INTERNATIONAL SCIENTIFIC JOURNAL

ISSN 2710-0766

«COMPUTER SYSTEMS AND INFORMATION TECHNOLOGIES»

https://doi.org/10.31891/csit-2026-3-16

Nazarii MULIAK

PhD student at the Department of Computer
Design Systems,

Institute of Computer
Information Technology,
Lviv Polytechnic National University, Lviv,
Ukraine
https://orcid.org/0009-0000-3752-9467
e-mail: nazarii.v.muliak@]Ipnu.ua

Olena STANKEVYCH
Doctor of Technical Sciences,
Researcher,

Professor of the Department of Computer
Design Systems,

Institute of Computer
Information Technology,
Lviv Polytechnic National University, Lviv,
Ukraine
https://orcid.org/0000-0002-5977-6351
e-mail: olena.m.stankevych@lpnu.ua

Science and

Senior

Science and

Received: 13/06/2026
Accepted:01/09/2026
Published:30/09/2026

© Copyright
2026 by the author(s)

This is an Open Access article distributed
under the terms of the Creative Commons
CC-BY 4.0

UDC 004.9:629.7.02:514.8

TOPOLOGICAL OPTIMIZATION AND
ARTIFICIAL INTELLIGENCE
TECHNOLOGIES FOR DESIGNING DRONE
STRUCTURES

Unmanned aerial vehicles (UAVs) have become an indispensable
tool for solving a wide range of complex tasks. To improve and increase
the efficiency of unmanned aerial vehicles, it is important to optimize their
structural elements. Reducing weight and strategically distributing loads
while maintaining structural strength and rigidity directly impacts flight
endurance, stability, payload capacity, and overall airframe integrity.
Integrating topological optimization with artificial intelligence enables the
automated design of components tailored to specific operational
requirements.

The application of an integrated approach to automate the
design of small-type UAV structures and the combination of classical
methods of topological optimization with artificial intelligence and additive
manufacturing technologies were considered. A microdrone airframe,
fabricated via 3D printing using carbon fiber-reinforced nylon (Nylon
PA12 + CF15), was analyzed both before and after generative design
optimization. The effectiveness of the optimization and the changes in the
structure’s rigidity and stability were assessed. Optimization resulted in an
approximately 12% reduction in structural mass relative to the baseline
model. Structural modeling and load simulations demonstrated that the
maximum displacement of the optimized model does not exceed 3 mm,
compared to 9 mm for the baseline structure. The results from virtual load
simulations and physical testing of the printed models confirm that
structural mass can be significantly reduced while preserving the integrity
and core functional performance of the airframe. The study is based on
simplified loading condiitions and is limited to the number of experimental
samples. Furthermore, dynamic and vibrational loads were not accounted
for in the current study. Future research will focus on expanding the
experimental framework and conducting an in-depth analysis of combined
loading condiitions that significantly affect the aerodynamic performance
and real-world flight envelopes of drones.

Keywords: unmanned aerial vehicles, computer modelling,
topological optimization, generative design, additive manufacturing
technologies, 3D printing.

Introduction

The rapid advancement of unmanned aerial vehicle
(UAV) technologies has fundamentally transformed their fields of
application, ranging from environmental monitoring and cargo
transportation to commercial and military operations. The
development and fabrication of the first stable UAV prototypes
were based on the trial-and-error approach [1], which required
considerable time and additional financial resources. The
methodology for designing aircraft of various types changed
significantly in the mid-twentieth century with the introduction of
electronic computing systems, theoretical foundations and
fundamental methods of design and optimization, as well as
computer-aided design (CAD) systems. These developments
enabled engineers to create complex and accurate digital twins
and subsequently apply the obtained results and methodologies
for commercial purposes.

Analysis of Recent Research and Publications

Today, artificial intelligence (AI) technologies make it
possible to achieve a new level of optimization for both individual
structures and integrated systems [2]. Their widespread
implementation, combined with additive manufacturing, is
expected to facilitate the mass production of adaptive UAVs
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whose characteristics can be modified directly at the deployment site without the need to redesign the entire system
or prove large-scale manufacturing processes [3—6].

Machine learning (ML) enables systems to learn from large datasets and continuously improve their
performance. Its application to the design and investigation of digital twins for aircraft has already become well
established [7, 8]. Several studies have explored the possibility of using machine learning models, particularly
artificial neural networks (ANNs), to predict structural and configuration changes in aircraft based on datasets
containing the characteristics of selected experimental designs. During the design of the initial structure, a dataset is
generated and subsequently used by the neural network to improve the performance characteristics of the original
design [9, 10]. In addition, neural network-based systems are being developed that can analyse completed designs,
identify errors, and provide recommendations during the design process for individual system components, including
engines, wings, equipment mounts, stabilization systems, and overall control systems [1, 11-13].

Thus, most existing studies have been conducted for large-scale aircraft. However, the application of these
technologies to small-class UAVs requires further investigation and comprehensive analysis, particularly in the areas
of design optimization, structural analysis and modernization, as well as the evaluation and optimization of the
performance of individual subsystems.

Purpose of the article

The main purpose of the study is to reduce the weight of the structure of a small-type UAV while maintaining
the required strength and stiffness characteristics. To achieve this purpose, it is necessary to optimize the topology of
the UAV frame while simultaneously ensuring the rational distribution of loads among the structural elements. The
implementation and consideration of the specified parameters will contribute to improving the technical characteristics
ofthe UAV, increasing energy efficiency, and expanding the possibilities of its application. The structure of the article
reflects the stages of the conducted research: selection of the frame type, additive manufacturing in combination with
generative design and comprehensive optimization methods (material selection, investigation of the original topology,
optimization, investigation of the optimized topology), and comparison of the results.

Presentation of the main material

Selection of the frame type of a small-class UAV. The development of an intelligent algorithm for
automating the process of generating the structure of a small-class UAV requires a comprehensive approach, which
begins with the formation of a set of structural data in separate information databases. For this purpose, it is necessary
to determine the types of drones and frames for conducting the research [14, 15].

Commercial drones, in particular quadcopters, dominate the market of small-class unmanned aerial vehicles.
They employ four motors and the corresponding equipment for flight stabilization.

During the design of a quadcopter frame, lightweight but rigid structural elements capable of supporting the
elements, components, and sensors required for the operation of the system are usually used (Fig. 1).

() (b) () \

Fig. 1. Types of quadcopter frames: (a) Plus-shaped; (b) H-shaped; (¢) X-shaped

The most common frame of this type of UAV is the X-shaped frame (Fig. 1, B) with motors located at the
ends of the structural elements. At the same time, it is necessary to use specialized sensors, in particular, a gyroscope
for analysing the position in space and controlling the individual motors, changing the speed and direction of rotor
rotation. A frame of this type is easier to manufacture, but it requires additional equipment for controlling the aircraft
as a whole [16, 17]. Its advantage is the possibility of easily adjusting the main characteristics, while its drawback is
the mutual exclusion of manoeuvrability and flight stability. To achieve greater stability, it is necessary to sacrifice
turning directions and the speed with which one or another direction of movement can be changed. Such a system is
more suitable for economical drones intended for territory inspection using sensors or cameras and for planned
movement along a predefined automated trajectory.

An analogue with some additional parameters is the Plus-type frame (Fig. 1, a). Here, the structural beams
are positioned perpendicular to each other. This makes it possible to find a compromise between manoeuvrability and
flight stability [18]. At the same time, the possibility of frame damage as a result of a collision increases, since most
of the impact is absorbed by one of the structural members of the unmanned aerial vehicle. However, for economical
drones, this is not of significant importance.

The structural members in the H-shaped frame (Fig. 1, 0) are arranged parallel to each other and connected
by a central member, which serves as the base for the electronics and sensors. This type of frame is used mainly in
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specialized unmanned aerial vehicles. The H-shaped frame has greater strength and, in most cases, when a collision
or accident occurs, the main impact is distributed to the overall structure or simultaneously to two structural members,
which increases the stability of the system. Such a structure is rather bulky compared to other frame types; therefore,
it is used mainly in cargo and specialized drones, for example, agricultural drones or delivery drones [19].

An equally important characteristic of the frame is its aecrodynamics. Usually, small-class unmanned aerial
vehicles have rather poor acrodynamic characteristics because their structure does not allow the system components
to be enclosed beneath an aerodynamic fairing [20]. However, even with additional means in the form of separate
aerodynamic fairings or structures for improving flight characteristics, individual sections of the quadcopter are
subjected to high air resistance. The aecrodynamic drag force is described by the following formula:

F, =% pAV? (1)

where Cy is the drag coefficient of the shape, which depends on the selected frame type; 4 is the effective
surface area perpendicular to the flow; p is the air density (~1.22 kg/m?); v is the air flow velocity relative to the
component.

Based on Eq. (1), a basic analysis of different frame types can be performed, and the optimal type can be
selected for further generation and optimization. Table 1 presents the drag characteristics for individual frame types.

Table 1
Description of technical characteristics for individual frame types
Frame type Shape description Drag coefficient. Cd Aerodynamic features Total drag force at an air
flow velocity of 15 m/s
X-shaped Classical cross-shaped 0.8-1.1 Moderate drag, a balance between 2.5-32
form stability and manoeuvrability
Plus shaped Structural members 1-1.2 Significant frontal drag due to the 32-35
arranged perpendicular interaction of the front structural
to each other member with the air
H-shaped Structural members 0.9-1.1 High stability, but vortices occur 3.6-42
arranged parallel to each between the beams during high-
other speed flight

Considering the presented data, it can be concluded that the X-shaped structure has the best technical
characteristics for a small- and medium-class quadcopter (Fig. 2). This type of frame makes it possible to simplify the
execution of individual manoeuvres and the overall control of the vehicle, which expands its application in the most
common types of quadcopters today — FPV (first person view) drones [21].

Usually, they are manufactured in large quantities using subtractive technologies, that is, by removing
material from a workpiece or cutting a finished frame from a sheet of material. However, additive technologies are
becoming increasingly widespread, as they make it possible to manufacture the required frame directly at the place of
drone operation without the need to order it from a manufacturer [22]. This contributes to its rapid adaptation to the
required set of components and sensors, as well as the correction of structural errors without the need for modification
of large batches of ordered frames from the manufacturer [23].

Fig. 2. Example of a UAV frame

Additive manufacturing combined with generative design and comprehensive optimization methods. An
available method for creating lightweight structures is additive manufacturing or 3D printing. The FDM (Fused
Deposition Modelling) technology of layer-by-layer deposition of specialized filament is the most common and cost-
effective method for manufacturing complex components. To create a physical UAV prototype, nylon (Nylon PA12)
with carbon fiber elements (CF15) was selected. The main material characteristics are presented in Table 2.
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Table 2
Comparison of the characteristics of pure nylon (Nylon PA12)
and nylon with carbon fiber (Nylon PA12 + CF15)

Parameter Nylon PA12 Nylon PA12 + CF15
Printing temperature, °C 255-270 °C 260-280 °C
Bed temperature, °C ~100 °C 50-70 °C
Shrinkage after cooling 1-5% 1-2%
Elastic modulus, o; ~1400 MPa ~7500 MPa
Compressive strength limit, o, 40-55 MPa 70-110 MPa
Elongation at break, % 50% 2-5%

The melting temperature of this filament is within the range available for commonly used 3D printers. Its
advantages include low weight, high stiffness, and printing stability (provided that the printing technology
requirements are followed). However, printing with this material requires additional modifications, in particular, a
hardened steel nozzle and the installation of an all-metal heat break. Due to its hygroscopic properties, the use of a
drying chamber with filament drying systems is required since the presence of moisture significantly deteriorates its
characteristics. The UAV frame prototype (Fig. 3) was manufactured using a widely available 3D printer model —
Ender V3 Se.

The investigation of the frame prototype will make it possible to practically evaluate the optimality of the
selected settings and confirm the possibility of printing optimized models under the specified technological process
parameters.

Fig. 3. UAV frame manufactured by 3D printing

At the next stage, a computer model was developed, and the material properties were investigated using load
simulation methods. For design and computer simulation, the CAD (Computer-Aided Design) system Autodesk
Fusion 360 was used. The system provides tools for fine adjustment of the final model topology. The load simulation
was performed using the FreeCAD and Gmsh software packages. During UAV operation, bending loads caused by
the weight and thrust of the motors are predominant. At the same time, under certain conditions and with additional
loading, the motor thrust is not uniform, while the UAV power source creates an additional uniaxial load on the frame.
For simulation purposes, the basic force parameters were applied to the front part of the quadcopter, and four constraint
points were defined at the mounts of the rear motors (Fig. 4).

static constraints

TEE T

(2)

T
uuuuuuu

static constraints

(b)

Fig. 4. Computer simulation of bending load of the UAV frame: a) load scheme; b) simulation results presented as displacement of the
initial topology under load (wall thickness 4 mm; displacement diagram legend in mm)
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According to the simulation results, the maximum displacement under a load of 30 N does not exceed 10
mm. Therefore, Nylon PA12 + CF15, according to its technical characteristics, meets the requirements for a UAV
structural material and can serve as a basis for further modelling and topology optimization (generative design) of the
aircraft frame.

The optimization of the frame consists of basic settings and several implementation steps. The first step
before starting the generation process is to specify the preservation regions, i.e., areas that will be maximally restricted
from optimization to maintain structural integrity and ensure the possibility of installing quadcopter components.
These regions are usually divided into several groups, including mounting holes for cameras and motors, as well as
through-holes for attaching additional components required for system operation. The next stage required for
configuring generative design is the creation of loads acting on the frame structure. For this purpose, it is necessary
to define the exact loads and forces that will affect the UAV during operation. It is also necessary to consider the
safety factor - the minimum distance, wall thickness, or thickness of individual system elements after which
optimization is stopped within the selected area (Fig. 5). Increasing the safety factor reduces the optimization threshold
but increases the structural integrity. In this study, a safety factor of 2 was selected, as it is considered optimal for a
quadcopter manufactured using 3D printing technology.

Fig. 5. Creation of zones for limiting generative design
In addition to classical optimization, an approach combining generative design and topology analysis with
machine learning methods was applied [24]. Generative design, which is based on artificial intelligence technologies,
uses new geometric shapes of the body based on specified input parameters, such as minimum mass, maximum
stiffness, or allowable stresses. In such a system, optimization is modelled as the search for optimal parameters of the
objective function:

min=w,M (x)+w,D(x)> )

where M(x) is the mass of the structure; D(x) is the maximum deformation; wi, w2 are weighting coefficients
that characterize the importance of each criterion.

The use of neural networks in combination with genetic algorithms makes it possible to automate the process
of selecting the best parameters of the objective function (2), and consequently, the structure itself. In this case, the
neural network is trained on a given dataset containing information about geometry, loads, and boundary conditions,
as well as the results of previous simulations. The optimal generative design results (Fig. 6) must be converted into a
specialized topology, which will then be used for bending load simulation.

7
e
I o~ oy
r_n|.
L

Fig. 6. Result of body geometry optimization

Research results discussion
After generating the optimal result, the previous model based on the optimized variant was simplified and
converted into a format required for investigation using load simulation. To verify the simulation results, two physical
samples were manufactured (Fig. 7). Comparison of their physical parameters, in particular weight, showed that the
optimized model is approximately 12% lighter compared to the initial structure. The original model weighs
approximately 25 g, while the weight of the optimized version does not exceed 20 g.
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(@) (b)

Fig. 7. Body models manufactured using additive technologies: original (a) and optimized (b) bodies

To evaluate the technical characteristics of the optimized structure, a load simulation was also performed
with parameters analogous to those used for the load simulation of the original body (Fig. 8). The obtained results
make it possible to compare the degree of displacement of the optimized geometry under the same load level, which
characterizes the influence of topology optimization on the stiffness and stability of the structure. To verify the
optimality of the generated model, the displacements obtained during experimental tests were compared (Fig. 9). The
comparison diagram reflects the dependence of structural displacement on the applied load and makes it possible to
evaluate the effectiveness of the optimization and the reliability of the behaviour of the optimized structure.

3
2.6
2
1.7
1.5
12
- 08
04
02

Fig. 8. Computer simulation of bending load of the optimized UAV body: a) load scheme; b) simulation results in the form of
displacement of the initial topology under the action of load (wall thickness 4 mm; displacement diagram legend in mm)

static constraints

L

static constraints

(b)

o

The displacement graph in Fig. 9 represents the level of structural deformation. As the distance from the
point of maximum load application increases, the displacement and deformation of the body structure decrease. The
deformation of the optimized model has an almost linear character, indicating an even distribution of the load across
the entire body, and therefore the maximum deformation distance is reduced and does not exceed 3 mm. The original
model is characterized by nonlinear displacement, which indicates a less uniform load distribution and a greater
deviation at the point of direct loading, amounting to approximately 9 mm.

original model

e optimized model

(=, o

Maximum displacement (mm)
s

0 10 20
Distance (mm)

Fig. 9. Maximum displacement obtained during experimental tests for two models
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Conclusions

The obtained results make it possible to quantitatively evaluate the effectiveness of the performed
optimization and its impact on the stiffness and stability of the structure. The weight of the final structure was reduced
by approximately 12% compared to the initial model. Modelling and load simulation showed that the maximum
displacement of the optimized model does not exceed 3 mm, while for the original structure it is approximately 9 mm.
The optimization of the body improved load distribution and increased the overall stiffness of the structure.

The performed study is based on simplified loading conditions and is limited by the number of experimental
samples. In addition, the influence of dynamic and vibration loads on the aircraft was not considered. Further research
will be aimed at expanding the experimental base and conducting an in-depth analysis of possible types of loads that
significantly affect the aerodynamic parameters and actual flight modes of UAVs.
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Haszapiit MYJISK, Onena CTAHKEBUY

Hauionanbhuii yHiBepcuTeT «JIbBiBChbKa MOMITEXHIKAY

TOMOJIOTTYHA ONTUMI3ALISA TA TEXHOJIOI'TI ITYYHOI'O IHTEJIEKTY
JJIAA ITPOEKTYBAHHA KOHCTPYKIIN IPOHIB

be3ninotHi iitanbHi anapam (bI1/14) cTam He3aMiHHUM IHCTPYMEHTOM 4/151 BUPILLEHHS LUMPOKOIo KOJ1a CK/IGAHMX 3aBAaHb.
A8 rosinweRHs 1a nigBuLEHHS egekTuBHOCTI bITIA BaxX/mBo onTuMi3yBaTy ixXHi KOHCTPYKTUBHI €/1EMEHTH. 3MEHLLIEHHS Baru Ta
CTpareridyHui po3rogisl HaBaHTaXeHb 3@ 36EPEXEHHS MPU LIbOMY MILIHOCTI | XOPCTKOCTI KOHCTPYKLII 6E3rM0CEPEAHBO BI/IMBAIOTH HA
TPUBAEJIICTB 110/1b0TY, CTIVIKICTB, BaHTAaXOIMAUOMHICTb | 3arasibHy LilICHICTb M1aHepa. IHTerpaLlis TornosoryHol onTumizaLlii 3 WTyyYHuM
IHTE/IEKTOM [a€E 3MOry aBTOMAaTU3YBaTH POEKTYBAaHHS KOMITOHEHTIB, a4arTOBaHNX A0 KOHKDETHUX EKCII/TyaTaLiviHuX BUMOT,

PO3r/IHYTO 3aCTOCYBaHHS KOMIIEKCHOMO 1IAX04Y A0 aBTOMaTU3aLlii IPOEKTYBAHHS KOHCTPYKUIVI MasorabaputHux bI1/IA
LUJISIXOM [1OE4HAHHS KAIaCYHNX METOLIB TOMO/IOrTYHOI OMTUMIZaLli 3i LUTYYHUM [HTE/IEKTOM | TEXHOJIOrISIMU 3ANTUBHOIO BUPOOHMLTBA.
[naHep MIKPOAPOHa, BUrOTOB/IEHNI 38 AOMTOMOrow 3D-APYKY 3 BUKOPHCTEHHSIM HENJIOHY, apMOBAHOIo BYr/1eLeBuM BoSIOKHOM (Nylon
PA12 + CF15), npoaHasizoBaHo sk 40, TaK I Mic/is onTuMizalli reHepaTnsBHOro rpoeKTyBaHHA. OLIHEHO ePEKTUBHICTL onTumMizalli 1a
3MIHM KOPCTKOCTI | CTIKOCTI KOHCTPYKLYfi. OrTuMI3aLlis [PpU3BENAE [0 3MEHILIEHHS KOHCTPYKTUBHOI Macy rpmbrin3Ho Ha 12% nopiBHAHO
3 6asoBoro mogenmo. CTPYKTYPHE MOLEIIOBAHHA Ta CUMYJISLIT HaBaHTAXEHHS [10Ka3amm, WO MaKCUMA/IbHE [MEPEMILYEHHS
OInTUMI30BaHOI MOJE/I HE NMEPeBULLYE 3 MM, OPIBHAHO 3 9 MM 47159 6a30B0Oi KOHCTPYKUII, Pe3ysibTatv BipTYa/IbHOrO MOAE/IIOBAHHS
HABaHTaXEHHS Ta QI3NYHNX BUITPOGYBaHb APYKOBaHNX MOAENEN MIATBEDLAXYIOTE, O CTPYKTYDHY MAcy MOXHA 3HAYHO 3MEHLUMTH,
36epiratoym rpu LbOMy LIiJIICHICT [ OCHOBHI QOYHKLIIOHA/IbHI XapaKTEPUCTUKY 1/1aHEPA. [JOC/IIIKEHHS 6a3YETLCA Ha CIIPOLYEHMUX YMOBaX
HABAHTAXEHHS Ta OBMEXEHE KIfIbKICTIO EKCIIEPUMEHTA/IbHUX 3PA3KIB. TyT HE BUBYAM AMHAMIYHI Ta BIGPALVIHI HABaHTaXEHHS.
lToganbLi JOCTMKEHHS OYAYyTb 30CEPELKEHI Ha PO3LUNPEHHI EKCIIEPUMEHTA/IbHOI 6a3un Ta POBELEHHI OIJIMO/IEHOIO aHasml3y
KOMOIHOBaHUX YMOB HaBaHTAa)XeHHS, SKi CYTTEBO BIU/IMBAIOTL Ha AEPOANHAMIYHI XapaKTEPUCTUKKU Ta peasibHi Aiarna3oHun rosboTy
JPOHIB.

Kmo4oBi cr10Ba:; 6E3rifIoTHI JIiTalabHI anapary, KOMIOTEDHE MOAE/MOBAaKHHS, TOMOJIONYHA ONTUMI3ALS, EHEPATUBHII
AN3aViH, aANTUBHI TEXHOJIONI BUPOBHMULTBAE, 3D-APYK.
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