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This research explores the potential of using carbon plastic composite materials to,optimize the structure of
unmanned aerial vehicles (UAVs). The main issue addressed is reducing the weight of drones while increasing their
strength and aerodynamic stability. The study found that the specific strengthjof carbon composites is 1500
MPa/g/cm?® which is three times higher than that of conventional materials. Additionally, the structural vibration
resistance increased by 25-30%, and the weight was reduced by 25%. These results are explained by the low density
of the material (1.55 — 1.65 g/cm?) and optimal distribution of stresses in the structure. A key feature of the research
is the use of a method based on actual CAD modeling and numerical simulations, and the assessment of the
efficiency of 3D printing and Out-of-Autoclave technologies, whieh supports its industrial potential. The findings can
be applied in the construction of lightweight, reliable, and enérgy-efficient drones. Practical applications of these
materials include military, agricultural, and emergency rescue systems, with usage conditions in environments with
moderate temperatures and vibrational loads.

Keywords: carbon composites, unmanned aerial vehicles (UAVs), CAD modeling, vibration resistance, lightweight
structures, 3D printing technology

HIGHLIGHTS

— Lightweight UAV structures achieved 25% mass reduy€tion using carbon plastic composites.

— Vibration resistance improved by 25-30% due tohigh specific strength of carbon materials.

— CAD + ANSYS modeling validated a 15%,increase in structural load capacity.

— 3D printing & OoA methods canfredueegpreduction costs by 20-30% while keeping strength acceptable.

1 Introduction

Unmanned Aerial Vehicles (UAVs) have become one of the key areas in modern technology. They are widely used
in agriculture, military operations, geedesy, cartography, logistics, and emergency services [1]. According to
international studies, the global drone market value exceeded 30 billion USD in 2023 and continues to grow at an
average annual rate of 17-20% [2].

However, one of the maindfactors nggatively affecting the efficiency of UAVs is the limitations in the mass and
aerodynamic characteristics ofythe /ddevices. This necessitates the optimization of the structural materials. In this
regard, the use of carbon plastic camposites is of relevance. Polymer composites made from carbon fibers have high
strength, corrosion resistance, and light weight, which is why they are widely used in modern aviation and space
industries [3].

Considering thatithe structural components of Boeing's 787 Dreamliner aircraft contain more than 50% carbon
composites [4], thefintegration of these materials into UAVs can significantly improve their flight duration,
maneuverability, and energy efficiency. Additionally, composite materials reduce structural vibrations, thus extending
the overall'setvice life of the device [5].

Recent studies have comparatively examined the strength and aerodynamic properties of carbon plastic-based
structures. However, there is still a lack of fully scientifically grounded results regarding their adaptation to specific
UAV maodels, géometric configurations, manufacturing efficiency, and weight-strength balance [6]. Addressing this
gap is one of the major challenges in the fields of materials science and drone manufacturing today.

Therefore, optimizing the structure of UAVs using carbon plastic materials is of high scientific and practical relevance.
Such research will enable the development of high-performance, lightweight drones with long flight times and
improved efficiency. Given this, the study of improving UAV structures through the integration of carbon plastic
composites is an essential direction for both modern science and industry.
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1.1 Literature review and problem statement

In recent years, several scientific studies have been conducted on simplifying the structure and improving the aerodynamic
efficiency of unmanned aerial vehicles (UAVSs). In these works, the use of carbon composite materials is considered one
of the key solutions. For example, studies [6,7,8] demonstrated that by using carbon fiber-based composites, the overall
weight of drones could be reduced by 25-30%. This, in turn, significantly increases flight time and ery efficiency.
However, these studies have not been adapted to specific geometric configurations (Figure 1).

Carbon Composite Drones

Using carbon fiber-based composites
can reduce the overall weight of drones
byupto25 30%

/]i? creases the

25-30% im

ssibility o to
ment significantly

an reduce the drone's weight by 25-30%, thereby improving
flight duration and battery efficiency. Some foreig ientific studies have proven that carbon materials have high
vibration resistance [9,10], but they mention objé&gcti

feasibility of the materials used (Table 1).

Table 1. Performance indicators of carbon fiber-reinforced materials in vibration-resistant structures

Vibration resistance Manufacturing suitability

Study reference ong-term strength (hours)

(score out (score out of 10)
[9] 8.5 1000 6.0
[10] 2000 55
In Table 1, the vibration resistance, durahility, and industrial feasibility of carbon composite materials are compared

through numerical values. According to the'research results, graphene-enhanced composites exhibit high vibration
resistance (9.2 points) and long-term strength (2000 hours), but their industrial feasibility remains relatively low (5.5
points). The scoring scal
synthesized from the referen
quantitative measur

Some research findin ve proven that drone frames made of carbon plastic can reduce vibration amplitude by
approximately
production cost
average price (Cpr
production costs of car

ial, its commercial application remains limited when the unit price is higher than the
Cavg). In general, Figure 2 below presents a comparative diagram of vibration levels and
plastic and conventional materials.
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Fig. 2. Comparative diagram of vibration level and production cost of carbon plastic and conventional materials

Figure 2 shows a comparative representation of vibration levels a i osts of carbon plastic and
conventional materials. As a result, although carbon plastic reduces vibr: by approximately 20%, its production
cost is 60% higher than that of conventional materials.

Some domestic research conducted in Kazakhstan has discu
composites, noting that the complexity of processing and the |
of research [13,14]. The table below (Table 2) shows a num
financial barriers encountered when using carbon composites in khstan.

Table 2. quantitative assessment of technological, human resource;“and financial barriers in the application of
carbon compasites in Kazakhstan

d the technological aspects of using carbon
ipment pose obstacles to the advancement
aluation of the technological, personnel, and

Study Technological Personnel shortage Financial barrier

reference complexity (out of 10) (out of 10) level (out of 10)
[13] 8.5 7.5 8.0
[14] 9.0 6.0 8.8

Table 2 evaluates the main challenges the use of carbon composites in Kazakhstan - technological
complexity, the need for equipment, per el shortages, and financial barriers - through numerical indicators. The
rating values (1-10) reflect a relative assess t of technological and organizational barriers derived from the cited
literature. The scale allows companative evaluation of challenges but does not represent experimentally measured
physical quantities.

The results of two studies show that the test challenges in introducing these materials are the lack of equipment
(9.0 — 9.5 points) and technological complexity (8.5 — 9.0 points). Some foreign scientific studies have shown that
combining carbon fibers with 3D printing technologies can create lightweight and strong structures [15,16,17]. In this

case, the overall strength

Where: 6iotal — trength of the obtained composite, V; — the volumetric fraction of carbon fibers, o — the
specific strengt
ies, one of the main disadvantages of this technology is highlighted as the problem of
eneity of the material. This issue is characterized by the variability of mechanical properties
inted sample and is calculated using the following formula:

— 9max~9min , 100% (2)

Oavg

of the potential of carbon composite structures produced by 3D printing and the analysis of their uniformity. However,
it acknowledges that there are problems with maintaining material homogeneity using this technology.

In one study, the dependence between the coefficient of thermal expansion of materials and their temperature
resistance was investigated, and the ability of carbon plastics to maintain structural stability at high temperatures was
evaluated [18,19]. Table 3 below presents the relationship between the thermal expansion and temperature
resistance of carbon plastics.
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Table 3. Quantitative characteristics of the relationship between thermal expansion and temperature resistance in
carbon plastics

Study Material type Thermal expansion resi-g?:r:cr:aallimit Structural Test duration
reference yp coefficient (107%/°C) °C) stability (%)
[18] Carbon Plastic A 1.2 280 92
[19] Carbon Plastic B 0.9 320 96

Table 3 shows the relationship between the coefficient of thermal expansion and the te
carbon plastics. The research results showed that carbon plastic material B has a
(0.9-107¢/°C), but high structural stability (96%) and can withstand temperatures up to 32

Although some scientific studies have discussed automated methods for the integral product composites, the
adaptation of these methods to the production of small drones has not been spegifically addressed [20,21]. Table 4
below presents the technical specifications of automated composite production logies (based on adaptability
to small drone production).

Table 4. Comparative evaluation of automated composite production techniquesibased on suitability for small

drones
. Production | Structural | Automation gl Cost S
Ne Production method mall - for small
accuracy | strength el efficiency
geometry drones
Automated Fiber
1 Placement (AFP) 9 9 5 3 5
Resin Transfer Molding
2 (RTM) 8 9 7 4 4 4
3 Filament Winding 7 8 8 3 6 4
Additive Manufacturing
4 (3D-printing) 6 9 9 8 8
5 Co-curing / Co-bonding 7 7 6 6 7 7
6 Out-ofl-:)AutocIaye (OoA) 7 8 9 9
rocessing

Table 4 compares automated composite produetion methods based on key technical indicators (accuracy, strength,
level of automation, and adaptabi in numerical terms. The evaluation results show that Out-of-Autoclave (OoA)
and Additive Manufacturing methods the highest potential for adaptation to small drone production (9 and 8
points, respectively). The comparative scofing system (1-10) was developed based on engineering criteria such as
production accuracy, automation level, and adaptability reported in the literature. The values indicate relative
suitability for small UAV i

One scientific study sugge
scanning [22,23], although they
comparative accurac methods for detecting microstructural defects in carbon materials.
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Fig. 3. Comparative accuracy of defect detection methods for carbon materials
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Figure 3 compares the accuracy of different methods for detecting defects in carbon materials: laser scanning at the
laboratory level shows 92% accuracy, but when applied in an industrial environment, the accuracy drops to 60%.
Alternative detection methods, while achieving an average of 75% accuracy, have not reached the laboratory
capabilities of laser scanning.

One scientific study compared the mechanical properties of various carbon composites for drone frames [24,25], but
the behavior under actual structural load conditions was not fully described. In general, Table 5 bélowypresents the
mechanical properties of carbon composite materials for drone frames.

Table 5. mechanical properties of carbon fiber composites for drone frame structures

Type of Composite %‘7229)/ Tensi(lagg)e ngth M odFJﬁj( ; EaGEP a) R(—%% an ry I?S\r;i)ness
CF/epoxy (unidirectional) 1.55 1500 135 25 65
CF/epoxy (woven) 1.6 950 80 30 55
CFRP + Honeycomb 1.45 1100 90 40 50
CF/PPS (thermoplastic) 1.65 1300 110 45 60
Hybrid CF/GF/epoxy 1.58 1050 85 35 52

According to the data in Table 5, the highest tensile strength is observed in the CF/epoxy (unidirectional) composite
- 1500 MPa, which allows it to withstand structural loads. In term§’of impact resistance, the CF/PPS (thermoplastic)
material stands out with a value of 45 kdJ/m?, making it the most(effective material for resisting dynamic impacts.

In general, some scientific studies have shown that carbon comp@sites are up to two times lighter but three times
more expensive than aluminum alloys in comparative analyses, whigh demonstrates the economic limitations of
introducing these materials into production [26,27,28]. Table 6 below presents a comparative analysis of the
mechanical and economic characteristics of carbon composites and aluminum alloys.

Table 6. Comparative analysis of mechanical and geonomiic properties of carbon composites and aluminum alloys

Material Average Tensile FIexuraﬁ Relative o
type density strength modulus ( 9) weight Usage limitations
(glem®) | (MPa) | (@Ra)
Carb°’.‘ 1.6 1300 110 40 Up to 2x Expensive, complex manufacturing
composite lighter
Aluarn(l)r;um 2.7 500 70 13 Standard Lower strength, corrosion

According to the data in Table 6, the density of carbon composites is 1.7 times lower than that of aluminum alloys
(1.6 g/cm?® vs. 2.7 g/cm?), but their price is approximately 3 times higher (40 USD/kg vs. 13 USD/kg). This shows that
although the high strength (1300 MPa) and lightness of carbon materials make them attractive for drone construction,
they present economic limitations for large-scale production use. The integration of carbon plastic materials into the
structure of unmanned aerial'Vehicle§' (UAVs) improves their aerodynamic characteristics due to their lightness and
strength [29]. Additignally, the usefof distributed acoustic sensors based on fiber-optic technology enables precise
monitoring of vibrations, and thermal loads during flight [30, 31, 33, 34]. Optimizing data transmission methods in
sensor networks plays“a@pcrucial role in ensuring the effective operation of these systems [32]. Furthermore,
improvements n fadiondirection-finding and interferometric methods can enhance the control accuracy of UAVs
[35,36,37]. Overalljthe optimal selection of structural materials and the integration of intelligent sensor systems
significantly enhancethe reliability and efficiency of UAVs based on carbon composites. In the context of composite
material ewvaluation, Battawi and Abed [38] conducted a combined experimental, theoretical, and numerical
investigation ofjthe creep behavior of polyester-based composites. Although focused on different reinforcement
systems, their integrated methodological approach highlights the importance of coupling analytical modeling with
numerical simulation for reliable composite performance assessment, which conceptually supports the modeling
strategy‘@dopted in the present study.

Unmanned aerial vehicles have also been explored in early engineering-oriented applications within the construction
industry. Cajzek [39] presented a multipurpose UAV platform developed for engineering tasks, demonstrating
practical design considerations and operational integration in applied engineering environments. This work provides
an important contextual background for structural optimization studies of UAV platforms.

Although the conducted studies have shown that carbon plastics are effective in drone structures, several important
issues remain relevant. These include adaptation to specific geometries, production costs (25 — 50 USD per kg of
material), technological complexity, long-term durability (decline in mechanical properties after 2000 hours), and
thermal stability (critical temperature — 150 — 180°C). Additionally, the high cost and shortage of equipment limit the
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industrial application of these materials. Many methods have only been tested in laboratory conditions and have not
been adapted for production systems. To address these issues, it is recommended to combine 3D composite printing
with modular geometry, model the integration of materials into structural elements, and apply simplified methods that
reduce production costs by 20 — 30%. Therefore, research into the optimization of carbon plastic-based,drone frames
should continue.

Despite the significant body of existing research on carbon composite applications in UAV structures,, the present
study introduces several distinctive contributions. First, an integrated CAD—CAE modeling framework is implemented
specifically for small UAV geometry, combining structural, vibration, and thermal analyses within a unified simulation
environment. Second, the study provides a comparative engineering evaluation of Additive Manufacturing and Out-
of-Autoclave (OoA) technologies in relation to small-scale UAV production. Third, a codpled technical-economic
assessment is performed, linking structural performance indicators with production cast implications. This multi-
criteria integration differentiates the current research from prior studies that primarily feelised ejther on material
properties or isolated manufacturing methods.

1.2 Research objective and tasks

Objective of the Study: To optimize the structure of unmanned aerial vehicles (AVs)dsinggearbon plastic composite
materials, identifying ways to reduce weight while improving strength and aerodynamic characteristics.

Tasks of the Study:

— To analyze the physicomechanical properties of carbon composite€s, and assess their potential for adaptation
to UAV structures,

— To create a CAD model for the design structure based ofr carbon materials and check its strength using
numerical methods (e.g., ANSYS),

— To compare the weight, vibration resistance, and overall, efficiency of structures using carbon plastic with
those made of conventional materials,

— To provide a technical and economic justification for using carbon composites in drone production based on
the research results.

2 Materials and methods

The scientific research work aimed to optimize thejstructure of unmanned aerial vehicles (UAVs) using carbon
composite materials and was carried out based on theofetical-analytical, modeling, and comparative analysis
methods. To evaluate the mechanical efficiefiey of the materials, the specific strength (R,) was calculated using the
formula R, = % where o is the material’s tensile strength and p is its density. Additionally, to determine the impact on

the aerodynamic efficiency of the structure; theéiratio between lift force and aerodynamic drag was modeled as E =
E—L (where CL is the lift coefficient and CDjpis the drag coefficient). These methods were used to quantify the
D

advantages of carbon plastic compesites in UAV structures.

In the research, classical composite mechanics principles were applied to assess the properties of carbon plastics.
According to these principles, the following equations are used to describe the mechanical characteristics of
composite materials. Stress calculation according to the theory of consolidation:

Ocompdsite = Vfo-f + Vinom (3)
Where 6¢omposite - IS the overallistress of the composite material, o is the stress of the fiber, o,,, - is the stress of the
matrix, and V; and Vgare the volume fractions of the fiber and matrix, respectively. To determine the stiffness of the
composite:

Ecomposite = % (4)
Where Ecomposite 1S thejgverall stiffness of the composite, Ef and E., are the stiffnesses of the fiber and matrix, and
V; and V,ganethe volume fractions of the fiber and matrix, respectively. These equations allow for the analysis of the
effectsfof different components of composite materials when evaluating the mechanical properties of carbon plastics.
For designing structural elements, CAD (Computer-Aided Design) technology was used to create a three-dimensional

model ‘ofya droné'frame based on carbon composites. The strength characteristics of this model were numerically
tested using®the ANSYS Mechanical APDL and SolidWorks Simulation software packages.

2.1 Numerical modeling parameters and simulation conditions

To improve reproducibility and transparency of the numerical analysis, the key modeling parameters, boundary
conditions, and loading scenarios are specified below.

2.1.1 Boundary conditions

The UAV frame model was constrained at the central mounting plate and motor interface regions to simulate realistic
fixation conditions during flight. Fixed support boundary conditions were applied at the central plate connection zone,
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while motor arm ends were subjected to distributed load transfer conditions representing propulsion-induced
stresses.

2.1.2 Loading scenarios

Four primary load cases were considered:

Static Load Case (LC1):

A distributed vertical load up to 1000 N was applied at the motor mounting points to simulate max take-
off weight conditions.

Harmonic Vibration Case (LC2):

Frequency response analysis was performed in the range of 10-500 Hz to represent ro ced vibrations.
Aerodynamic Load Case (LC3):

Aerodynamic pressure was estimated using:

1
I’=EpV2

where air density p = 1.225 kg/m*and velocity Vup to 100 m/s.

Thermal Load Case (LC4):

Temperature variation from —20°C to +80°C was applied for th

Material Modeling Assumptions

Carbon composite material was modeled as a linear elastigiorthotropic
defined using rule-of-mixtures approximation:

E, = ViEf + VipEy (6)

terial. Mechanical properties were

Where:

Vy = 0.6— fiber volume fraction

E;— fiber modulus

V,, = 0.4— matrix fraction

E,,— matrix modulus

Elastic constants were adopted from literature s [3,18].

Mesh Refinement and convergence

Second-order tetrahedral finite_eleme were used.A mesh refinement study was performed by
progressively reducing elemen rgence criterion was defined as:

Mm“ < 3% )

The final mesh con5|sted of approxi ly 180,000-200,000 elements.
In particular, the reliability of the struct as studied in terms of vibration resistance and load-bearing capacity.

Figure 4 below shows the structural elements of a drone made from carbon composite materials.

Propeller

Mortor

&

Mowunting Plate

[RAR!

Serews

Fig. 4. Structural components of a drone made from carbon composite materials
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Figure 4 shows the main structural elements of a drone made from carbon composite materials. The drone's frame,
motor, blades, mounting plate, and screws are essential components for its operation.

To assess the accuracy of the mechanical properties and structural stability, the properties of the carbon materials
were compared with previously obtained literature data, and the level of consistency was determinedglo model the
thermal stability of the structure, the Thermal Stress Analysis Module was used. With this module,
expansion coefficients caused by temperature effects were modeled. Figure 5 below shows the s in thermal
stress and deformation due to temperature effects.

0’5 | M Thermal Stress —— Deformation — U, U]O
5 04} _0,00
& =
- =
Z 03] N
S 02 <
- ol - 0,002
- 0,000

0,0

Temperature (°C)

Fig. 5. Variation of thermal stress and deformation due to temperature effects

erature change from 0°C to 100°C, the thermal stress
ased with temperature, reaching 0 to 0.01 mm, which

The graph shown in Figure 5 indicates that during
increased from 0 to 0.5 MPa. The deformation
demonstrates the material's sensitivity to temperat

As experimental conditions, load models applied t rone structure and external environmental factors
(temperature, vibration, aerodynamic press were considered, and tests were conducted in a virtual environment.
These tests were carried out on the SimScale COMSOL Multiphysics platforms. Table 7 below presents the
experimental conditions and measurem

Table 7. Exp ental conditions and measurement data

Test Conditions ScarLe Multipﬁ)(/)s'i\gigll_atform Min Value Max Value Unit
Load Types 1 1 0 1000 N (Newton)

Temperature (°C) 1 1 -20 80 °C

Vibration (Hz) 1 10 500 Hz

1 1 0 100 m/s

, vibration frequency, and aerodynamic pressure parameters. The temperature varies
ation ranges from 10 Hz to 500 Hz, and aerodynamic pressure changes from 0 m/s to 100 m/s.

A = Emodet=Riiterature , 1 30y (8)

Xliterature
Where A is the deviation, Xmodel is the model results, and Xliterature is the values from the literature. The deviation
should not exceed 5%.

The applied method set allowed for the accurate prediction of the structural characteristics of drone frames based on
carbon plastic and enabled their comparison with traditional materials.
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3 Results and discussion

In this section, a clear distinction is made between results obtained directly from the present numerical simulations
and data adopted or synthesized from existing literature sources to ensure scientific clarity and methodological
transparency.

This scientific study focused on reducing mass, improving aerodynamic efficiency, and enhancifig,the structural
strength of unmanned aerial vehicle (UAV) structures through the integration of carbon plasti€ compesites. The
research was carried out at the modern research laboratories of the Satbayev University and the Radioelegctronics
and Communications Military Engineering Institute of the Ministry of Defense of the Republic of Kazakhstan, using
multidisciplinary methods (CAD/CAE modeling, material mechanics, network analysis). Asfagresult of the study, it
was proven that the use of carbon composites in structural elements positively impacts'the flightyefficiency of the
apparatus, and their technical and economic advantages were clarified.

3.1 Analysis of the physicomechanical properties of carbon composites

During the research, the physicomechanical properties of carbon plastic compositéesiwere thoroughly analyzed, and
their potential for adaptation to unmanned aerial vehicle (UAV) structures was assessed. The specific strength of
carbon fiber-based composites is 1500 MPa/g/cm?, while the specific strengthfof aluminum-alloys reaches only up to
500 MPa/g/cm?. This difference, with carbon composites having three times high€r strength, ensures their effective
use in UAVs. In general, Figure 6 below shows the comparison of the specific strength,of carbon plastic composites
and aluminum alloys.

Aluminum Alloy} Y,

Material

Carbon Fiber
Composites

G2 00 600 800 1000 1200 1400
Specific Strength (MPa/g/cm?)

Fig. 6. Comparison of specific strength between carbon fiber composites and aluminum alloy

Figure 6 compares the specific strengthsyef carbon plastic composites and aluminum alloys. The specific strength of
carbon plastic composites is 1500 MPa/g/cm?, while the specific strength of aluminum alloys is only 500 MPa/g/cm?,
demonstrating that carbon composites have three times higher strength, making them effective for use in unmanned
aerial vehicles (UAVs).

The harmonic response analysis, confirms the high vibration resistance of the composite configuration. According to
the research resultsthe vibration‘tesistance of carbon materials ranged from 8.5 to 9.2 points. These materials help
reduce structural vibration by up to 25%, and their long-term strength can range from 1000 hours to 2000 hours.
Figure 7 below shows a c@mparison of the vibration resistance of carbon plastic composites.
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(Score out of 10)

Vibration Resistance

Carbon Fiber Carbon I'iber
Composites (8.5) Composites (9

Material

ccording to the research results, the
ile Carbon Fiber Composites (9.2)

Additionally, the density of carbon composites ranges from 1.5
reaches up to 2.7 g/cm?. These figures demonstrate the ligh carbon materials and contribute to extended

uction of weight, improvement of performance,

Material Effect on Flight

Increases flight time, reduces weight

Carbon Fiber Composites

Aluminum Alloy Increases weight, reduces flight time

Table 8 compares the effects of the de
density of carbon plastic composites
demonstrates that carbon materials ensu
increased weight and reduced flight,time.

plastic composites and aluminum alloys on flight time. The
, while the density of aluminum alloys is 2.7 g/cm3. This
ightness and extended flight time, while aluminum alloys lead to

ites and strength testing

During the study, CAD models of the UAV structure based on carbon composite materials were created. These
models were tested for strength using ANSYS Mechanical APDL and SolidWorks Simulation software. The results
obtained from the models sting the strength, vibration resistance, and overall efficiency of the structure.
To assess the strength and f the structure, mechanical loads and vibration resistance were determined
using the following equations:

©)

Where: o is the (Pa), F is the external force (H), A is the cross-sectional area (m?).

(10)

The developed finite element model indicates that structures made from carbon composites are approximately 25%
lighter compared to the conventional aluminum-based configuration. This reduction in weight allows for increased
flight time, improved battery efficiency, and enhanced maneuverability of the drone. Additionally, the drone's vibration
resistance increased by up to 30%, ensuring the stability of the structure. In general, Figure 8 below shows a graph
illustrating the structural advantages of unmanned aerial vehicles based on carbon composite materials.
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Fig. 8. Graph showing the structural advantages of carbon composite materi anned aerial vehicle
(UAV) structures
Figure 8 shows the structural advantages of unmanned aerial vehicles based o bon composite materials. As

nned aerial vehicles is reduced by 25%,

and vibration resistance increases by up to 30%, which improves flight tim ensures the stability of the structure.

The study also examined the load-bearing capacity of the structur
15% increase in maximum allowable stress capacity in the co
model.Table 9 below presents the comparative data on the loa
materials.

Material Load Bearing Capacity (%) Strength (Pa)

Carbon Composite Higher than Traditional

Standard

Traditional Material

Table 9 shows that the load-bearing capacity, of carbon
This indicates that carbon composites can b
their strength is significantly greater compared t

osites is 15% higher than that of traditional materials.
ectively used in the construction of unmanned aerial vehicles, as
ditional materials.

3.3 Technical and economic justifica se of carbon composites

According to the research results, the use of c n composites in the structure of unmanned aerial vehicles ensures
high efficiency. However, the hi roduction ‘cost and technological complexity of these materials limit their
commercial application. In general, e 9 below presents a comparative diagram of the technical and economic
efficiency of carbon composites.

Y

echnical Benefits

F.conomic Benefits

. Comparative diagram of the technical and economic efficiency of carbon composites

Figure 9 shows the technical and economic justifications for carbon composites. Technical advantages account for
53.3%, while economic advantages account for 46.7%, demonstrating the efficiency of composites in both areas.

The cost of one kilogram of carbon composite ranges from 25 to 50 USD, which is three times more expensive than
aluminum or steel materials. The high production cost, especially for small unmanned aerial vehicles, reduces
commercial viability. To address this can reduce production costs by 20 - 30%. Table 10 below presents comparative
data on the cost of carbon composites and traditional materials, as well as methods for reducing production costs.
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Table 10. Comparative data on the cost and production cost reduction methods of carbon composites and
traditional materials

Material Cost per kg (USD) Production Cost Reduction Methods (%)
Carbon Composite 25-50 20-30
Aluminum/Steel 8-15 0

Table 10 shows that the cost of carbon composites is three times higher than aluminum and steel materials. To
reduce production costs, the use of 3D printing and automated production methods is recommended, as they can
reduce costs by 20-30%. Additionally, the Additive Manufacturing (3D Printing) method and Out-of-Autoclave (OoA)
technologies are effective in the production of carbon composites. While the productionicost§ of 3D printing have
decreased, its strength decreases by 6-8%. The OoA method, on the other hand, showed*the highest potential for
adaptation to small drone production.

Conclusion of the Research Results: During the study, UAV structures were opfimized using carbon composites,
resulting in a 25% reduction in weight and a 15% increase in strength. Howevef, the €ost of one kilogram of carbon
composites ranges from 25 to 50 USD, significantly increasing production, costs=~TFhe" possibility of reducing
production costs by 20-30% with 3D printing and automated production methods\ig proposed, which would increase
commercial viability.

3.4 Analysis of research results

The present study investigates structural optimization of UAV frames using carb@n composite materials. This section
discusses the cause-and-effect relationships of the research findings, their comparative features with previous works,
the limitations and shortcomings of the study, and future resear€h direCtions.

First and foremost, the high specific strength (1500 MPa/g/cm®)def carbon plastic composites demonstrated their
ability to create lightweight and highly durable structures (See: Figuse 6). This result was based on the specific
strength determined by formulas (1) and (3) and the stress calculations’in the composite material. Additionally, the
vibration resistance of carbon materials (8.5 — 9.2 points, Table 1; Figure 7) was shown to allow a reduction in
structural vibration by 25 — 30%.

The results of this study are innovative compareddo preyious scientific works. For example, in the works of Verma
A. [6], Goh G. D. [7], and Fantuzzi N. [8], the strengthjand lightiess of carbon materials were discussed, but the use
of numerical methods (ANSYS, SolidWorks) accountinger, structural modeling and thermal effects distinguishes this
study. Furthermore, the advantages of 3D printing and Out-of-Autoclave (OoA) methods, which were not thoroughly
examined in previous studies, were comparatively,demonstrated in this research (See: Table 4, Table 10).

The study also has some application limitationssFirstly, the proposed solutions and models were tested in laboratory
and modeling conditions, and the stabilitydand repeatability of these results at the production scale have not been
explicitly verified. Secondly, the structural pr@perties of carbon materials are highly sensitive to temperature and
aerodynamic pressure changes (Figure 5), so the obtained results may only be valid within a specific range (-20°C
— 80°C, Table 7). Thirdly, although thg,3D printing method reduces production costs (See: Table 10), it should be
noted that the structural strength may decrease by 6 — 8%.

A clear limitation of the study is the limited experimental basis of the obtained data. This research is primarily based
on numerical models andgxisting data. To address this issue, it is recommended that future studies include physical
testing based on actual drong,prototypes, as well as reliability and thermal resistance testing.

Future research should focus on:

— Adapting carben composites to specific geometric configurations and testing their aerodynamic effects
through wind tunnel tests,

— Improvinggmechanical properties by using new hybrid compositions (e.g., CF/GF/epoxy) (See: Table 5),
— Real-time monitoring of structural stresses in drones using integrated sensors,
— Enmhancing production process reliability by improving automated manufacturing technologies.

Duringfthe develepment of these directions, several challenges may arise: complex mathematical modeling (e.g.,
multi-parameter optimization), accessibility to production equipment and materials, and the need for sophisticated
experimental settps to model thermal stability. However, overcoming these challenges will enhance scientific and
industrial"patential and make a significant contribution to the development of carbon composite drones.

4 Conclusions

This study demonstrated that the integration of carbon composite materials significantly improves the structural
performance of small UAV frames. During the research, the following tasks were solved:

As a result of studying the physicomechanical properties of carbon composites, their high specific strength (1500
MPa/g/cm?) and vibration resistance (8.5 — 9.2 points) were identified. These properties enabled a 25% reduction in
the drone structure's weight and a 30% decrease in vibration (See: Figure 6, Figure 7).
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Through CAD modeling and numerical strength testing, it was demonstrated that structures made from carbon
composites can withstand 15% higher loads compared to traditional materials (See: Table 9). Additionally, Thermal
Stress Analysis results showed that the material's deformation was limited to 0.01 mm during temperature changes
(Figure 5).

Although carbon composites are 3 times more expensive than traditional materials, methods weré proposed that
could reduce production costs by 20 — 30% (See: Table 10). These results substantiate the proddetion, advantages
of 3D printing and Out-of-Autoclave methods, which could increase their commercial application in the future.

Overall, the research proved the technical feasibility and practical effectiveness of using carbon composites in drone
structures. These results demonstrate that carbon composites enable the creation of strueiures characterized by
their lightness, strength, and aerodynamic efficiency. Furthermore, this research opensthe way for the broader
application of carbon composites based on industrial systems and new technologies.
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