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Abstract 
The escalating electromagnetic interference (EMI) from high-density electronics, 
5G/6G telecommunications, and wireless systems necessitates advanced 
shielding materials that overcome the limitations of traditional metals heaviness, 
corrosion susceptibility, and reflection-dominant attenuation that generates 
secondary pollution. Polymer-based nanocomposites (PNCs) incorporating high-
performance nanofillers such as carbon nanotubes (CNTs), graphene/reduced 
graphene oxide (rGO), MXenes (e.g., Ti₃C₂Tₓ), carbon black, and magnetic 
hybrids (ferrites, Fe₃O₄, CoFe₂O₄) have emerged as superior alternatives, offering 
lightweight, flexible, corrosion-resistant, and absorption-dominant shielding 
through synergistic dielectric loss, magnetic loss, and multiple internal reflections. 
Shielding effectiveness (SE_T) is governed by Schelkunoff’s theory as SE_T = 
SE_R + SE_A + SE_M, with total values reaching 60–100+ dB depending on 
filler loading, architecture, and frequency (up to THz for 6G). Key mechanisms 
include impedance mismatch for reflection, polarization and conductive networks 
for absorption, and skin depth (δ = 1/√(πfμσ)) influencing multiple reflections 
in porous, segregated, or layered structures. Fabrication routes solution blending, 
melt processing, in-situ polymerization, segregated networks, freeze-casting for 
foams/aerogels, and 3D printing for lattice designs enable tunable percolation 
thresholds, low filler content (<1–5 wt% for CNTs), and optimized dispersion. 
Characterization via SEM/TEM (morphology), conductivity measurements, and 
Vector Network Analyzer (VNA) for S-parameters quantifies performance across 
near-/far-field and THz regimes. Hybrid and metamaterial approaches, including 
reconfigurable intelligent surfaces (RIS), address multi-band and absorption-
dominant needs for 6G. Sustainability considerations highlight bio-based matrices 
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(e.g., PLA), life-cycle advantages from weight reduction despite high nanofiller 
production energy, and challenges in safe disposal. These advanced 
nanocomposites deliver high SE with minimal secondary radiation, mechanical 
robustness, and multifunctionality (thermal management, flexibility), positioning 
them as essential for aerospace, medical, automotive, and next-generation wireless 
applications while advancing toward eco-friendly and intelligent EMI solutions. 

 
1. INTRODUCTION  
The rapid evolution of telecommunications and 
the integration of high-density electronic 
components into nearly every facet of modern life 
have precipitated an unprecedented increase in 
electromagnetic interference (EMI) pollution 
(Bheema et al., 2024). EMI, characterized by 
unwanted high-frequency electromagnetic signals, 
arises from both natural phenomena and, more 
frequently, the operation of electronic devices 
such as smartphones, radar systems, and wireless 
networks (Zhang & Lin, 2023). This interference 
can lead to signal degradation, data loss, and the 
catastrophic failure of sensitive electronic systems, 
particularly in critical sectors like aerospace, 
medical electronics, and autonomous vehicles 
(Zhang et al., 2023). Furthermore, the biological 
implications of constant exposure to 
electromagnetic radiation have emerged as a 
significant public health concern, with research 
suggesting links to migraines, heart disease, and 
cellular disruptions (Kivrak et al., 2017). To 
address these challenges, the development of 
advanced electromagnetic interference shielding 
(EMIS) materials has transitioned from traditional 
bulk metals to sophisticated polymer-based 
nanocomposites (Kausar & Ahmad, 2023). 
Traditional shielding solutions have historically 
relied upon metals such as copper, aluminum, and  
 

 
stainless steel due to their high electrical 
conductivity and established shielding 
effectiveness (SE) (Wang et al., 2023). However, 
the modern technological landscape, defined by 
miniaturization and the rise of portable and 
wearable electronics, has exposed the limitations 
of these metallic shields. Metals are inherently 
heavy, prone to corrosion in harsh or marine 
environments, and lack the mechanical flexibility 
required for modern form factors (Zecchi et al., 
2024). Perhaps most critically, metallic shields 
primarily attenuate EM waves through reflection, 
which contributes to secondary electromagnetic 
pollution by bouncing waves back into the 
environment and potentially interfering with 
neighboring components (Jaroszewski et al., 
2018). Consequently, research has shifted toward 
polymer nanocomposites (PNCs) that utilize 
advanced nanofillers such as carbon nanotubes 
(CNTs), graphene, and MXenes to achieve high 
shielding efficiency through absorption and 
multiple internal reflections (Pavlík et al., 2024). 
These materials provide a synergistic combination 
of high electrical conductivity, lightweight 
properties, chemical resistance, and tunable 
mechanical characteristics (Isari et al., 2024). As 
shown in Figure 1, EMI originates from multiple 
electronic systems and can significantly affect both 
device performance and human health. 
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2. Theoretical Foundations and Fundamental 
Mechanisms  
To design effective EMI shielding materials, it is 
necessary to understand the underlying physics of 
how electromagnetic waves interact with matter. 
The attenuation of an incident EM wave by a 
shielding material is quantified by its shielding 
effectiveness (SE), typically expressed in decibels 
(dB) (Karahan, 2025). The total shielding 
effectiveness (SE_T) is the logarithmic ratio of the 
incident power (P_i) to the transmitted power 
(P_t), and according to Schelkunoff’s theory, it is 
the sum of three distinct mechanisms: reflection 
(SE_R), absorption (SE_A), and multiple internal 
reflections (SE_M) (Jose et al., 2025). 
 
 

2.1. Mathematical Framework of Shielding 
Effectiveness 
The foundational equations for shielding 
effectiveness are derived from the ratio of the field 
strengths before and after the insertion of the 
shield (Parizek et al., 2023): 
SE_T (dB) = 10 log10(P_i / P_t) = 20 log10(E_i / 
E_t) = 20 log10(H_i / H_t) 
where E and H represent the electric and magnetic 
field strengths, respectively (The total attenuation 
is represented as: 
SE_T = SE_R + SE_A + SE_M 
In the context of advanced nanocomposites, the 
relative contribution of each mechanism is 
governed by the material’s intrinsic properties, 
including electrical conductivity (sigma), magnetic 
permeability (mu), and dielectric permittivity 
(epsilon) (Hareesh et al., 2025). 
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Table 1: Shielding effectiveness values and their corresponding efficiency for various application levels. 
SE Value (dB) Shielding Efficiency 

(%) 
Application Level 

10 90% Minimal 
Commercial 

20 99% General Commercial 
30 99.9% Industrial Standard 
60 99.9% Military/Aerospace 
100 99.9% High-Precision Lab 
(Sindhushree et al., 2025; Jose et al., 2025; Hareesh et al., 
2025) 

  

 
2.2. Physics of Reflection (SE_R) 
Reflection is the primary shielding mechanism in 
materials with high electrical conductivity, such as 
metals and MXene films) It occurs at the interface 
between the shield and the surrounding medium 
due to a significant impedance mismatch (Wang 
et al., 2025). The incident EM wave interacts with 
the mobile charge carriers (electrons or holes) in 
the material, which oscillate and generate an 
opposing field that reflects the wave (Seki et al., 
2014).  
 
2.3. Physics of Absorption (SE_A)  
Absorption represents the conversion of 
electromagnetic energy into thermal energy within 
the bulk of the material. This is particularly 
important for minimizing secondary radiation 
pollution (Kumari et al., 2024). In 
nanocomposites, absorption is driven by two main 
types of losses: dielectric loss and magnetic loss 
(Huang et al., 2021). Dielectric loss occurs due to 
the polarization of the material (electronic, ionic, 
or interfacial) and the presence of conductive 
networks that facilitate resistive heating (Jiang et 
al., 2019). Magnetic loss arises from magnetic 
hysteresis, domain wall motion, and eddy currents 
in ferromagnetic fillers (Jiang et al., 2019). The 
absorption loss (SE_A) is proportional to the 
shield’s thickness (t) and is influenced by the skin 
depth (\delta) (Jiang et al., 2019). 
 
2.4. Multiple Internal Reflections and Skin 
Depth  
The skin depth (delta) is a critical design 
parameter, representing the depth at which the 

field intensity drops to 1/e of its surface value 
(Deng et al., 2009). It is calculated as: 
delta = 1 / √(pi × f × mu × sigma) 
As the frequency (f) increases, the skin depth 
decreases, meaning that thinner materials can 
effectively shield high-frequency radiation (Peng 
and Qin, 2021). Multiple internal reflections 
(SE_M) become significant when the shield’s 
thickness is comparable to or less than the skin 
depth, or in materials with a high internal surface 
area, such as porous foams or multi-layered 
architectures (Li et al., 2018). These internal 
boundaries trap waves, forcing them to undergo 
repeated reflections and increasing the likelihood 
of absorption (Zhang et al., 2020). 
 
3. Advanced Nanofiller Systems 
The transition from bulk materials to 
nanocomposites relies on the integration of high-
performance nanofillers that can impart electrical 
conductivity or magnetic permeability to an 
insulating polymer matrix (Jose et al., 2025). 
3.1. Carbon-Based Nanomaterials  
Carbon nanostructures, including graphene, 
carbon nanotubes (CNTs), and carbon black, have 
been extensively researched for their exceptional 
electrical, mechanical, and thermal properties 
(Geim & Novoselov, 2007).  
• Graphene and Graphene Oxide 
Graphene, a two-dimensional lattice of carbon 
atoms, offers a massive specific surface area and 
remarkable intrinsic mobility. In polymer 
matrices, graphene forms layered structures that 
promote interfacial polarization and multiple 
reflections (Stankovich et al., 2006). Reduced 
graphene oxide (rGO) is often used as a more 
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processable alternative, though its conductivity 
depends on the degree of chemical or thermal 
reduction (Pei & Cheng, 2012). 
• Carbon Nanotubes (CNTs) 
CNTs, particularly multi-walled nanotubes 
(MWCNTs), are valued for their high aspect ratio, 
which allows them to reach the electrical 
percolation threshold at very low loading levels, 
often below 1 wt%. This enables the creation of 
lightweight composites with minimal impact on 
the polymer's flexibility (De Volder et al., 2013). 
• Carbon Black (CB) and Carbon Fibers 
(CNFs) 
While generally less conductive than graphene or 
CNTs, carbon black is an economically viable filler 
for large-scale applications. Carbon nanofibers 
(CNFs) are often used to bridge the gap between 
microscopic carbon black and nanoscale CNTs, 
providing robust reinforcement and shielding in 
the 26.5–40 GHz range (Al-Saleh & Sundararaj, 
2009). 
 
3.2. MXenes: The Vanguard of 2D Materials 
MXenes, a relatively new class of transition metal 
carbides, nitrides, or carbonitrides, have 
demonstrated the highest EMI shielding 
effectiveness among all synthetic materials to date. 
Their general formula is M_(n+1)X_nT_x, where 
M is a transition metal, X is carbon or nitrogen, 
and T_x represents surface functional groups like 
-OH, -F, or -O (Naguid et al., 2014). 

The most common MXene, Ti3C2T_x, combines 
metallic-level electrical conductivity with a 
hydrophilic surface, allowing for easy dispersion in 
water and common solvents. Research has shown 
that micrometer-thin MXene films can achieve a 
total shielding effectiveness (SE_T) exceeding 60–
80 dB, outperforming graphene and thin metal 
foils (Shahzad et al., 2016). 
The effectiveness of MXenes is attributed to their 
high carrier density and their unique multi-layered 
"accordion-like" morphology, which maximizes 
internal reflections (Alhabeb et al., 2017). 
 
3.3. Magnetic and Hybrid Filler Strategies  
To enhance the absorption component of EMI 
shielding, magnetic fillers such as ferrites 
(NiFe2O4, CoFe2O4), iron oxides (Fe3O4), and 
metallic nanoparticles (Ni, Fe, Co) are 
incorporated. These materials provide high 
magnetic permeability, facilitating magnetic loss 
mechanisms (Ghidiu et al., 2014). 
Hybrid filler systems represent a sophisticated 
design approach where multiple fillers are 
combined to achieve synergistic effects. For 
example, a ternary hybrid of MWCNTs, MXenes, 
and cobalt ferrite (CFO) nanoparticles can 
leverage the conductive network of the CNTs, the 
high surface area and dielectric loss of the 
MXenes, and the magnetic loss of the CFO (Liu et 
al., 2025). Such systems often demonstrate 
superior SE across broader frequency ranges 
compared to single-filler composites (Anasori et 
al., 2017). 

 
Table 2: Categorization of advanced nanofillers and their primary loss mechanisms. 

Nanofiller Category Representative 
Material 

Primary Loss 
Mechanism 

Distinctive 
Advantage 

Carbon-based (1D) MWCNTs Conduction/Reflection Low percolation 
threshold 

Carbon-based (2D) Graphene Polarization/Reflection High surface area, 
lightweight 

Transition Metal (2D) MXenes 
(Ti_3C_2T_x) 

Multiple 
Reflection/Cond. 

Highest SE at thin 
scales 

Magnetic Oxide Cobalt Ferrite (CFO) Magnetic Hysteresis Enhanced 
absorption loss 

Hybrid CNT/MXene/CFO Synergistic (All) Multi-band 
effectiveness 
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(Liu et al., 2025; Wang et al., 
2025; Beyer, 2025) 

   

 
4. Fabrication Methodologies and Structural 
Engineering 
The performance of an EMI shield is not solely 
dependent on the filler type but also on the 
fabrication process, which dictates the spatial 
distribution of the fillers and the quality of the 
filler-matrix interface (Hareesh et al., 2025). 
 
4.1. Conventional Processing Techniques  
• Solution Blending: This is the most 
prevalent laboratory-scale method due to its 
simplicity and effectiveness in achieving high 
dispersion. It involves dispersing the filler in a 
suitable solvent, mixing it with the polymer (often 
with the aid of ultrasonication), and then 
recovering the composite via precipitation or 
solvent evaporation (Iijima, 1991). While effective 
for poly(vinyl alcohol) (PVA) and polyurethane 
(PU), it is difficult to scale and often involves 
environmentally harmful solvents (Leblanc, 2002).  

• Melt Processing: Melt blending, typically 
using twin-screw extrusion or injection molding, is 
the industrial standard for thermoplastic 
composites like polyethylene (PE) or poly(ether-
ketone) (PEK) (Geim, 2009). It is eco-friendly and 
supports mass production, although achieving 
uniform dispersion of high-aspect-ratio nanofillers 
in high-viscosity melts remains a technical 
challenge (Bauhofer & Kovacs, 2009). 
• In-Situ Polymerization: This method 
involves polymerizing the monomer in the 
presence of the nanofillers, which ensures a robust 
interface and uniform distribution. It is 
particularly effective for thermally unstable 
polymers and for creating composites based on 
conducting polymers like polyaniline (PANI) 
(Saini and Aror, 2012). 
The major fabrication techniques for polymer 
nanocomposites are summarized in Figure 2. 

 

 
 
4.2. Advanced Architectural Design Orasugh & 
Ray, 2023 Zhao et al., 2020   

To maximize shielding effectiveness while 
minimizing filler loading and weight, researchers 
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have developed advanced structural designs (Tan 
et al., 2021). 
• Segregated Networks 
In a segregated structure, the conductive fillers are 
selectively localized at the interfaces of polymer 
granules rather than being randomly dispersed 
(Pawar & Biswas, 2017). This strategy allows for 
the formation of a continuous 3D conductive 
network at extremely low filler concentrations, 
drastically reducing the percolation threshold and 
maintaining the mechanical integrity of the 
polymer matrix (Zhang et al., 2019). 
• Porous Foams and Aerogels 
Lightweight porous structures, fabricated through 
freeze-drying, sCO_2 foaming, or template-based 
chemical vapor deposition (CVD), are ideal for 

absorption-dominant shielding (Sun et al., 2020). 
The internal pore walls, often coated with 
conductive nanofillers, provide numerous 
interfaces that promote multiple internal 
reflections and facilitate impedance matching with 
air (Han et al., 2015). 
• 3D Printing and Additive 
Manufacturing 
Fused Deposition Modeling (FDM) and other 3D 
printing techniques allow for the precise control 
of the composite’s macro-architecture, such as 
honeycomb or lattice designs. This enables the 
creation of anisotropic shields whose performance 
can be tuned by adjusting the printing orientation 
and infill density (Koo et al., 2022). 

 
Table 3: Comparison of various fabrication strategies and structural outcomes. 

Fabrication Strategy Structural 
Outcome 

Scalability Key Application 

Melt Compounding Randomly 
Dispersed 

High Mass-market electronics 

Segregated Processing 3D Network Medium High-efficiency 
lightweight 

Supercritical CO_2 Microcellular Foam Medium Acoustic/EMI dual 
shielding 

Freeze-Casting Anisotropic Porous Low Directional aerospace 
shields 

3D Printing Lattice/Geometric High Custom 
packaging/prototypes 

(Jose et al., 2025; Liu et al., 2025; 
Hareesh et al., 2025; Beyer, 2025) 

   

 
5. Characterization and Performance Metrics 
The evaluation of advanced EMI shielding 
materials requires a comprehensive suite of 
characterization techniques to correlate their 
microscopic structure with macroscopic 
electromagnetic performance (Hareesh et al., 
2025). 
 
5.1. Morphological and Electrical 
Characterization  
Morphological analysis via Scanning Electron 
Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) is essential for verifying filler 
dispersion and the formation of conductive 
networks (Beyer, 2025). For instance, the 

connectivity of MWCNTs in a styrene-butadiene 
rubber (SBR) matrix or the layered structure of 
MXene films can be directly observed to explain 
variations in SE (Wang et al., 2025). 
Electrical conductivity (\sigma) is the most critical 
predictor of shielding performance. The 
percolation theory describes the critical filler 
concentration (p_c) at which the material 
transitions from an insulator to a conductor. High 
aspect ratio fillers like CNTs typically exhibit 
much lower p_c values compared to spherical 
particles (Sindhushree et al., 2025). 
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5.2. Electromagnetic Characterization 
Techniques 
Vector Network Analysis (VNA): 
The standard method for measuring shielding 
effectiveness (SE) involves using a Vector Network 
Analyzer (VNA) to measure S-parameters in 
waveguide or coaxial setups. This allows for the 
separate calculation of reflection (SE_R) and 
absorption (SE_A), providing insight into the 
dominant shielding mechanism (Valente et al., 
2017). 
 
Near-Field vs. Far-Field Testing: 
In the far-field (where distance r > 2 × lambda), the 
electromagnetic wave is planar, and shielding is 
primarily governed by reflection and absorption. 
In the near-field (r < 2 × lambda), the wave 
impedance is either high (electric field dominant) 
or low (magnetic field dominant), requiring 
different material properties for effective shielding 
(Patel et al., 2013). 
 
Terahertz Time-Domain Spectroscopy (THz-
TDS): 
As frequencies push into the sub-terahertz range 
(0.1–10 THz) for 6G applications, THz-TDS 
becomes the preferred tool. This technique 
measures the time-of-flight and attenuation of THz 
pulses, allowing for the determination of complex 
permittivity and high-frequency shielding 
effectiveness (Hou et al., 2024). 
 
6. Shielding for the 6G and Terahertz Era  
The impending arrival of 6G wireless 
communication, expected to operate in the 

frequency range from 100 GHz to 10 THz, 
presents radical new requirements for EMI 
materials. Unlike current 5G networks that 
operate primarily below 40 GHz, 6G will demand 
materials that can handle the extreme attenuation 
and signal integrity challenges of the THz regime 
(Zhang et al., 2021) 
 
6.1. Requirements for 6G Materials 
At THz frequencies, even thin layers of traditional 
materials can be highly reflective, which is 
undesirable for information security and signal 
precision. Consequently, the research focus is 
shifting toward "perfect absorbers" materials that 
can eliminate nearly all incident radiation (Araz, 
2018). Recent developments include composites 
of metallic lambda-Ti3O5 and insulating TiO2, 
which achieve 99.8% absorption with a thickness 
of only 48 micrometers. These materials are 
designed to be heat-resistant and economically 
viable for large-scale outdoor infrastructure 
(Hareesh et al., 2025). 
 
6.2. Metamaterials and Intelligent Surfaces  
The use of metamaterials periodically arranged 
structures with features smaller than the 
wavelength is expected to be a cornerstone of 6G 
EMI management (Bheema et al., 2024). These 
can be engineered into Reconfigurable Intelligent 
Surfaces (RIS) that can adaptively reflect, absorb, 
or steer EM waves to optimize communication 
links and reduce interference in smart city 
environments (Pavlík et al., 2024). 

 
Table 4: Evolution of shielding requirements across technology generations. 

Technology 
Generation 

Frequency 
Range 

Key Material Challenge Primary Shielding 
Mechanism 

4G / 5G (Sub-6) 0.7 - 6 GHz Bulk/Heavy traditional Reflection 
5G mmWave 24 - 40 GHz Surface Roughness/Loss Reflection/Absorption 
6G Sub-THz 100 - 300 GHz Signal Security/Absorption Perfect Absorption 
6G THz 0.3 - 10 THz Atmospheric 

Loss/Precision 
Metamaterial/Absorptive 

(Hareesh et al., 2025) 
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7. Sustainability, Environment, and Life Cycle 
Assessment 
As the production of electronic devices 
accelerates, the environmental footprint of the 
materials used in their construction, including 
EMI shields, has become a priority (Nath et al., 
2025). 
 
7.1. Biodegradable and Renewable Materials 
The use of bio-based polymer matrices like 
polylactic acid (PLA) and natural fillers like 
biochar represents a growing trend toward 
sustainable EMI shielding. PLA-based 
nanocomposites filled with MWCNTs or graphite 
foams have shown shielding effectiveness values of 
45 dB, proving that biodegradable options can 
meet commercial requirements (Sindhushree et 
al., 2025). Furthermore, research into self-healing 
polymers and recyclable ionomers aims to extend 
the lifespan of electronic enclosures and facilitate 
100% material recovery at the end of life (Kivrak 
et al., 2017).  
 
7.2. Life Cycle Assessment (LCA) of 
Nanocomposites 
Life Cycle Assessment is a vital tool for evaluating 
the true environmental cost of advanced materials. 
LCA studies have highlighted a significant 
paradox: while carbon-based nanofillers like CNFs 
are 95–360 times more energy-intensive to 
produce than steel on a per-kilogram basis due to 
high-temperature vapor-phase manufacturing, 
they provide a net energy benefit in the 
automotive and aerospace sectors (Khanna et al., 
2009). This is due to the weight savings they 
afford, which significantly reduces fuel 
consumption over the operational lifetime of the 
vehicle (Zecchi et al., 2024). 
 
7.3. Challenges in Nanomaterial Disposal 
The release of nanomaterials into the 
environment during the disposal and degradation 
phases remains a poorly understood risk. Current 
LCA frameworks often struggle with a lack of 
inventory data regarding nanomanufacturing 
emissions and the long-term toxicity of nanofillers 
(Liu et al., 2025). Future development must 
prioritize "safe-by-design" approaches, ensuring 

that advanced shields do not become the 
hazardous e-waste of tomorrow (Jaroszewski et al., 
2018). 
 
8. Conclusions  
Advanced nanocomposite materials represent a 
paradigm shift in electromagnetic interference 
(EMI) shielding, effectively addressing the 
shortcomings of conventional metallic shields by 
combining lightweight design, mechanical 
flexibility, corrosion resistance, and superior 
absorption-dominant performance that minimizes 
secondary radiation pollution. Through strategic 
incorporation of nanofillers carbon-based (CNTs, 
graphene, carbon black), 2D MXenes (Ti₃C₂Tₓ), 
magnetic oxides, and hybrid systems into polymer 
matrices, these composites achieve high shielding 
effectiveness (SE_T often exceeding 60–100 dB) 
via synergistic contributions from reflection 
(impedance mismatch), absorption (dielectric and 
magnetic losses), and multiple internal reflections, 
as described by Schelkunoff’s theory and 
modulated by skin depth, percolation networks, 
and structural architecture. Fabrication 
innovations such as segregated conductive 
networks, porous foams/aerogels, and additive 
manufacturing enable low percolation thresholds, 
reduced filler loadings, and tailored macro-
structures (lattices, Janus films) for broadband and 
frequency-specific performance, including the 
demanding sub-THz and THz regimes of emerging 
6G technologies. Comprehensive characterization 
confirms strong correlations between morphology, 
electrical conductivity, and electromagnetic 
parameters measured via VNA and THz-TDS. 
While challenges persist in scalable dispersion, 
long-term durability, and environmental impact 
(particularly nanomaterial lifecycle and disposal), 
progress toward sustainable bio-based matrices, 
recyclable designs, and “safe-by-design” principles, 
alongside multifunctional integration (thermal 
management, self-healing), underscores the 
viability of these materials. Continued 
development of metamaterials, reconfigurable 
intelligent surfaces, and hybrid absorbers will be 
critical for signal integrity, device protection, and 
public health in an increasingly wireless world. 
Ultimately, polymer nanocomposites offer a 
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versatile, high-performance platform for EMI 
mitigation across aerospace, electronics, medical, 
and smart infrastructure sectors, paving the way 
for cleaner electromagnetic environments and 
sustainable technological advancement. 
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