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Abstract: The selection of composite materials for aerospace applications in extreme environments
requires an interdisciplinary approach integrating materials science, structural mechanics and
aerodynamics. This study evaluates the suitability of carbon fiber reinforced polymers (CFRPs), glass
fiber reinforced polymers and ceramic composites for high temperature, high pressure and radiation
exposure conditions [1]. Special emphasis is placed on CFRP composites, in particular KMU-3, which
are used in the truss structures of high-altitude pseudo-satellites (HAPS) operating at altitudes of up
to 30 km. Mechanical, thermal and aerodynamic properties of CFRP-based structures have been
analyzed using finite element methods (FEM), computational fluid dynamics (CFD) and
experimental prototyping. The results show that a 0.1 mm thick CFRP shell reduces the mass of the
HAPS to 400 kg while maintaining structural integrity against dynamic loads caused by high-altitude
turbulence. The study highlights the critical influence of fiber orientation, joint types and additive
manufacturing techniques in the development of lightweight and durable aerospace composites [2].

Keywords: composite materials; aerospace engineering; carbon fibers; truss structures; finite element
analysis; computational aerodynamics

1. Introduction

The aerospace industry places high demands on structural materials operating under extreme
conditions. Aircraft and spacecraft are exposed to rapid temperature changes (from -150°C to
+1500°C), high mechanical and vibration loads, aggressive environments and intense radiation [3].
Traditional metallic alloys (titanium, aluminum and nickel based) offer high strength but are limited
in lightweight and high temperature applications due to their density and thermal expansion
properties [4].

Composite materials based on polymer, ceramic and metal matrix binders offer an optimal
combination of strength, stiffness and low density, making them key candidates for aerospace
structures [5,6]. High-strength carbon fiber reinforced polymers (CFRPs), such as KMU-3, are widely
used in aerospace and rocketry due to their superior fatigue resistance and adaptable mechanical
properties [7]. Advanced ceramic composites, such as SiC/SSiC, can withstand extreme temperatures,
making them essential for engines and thermal protection systems [8].

However, several challenges still limit the use of composites in aerospace applications. Polymer-
based carbon materials are susceptible to micro cracking under cryogenic conditions and are difficult
to repair in the field [9]. High-temperature ceramic composites exhibit brittleness that requires
structural optimization [10]. In addition, the disposal of composite waste and the development of
environmentally friendly bio composites remain pressing issues to reduce environmental impact [11].

This study provides a comparative analysis of different classes of composites with respect to
their resistance to extreme aerospace conditions. The article examines mechanical properties, thermal

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202503.1510.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 March 2025 d0i:10.20944/preprints202503.1510.v1

2 of 18

stability and the effects of microstructure and defects on structural durability [12]. The results will
provide recommendations for the selection and optimization of composite materials for advanced
aerospace applications.

2. Materials and Methods

2.1. Material Selection and Composite Characterization

When designing aircraft for extreme aerospace conditions, particular attention is given to
ensuring high structural strength and rigidity while minimizing weight. In the context of this study,
one of the primary objectives is to design an unmanned aerial vehicle (UAV), specifically an
autonomous aviation apparatus (hereinafter referred to as AAA), capable of operating efficiently at
altitudes up to 30 km while maintaining a total weight limit of no more than 400 kg using composite
materials. Meeting such mass and strength requirements necessitates materials with high specific
strength, thermal resistance, and corrosion resistance [13].

The production of composite parts and components involves a comprehensive process, from
sourcing fiber and matrix materials to their processing [14], formation, curing, and subsequent
treatment to prepare components for integration into an aircraft. The selection of manufacturing
processes is influenced by factors such as component design, material availability, cost, quality, time,
expertise, and production volume. A significant portion of costs and resources is allocated to
composite development [15], making it a central focus of numerous research and technological
projects.

Composite materials are typically composed of fiber-reinforced material [16], such as carbon or
glass fiber, which provides strength and stiffness, embedded in a matrix material that ensures overall
shape, support, and impact resistance. The properties of a composite depend on the type and
composition of the fiber reinforcement and matrix, as illustrated in Figure 1 below.

 Composites |

| |

Metal Matrix (MMC) Polymer Matrix (PMC) Ceramic Matrix (CMC)
stong, conductive, high | | strong, stiff, low weight. strong. tought. high
temperature capable good wear resistance temperature capable

Carbon
Blass Tianium with Aluminium, Epoxy, Polyester Silicon Carhide, Alumina
Silicon Carbide L
Boron Carhide
Alumina
Aramid ’ l
Natural Fibres -
Thermosets Thermoplastics
Strong cross-link bonds that Weak cross-link bonds that
cannot be reformed can be reformed with heat
Common Composites
MMCs PMCs CMCs
Titanium matrix + SiC fibres; Epoxy matrix + Carhon fibres; SiC matrix + Sic fibres;
Aluminium matrix + Alumina, Epoxy matrix + Aramid fibres: SiC matrix + Alumina fibres;
SiC or Boron Carbide fibres; Polyester matrix + Glass fibres; Alumina matrix + Alumina fibres;
Magnesium matrix + Alumina Vinyl matrix + Glass fibres
or SiC fibres

Figure 1. Definition of composite materials [17].
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Among polymer composites, CFRPs stand out for their high specific strength and stiffness,
making them indispensable for creating lightweight yet durable structural components. FRPs offer
excellent corrosion resistance and lower cost, although they do not match the mechanical strength of
CFRPs. Aramid composites, such as Kevlar, are widely used for impact protection due to their high
toughness and resistance to mechanical damage. Metal matrix composites (MMCs), such as silicon
carbide reinforced aluminum, combine thermal conductivity with strength, making them suitable for
thermally stressed components. Ceramic matrix composites (CMCs) are used in applications
requiring extreme heat resistance, such as thermal protection systems, although their brittleness
requires additional engineering solutions. Hybrid composites, which integrate different fiber or
matrix types, allow an optimized balance of properties tailored to specific operating conditions
[18,19].

A comparative analysis and classification of traditional metallic alloys, polymers, ceramics and
advanced carbon composites is presented in Table 1.

Table 1. Classification and comparative mechanical properties of composites.

Polymer |Metal Matrix| Ceramic

Material . . .. _|Carbon Fiber (CFRP)
Composites | Composites |(Composites
Tensile Strength (MPa) |  500-1500 700-1800 800-2500 1000-2500
Density (g/cm?) 1.2-2.0 2.5-4.5 2.8-3.2 1.5-2.0
Thermal Resistance (°C)| Up to 300 Up to 800 | Up to 1800 Up to 600
Elastic Modulus (GPa) 20-150 70-200 200400 150-300
Wear Resistance
High Medium High High
(corrosion, fatigue, etc.)
Field Repairability None High High None
Variable, depending
Impact Toughness (J/m?) High Medium Low o
on application
Medium to
Weight Very high ) Medium Very low
high
Medium to | Highto
Cost Very low Medium to very high

high very high

In recent years, CFRPs have gained increasing popularity in AAA-type structures, frequently
used in the aerospace industry [20]. These structures employ multilayer composites, optimized
through numerical simulations such as Computational Fluid Dynamics (CFD) and Finite Element
Method (FEM) [21]. Such multidisciplinary optimization enhances aerodynamic efficiency while
simultaneously reducing structural weight.

CFRPs exhibit low density (1.4-1.58 g/cm?®) and high strength (400-1200 MPa), making them
highly suitable for aerospace applications [22]. However, their field reparability remains limited,
necessitating the development of new restoration techniques for damaged components.

Table 2 presents the mechanical properties of various CFRP grades.

Table 2. Mechanical properties of different grades of carbon fiber reinforced plastic.

Carbon fiber grade

Parameter - -
KMU-1 KI\I/II: 1 KMU-3 KI\;I: 3 KMU-4 1| KMU-4e | KMU-9 |KMU-9t KMU-9tr
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Tape Fabric
. Bundle [Tape LU-BundleTape LU+ Bundle UOL-300
Filter VMN-4| P [VMN-4| L Tape | Tape | prpp | UKN-Tr 900
11/500
2.5
Matrix ETF | ETE-M |5211B| 52118 | ENEB | ENpB | ONPF- | UNDE- | UNDE-

4A 4AR 4AR
Fiber Volume Content (%) 57-63 58-63 | 57-63 | 50-55 50-55 54-59 60-62 58-62 55-59

Density(kg/m?) 1,45-1,49(1,48-1,501,4-1,45| 1,4-1,45 |1,45-1,50 | 1,49-1,52 | 1,55-1,58 |1,52-1,56|1,52-1,54
Tensile Strength (MPa) - Al
ensile Strength (MPa) - Along | | 200 | 1100 | 730 800 900 1500 | 1500 60
Fibers
Tensil h (MPa) - A
enmeStrengt (MPa) Cross 14 18 03 20 o4 0 3 )8 60
Fibers
C ive Strength (MPa) -
ompressive Strength (MPa) - |\ 580 | 700 | 530 750 900 1200 | 1200 60
Along Fibers
C ive Strength (MPa) -
ompressive Strength (MPa) - |\ 130 | 150 | 120 130 130 140 160 58
Across Fibers
hear Strength Along Fi
Shear Strength Along Fibers |, 61 0 | 54 70 78 85 78 52
(MPa)
Tensile Modulus (GPa) - Along
: 180 145 | 180 | 147 140 125 140 125 67
Fibers
Tensile Modulus (GPa) - A
ensile Mo u.us(G a) Cross 9 9.9 10 9.9 10 g 9 8 7
Fibers
Shear Modulus (GPa) 35 45 5,1 5,1 6,0 6,5 6,8 5.2 8,0

As a result, among the available grades (e.g. CMU-1, CMU-1 Im, CMU-9, etc.), carbon fiber
reinforced plastic CMU-3 stands out with an optimal balance of properties: high modulus of elasticity
(up to 180 GPa along the fibers), high tensile strength (about 1100-1500 MPa) and relatively low
density (see Table 3). At the same time, different pipe cross section variants (circular, oval, triangular,
etc.) were compared in terms of strength and mass criteria.

Table 3. Data on structural elements of an aircraft with a wedge-shaped wing profile, in particular on tubes with

a length of 5 meters.

Tubes (5m) Mass (kg) | Surface Area (m?) Density (kg/m?)
3 1.81 1.23
) 0.37 1.51
(e 0.93 1.54
S 2.16 1.43 1400
383) 1,40 153
D 1.99 1.11

The analysis shows that these properties make KMU-3 an attractive choice for the manufacture
of rod and shell elements of AAA designed for extreme conditions, including large temperature
variations and high aerodynamic loads.

Therefore, considering the modern trends in the aerospace industry and the requirements for
weight, strength and operational characteristics of the next generation aircraft, carbon fiber
composites [23] (especially KMU-3) appear to be the optimal choice for truss structures and other
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load-bearing components. These properties, aimed at developing a new generation of composite
structures for wings, aircraft engines and propellers, will enable advances in automated application,
manufacturing processes, inspection, high temperature resin molding [24], large scale resin infusion
and out-of-autoclave curing technologies, among others.

The extensive use of such materials in combination with numerical optimization methods (CFD,
FEM) will allow the creation of lightweight, stiff and reliable structures capable of operating in
extreme conditions at altitudes of around 30 km and beyond.

2.2. Design of Truss Structure and Technology of Connecting Elements

This section examines the principles of designing composite truss structures for aerospace
applications and the joining techniques that ensure structural strength and durability.

Let us begin by defining an AAA. An autonomous aircraft is an aircraft capable of operating
without a pilot, using integrated navigation, control and decision-making systems. When selecting a
composite material for an AAA, it is essential to consider the operating conditions, loads and weight
requirements. The optimal material should provide structural strength, resistance to external factors,
and minimal weight to increase flight range and duration.

Figure 2 shows a top view of the truss structure, while Figure 3 shows a side view and a
simplified diagram of the bar connections. This truss design allows the external loads to be optimally
distributed among the structural elements and significantly reduces weight compared to
conventional metallic systems.
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Figure 2. Truss structure: top view.
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Figure 3. Truss structure: side view.

To reduce weight while maintaining the required stiffness and strength, a truss structure was
chosen [25]. The primary load-bearing elements are thin-walled carbon fiber tubes of various cross-
sections, approximately 5 meters long, with a wall thickness of ~0.1 mm.

One of the key challenges in the design of a carbon fiber truss structure is a reliable joining
technique for the tubes. Research [26] indicates that fitting based thermal bonding is the most
effective method for composite rods. Several critical factors must be considered when using this
joining technique: During fabrication, the gap between the parts is minimized. Epoxy resin of the
required viscosity is injected into this gap, sometimes with reinforcing fillers (such as short carbon
fibers or microspheres), and the entire joint is heat treated (heated to a specified temperature). This
process results in complete curing of the resin, forming a monolithic joint with uniform stress
distribution. This method is widely used in lightweight and high-strength structures due to the
precise part fit and high repeatability of the joint.

Figure 4 schematically illustrates the thermal coupling device, a section of the structural tube
and the principle of adhesive injection into the gap. When using such joints, it is essential to ensure
accurate part alignment (tolerances for internal diameter and joint length), control the temperature
regime and cure time (according to the technical specifications of the epoxy composition), and apply
the adhesive evenly to avoid voids or excess resin accumulation.

Figure 4. Coupling, structural tube section and thermal coupling joint of elements.

Adherence to these requirements will prevent delamination and other characteristic damage to
the composite material, while also ensuring a high level of fatigue strength.

2.3. Methodology for Calculating Aerodynamic Characteristics (CFD)

Numerical modelling of the aerodynamic characteristics is carried out using CFD. This method
allows the prediction of pressure distribution, flow velocity and turbulence around the structure [27].
The core of CFD involves creating a three-dimensional model of the AAA, defining boundary
conditions such as flow velocity, pressure and temperature, and generating a finite element mesh for
numerical analysis. The key governing equations are the Navier-Stokes equations, which are solved
numerically using finite difference or finite volume methods.

In this area, CFD modelling helps to identify critical structural zones, optimize shapes, reduce
drag and improve the stability of aircraft under external loads - all without the need for expensive
physical testing.

To determine the optimal aerodynamic configurations for the AAA, simulations were performed
for several lifting surface designs, including wedge-shaped, delta-wing, and flying-wing
configurations with internal truss structures. Three-dimensional CAD models were created for each
variant, and the flow dynamics were analyzed using specialized ANSYS Fluent software.

Figure 5 shows an example of a three-dimensional model of the AAA, illustrating its overall
geometry and the possible placement of the truss elements.
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Figure 5. Solid 3D model of the device.

In general, the solution of the flow problem around an aircraft involves the numerical solution
of the Navier-Stokes equations 1 under specified initial and boundary conditions [28].

a—U+(l7*V)l7=F—lgradp+v*Al7,

” ’ (1)
ap . o
E-I—dlva =0

In the absence of body forces and assuming p=const, equations (1) can be written as:
- -1 -
—+U-V)U=-=gradp+v-AU,
0V 0= grad
divU =0.

Boundary and initial conditions include no-slip or slip conditions for the velocity vector at solid
boundaries, pressure values specified at domain boundaries and flow velocity conditions normal or
at an angle to the boundary. In addition, a combination of these conditions can be applied, such as
specified pressure and velocity values at the boundary.

The lift force (Y) depends on the circulation of velocity (I') and is given by Joukowski's theorem
for a wing section of length L (along the span) in a plane-parallel flow of an ideal incompressible fluid
equations 2:

Y = rulL, )

where, 1 - the density of the fluid and u - the free stream velocity.

The circulation (I') has the dimension [u x 1], and it can be shown that the lift force can be
expressed as:
2

pV
Y = Cy T S, (3)
where, S - the characteristic reference area of the body (wing planform area, given by L x b, where b
is the chord length of the airfoil); Cy - the dimensionless lift coefficient, which generally depends on
aerothermodynamics conditions, including the shape of the body, its orientation in the flow, and the
Reynolds (Re) and Mach (M) numbers.

In addition to the lift force, the airfoil also experiences drag force, which can be expressed as:

X= CyxSVI2. (4)
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The drag coefficient Cy and the drag force X primarily consist of four main components:
- Cx, wave (Cx, w) — Wave drag, which appears at Mach numbers close to the critical Mach
number (M = 0.8).
- Cy, friction (Cy, tr) - Friction drag, caused by air resistance against the aircraft surface.
- Cx, pressure (Cy, vorticity drag) — Also referred to as vortex drag, resulting from pressure
differences around the body.
- Cy, induced (Cy, i) — Induced drag, occurring due to flow deflection, including wingtip vortices
and pressure differences between the upper and lower surfaces of the wing.
From equations 3 and 4, the following dependency can be derived equations 5:
Yy _¢C
7= C_i =g, (5)
where ¢ - the aerodynamic efficiency.
The results of the numerical simulation of flow velocities around the apparatus are shown in
Figure 6.
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Figure 6. Numerical simulation of flow velocities around the devices.

As a visual representation of the numerical simulation results, Figure 7 shows an example of the
study of static and dynamic loads and overloads applied to the aircraft. The Figure 7 shows:
- Pressure distribution on the surface of the airframe and the main truss elements (Figure 7 (a));
- Variation of local stresses in the structure under static loading (Figure 7 (b));
- Potential overloads occurring during maneuvers or wind gusts (Figure 7 (c)).

Vorticity [1/s]

Pressure [Pa]

Boundary layer thickness [m]
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0.004
Vorticity [1/s]

6
Boundary layer thick

Pressure Pa)

(a) (b) (c)

Figure 7. Study of static, dynamic and overload loads on the aircraft. (a) - pressure distribution; (b) - boundary

layer thickness; (c) - turbulence.

According to the computational experiment, a non-traditional configuration with an optimal
angle of attack provides high aerodynamic performance indicators. Additionally, the structural mass
is reduced due to the use of carbon fiber tubes, which is particularly significant for high-altitude
flights. Similar results were obtained in NASA laboratories, where the advantage of lightweight
composite load-bearing systems was emphasized.

As demonstrated above, the only material capable of meeting the stringent requirements for
mass and strength under such conditions is carbon fiber reinforced plastic (CFRP). Based on such
studies, specific requirements for the properties of composites (elastic modulus, compressive strength
limits, impact toughness, etc.) are formulated, which were taken into account in the design of the
AAA.

2.4. Calculation of Strength Characteristics (FEM).

This section examines the Finite Element Method (FEM) used to analyze the structural strength
characteristics of composite materials. A finite element model has been developed in ANSYS
Mechanical to determine the stress-strain state of tubular elements and their connection zones [29,30]
(fitting-based thermal bonding). This method allows the simulation of the stress and deformation
distribution in composite materials, taking into account the complex loading conditions of the KMU-
3 carbon fiber composite, as well as the adhesive in the joints.

The objective is to determine the minimum required wing area (approximately 200 m?) and mass
(no more than 400 kg) to meet operational requirements, including powering engines and on-board
systems using solar energy, maintaining a reasonable battery reserve (up to 40% of total mass),
achieving a cruise speed of 70 m/s, and ensuring a propulsion power of 13 kW with 95% efficiency.

The wing is a thin-walled structure made of KMU-3 carbon fiber composite with a wall thickness
of 0.1 mm. For simplicity, the wing shape is assumed to be rectangular with a span of 40 m and a
chord of 5 m, giving an area of 200 m?2. The internal structure is reinforced with a truss system of
carbon fiber tubes. The total mass of the wing does not exceed 400 kg, of which up to 40% (160 kg) is
accounted for by the solar panels and batteries, evenly distributed over the surface.

Material properties of KMU-3:

- Density: 1450 kg/m3;

- Tensile strength along fibers: 1100 MPa;
- Young's modulus along fibers: 180 GPa;
- Young's modulus across fibers: 9 GPa;

- Shear modulus: 5.1 GPa.

Consideration of operational requirements. The wing must provide sufficient power for the
propulsion system, which operates at 13 kW with 95% efficiency, giving an effective power output of
approximately 13.7 kW after losses. The solar panels, which cover a significant part of the 200 m?
wing area, generate energy during the day, while batteries (weighing up to 160 kg) maintain
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operation at night. The aircraft achieves a cruise speed of 70 m/s at an altitude of about 30 km, where
the air density is extremely low (about 0.018 kg/m?).

The aerodynamic lift force is calculated to ensure stable flight at the specified speed. The lift
formula is given by equations 6:

L =2pV2SC, (6)

where:

- p =0.018 kg/m?3 — air density at an altitude of 30 km;

- V =70 m/s — cruise speed;

- 5=200 m? - wing area;

- C, =0.5 - lift coefficient (a typical value for a wing).
Substituting the values:

L =12x0.018 X 702 X 200 X 0.5 ~ 4410 [N].

This force is evenly distributed across the wing and balances the weight of the structure (400 kg
x 9.81 m/s? = 3924 N), confirming that a 200 m? wing area is sufficient.

The weight load from the 400 kg mass, including 160 kg of batteries and solar panels, is also
distributed across the wing. The total load consists of a combination of aerodynamic lift force and
weight force.

For structural analysis, a 3D wing model with a truss structure is created. Thin-walled sections
are modeled as shell elements, while the truss system is represented by beam elements. The
anisotropic properties of the KMU-3 carbon fiber composite are assigned according to its mechanical
characteristics. Boundary conditions include fixing the wing at its attachment points to the fuselage.
Loads are applied as distributed aerodynamic forces and weight loads.

Figure 8 shows the 3D models of the selected AAA elements in assembly. The calculation results
confirmed that with the correct choice of wall thickness (approximately 0.1 mm) and material (KMU-
3), the required strength margin is achieved while maintaining mass and dimensional constraints
within 400 kg.

Figure 8. 3D models of AAA elements.

Figure 9 shows the structural solutions of the truss and conventional aircraft configurations and
their main geometric and aerodynamic parameters. The diagrams illustrate the main structural
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elements, such as spars, ribs and stringers, which provide the necessary stiffness and strength of the
wing. The main aerodynamic parameters of the wing profiles, such as chord, maximum thickness
and maximum curvature, which significantly influence the flight characteristics and efficiency of the
structure, are also highlighted.

leading edge

stringers

Central section profile

_ =

Mid-section profile b - Chord (b)
—_— |
/\ Cmax - Maximum thickness
fmax - Maximum camber
Tip-section profile %
(b) (0)

Figure 9. Structural Design Solutions for Aircraft Configurations with Key Parameters. (a) Truss structure of the

aircraft; (b) Profiles of the truss structure with geometric and aerodynamic twist; (c) S-shaped profile for a tailless
aircraft.

During the FEM analysis (Figure 10), the stress and deformation distribution was determined
for the blade in both traditional and unconventional configurations (delta and rhombic profiles). In
addition, the behavior of a tubular element with one end fixed was analyzed (Figure 11). The red and
yellow zones indicate areas of maximum stress, while the blue zones correspond to areas of minimum
stress. The maximum stress was found to be 37.23 MPa and the minimum stress was 9.9 MPa.

(a) (b)
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Figure 10. Simulated Wing: (a) Unconventional and (b) Traditional Configurations.

Figure 11. Stress distribution diagram in a circular section tube with one end fixed.

Following the FEM analysis in ANSYS Mechanical, the following characteristics were obtained:
- The maximum stress in the structure is about 50 MPa, which is significantly lower than the

tensile strength of the carbon fiber composite (1100 MPa);

- The maximum wing deflection is about 0.5m, which is acceptable for a 40m wingspan;
- The total structural mass is less than 400 kg, including a battery reserve of up to 160 kg.

Finite element analysis confirms that a 200 m? wing with a total mass of no more than 400 kg,
made of KMU-3 carbon fiber composite, meets the operational requirements. It can withstand
aerodynamic loads at a cruise speed of 70 m/s, power the propulsion system (13 kW) from solar
energy and maintain a reasonable battery reserve (up to 40% of total mass). The structure has
sufficient strength and stability for flights at altitudes of up to 30 km.

3. Results and Discussion

In this study, KMU-3 carbon fiber composite was identified as the optimal material for a
lightweight and durable aircraft structure, combining high mechanical performance with relatively
low density. According to calculations performed in ANSYS Mechanical, a wall thickness of
approximately 0.1 mm allows the carbon fiber composite to achieve the required density of 1400
kg/m3, while meeting strict weight constraints (not exceeding 400 kg for the unmanned aircraft).

Verification of the weight characteristics after FEM analysis in ANSYS Mechanical confirmed
that a shell thickness of 0.1 mm was the optimum choice: further reduction could lead to an
unacceptable loss of stiffness, while increasing the thickness would result in excessive weight gain.
Based on this, an unconventional AAA configuration was proposed in the form of a truss structure
made of thin-walled carbon fiber tubes. This design (Figure 12) allows significant weight reduction
while maintaining high structural strength.

Prototypes of tubes and fittings were fabricated to verify the computational models and to
determine the mechanical properties of the materials (Figure 13). Tubes made from Kevlar, glass fiber
and carbon fiber were produced using 3D printing methods and were later used as the basis for
composite fittings. Laboratory tests included tensile, compression, impact and bond strength. The
results showed that the strength and stiffness of these joints matched the calculated values and met
aerospace structural requirements.

Density — 14,000 kg/m3
Volume - 0.24 m3

Weight — 342.6 kg
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leading edge

Density — 14,000 kg/m3
Volume - 0.1 m3

Weight - 139.53 kg

Density — 14,000 kg/m3
Volume - 0.06 m?

Weight — 84 kg

(a) (b)

Figure 12. Structural Configurations of the Wing and Their Physical Parameters. (a) Wing Structural
Frameworks; (b) Physical Characteristics of the Structures.

Figure 13. Samples of Kevlar, glass fiber and carbon fiber tubes for fitting manufacture.

The results obtained confirmed the high fatigue strength of the KMU-3 carbon fiber composite
compared to Kevlar and glass fiber, as well as its good compatibility with epoxy resins. This confirms
the correct choice of material for the key structural elements of the AAA.

As part of the development of the structural layout, assembly components and containers were
designed to house the avionics, power elements, parachute system and a shock-absorbing airbag
(Figures 14-17). This modular configuration allows the internal structure to be adapted for different
missions and operating conditions, while maintaining a predominantly truss-based load-bearing
scheme.
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Figure 16. AAA structural insert assembly components.
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Figure 17. Assembly components of the insert and canister.

Avionics, power elements, parachute storage and deployment, and the impact absorbing airbag
Comprehensive Evaluation Results:

- The total mass of the aircraft does not exceed 400 kg, with batteries accounting for up to 40% of
the total weight;

- The aerodynamic efficiency of the "flying wing" configuration (delta and rhombic profiles) is in
line with the computational predictions, ensuring lift and maneuverability at altitudes up to 30
km.

The results of numerical modelling (CFD, FEM) and prototype testing thus confirm the
feasibility of using KMU-3 carbon fiber composite as the primary material for the truss structure. In
addition, the chosen unconventional aerodynamic AAA design is proving effective in achieving
minimum weight while maintaining the required strength, operational and energy characteristics.

Future plans include extended flight testing and further optimization of structural elements in
response to advances in 3D printing technologies, composite bonding and control systems.

4. Conclusions

The selection of composite materials for UAV’s operating in extreme conditions requires
detailed analysis. The study showed that KMU-3 carbon fiber composite is optimal for structural
components and shells due to its high strength, low density and resistance to delamination. The
developed lightweight truss structure, based on thin-walled carbon fiber tubes joined by fitting-based
thermal bonding, provides the required strength margin with minimum weight.

CFD analysis confirmed the efficiency of unconventional aerodynamic configurations that help
reduce dimensions and structural mass, while FEM modelling identified the possibility of optimizing
tube wall thickness and fiber orientation to achieve a target mass of 400 kg. The study took into
account aerodynamic loads, self-weight and potential impact and vibration effects.

Laboratory tests showed that the KMU-3 carbon fiber composite outperformed Kevlar and glass
fiber in terms of fatigue resistance, and that the epoxy adhesive joints reliably withstood operational
loads. The integrated approach, combining computational modelling and experimental testing,
improved the accuracy of material selection and optimized the UAV structure.

The results can be applied to the development of next-generation high-altitude pseudo-satellites
capable of long-duration loitering at altitudes of 20-30 km.
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Abbreviations

The following abbreviations are used in this manuscript:
AAA Autonomous Aviation Apparatus
ANSYS  Engineering simulation software used for FEM analysis
CAD Computer-Aided Design
CFD Computational Fluid Dynamics
CMCs  Ceramic Matrix Composites
CFRP Carbon Fiber Reinforced Polymer
FEM Finite Element Method
FRP Fiber Reinforced Polymer
HAPS High-Altitude Pseudo-Satellite
Kevlar A type of aramid composite material
KMU-3  Specific grade of Carbon Fiber Reinforced Plastic used in aerospace
MMCs  Metal Matrix Composites
NASA  National Aeronautics and Space Administration
SiC Silicon Carbide (ceramic composite material)
SSiC Sintered Silicon Carbide
UAV Unmanned Aerial Vehicle
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