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ABSTRACT

To address the limitations of conventional absorbers, such as low efficiency, narrow bandwidth, and complex fabrication, this
study investigates graphene composites for high-performance microwave absorbers. Building on existing structures (e.g., strip
and sandwiched types), we propose an innovative 3D printing approach for graphene absorber manufacturing. This technique
enhances absorption efficiency and bandwidth by precisely controlling 2D patterns and 3D structures, while simultaneously
simplifying production and reducing material waste, offering a novel strategy for customizable absorber design.
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1 Introduction

The world has now fully entered the information age, characterized by the proliferation of diverse electromagnetic
devices and applications. Against this backdrop, the importance of microwave absorbers has become increasingly
prominent. In the military domain, the continuous advancement of electromagnetic detection technologies—such as
satellites and radar—poses severe challenges to the concealment of weapons and troops. As a crucial stealth technology,
microwave absorber coatings effectively absorb incoming electromagnetic waves from adversaries, significantly
attenuating or even eliminating reflected signals ™. Thereby, they shield against enemy detection and ensure the
survivability and operational effectiveness of military assets. Moreover, absorbers play an indispensable role in civilian
applications. For example, absorbing coatings are widely applied on specialized protective clothing (e. g., chemical
protection suits) and communication signal towers. Their primary function is to isolate harmful electromagnetic radiation,
substantially reduce electromagnetic interference (EMI), and safeguard human health, while also enhancing equipment
operational stability and communication quality. It can be asserted that absorber technology serves as a critical barrier for
maintaining electromagnetic space security, ensuring the reliable operation of electronic equipment, and improving
quality of life 2.

To date, various graphene-based composite absorbers have been developed. The strip-embedded structure offers
high sensitivity at resonant frequencies and exhibits extremely high absorption rates (>90%) for specific frequency bands.
The switchable sandwiched structure features a simple design, ease of fabrication, and dynamic tunability, enabling the
switching between wideband and narrowband characteristics on a single-layer pattern. The oblique-incidence ultra-
wideband structure demonstrates stable and excellent absorption performance even at large incident angles. Unlike
traditional angularly stable absorbers, its performance improves with increasing incidence angle. These structures
respectively highlight the significant advantages of graphene in the field of microwave absorption .

Graphene, a single-atom-layer, two-dimensional honeycomb lattice carbon material exfoliated from graphite, exhibits
exceptional electrical and thermal properties owing to its unique sp* hybridized carbon bonds, making it a highly
promising ideal absorbing material . Additive manufacturing (3D printing) technology, which operates through layer-by-
layer deposition, enables precise control over the in-plane arrangement of materials and facilitates the efficient
construction of complex three-dimensional structures. This approach significantly simplifies the manufacturing process
and enhances production speed . Furthermore, this technology greatly reduces material waste, improves utilization
rates, and effectively lowers manufacturing costs. This project focuses on the core objectives of enhancing absorber
performance—improving absorption efficiency and broadening the absorption bandwidth. It systematically reviews the
advantages and challenges of graphene composite absorbers and innovatively proposes a design and manufacturing
methodology for graphene-based absorbers utilizing 3D printing technology, thereby offering a novel approach for the
development of high-performance microwave absorbers.

2 Research Objectives and Method
2.1 Research Objectives

The research objectives of this project primarily encompass the following two aspects: First, to enhance the
electromagnetic wave absorption efficiency of the absorbers and broaden their effective absorption bandwidth. Through
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systematic optimization of the microstructural arrangement of graphene sheets and the component ratio of composite
materials, the aim is to significantly improve the working efficiency and frequency band coverage of the absorbers
without compromising their absorption performance, while further reducing their structural thickness. Second, to explore
the application potential of 3D printing technology in the fabrication process of absorbers. The focus will be on evaluating
the suitability and formability of graphene-based inks during the 3D printing process, ensuring they meet the
requirements of high-precision printing technology, thereby providing a material foundation for the controllable
fabrication of absorbers with complex structures.

Centered around the above objectives, this study mainly consists of the following three parts: First, a systematic
investigation into the rheological properties and printability of graphene-based inks to clarify their feasibility and stability
under typical 3D printing conditions, thereby providing a basis for the printed fabrication of structured absorbers.
Second, the design and construction of an ultra-thin sandwich-type graphene composite absorption structure, with an in-
depth study of its electromagnetic response characteristics in a thinned state, analyzing the mechanisms and potential for
achieving efficient electromagnetic absorption across a broad frequency range. Finally, a systematic analysis of the
advantages of 3D-printed graphene composite absorbers in terms of structural flexibility, performance tunability, and
process integration, offering theoretical support and technical pathways for their application in new electromagnetic
protection and stealth materials.

2.2 Research Innovations

In terms of research innovation, this study first proposes a novel approach to enhance wave-absorption performance
by precisely regulating the orientation and distribution pattern of graphene sheets. Compared with traditional disordered
composite systems, a well-organized microstructure design helps optimize electromagnetic wave propagation paths and
loss mechanisms, offering a new direction for the structural design of high-performance graphene-based absorbers.
Secondly, the introduction of 3D printing technology into the fabrication process of graphene composite absorbers
enables high-precision and integrated forming of complex structural absorbers. This approach effectively reduces the
manufacturing costs and processing difficulties associated with conventional techniques, while significantly improving
production efficiency and structural consistency.

Regarding methodological innovation, this research integrates a multi-strategy approach combining multi-scale
simulation, experimental characterization, and theoretical modeling. Through mutual validation and complementation of
various methods, the limitations of any single research method are overcome, enhancing the reliability of the conclusions
and expanding the depth and breadth of the investigation.

2.3 Research Scheme

This research primarily employs literature review, inductive summarization, and qualitative analysis as its core
methodological approaches. Firstly, a systematic retrieval and screening of relevant domestic and international literature
will be conducted, prioritizing seminal, authoritative, and highly relevant studies for in-depth review and critical analysis.
Building upon this foundation, existing research will be systematically organized and synthesized, with a focus on
summarizing research content, key findings, and innovations in the fields of graphene composite wave-absorbing
materials and 3D-printed graphene composites. Finally, qualitative analysis will be utilized to systematically examine the
advantages and existing limitations of 3D-printed graphene composite absorbers in current research, thereby providing a
theoretical basis for subsequent experimental design and technical optimization.

3 Research Results
3.1 Microwave Asorption Prformance of Gaphene Mterials

The operational principle of microwave absorbers primarily relies on two mechanisms: dissipative conversion of
electromagnetic energy and destructive interference. When electromagnetic waves impinge on the surface of a
composite absorber, the metallic structures in the surface layer effectively capture the incident waves. The waves are then
transmitted through the dielectric layer to the functional absorption layer. Within this layer, multiple responses may occur,
including reflection, absorption, and refraction. The absorbed electromagnetic energy is converted into electrical and
thermal energy via electrical and thermal loss mechanisms ™. The efficiency of this conversion depends critically on the
electrical and thermal properties of the absorbing material, such as electrical conductivity, dielectric constant, and
thermal conductivity. Graphene exhibits remarkable advantages in this regard due to its excellent electrical and thermal
characteristics.

Graphene is a two-dimensional honeycomb lattice material composed of carbon atoms with sp’ hybrid orbitals. Its
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single-atom-layer structure confers an extremely low thickness and a high specific surface area, with a theoretical value
reaching 2600 m%g. In terms of mechanical properties, graphene demonstrates a outstanding Young's modulus of
approximately 1.0 TPa and a theoretical tensile strength of about 130 GPa. Regarding electrical and thermal performance,
the presence of delocalized m-bonds and high-mobility charge carriers in its crystal structure leads to an extremely high
charge carrier mobility, up to 15,000 cm?/V-s at room temperature, and a thermal conductivity as high as 5300 W/m-K in
suspended monolayer form, surpassing those of carbon nanotubes and diamond ¥.

Owing to these comprehensive advantages, graphene exhibits exceptional electromagnetic wave absorption
performance, making it highly suitable as a critical absorbing material in high-performance microwave absorbers.

3.2 Feasibility Aalysis of 3D Pinting with Gaphene Ink

The feasibility of applying graphene ink in three-dimensional printing is fundamentally rooted in the high
compatibility between its unique rheological properties and the requirements of additive manufacturing processes. As a
typical non-Newtonian fluid, graphene ink, particularly graphene oxide dispersion systems, exhibits notable shear-
thinning behavior: under the high shear field within the print nozzle, the ink's viscosity decreases sharply enabling
smooth extrusion, while upon stress removal after extrusion, its internal structure rapidly recovers, achieving a transition
in viscoelastic state that effectively maintains the morphological stability of the extruded filaments. This rheological
characteristic is particularly critical for ensuring shape fidelity in complex three-dimensional structures during direct ink
writing processes V.

Furthermore, this material system demonstrates broad process adaptability, as its rheological properties can be
precisely designed through adjustments in solid content and addition of rheological modifiers to meet various printing
structure requirements. The entire printing process can typically be completed under ambient conditions, significantly
reducing equipment complexity and energy consumption requirements. The green body formed after printing can be
further optimized through subsequent processing techniques such as thermal reduction to enhance its structural
integrity. This complete technical pathway—from material rheological design and printing parameter optimization to
post-processing routes—establishes a solid foundation for achieving high-precision manufacturing of graphene ink in
three-dimensional printing .

3.3 Arrangement of Gaphene Lyered sructures

In the structural design of graphene-based electromagnetic wave absorbing materials, different micro-architectures
exhibit systematic influences on the manipulation of their electromagnetic properties. Although the disordered/randomly
distributed struct78 ure offers facile fabrication and can achieve dielectric loss via interface polarization, its restricted
impedance matching capability limits the absorption bandwidth. The three-dimensional porous network structure
demonstrates exceptional impedance matching characteristics due to its ultra-high porosity, which is conducive to
broadband absorption; however, its mechanical performance often presents an application bottleneck. The gradient
layered structure enables the construction of an efficient broadband "impedance trap" through precise gradient design of
interlayer electromagnetic parameters, yet its multi-layer fabrication process is relatively complex. In contrast, the
vertically aligned structure establishes an anisotropic oriented conductive network, demonstrating unique advantages in
synergizing impedance matching with multiple loss mechanisms. It is regarded as the most promising architectural
strategy for balancing absorption intensity, operational bandwidth, and thickness effects .

The vertically aligned graphene structure exhibits remarkable potential for highly efficient electromagnetic wave
absorption by constructing an anisotropic three-dimensional conductive network. Its superior performance originates
from the systematic optimization of impedance matching and loss mechanisms. This configuration exhibits a lower
equivalent permittivity in the direction perpendicular to the wave incidence, attributable to interlayer air gaps and limited
transverse conductive pathways, thereby significantly reducing interfacial reflection and promoting deep penetration of
electromagnetic waves. Once infiltrated, electromagnetic energy is synergistically dissipated through multiple efficient
mechanisms: firstly, the nanoscale gaps between adjacent graphene layers induce intense interfacial polarization
relaxation; secondly, induced currents traveling along the axial direction of the layers must repeatedly overcome high
inter-sheet contact resistance, resulting in notable conductive loss; concurrently, the electromagnetic wave undergoes
multiple reflections and scattering within the densely packed layers, effectively prolonging the propagation path and
further enhancing energy attenuation. This unique structural design enables the absorber to simultaneously achieve
broad bandwidth absorption and strong attenuation performance at subwavelength thicknesses "%,
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4 Conclusion

This paper addresses the pressing demand for high-performance microwave-absorbing materials in current
electromagnetic protection and stealth technologies by proposing a novel solution that integrates 3D printing
technology with graphene materials. The study systematically elaborates on the intrinsic advantages of graphene as an
ideal absorbing material, including its exceptional electrical, thermal, and mechanical properties derived from its unique
two-dimensional structure, which establishes a material foundation for constructing an efficient electromagnetic loss
system. Innovatively, this research shifts the focus of material investigation toward microstructural regulation. By
designing vertically aligned graphene configurations, it successfully optimizes the material's impedance matching
characteristics and synergistic effects of multiple electromagnetic loss mechanisms, providing a new design paradigm for
achieving performance breakthroughs in broadband, strong absorption, and reduced thickness.

At the manufacturing level, this study verifies the feasibility of graphene-based inks in 3D printing technology. Their
notable shear-thinning behavior and rapid structural recovery capability ensure the precise formation of complex three-
dimensional structures. This integration of materials and processes effectively overcomes the limitations of conventional
manufacturing methods—such as complex processing, high costs, and poor consistency—in fabricating absorbers with
intricate architectures, thereby establishing a viable technical pathway for the production of high-performance absorbers
with integrated structural and functional properties.

Looking ahead, the technological framework established in this study charts a course for the development of next-
generation microwave-absorbing materials. Future research could focus on the development of multi-material systems
and the refined regulation of ink formulations to further enhance the comprehensive performance of printed structures.
Concurrently, the vast potential of 3D printing in realizing bio-inspired structures and functionally graded materials
should be fully exploited, combined with artificial intelligence and multi-scale simulation design to achieve on-demand
precision customization of absorption performance. Ultimately, this technology is expected to advance microwave-
absorbing materials toward intelligent, multifunctional, and structurally integrated evolution, with applications
expanding from military stealth to broader civilian markets such as 5G/6G communications, electromagnetic
compatibility of electronic devices, and human electromagnetic protection.
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