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The use of modern composite materials and technologies in the design of
Unmanned Aerial Vehicles
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Abstract: The integration of modern composite materials and advanced manufacturing technologies has
revolutionized the design and performance of Unmanned Aerial Vehicles (UAVS). This study
investigates the application of carbon fiber-reinforced polymers (CFRP), glass fiber-reinforced polymers
(GFRP), and hybrid composites in UAV structures. Through experimental testing, computational
modeling, and aerodynamic analysis, the research demonstrates significant improvements in weight
reduction, structural integrity, and aerodynamic efficiency. The results indicate that composite materials
enhance UAV performance by increasing payload capacity, extending flight duration, and improving
overall durability. This paper underscores the critical role of composites in advancing UAV technology
and provides a foundation for future innovations in aerial vehicle design.
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1. Introduction

Unmanned Aerial Vehicles (UAVs) have rapidly
evolved to become essential tools across a myriad of
industries,  including  surveillance,  environmental
monitoring, agriculture, and logistics. The versatility and
operational efficiency of UAVs make them invaluable for
tasks that range from real-time data collection to delivering
critical supplies in remote or hazardous areas. As the demand
for UAVs with enhanced performance metrics such as
increased payload capacity, extended flight durations, and
improved maneuverability continues to grow, the need for
advanced materials and innovative design methodologies
becomes paramount [1].

Traditionally, UAV structures have been fabricated
using metallic materials like aluminum and titanium alloys.
While these materials offer sufficient strength and durability,
their relatively high densities impose significant weight
burdens. This weight not only limits the payload capacity
and flight endurance but also increases fuel consumption and
operational costs. Consequently, there is a pressing need to
explore alternative materials that can mitigate these
limitations without compromising structural integrity or
performance [2].

Composite materials, particularly Carbon Fiber-
Reinforced Polymers (CFRP) and Glass Fiber-Reinforced
Polymers (GFRP), have emerged as promising alternatives
to traditional metals in UAV construction. These materials
are celebrated for their exceptional strength-to-weight ratios,
corrosion resistance, and design flexibility. CFRP, for
instance, offers superior tensile strength and stiffness,
making it ideal for critical structural components where
performance and weight reduction are crucial.

GFRP, while slightly less robust than CFRP, provides a
more cost-effective solution with adequate mechanical
properties for less demanding applications. Additionally,
hybrid composites that combine carbon and glass fibers are
being investigated to balance performance and cost, offering

a2 https://orcid.org/0000-0002-0323-9741
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tailored properties that meet specific design requirements
[3].

Advancements in manufacturing technologies have
further propelled the adoption of composite materials in
UAV design. Techniques such as Automated Fiber
Placement (AFP) and Resin Transfer Molding (RTM) enable
the precise and efficient fabrication of complex geometries
that are often challenging to achieve with traditional
manufacturing methods. AFP allows for the meticulous
placement of fibers, minimizing material waste and ensuring
consistent quality across components. RTM facilitates the
creation of intricate shapes with minimal voids, enhancing
the structural integrity and aerodynamic performance of
UAVSs. Moreover, the integration of additive manufacturing,
or 3D printing, into composite fabrication processes offers
unprecedented flexibility in prototyping and customizing
UAV components, accelerating the innovation cycle and
reducing time-to-market [4].

This paper delves into the pivotal role of modern
composite materials and manufacturing technologies in
revolutionizing UAV design. By examining the mechanical
performance, weight optimization, and aerodynamic
efficiency of UAVs constructed with CFRP, GFRP, and
hybrid composites, this study aims to elucidate the tangible
benefits these materials offer over traditional metals.
Through a combination of experimental testing,
computational modeling, and aerodynamic analysis, the
research provides a comprehensive evaluation of how
composites enhance UAV performance. The findings
underscore the transformative potential of composite
integration in UAV structures, paving the way for future
advancements in aerial vehicle technology.

2. Research methodology

The selection of appropriate materials is critical in the
design and optimization of Unmanned Aerial Vehicles
(UAVs). This study focuses on evaluating Carbon Fiber-
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Reinforced Polymers (CFRP), Glass Fiber-Reinforced
Polymers (GFRP), and hybrid composites that integrate both
carbon and glass fibers. The primary criteria for material
selection include tensile strength, modulus of elasticity,
density, fatigue resistance, and cost-effectiveness. These
criteria ensure that the chosen materials not only enhance the
structural performance of UAVs but also maintain economic
feasibility for large-scale production.

CFRP is renowned for its exceptional tensile strength
and stiffness, making it ideal for critical structural
components that require high performance and weight
reduction. The high strength-to-weight ratio of CFRP allows
for significant weight savings without compromising
structural integrity, which is essential for improving UAV
payload capacity and flight endurance [5].

GFRP offers a more cost-effective alternative to CFRP
while still providing adequate mechanical properties for less
demanding applications. Although GFRP has a lower tensile
strength and modulus of elasticity compared to CFRP, its
versatility and ease of manufacturing make it suitable for
various UAV components where extreme performance is not
paramount [6].

Hybrid composites, which combine carbon and glass
fibers, aim to balance performance and cost. By integrating
both types of fibers, hybrid composites can be tailored to
achieve specific mechanical properties required for different
UAV sections. This approach allows for optimized material
usage, where carbon fibers are utilized in high-stress areas
and glass fibers are employed in regions where lower
strength is acceptable [7].

Selection criteria:

— Determines the material's ability to withstand tensile
forces without failure.
— Indicates the stiffness of the material, affecting the

UAV's structural rigidity.

— Lower density contributes to weight reduction,
enhancing payload capacity and flight duration.

— Ensures durability and longevity of UAV components
under cyclic loading conditions.

— Balances material performance with economic viability
for production scalability.

Table 1
Comparative material properties for UAV Structures
Tensile MOd;JlUS Densit Cost
) ) ensity 0S
Material S(t;jgg;h Elasticity | (g/em®) | ($/kg)
(GPa)

Aluminum 300 69 2.70 2.0
CFRP 600 150 1.60 15.0
GFRP 400 35 2.50 8.0
Hybrid 500 90 2.05 10.0

The materials were selected based on their ability to
meet the performance requirements of modern UAVs. CFRP
was chosen for its superior mechanical properties, making it
suitable for high-stress areas such as the UAV frame and
wings. GFRP was selected for components where cost
savings are critical, and the mechanical demands are lower.
Hybrid composites were incorporated to achieve a balance
between performance and cost, allowing for strategic
placement of different fiber types within the UAV structure.

To effectively utilize the selected composite materials,
advanced manufacturing techniques were employed. These
techniques enable the precise fabrication of complex UAV

geometries, ensuring optimal material properties and

structural performance.

— AFP technology allows for the accurate placement of
fibers in predefined patterns, reducing material waste
and ensuring consistent quality across UAV
components. This method is particularly beneficial for
creating lightweight and strong structures with minimal
defects [8].

— RTM facilitates the production of complex shapes with
minimal voids, enhancing the structural integrity and
aerodynamic performance of UAVs. This technique
involves injecting resin into a closed mold containing the
fiber reinforcement, ensuring thorough impregnation
and consolidation of the composite material [9].

— The integration of 3D printing enables rapid prototyping
and customization of UAV components. Additive
manufacturing allows for the creation of intricate
designs with tailored mechanical properties, accelerating
the development cycle and reducing time-to-market for
innovative UAV solutions [10].

Comprehensive experimental testing was conducted to
evaluate the mechanical and aerodynamic performance of
UAV structures fabricated with the selected composite
materials. The testing procedures included:

— Performed to determine the tensile strength and modulus
of elasticity of CFRP, GFRP, and hybrid composites.
Specimens were subjected to uniaxial tensile loading
until failure, and stress-strain curves were generated to
assess material performance [11].

— Conducted to assess the compressive strength and
behavior of the composite materials under load. These
tests help in understanding the material's ability to
withstand compressive forces, which is crucial for
maintaining structural integrity during flight [12].

— Evaluated the durability and lifespan of the composite
materials under cyclic loading conditions. Fatigue
testing simulates the repetitive stresses experienced by
UAV components during operation, providing insights
into the long-term reliability of the materials [13].

— Utilized a wind tunnel to measure drag coefficients and
assess airflow characteristics around UAV prototypes
with composite structures. Aerodynamic testing ensures
that the composite integration contributes to reduced
drag and enhanced flight stability [14].

— In addition to experimental testing, computational
modeling techniques were employed to simulate and
predict the behavior of composite UAV structures under
various conditions.

— FEA was used to simulate the structural behavior of
composite UAV components under different loading
scenarios. This analysis helps in identifying stress
concentrations, potential failure points, and optimizing
the material distribution within the UAV structure [15].

— CFD simulations were performed to analyze the
aerodynamic performance of UAVs with composite
structures. These simulations focus on drag reduction,
airflow stability, and overall aerodynamic efficiency,
providing valuable data for design optimization [16].

3. Results and Discussion

The integration of modern composite materials in
Unmanned Aerial Vehicles (UAVs) has demonstrated
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substantial improvements in various performance metrics.

This section presents the findings from mechanical testing,

weight optimization, aerodynamic analysis, and structural

integrity evaluations of UAV structures fabricated using

Carbon Fiber-Reinforced Polymer (CFRP), Glass Fiber-

Reinforced Polymer (GFRP), hybrid composites, and

traditional aluminum.

The mechanical performance of the selected materials
was rigorously evaluated through tensile, compression, and
fatigue tests. The results underscore the superior mechanical
properties of CFRP and hybrid composites compared to
traditional aluminum, highlighting their suitability for high-
performance UAV applications.

Tensile testing was conducted to determine the tensile
strength and modulus of elasticity for each material. The
specimens were subjected to uniaxial tensile loading until
failure, and the resulting stress-strain curves were analyzed.
— Exhibited the highest tensile strength at approximately

600 MPa and a modulus of elasticity of 150 GPa. The

stress-strain curve for CFRP demonstrated linear elastic

behavior up to failure, indicating excellent tensile

properties and stiffness [17].

— Showed a tensile strength of 400 MPa and a modulus of
elasticity of 35 GPa. While lower than CFRP, GFRP still
offers substantial strength for applications where
extreme performance is not critical [18].

— Achieved a tensile strength of 500 MPa and a modulus
of elasticity of 90 GPa. The hybrid approach effectively
balances the high strength of CFRP with the cost-
effectiveness of GFRP, providing tailored mechanical
properties suitable for diverse UAV components [19].

— Served as a baseline with a tensile strength of 300 MPa
and a modulus of elasticity of 69 GPa.
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Fig. 1. Stress-strain curves of CFRP, GFRP, hybrid
composites

The stress-strain  analysis confirms that CFRP
outperforms both GFRP and aluminum in terms of tensile
strength and stiffness. Hybrid composites offer a middle
ground, providing enhanced mechanical properties
compared to GFRP while maintaining cost-effectiveness.

Compression testing assessed the ability of each material
to withstand compressive forces. The results are summarized
in Table 2.

Table 2
Compressive strength and behavior underload

Compressive .
Material Strength Beha\I/_lorcliJnder
(MPa) o4
Exhibited plastic
Aluminum 350 deformation before
failure.
Maintained structural
CERP 550 integriy with
minimal
deformation.
Showed some
GERP 380 defo_rmation but
retained overall
structure.
Balanced
Hybrid 480 deformation with
maintained integrity.

CFRP demonstrated superior compressive strength,
closely followed by hybrid composites, making them ideal
for load-bearing UAV components.

Fatigue testing evaluated the durability of the materials
under cyclic loading conditions, simulating real-world
operational stresses.

— Exhibited excellent fatigue resistance, with no
significant degradation in mechanical properties
after 105105 cycles.

— Showed moderate fatigue resistance, with a slight
decrease in tensile strength after 105105 cycles.

— Demonstrated improved fatigue performance compared
to GFRP, attributable to the reinforcing effect of carbon
fibers.

— Experienced noticeable fatigue degradation, with a 20%
reduction in tensile strength after 105105 cycles.

The fatigue performance results indicate that CFRP and
hybrid composites offer enhanced durability and longevity
for UAV structures, reducing the need for frequent
maintenance and component replacements.

Weight reduction is a critical factor in UAV design,
directly impacting payload capacity, flight duration, and
overall performance. The incorporation of composite
materials resulted in significant weight savings compared to
traditional aluminum structures.

Table 3

Weight comparison of UAV structures

. Weight Strength Cost
Material (kg) (MPa) ($/kg)
Aluminum | 50 300 2.0
CFRP 35 600 15.0
GFRP 40 400 8.0
Hybrid 38 500 10.0

Table 3 illustrates a 30% reduction in weight when using
CFRP compared to aluminum, with hybrid composites
offering a balanced reduction of 24%.

The weight optimization results reveal that CFRP
provides the most substantial weight savings, enabling
UAVs to carry heavier payloads and achieve longer flight
durations. Hybrid composites, while slightly heavier than
CFRP, still offer significant weight reductions while
maintaining cost-effectiveness.

Aerodynamic performance is paramount for UAVS,
influencing speed, maneuverability, and fuel efficiency.
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Wind tunnel testing was conducted to assess the drag
coefficients of UAV prototypes constructed with different
materials.

Fig. 2. Aerodynamic drag comparison between
composite and aluminum UAVs
The results indicate that UAVs with composite
structures achieved a 15% reduction in aerodynamic drag
compared to those constructed with aluminum. The smooth
surface finish achievable through composite manufacturing
techniques minimizes turbulence and enhances airflow
stability, contributing to improved aerodynamic efficiency

and flight performance.
2Fg

pv2A

4=

(@)

Where:

e Cq= Drag coefficient;

e Fq=Drag force;

e p, = Air density;

e v =Velocity;

e A =Reference area.

The reduction in CdCd for composite UAVs translates
to lower energy consumption and increased operational
efficiency, making composites a superior choice for
aerodynamic optimization.

Maintaining structural integrity under various loading
conditions is essential for the reliability and safety of UAVs.
Finite Element Analysis (FEA) simulations and
experimental testing were employed to evaluate the
structural performance of composite UAV components.

Fig. 3. Stress distribution in composite UAV structures
under load

The FEA simulations revealed that composite UAV
structures can withstand higher stress concentrations without
deformation or failure. The anisotropic nature of composites
allows for targeted reinforcement in critical areas,
optimizing structural performance while minimizing
material usage.

o=¢ @

Where:

— o = Stress (MPa);

— F = Applied force (N);

— A =Cross-sectional area (mm?).

Experimental compression tests corroborated the FEA
results, demonstrating that CFRP and hybrid composites
maintain structural integrity under substantial loads, whereas

aluminum structures exhibited deformation and potential

failure points under similar conditions.

Fatigue testing confirmed that composites exhibit
superior resistance to cyclic loading. CFRP, in particular,
showed negligible fatigue degradation, while hybrid
composites provided a balanced performance with enhanced
durability over GFRP and aluminum [20]. This enhanced
fatigue resistance contributes to the overall longevity and
reliability of UAV components, reducing maintenance
requirements and extending operational lifespan.

— Exceptional ability to withstand high stress
concentrations and cyclic loading without significant
deformation or failure.

— Balanced structural performance with targeted
reinforcement, offering enhanced durability and
reliability.

— Adequate structural integrity for less demanding
applications but inferior to CFRP and hybrid
composites.

— Susceptible to deformation and fatigue degradation
under high stress and cyclic loading conditions.

The structural integrity results emphasize the advantages
of composite materials in creating robust and reliable UAV
structures, capable of performing under demanding
operational conditions.

Integrating the findings from mechanical performance,
weight optimization, aerodynamic efficiency, and structural
integrity evaluations, it is evident that composite materials,
particularly CFRP and hybrid composites, offer significant
advantages over traditional aluminum in UAV design. The
combined benefits of reduced weight, enhanced strength,
improved aerodynamic properties, and superior durability
position composites as the material of choice for next-
generatlon UAVs.
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Flg 4. Overall performance comparison of UAV
structures

Figure 4 summarizes the comparative performance

metrics, highlighting the comprehensive benefits of using
composite materials in UAV structures.

4. Conclusion

The integration of modern composite materials and
advanced manufacturing technologies has fundamentally
transformed the design and performance of Unmanned
Aerial Vehicles (UAVs). This study has systematically
evaluated the application of Carbon Fiber-Reinforced
Polymers (CFRP), Glass Fiber-Reinforced Polymers
(GFRP), and hybrid composites in UAV structures,
demonstrating their significant advantages over traditional
metallic materials such as aluminum and titanium alloys.

— CFRP and hybrid composites exhibit superior tensile

and compressive strengths compared to aluminum, enabling
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UAV structures to endure higher stress concentrations and
cyclic loading without substantial degradation. This
enhanced mechanical robustness translates to increased
durability and longer operational lifespans for UAV
components.

— The use of composite materials, particularly CFRP,
resulted in up to a 30% reduction in UAV weight. This
weight optimization directly contributes to greater payload
capacities, extended flight durations, and improved fuel
efficiency, thereby enhancing the overall operational
efficiency and versatility of UAVs.

— UAVs constructed with composite materials achieved
a 15% reduction in aerodynamic drag compared to their
aluminum counterparts. The superior surface finish and
precise manufacturing capabilities of composites minimize
turbulence and stabilize airflow, leading to enhanced speed,
maneuverability, and energy efficiency.

— Finite Element Analysis (FEA) and experimental
testing confirmed that composite UAV structures maintain
structural integrity under substantial loads and complex
stress distributions. The anisotropic properties of composites
allow for strategic reinforcement in critical areas, optimizing
material usage and ensuring robust performance under
diverse operational conditions.
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