion). It is worth mentioning that airplane wings in service are
under a distributed load and are clamped to the airplane fuse-
lage, leading to maximum shear force and moment at the fixed
supports. Therefore, failure at the tail found in the dragonfly-
inspired designs is an advantage compared to the failure at the
front of the basic and curved rib designs. Finite element studies
on the bio-inspired designs also reveal a similar trend for the out-
of-plane, torsional, and in-plane stiffness of the designed wings
(Figure S49-S54, Supporting Information).

To further justify the applicability of the dragonfly-inspired
cellular core of the wing designs, we have evaluated the perfor-
mance of 3D-printed samples under constant air pressure in the
wind tunnel. As designed samples are 2D extruded and do not
have airfoil, the out-of-plane distributed loading is the most effec-
tive measure for evaluating their performance as airplane wings
(Figure 6b,c) of the results of the wind tunnel tests show that
dragonfly-inspired design without manufacturing limitation con-
siderations can perform significantly better than the basic design,
specifically for the samples with the higher height (up to 25% im-
provement in out-of-plane stiffness for V, design in comparison
to the basic design). In our study, V, design demonstrates the
highest out-of-plane stiffness under pressure. Since the lift force
on airfoils is significantly higher than drag force (the lift-to-drag
ratio is commonly in the range of 10-20 [%8]) and the smallest

Adv. Sci. 2023, 10, 2207635

dimension of the wing is its height, out-of-plane stiffness is the
most critical stiffness among the others. It is worth mentioning
that the previously-reported curved rib design with a higher thick-
ness (h = 3.85mm) also outperforms the basic design in out-of-
plane stiffness. In addition to the stiffness, the V, design with
lower height has higher natural frequencies, which implies less
risk of resonance under dynamic loads or higher flapping fre-
quencies for designing flying micro-robots (Figure S54, Support-
ing Information).[1%69-71]

The developed biomimicry approach presented in this study
can design the cellular core of alternative lightweight wings
to improve their structural performance. The airfoil shape that
sandwiches the bio-inspired cellular cores is assumed to be un-
changed; since the wing’s aerodynamic performance relies on the
airfoil’'s geometry,’>7%) the dragonfly-inspired reticulated core
has a negligible effect on the aerodynamic performance. In sum-
mary, experimental results are presented in Table 1.

The numerical and experimental results suggest that
biomimicry of the dragonfly pattern for designing the core
of airplane wing can have advantages in terms of mechanical
performance. In this respect, dragonfly possesses long and rel-
atively rigid wings that, through a high rate of flapping, it bears
high pressure.[*7¢78 Through veins and stems, dragonfly wing
form very stiff structures; mimicking such structure can be ad-
vantageous for long and cantilevered structures like commercial
airplanes’ wing. Besides biomimicry, the adopted design method-
ology based on graphic statics assume that all struts are under
the same axial stress. Although this approach neglects bending
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Figure 7. a) Training dataset of the grasshopper wing. b) Generated results of testing data of the grasshopper wing by machine learning. c) Comparison
of the real grasshopper wing and the generated structural form. (The virtual loads are not shown.) d) Training dataset of the Amazon water lily. e)
Generated results of testing data of the Amazon water lily by machine learning. f) Comparison of the real Amazon water lily and the generated structural
form. (The virtual loads are not shown.) g) Training dataset of the damselfly wing. h) Generated results of testing data of the damselfly wing by machine

learning. i) Comparison of the real damselfly wing and the generated structural form. (The virtual loads are not shown.)

moments in the struts, it provides a very well-connected pattern
with proper thicknesses that prevent weak hinged parts through
the wing. In addition, the virtual load has some similarities with
real load cases on airplane wings (Figure S7, Supporting Infor-
mation). The adopted methodology also offer flexibility in terms
of defining subdivision density for creating new cellular struc-
tures, a parameter that can be utilized to control the stiffness of
cellular structures (8] As we know from experiments, the gener-
ated wings with smaller subdivision density usually perform bet-
ter with higher stiffness, since the distribution of the structural
weight tends to be concentrated more on the main structural
members.

Last, we implemented our method as a web tool that can be ac-
cessed online (Figure S33, Supporting Information). Users can
generate wing structures and export digital models through the
web page.l””) Besides, similar structures such as cantilever roofs

Adv. Sci. 2023, 10, 2207635

and floors (Figure S40, Supporting Information) can also be gen-
erated using the same algorithm, which means our method has
an impact on the design industry by providing a convenient ma-
chine learning tool for structural design.

2.7. Testing other Species with Convex Networks

Besides the training dataset for the dragonfly wings, we have also
collected the training and testing data for other species to test
whether our graphic statics and machine learning method works
in generating patterns in other species as a generally applicable
method. Figure 7 shows the details of the datasets and the re-
sults of the species (grasshopper wing, Amazon water lily, and
damselfly wing). For each test, seven pieces of the image are col-
lected, six of which become the training dataset while the rest one
is used as the testing case.
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The grasshopper wing is selected as the first experimental ob-
ject since it is similar to the dragonfly wing but previous re-
searchers fail to generate it using their generative methods for the
dragonfly wing.®] To be specific, the dataset contains seven pieces
of the grasshopper wings (Figure 7a). The GAN+ANN workflow
(Figure 7b) is similar to the original workflow for the dragonfly
wing. Figure 7c shows the result comparison of the real grasshop-
per wing and the generated structural form, with the analytical
plots shown in Figure S23 (Supporting Information). The gen-
erated pattern has fewer members than the real pattern, espe-
cially in the domain with a small area and small circularity. But
the overall distribution, especially for the main veins, is accurate.
Our method performs as expected with a smaller training dataset
in grasshopper wings.

Besides insect wings, some plants also have unique patterns
in their rhizomes, for example, the Amazon water lily. The rhi-
zomes of the amazon water lily serve as a supporting structure
to hold its leaves, while the leaves provide buoyancy to make the
amazon water lily float on the water. Therefore, the structure of
the Amazon water lily might have similar structural properties as
the dragonfly and the grasshopper wings, and it is worth explor-
ing. To be specific, we have also collected a small dataset of seven
pieces of amazon water lilies (Figure 7d). Figure 7e shows a sim-
ilar workflow of the case of the Amazon water lily as the case of
the grasshopper wing. Figure 7f and Figure S24 (Supporting In-
formation) show the comparison of the result and the analytical
plots. However, in the case of the Amazon water lily, the gener-
ated pattern has more members than the real pattern, especially
in the domain with a small area and small circularity, and more
veins were generated, accordingly. The overall distribution is less
accurate than the case for the grasshopper wing, but still falls into
our expectations.

Similarly, to finalize our experiments, we have lastly tested our
method in damselfly wings (Figure 7g). The workflow (Figure 7h)
and the result comparison (Figure 7i; Figure S25, Supporting
Information) further prove the generality of our method. From
the above observation, the conclusion can be reached that our
graphic statics and machine learning method can be applied to
generate structures by learning from natural species.

3. Conclusion

In this research, we showed that the geometric configuration of
a 2D dragonfly wing skeleton can be used in the design of the
cellular core of airplane wing structures using artificial intelli-
gence. We investigated the use of reciprocal diagrams of graphic
statics proposed by Maxwell combined with machine learning
methods to analyze the graph network of the dragonfly wing and
reconstruct similar networks for other boundary geometries; we
present the potential application of the developed framework for
designing lightweight and stiff wing structure in aerospace vehi-
cles. Our research shows that the network of a dragonfly has a
dual/reciprocal diagram that is unique and geometrically deter-
minate. This property of the force diagram implies that the pro-
jected graph of the internal network of the wing can be treated as
a determinate structural network and has a singular state of equi-
librium. Surprisingly, if the members are sized according to the
magnitude of this unique force diagram, their diameter matches
the diameter of the members in the real wing. The results are
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significant since the force diagram of the wing is a new attribute
that has not been well explored in generating a similar network
for bio-inspired structural systems. The correlation between the
diameter of the real and generated wings sheds light on informa-
tion about the primary and secondary members of the wing. The
primary members are connected to vertices that are reciprocal
to larger force triangles in the force diagram. These triangles can
be identified and used as the force polygons of the primary mem-
bers.

This new observation about the geometry of the force dia-
gram and the magnitude of the internal forces in the geometry
of the cellular core of wing allows us to design high-performance
wing structures for various boundary geometries using machine-
learning, which can successfully generate structural patterns for
any chosen boundary geometry similar to the real dragonfly wing.

Our machine learning-enabled generative method takes ad-
vantages of both image-based and vector-based neural networks.
The image-based neural network receives the input boundary im-
age and generates the output force diagram. At the same time, the
vector-based neural network predicts the geometric information
of the graph and generates the final structural form using recip-
rocal diagrams of graphic statics. The behavior of both generated
and real wings under a uniform out of plane pressure depicts
the same deformation and stress pattern. The difference in av-
erage stiffness between them is as low as 20 percent, which is
remarkable since optimizing the mechanical properties was not
the objective of the proposed generative approach.

We conducted mechanical experimentation on 3D printed
dragonfly-inspired samples as the cellular core of a wing for a
scaled-down Boeing 777 wing frame. Our experimental results
showed that the developed methodology can lead to dragonfly-
inspired wing designs with up to 25% higher out-of-plane stiff-
ness compared to the conventional wing designs. Combining the
introduced method with other optimization methods can push
further this envelope to achieve stiffer yet lighter solutions.

Our method can generate the entire structural pattern from
an image of the wing boundary with no prior information about
the location of the primary members. Designers can input a
customized boundary and generate similar structural networks
through the developed interactive platform. Moreover, our pro-
posed generative approach provides additional information about
the thickness of primary and secondary members by relating the
design to the geometric equilibrium of forces in its reciprocal dia-
gram. Our methodology is extendable to a wider range of species,
including the grasshopper wing and the Amazon water lily that
consists of convex polygons. Thus, our approach in design can
be adapted to create structural forms, and their associated form
diagrams, inspired by the other biological structures of insects
and plants merely by inputting the boundary geometry. Here, we
chose to investigate dragonfly wings since the data related to the
wing is more abundant than the other species.

The ultimate objective of this research was to pave the road for
further research in linking machine-learning models with design
principles derived from natural systems and applying such an ap-
proach in generating lightweight and efficient structures in vari-
ous scales. Our proposed methodology, however, has limitations
that need to be addressed in future steps. (i) Our current dataset
of the dragonfly wings and other species is limited, and a more ex-
tensive dataset is required to be collected to increase the accuracy
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of the generated results. (ii) the current method is limited to 2D
reciprocal diagrams; thus, the results are limited to 2D structural
networks. Future research can consider 3D/polyhedral graphic
statics in generating a 3D structure of the wing with folded plate
geometry. (iii) The scope of this study was limited to the mor-
phological properties of the dragonfly network and mainly gener-
ates similar configurations without considering the out-of-plane
loading scenarios as a parameter in design generation at the be-
ginning of the design process. (iv) The mechanical performance
after each round of generation can also be fed back into the de-
sign process to relate the bending stiffness and the degrees of
subdivision. (iv) The vein network of the wing was considered as
the primary structure in our work, while the surface patches in
the real wing restrain the kinematic degrees of freedom of the
structure. The role of these patches and, thus, their contribution
should be considered in the subsequent development steps.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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