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A B S TR ACT
Designers, engineers, and scientists have always drawn inspiration from nature. The dragonfly 
wing is among the many natural structures that have intrigued many researchers to study 
its geometry and performance as a bioinspired design. In previous research, we developed a 
workflow to use Graphic Statics to analyze the dragonfly wing structure and machine learning 
models to generate the topology and geometry of a dragonfly wing structure. However, the 
current workflow involves multiple geometric algorithms and the implementation of complex 
machine learning models, making it is difficult for designers to follow and use. Therefore, in 
this paper, we introduce a web-based tool that implements the workflow. It includes (1) the 
input control panel from the user to define the constraints of the structure; (2) the backend 
server that proceeds the generation of the structure with Graphic Statics and machine learning 
models; (3) the output control panel to allow the interaction of the result for frontend display; 
and (4) the file manager to store and restore the generated result. On the web page, designers 
can easily input the boundary and parameters of a wing/cantilever structure and generate 
a funicular structural form in our cloud server. Analytical results such as Minkowski Sum 
and FEM analysis are shown to the user. Finally, the user can export the STL model for other 
purposes such as aerodynamic analysis or digital fabrication.
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INTRODU CTION

Graphic Statics on Natural Structures
The geometry of a structural system with axial-only internal 
loads can be related to its force equilibrium using two geometric 
diagrams as proposed by J. Clerk Maxwell (Maxwell 1864): (a) 
the form diagram that represents the form of the structure, the 
length of members, and the locations of supports and applied 
loads; and (b) the force diagram that consists of closed polyg-
onal faces and shows the equilibrium of forces in each node of 
the structure. The numbers of the edges of the two diagrams 
are equal, and the magnitude of the force in each member 
of the structure is proportional to the lengths of the corre-
sponding edge in the force diagram. This method is known 
as Graphic Statics (Akbari, Akbarzadeh, and Bolhassani 2019; 
Akbari et al. 2020; Akbari, Lu, and Akbarzadeh 2021; Akbari et 
al. 2022) and has been used previously to describe the force 
equilibrium of convex-only, natural networks such as a spider 
web (Whiteley et al. 2013). In the case of a dragonfly wing, the 
internal 2D pattern bounded by the boundary edges mainly 
consists of convex polygons. Thus, the method of graphic 
statics can be used to analyze the static equilibrium of forces 
in the system (Figure 2A).

The geometry of the force equilibrium for the network of the 
wing is found using iterative methods. The wing’s network will 
be referred to as the form diagram from which the topology 
of its dual force diagram is extracted. Each polygon in the 
form diagram is reciprocal to a vertex in the force and vice 
versa. Subsequently, the edges of the force diagram are 
rotated iteratively to become normal to the edges of the form 
diagram. The difference measured from the right angle of 90° 
and the angle of the two corresponding edges is defined as 

the deviation. The iteration process minimizes the value of 
the deviation to derive a solution of the force diagram within 
the predefined tolerance (Figure 2B). The PolyFrame plugin 
(Nejur and Akbarzadeh 2021) was used for this iterative oper-
ation which is a free plugin for Rhinoceros software (Robert 
McNeel & Associates 2018)..

Machine Learning of Topology
Based on the above research, in the following phase, we devel-
oped two methods 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. The implemented machine learning techqnues inlcude 
Generative Adversarial Network (GAN) to generate patterns as 
images, and Artificial Neural Network (ANN) to predict struc-
tural properties as vectors. In the first method (Figure 3A), to 
build the training and testing dataset for the machine learning 
models, geometries in different stages are transformed into 
images. Inspired by the identification of the main veins by 
(Hoffmann et al. 2018), a similar method is developed to extract 
the main path of the force diagram of the dragonfly wing. Then, 
image-to-image machine learning models (Isola et al. 2017) 
are used to learn the mapping between each stage of the drag-
onfly wing data and generate the force diagram from the form 
boundary as an image. In addition, a vector-based machine 
learning model is trained to predict the edge lengths of the form 
diagram using a dataset of the edge lengths extracted from 
the dragonfly wing geometries. Therefore, the four machine 
learning models can predict all information needed to generate 
the structural form of the wing.

However, in the first method, the geometries of a force 
diagram need to be reconstructed from the image manually 

2	 Previous research on the Graphic Statics of dragonfly wing structures: (A) The form and force diagrams; (B) The iterative solution of Graphic Statics;  
(C) The Minkowski Sum between the force diagram and the force diagram
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to maintain precision. To automatically generate the force 
geometry, we develop the second method that represents the 
vertex information as the pixel values in the main path image 
and triangulates the regions in the main path according to the 
recognized vertexes (Figure 3B). Thus, the force geometry 
can be directly generated and proceeded into the structural 
form. The first method produces more visible information for 
a human to understand, while the second method generates 
abstract information for the machine to rebuild the geometry.

Problem Statement and Objectives
With the above previous research (Zheng, Hablicsek, and 
Akbarzadeh 2021; Zheng and Akbarzadeh 2022), we have 
successfully developed the workflow of generating funicular 
wing/cantilever structures with Graphic Statics and machine 
learning. However, technically speaking, implementing the work-
flow locally on a computer is particularly difficult for a design 
without much computational and programming knowledge.

Therefore, to better help designers access our method, we 
develop a web-based tool that accepts user inputs and feed-
back generated structures. The web tool is implemented as 
an online resource and open for designers to visit as a web 
page. Meanwhile, a local server proceeds the input data, 
generates the output structure, and sends the model file to be 
displayed on the web page. With this web tool, designers can 

easily adjust the input parameters and boundary conditions, 
and obtain the structure model online, without going through 
the complex local computing process.

To be specific, Figure 4 shows the proposed workflow of the 
web tool, which contains the frontend and backend. It follows 
four steps: 1) The user inputs the boundary and parameters in 
the web page, and HTML and Javascript (Eich 2020) transform 
the data from Canvas (Fulton 2011) into a formatted data-
base; 2) The server stores and proceeds the data (Holovaty 
2022; Widenius 2022), and updates an indicator file; 3) The 
geometric components (Robert McNeel & Associates 2018; 
Rutten 2020) and the machine learning components (Google 
2019; Paszke 2018) in the server work together to generate 
the structural model as CSV file, and send it back to the web 
page; 4) the web page (Cabello 2022) displays the model, and 
allows the user to generate and download the STL file.

M E THODOLOGY
User Input
First, the web page should receive the input boundary and 
parameters from the user. Figure 5 shows the icons, names, 
ranges, and buttons in the “Input Control Panel.” The boundary 
is defined as a closed polygon of several vertexes. The user 
can select the number of vertexes and adjust the positions of 
each vertex by dragging them on the canvas. The boundary 

3	 Previous research on the machine learning of the topology of the dragonfly wing structures: (A) Machine learning models with a manual process to draw the 
force diagram and generate the structural form; (B) Machine learning models with an automatic process to directly generate the structural form

4	 The proposed workflow of the web tool
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vertexes are transformed into numeric values based on their 
coordinates. Noted that, the most left curve in the boundary 
is the place where the structure is anchored. Therefore, addi-
tional marks are made as slash lines to represent the anchor.

Besides, the “Input Control Panel” also includes parameters 
that are defined as numeric values. A set of six parameters can 
be input from the user and sent to the server. To be specific, 

“Subdivision Density” defines the density of the structural 
members. By increasing it, more members will be generated 
with a longer time cost. “Sharpness” defines the upper and 
lower bounds of the length constraint for each edge. Increasing 
it will give more freedom to the geometric generation process 
in graphic statics. “Length Constraint Multiplier” defines the 
relaxation of the edge length constraints. Increasing it will 
cause more rectangular cells than circular cells. “Boundary 
Constraint Magnitude” defines the magnitude of the boundary 
constraint to the form. Increasing it will make the structure 
attach closer to the boundary. “Iterations” defines the number 
of iterations in the geometric generation process in graphic 
statics. Increasing it will generate a more accurate structure 
but with a longer time. “Total Length of the Wing” defines the 
size of the generated model in millimeter. Last, the user can 
select the machine learning model of different species, the 
default is set as the dragonfly wing model.

Noted that, the web page will restore the input parameters when 
the user successfully submitted the last time, thus the user can 
more easily adjust the parameters. There is a button “Default 
Settings,” by clicking it, the input parameters will be set as the 
default values. If a new user does not understand the meaning 
of each parameter, he/she can move the mouse cursor to the 
button of each parameter to see its name and click the “help” or 

“about” button to see the detailed instructions.

Backend for Geometric Processes
When finishing adjusting the six input parameters, the user 
can click the “Submit” button in the “Compute” panel to send 
the first set of input parameters to the server. Figure 6 shows 

the algorithm in the backend and the frontend of the server 
after the user submits the input parameters. First, in order 
to avoid duplicated submissions from multiple users before 
the server completely responds to the current request, an 
indicator value in the server is firstly loaded by the web page. 
If it indicates that a request is being proceeded, a warning 
message will be shown to the user when he/she clicks the 

“Submit” button, and no values will be submitted to the server. 
Besides, the entire generation process in the server usually 
takes three to seven minutes. The web page will be automat-
ically refreshed every 10 seconds until it receives the result 
from the server.

When the server finishes the generation process, it will send 
back a CSV file to the web page, which contains the geometric 
information of the generated structure, the graph informa-
tion for implementing the Minkowski Sum, and the numeric 
information of the FEM analysis. The geometric information 
contains the coordinates of the start and end points of each 

5	 The control parameters and functional buttons in the user input panel  
and the compute panel

6	 The workflow in the backend and the frontend of the server after the user 
submits the input parameters
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edge, as well as its corresponding force magnitude. The 
graph information stores the connectivity matrix of the form 
and the force diagrams. The FEM analysis result contains the 
deformation magnitude for each edge in the structure.

Frontend for Display
Next, when the web page receives the data file, the user can 
choose a different display mode in the “Output Control Panel” 
and “FEM Control Panel” (Figure 7) to turn on or off the gener-
ated model and the Minkowski Sum. Also, the user can turn on 
or off the FEM results under the load of self-weight or under 
the point load in the farthest vertex.

In the case of the normal display mode, the web page regen-
erates the structural members according to the information 
from the file and the second set of the user input parameters 
of the minimum radius and the maximum radius. An additional 
transparent box geometry is shown to indicate the anchor of the 
structure. The user can control the camera with the mouse in the 
main display window to better view the generated model. The 
generated 3D model is displayed on the web page with pre-set 
lighting environment. However, to reduce the computational load 
from the local device, the shadow is represented as a series of 
static geometries on the ground with gray lines. The color setting 
for the main geometry keeps constant with that in PolyFrame. In 
the display control panel, the user can also change to turn on or 
off the display of the external forces.

In the case of the Minkowski Sum mode, the web page 
reads the user input of the Minkowski Sum indicator (MSI) 
and calculates the corresponding status in the form-to-
force transformation. The graph information in the feedback 
file contains the following items: (1) the coordinates of the 
vertexes in the form diagram; (2) the index of neighbor cells 
of each cell in the force diagram; (3) the index of the shared 
edges in the neighbor cells of each cell in the force diagram;  
(4) the index of edges in each cell; and (5) the coordinates of 
the start and end points of each edge in the force diagram. 

By scaling the cells in the force diagram with the MSI value 
and moving them to each corresponding vertex in the form 
diagram, each edge in the force diagram will become an area 
with thickness. Therefore, with a gradually-changed MSI 
value from 0 to 1, the areas shift from the edges in the form 
diagram to the edges in the force diagram, thus showing the 
transformation between the form and force. Still, the user can 
turn on or off the external forces in the Minkowski Sum mode.

For the FEM analysis, Karamba (Karamba 2022) is used to 
calculate the deformation of edges based on the user input 
of the span and the material of the structure. Applicable 
materials include steel, wood, concrete, and aluminum, and 
the material property is embedded in Karamba. We provide 
two types of loading: (1) self-weight loading for all vertexes; 
and (2) point loading for the farthest vertex to the anchor 
with the magnitude of half of the self-weight. In the CSV data 
file, the FEM analysis part includes the following informa-
tion for each edge: (1) coordinates (x, y, z) for the start and 
end points (deformation in z-axis included); and (2) color-
coding value (R,G,B). The user can adjust the multiplier in the  
frontend to increase or decrease the deformation magnitude, 
and view the color-coded edges and color scales. When the 
user changes the material setting or the structural thickness, 
a recomputation request can be sent to the server and the 
FEM results will be updated in round ten seconds.

Server-free Data Files
In addition, to better help users restore the previously gener-
ated results, in the “File Manager” panel (Figure 8), users can 
download the data as a CSV file and save it on their local 
computer. If the user input an email address when submit-
ting a request to the server, when the computation is finished, 
the server will send an email to the user with the CSV data 
file attached. By uploading the file to the web page, users 
can restore the input parameters, the output structure, the 
Minkowski Sum geometry, and the FEM analysis results. 
Restoring the previous result only requires the local computer 
from the user, thus it is an offline process and does not 
require a connection to the server. Also, the user can export 
and download the STL file for 3D printing or other purposes.

UI Design of the Web Page
Therefore, with this web page implementation (http://www.

7	 The functional buttons in the output control panel and the FEM control panel

8	 The functional buttons in the file manager panel
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ai-gs.com/frontend/DFW-GH.html) (PSL 2022), users even 
without much knowledge of machine learning and graphic 
statics could easily generate lightweight and high-performance 
structures within given boundaries. Figure 9 shows the web page 
with control panels unfolded, and Figure 10 shows the web page 
with control panels folded. The user can freely decide to fold or 
unfold each panel to better balance the UI and the model display.

A PPLICATIONS
In this section, several cases are generated and shown using 
our web tool. The user can either submit multiple requests 
to our backend server to generate structures with different 
input-related parameters or adjust the output-related parame-
ters in the frontend to view and export results.

Form-finding with Various Boundaries
In the first case (Figure 11), structures with different input 
boundaries are generated. The user can select the number 
of control points in the input boundary, and drag the points 
to adjust their positions. Even if the user inputs an invalid 
boundary such as crossing curvatures (Figure 11 bottom 
right), our geometric script will merge it into a pixel-based 

black-and-white image, and send the image to machine 
learning models. In addition, the user is not required to input 
a wing-like boundary. As long as the anchor is on the left, any 
cantilever structure can be generated with the input boundary, 
which contains the features of dragonfly wings.

Precise Control of Generated Structures
The second case shows one example of controlling other 
input parameters such as the subdivision density (Figure 12). 
Among the input parameters, the subdivision density is the 
most important one since it directly controls the complexity 
of the generated structure. A smaller subdivision density 
can significantly simplify the structure while keeping the 
features of dragonfly wing patterns. In our recent research, 
we found that simplifying the structure to a certain degree 
would increase the structure performance, and make it easier 
to fabricate in the real world. Thus, the user can consider the 
fabrication ability and adjust the subdivision density. Other 
parameters such as sharpness and iterations can also greatly 
affect the generated result, but changing the input parame-
ters requires a re-computation from our server and it usually 
takes around five minutes to respond.

9

10

9	 The implemented web page with 
panels unfolded

10	 The implemented web page with 
panels folded
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Minkowski Sum Display
Besides changing the input parameters, the user can also adjust 
the output display modes and the related indicators to show or 
hide the generated structures and the analytical results. Figure 
13 shows the case of Minkowski Sum in different stages with 
different values of the indicator. The indicator defines position 
in percentage of the current Minkowski Sum in the form-to-
force transformation. The result is closer to the form diagram 
with a smaller value of the indicator, while it is closer to the force 
diagram with a larger value of the indicator. The user can adjust 
the value of the indicator and view the smooth transformation 
from the form to the force.

Finite Element Method Analysis
Also, Figure 14 shows the FEM results under different loading 
scenarios and materials. As mentioned, in the geometric 
mechanism of our server, we provide the FEM results of the 
deformation under the self-weight or a point load. The user 
can decide to show none/one/both of them by clicking the 
corresponding buttons in the output control panel, or hide the 
main structure to better compare the FEM results. The color-
coded scale is also shown on the right of the web page when 
the corresponding FEM result is shown. The scale includes 
the minimum and maximum values of the percentage of 
deformation compared with the span, and the real values of 

12	 The generated structures with different subdivision densities: (top left) SD=1.0; (top right) SD=0.75; (bottom left) SD=0.5; (bottom right) SD=0.25

11	 The generated structures with different user-input boundaries
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the deformation in millimeter. When keeping the deformation 
multiplier constant, the user can also directly compare the 
FEM results from different structures.

Expor ted Models
The final case shows the application of our web tool in 
exporting the result to other platforms for various purposes. 
In the normal display mode, the user can adjust the minimum 
and the maximum radius to control the range of the thickness 
for edges, and export the structure as an STL model (Figure 
15). The exported STL model can be imported to a variety of 

platforms, including modeling software for further analysis 
and 3D printing software for digital fabrication. Therefore, our 
web tool completes the logic of loop by accepting the user 
input and exporting the generated result back to the user.

CONCLUS ION A N D DISC US S ION
This paper introduces a web-based structural design tool that 
implemented the workflow of Graphic Statics and machine 
learning of the dragonfly wing structures. It helps designers 
generate funicular cantilever structures without any instal-
lation on the local computer, by inputting the boundary and 

13	 The generated Minkowski Sum with different stage indicators: (top left) MSI=0.05; (top right) MSI=0.35; (bottom left) MSI=0.65; (bottom right) MSI=0.95

14	 The FEM analysis results with different loading scenarios, materials, and structural thickness: (top left) self-weight load with steel material; (top right) self-weight 
load with concrete material; (bottom left) point load with steel material; (bottom right) point load with steel material and larger structural thickness
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control parameters directly on the web page. The backend 
server computes the topology and geometry of the structure, 
and the frontend web page displays the generated structure, 
Minkowski Sum, and FEM analysis results. The user can also 
export the STL model for further purposes, or download and 
upload the CVS data file to retrieve the previous results.

In addition, this web-based implementation method can not 
only be used in serving our workflow of generating structures, 
but also be used in any local computational process involving 
the geometric generation and machine learning predictions in 
various design fields, such as architectural geometry gener-
ation (Huang and Zheng 2018; Ren and Zheng 2020), urban 
feature prediction and plan generation (Zheng and Yuan 2021; 
He and Zheng 2021), and structural evaluation and genera-
tion (Zheng, Moosavi, and Akbarzadeh 2020). Especially 
in the situation that the workflow involves the data flow in 
multiple platforms and scripts, this implementation method 
can reduce the risk of errors raised by compatibility issues 
in local computers, thus serving the input and output without 
installation requirements to the user.

To further develop our web tool, the future research includes 
the following aspects. In the UI design, free-drawn boundaries 
will be allowed for users to input any closed area as input 
images. The intermedia outputs such as the force diagram 
will be allowed to export for further manipulation of design 
purposes from users, thus users can freely apply the force 
diagram to different architectural and structural design 
cases. In the system design, future improvement includes: 
(1) parallel computing to serve a larger number of users; (2) 
user login system and online data storage; (3) precise struc-
tural analysis options; and (4) implementation of the machine 
learning models from other natural structures. Besides, with 

the generated structural forms, further materialization experi-
ments can proceed, depending on the usage of the structures.
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