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ABSTRACT: Additive manufacturing (AM) of continuous carbon fiber-reinforced composites has emerged as a
transformative approach in the fabrication of lightweight, high-performance structures for unmanned aircraft systems
(UAS). These multifunctional composites offer superior mechanical strength, structural efficiency, and the potential for
integrating sensing and thermal management capabilities. This study presents an experimental investigation into the
mechanical, thermal, and structural performance of additively manufactured continuous carbon fiber composites
tailored for UAS applications. Specimens were fabricated using fused deposition modeling (FDM) techniques with in-
situ fiber reinforcement, and key parameters such as fiber orientation, layer thickness, and printing temperature were
systematically varied. Mechanical testing, including tensile, flexural, and interlaminar shear tests, was conducted
alongside microstructural analysis using scanning electron microscopy. The results demonstrate that optimized printing
parameters significantly enhance mechanical properties and reduce defects such as porosity and weak interlayer
bonding. The study highlights the potential of multifunctional continuous carbon fiber composites in improving UAS
performance through weight reduction, structural integrity, and functional integration.
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I. INTRODUCTION

Unmanned Aircraft Systems (UAS) are increasingly utilized in surveillance, environmental monitoring, logistics, and
defense applications. The demand for lightweight, high-strength, and multifunctional materials has driven the adoption
of advanced composite materials in UAS structures. Continuous carbon fiber-reinforced polymer composites are
particularly attractive due to their exceptional strength-to-weight ratio and stiffness.

Traditional manufacturing methods for composite materials often involve complex tooling, high costs, and limited
design flexibility. Additive manufacturing provides a novel alternative by enabling layer-by-layer fabrication of
complex geometries without the need for molds. This technology allows precise control over material placement, fiber
orientation, and internal architecture, which are critical for optimizing performance.

Recent advancements in additive manufacturing have enabled the integration of continuous carbon fibers into
thermoplastic matrices, resulting in composites with enhanced mechanical properties and design flexibility. These
materials are capable of meeting the stringent requirements of UAS structures while offering additional functionalities
such as embedded sensing and thermal management.
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Il. LITERATURE REVIEW

Recent research has focused on improving the mechanical performance and manufacturability of additively
manufactured continuous carbon fiber composites. Studies have shown that process parameters such as fiber
orientation, layer thickness, and printing temperature significantly influence the mechanical behavior of printed
composites . The alignment of fibers along load paths has been identified as a critical factor in enhancing tensile
strength and stiffness.

Advancements in additive manufacturing techniques have also enabled the fabrication of complex composite structures
with improved structural efficiency. Continuous carbon fiber-reinforced composites produced through FDM exhibit
high tensile strength and modulus, although challenges such as porosity and interlayer bonding remain . Furthermore,
the development of high-throughput manufacturing techniques has improved production efficiency while maintaining
mechanical performance .

Recent studies highlight the potential of additive manufacturing for multifunctional applications, including structural
health monitoring and thermal management. The ability to integrate multiple functionalities into a single component
makes these composites highly suitable for UAS applications. However, challenges related to process optimization,
material compatibility, and scalability continue to be areas of active research .

I11. MATERIALS AND METHODOLOGY

3.1 Materials

The composite material used in this study consists of continuous carbon fibers embedded within a thermoplastic matrix,
such as polylactic acid (PLA) or nylon. The matrix material provides structural support and environmental resistance,
while the carbon fibers serve as the primary load-bearing component.

3.2 Additive Manufacturing Process

Specimens were fabricated using fused deposition modeling with a dual-feed system that simultaneously deposits
thermoplastic material and continuous carbon fibers. The printing process involves heating the thermoplastic matrix to
a molten state and embedding the fibers during extrusion, ensuring proper bonding and alignment.

3.3 Process Parameters

Key process parameters investigated in this study include printing temperature, layer thickness, fiber volume fraction,
and fiber orientation. These parameters were varied systematically to evaluate their effects on mechanical and structural
properties.

3.4 Experimental Testing

Mechanical testing was conducted to evaluate tensile strength, flexural strength, and interlaminar shear strength.
Thermal properties were analyzed using differential scanning calorimetry, while microstructural characterization was
performed using scanning electron microscopy to examine fiber distribution and interfacial bonding.

IV. RESULTS AND DISCUSSION

4.1 Mechanical Properties

The experimental results indicate that fiber orientation plays a crucial role in determining mechanical performance.
Specimens with fibers aligned along the loading direction exhibited significantly higher tensile strength compared to
those with random or perpendicular orientations. This behavior is attributed to efficient load transfer along the fiber
direction.

The tensile strength of optimized specimens approached values comparable to conventionally manufactured
composites, demonstrating the effectiveness of additive manufacturing in producing high-performance materials.
Flexural and interlaminar shear tests revealed that improved interlayer bonding significantly enhances overall structural
integrity.

4.2 Effect of Process Parameters

Printing temperature was found to influence the degree of bonding between layers. Higher temperatures improved
interlayer adhesion but also increased the risk of material degradation. An optimal temperature range was identified to
balance these effects.
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Layer thickness affected the resolution and mechanical performance of the printed parts. Thinner layers resulted in
improved surface finish and mechanical properties due to better bonding between layers. Fiber volume fraction also
played a critical role, with higher fiber content leading to increased stiffness and strength.

4.3 Microstructural Analysis

Scanning electron microscopy revealed that void formation and poor fiber-matrix bonding are major defects in
additively manufactured composites. Optimized process parameters reduced these defects, resulting in a more uniform
microstructure and improved mechanical performance.

The study also observed that proper impregnation of fibers within the matrix is essential for achieving high strength.
Inadequate impregnation leads to weak interfaces and reduced load transfer efficiency.

4.4 Multifunctional Capabilities

One of the key advantages of additively manufactured composites is their ability to incorporate multiple functionalities.
Continuous carbon fibers can be used not only for structural reinforcement but also for electrical conductivity and
sensing applications.

The integration of multifunctional capabilities allows for real-time monitoring of structural health, enabling early
detection of damage and improving the safety and reliability of UAS. Additionally, thermal management can be
enhanced through the conductive properties of carbon fibers.

V. OPTIMIZATION OF ADDITIVE MANUFACTURING PARAMETERS

The optimization of process parameters is essential for achieving high-quality composites. Response surface
methodology and statistical analysis were used to identify optimal parameter combinations. The results indicate that a
balanced combination of printing temperature, fiber orientation, and layer thickness yields the best mechanical
performance.

Advanced optimization techniques, including machine learning, have been proposed to further enhance process control
and predict material behavior. These approaches enable real-time adjustment of printing parameters, improving
consistency and reducing defects.

VI. APPLICATIONS IN UNMANNED AIRCRAFT SYSTEMS

The use of additively manufactured continuous carbon fiber composites in UAS offers several advantages, including
weight reduction, improved structural efficiency, and enhanced functionality. These materials are particularly suitable
for components such as wings, fuselage structures, and propellers.

The ability to produce complex geometries and integrate multiple functions into a single component reduces the need
for assembly and improves overall system performance. Additionally, additive manufacturing enables rapid prototyping
and customization, which are critical for UAS development.

VIl. ADVANTAGES AND LIMITATIONS
Additive manufacturing of continuous carbon fiber composites provides significant advantages, including design
flexibility, reduced material waste, and the ability to produce complex structures. The integration of multifunctional
capabilities further enhances the value of these materials.
However, challenges such as limited production speed, high equipment costs, and variability in material properties

must be addressed. Issues related to interlayer bonding and porosity also need to be resolved to ensure consistent
performance.
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VIII. CONCLUSION

This study demonstrates that additively manufactured continuous carbon fiber composites offer significant potential for
UAS applications. Experimental investigations confirm that optimized process parameters can significantly improve
mechanical properties and structural performance. The integration of multifunctional capabilities further enhances the
applicability of these materials in advanced aerospace systems.

The findings highlight the importance of process optimization and material characterization in achieving reliable and
high-performance composites. Additive manufacturing is expected to play a key role in the future development of UAS
structures, enabling lightweight, efficient, and multifunctional designs.

IX. FUTURE SCOPE

Future research should focus on improving manufacturing efficiency, enhancing material properties, and developing
advanced optimization techniques. The integration of smart materials and real-time monitoring systems will further
expand the capabilities of additively manufactured composites in aerospace applications.
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