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Abstract

This review evaluates the patent landscape concerning iron oxide-reinforced epoxy resin nanocomposites to
address the dual necessity for electromagnetic interference mitigation and ionizing radiation attenuation within
high-tech clinical environments (Khalil et al., 2024; Orasugh & Ray, 2023). As medical facilities become
increasingly saturated with sensitive diagnostic equipment and wireless communication systems, the
proliferation of electromagnetic interference may pose risks to device operational reliability and diagnostic
accuracy (Dassan et al., 2020; Ma et al., 2024). Simultaneously, the integration of high-energy diagnostic
modalities may necessitate advanced shielding solutions to mitigate the risks associated with ionizing radiation
exposure for both patients and staff (Bawazeer et al., 2023). By synthesizing patent data, this analysis suggests
that the synergy between high-permeability iron oxide particles and the structural versatility of epoxy resins
offers a robust framework for developing multifunctional, lightweight protection (Ayub et al., 2021; Reddy &
Bharath., 2024). This synthesis highlights the material design criteria required to suppress electromagnetic
disruption—which can impair critical clinical apparatus and affect sensitive biological organs (Bora et al.,
2020; Srivastava & Manna, 2022)—while simultaneously addressing the stringent safety protocols inherent in
radiation-intensive diagnostic settings (Bawazeer et al., 2023). Furthermore, the integration of these materials
may help address the growing challenge of electromagnetic pollution, which can compromise the operational
integrity of life-critical electronic systems within hospital infrastructure (G.M. et al., 2024; Lopes et al., 2023).

Keywords: FesO. nanoparticles, Epoxy nanocomposites, Electromagnetic interference shielding, X-ray
shielding, Gamma-ray attenuation, Lead-free shielding materials, Multifunctional composites, Patent analysis.

1. Introduction

The proliferation of sophisticated diagnostic and therapeutic electronic equipment in clinical environments
may have intensified the need for advanced electromagnetic interference mitigation to prevent device
malfunction and potential health risks to patients (Fallah et al., 2021; Lee et al., 2022). Furthermore, the
integration of iron-based nanofillers into epoxy matrices may offer a dual-functional approach, leveraging
both magnetic and dielectric loss mechanisms to attenuate high-frequency radiation (Shukla, 2019). In
addition to these electromagnetic shielding properties, the high electron density of iron oxide nanoparticles
may provide substantial attenuation capabilities against ionizing radiation, addressing a critical safety
requirement for radiology and nuclear medicine departments (Gan et al., 2026). This systematic review
examines relevant patent literature to categorize the morphological optimization and filler dispersion
techniques essential for enhancing the structural integrity and shielding efficacy of these multifunctional
nanocomposites (Ribadeneyra et al., 2014). By synthesizing recent intellectual property landscape trends, this
analysis identifies critical design parameters that may facilitate the transition of these materials from
laboratory prototypes to scalable, high-performance protective barriers in clinical settings (Qi et al., 2025).
Specifically, this analysis evaluates the implementation of dual-filler synergy and interfacial engineering
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strategies designed to maintain mechanical resilience while maximizing the attenuation efficiency of the
epoxy-based composite systems (Song et al., 2022).

Iron oxide—epoxy nanocomposites draw upon the inherent magnetic susceptibility and chemical stability of
iron oxide, which, when dispersed within an epoxy resin, may create a lightweight, corrosion-resistant, and
mechanically robust shielding solution (Song et al., 2022). Beyond these attributes, such nanocomposites
provide a tunable dielectric platform that can be optimized to address the increasing challenge of
electromagnetic pollution in signal-sensitive clinical environments (Abbasi et al., 2019), (Zecchi et al., 2024).
Moreover, the strategic utilization of metal oxides like iron oxide may serve as a cost-effective alternative to
precious metal fillers while maintaining superior permeability for enhanced wave absorption (Fallah et al.,

2026). Recent studies have further highlighted the capacity of these fillers to achieve homogeneous
distribution, which minimizes interfacial voids and prevents the structural degradation often observed in
traditional heavy-metal shielding aprons (Bawazeer et al., 2023; Khalil et al., 2024). Furthermore, the
synergistic combination of iron oxide with carbon-based nanofillers appears to demonstrate an enhanced
ability to fill internal micro-voids, thereby significantly increasing the material's overall gamma-ray
attenuation coefficient and mechanical load-bearing capacity (Khalil et al., 2024). By incorporating these
high-aspect-ratio fillers, researchers have successfully mitigated the characteristic brittleness of neat resins,
thereby facilitating the development of lightweight, flexible shielding materials suitable for wearable clinical
protection (Gouda et al., 2024). Current research emphasizes that achieving such uniformity may be vital, as
filler agglomeration in epoxy matrices often precipitates stress concentrations that compromise both structural
adhesion and radiation attenuation performance (Chen et al., 2025). To address this, recent innovations focus
on optimized filler loading thresholds, where configurations containing 1-2 wt% of iron oxide have been
shown to maximize fiber-matrix interfacial bonding and structural stiffness (Shivamurthy et al., 2025).

While academic literature frequently catalogs the theoretical performance of shielding materials, practical
engineering constraints and commercial processing methodologies may be necessary for clinical
implementation. Specifically, essential fabrication parameters—such as curing kinetics and agent
compatibility—may shape the large-scale manufacturing viability and cost-effectiveness of radiation-shielding
barriers in hospital infrastructure. These documents may clarify the shift from hazardous lead-based protections
toward sustainable, polymer-metal alternatives that maintain superior workability and thermochemical
stability (Prabhu et al., 2022), (Abdel-Kader et al., 2024). Additionally, these intellectual property disclosures
underscore the transition toward hybrid filler architectures, which utilize particle orientation and spatial
distribution control to overcome the traditional trade-offs between shielding efficiency and material mass
(Chang et al., 2023). These advancements may further elucidate the technical pathways for improving photon
and neutron attenuation by manipulating the nanoparticle surface chemistry and morphology (Chen et al.,
2025).

This review aims to categorize emerging patent-protected fabrication strategies that balance shielding
efficiency with the practical demands of clinical architecture and wearable design. This assessment
specifically highlights how recent advancements in polymer-based composites may address the limitations of
traditional heavy-metal alternatives by offering lightweight, flexible, and non-toxic configurations (Safari et
al., 2024; Wu et al., 2024). This synthesis further evaluates the integration of multi-functional fillers that,
beyond iron oxide, incorporate elements such as bismuth and tungsten to optimize photon attenuation within
the dense polymeric matrix (Abushahla & Arslan, 2025; Li et al., 2025). Furthermore, this evaluation explores
how interfacial modifiers are utilized to enhance compatibility between inorganic fillers and the epoxy matrix,
thereby mitigating the risk of structural defects during high-volume production (Kim, 2026). Finally, the
review synthesizes data on long-term chemical degradation and thermal resistance profiles to assess whether
these composite materials meet the rigorous safety standards required for permanent installation within high-
energy clinical infrastructure (Li et al., 2025; Saiyad & Devashrayee, 2020).
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Figure 1: Dual-mechanism shielding schematic for iron oxide-epoxy resin nanocomposites
2. Methodology

2.1. Shielding Demands in the Hospital Environment

Modern diagnostic and therapeutic modalities, ranging from X-ray imaging to high-energy linear accelerators,
may necessitate precise shielding to mitigate the risks of stochastic biological damage caused by photon and
neutron emission (Li et al., 2025). Given these diverse emission profiles, protective barriers are expected to
demonstrate both high-Z absorption capabilities for diagnostic X-rays and hydrogen-rich matrices to moderate
neutron flux (Arslonova et al., 2026; Mehrara et al., 2021). The incorporation of iron oxide nanoparticles
within these matrices may further enhance the overall mass attenuation coefficient, providing a multifaceted
barrier against high-energy ionizing radiation (Khalil et al., 2024). Simultaneously, the high electrical
conductivity and permeability of these iron-oxide-reinforced composites may facilitate the suppression of
electromagnetic interference, effectively isolating signal-sensitive medical instrumentation from the high-
frequency emissions of diagnostic and therapeutic hardware (Shukla, 2019). This duality of function may
address the critical need to maintain both operational integrity for sensitive electronics and patient safety in
complex radiation environments (Ahmad et al., 2023). Furthermore, the demand for adaptable shielding
geometries has prompted the exploration of additive manufacturing techniques, which may allow for the
customization of composite architectures to suit the spatial constraints of clinical facilities (Arslonova et al.,
2026).

Precision medical devices, such as magnetic resonance imaging (MRI) and electroencephalography units, are
increasingly susceptible to signal distortion induced by high-frequency electromagnetic noise, which may
compromise diagnostic accuracy and operational reliability (Krakow et al., 2000). By integrating iron oxide
nanoparticles, these composites may offer a dual-action shielding mechanism that effectively attenuates both
electromagnetic leakage and the ionizing emissions prevalent in contemporary clinical environments (Ahmad
et al., 2023). Furthermore, these advanced materials may provide a critical defense against both primary
ionizing radiation and secondary scatter, significantly enhancing safety protocols near high-energy equipment
(Al-Saleh et al., 2023; Zolochevska et al., 2025). Moreover, the frequency-dependent magnetic properties of
these iron-based nanocomposites may enable the targeted absorption of microwave and radio-frequency noise,
which is essential for preserving the signal-to-noise ratio in sensitive imaging diagnostics (Zolochevska et al.,
2025). Consequently, the deployment of such nanocomposites mitigates the risks associated with
electromagnetic interference, ensuring that high-resolution data acquisition remains uncompromised by the
ubiquitous radiation fields characterizing modern healthcare facilities (Seyed & Falsafi, 2025; Shabib et al.,
2026).

The regulatory and standards landscape evaluates current composite formulations in relation to safety
requirements. This necessitates rigorous validation of attenuation coefficients to ensure materials can
withstand long-term exposure to both gamma-ray active isotopes and pervasive electromagnetic pollution
(Cheng et al., 2022; Hashim et al., 2019). Furthermore, recent research is focused on the standardization of
accelerated aging protocols, which simulate decades of radiation-induced polymer degradation to predict the
service life of shielding components in permanent clinical installations (Jayakumar et al., 2023; Shabib et al.,
2026). Developers are focusing on enhancing shielding material reliability to address the practical, life-critical
requirements for sensitive digital medical devices prone to EMI-induced malfunctions (Jones et al., 2024).
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Beyond standard benchmarks, current patent literature appears to underscore the transition toward absorption-
dominant shielding geometries, which minimize secondary radiation reflection that could otherwise
exacerbate interference in confined diagnostic suites (Isari et al., 2024).

2.2. Composite Materials

The mechanical resilience and dielectric performance of these matrices appear to be largely dictated by the
morphology and functionalization of the nanofiller dispersion within the epoxy host (Kruzelak et al., 2020).
Optimizing the filler-to-matrix interface may remain critical, as interfacial interactions between magnetic
nanoparticles and the polymer chain network may contribute to enhanced electrical insulation and structural
stability (Zhou et al., 2024). Recent advancements have shifted focus toward engineered architectures, such as
isolated or double percolation structures, which may minimize the required filler volume while concurrently
augmenting the electromagnetic interference shielding effectiveness (Yang et al., 2023). Additionally,

tailoring the surface morphology and alignment of magnetic nanoparticles may allow for precise tuning of
resonant frequencies, which may facilitate the targeted attenuation of specific electromagnetic bands prevalent
in high-density clinical environments (Wei et al., 2024). Furthermore, the encapsulation of these magnetic
fillers within the epoxy matrix may effectively sequester reactive sites from environmental moisture and
oxygen, thereby potentially supporting long-term chemical stability and shielding durability under the rigorous
conditions of clinical operation (Nan et al., 2023).

Advanced processing techniques, such as solution casting and high-shear mixing, may be used to promote a
homogeneous nanoparticle distribution and prevent the formation of agglomerates that otherwise compromise
the shielding efficiency of the epoxy host (Abbasi et al., 2019). Specifically, the adoption of additive
manufacturing and injection molding may enable the creation of complex, uniform geometries that maintain
consistent dielectric properties across entire shielding structures (Liu et al., 2023). Moreover, employing
controlled synthesis pathways, such as the use of yolk-shell microspheres, may further promote interfacial
polarization and internal scattering, which are vital for achieving absorption-dominated shielding (Sushmita et
al., 2020). In addition to morphological control, integrating secondary conductive fillers, such as carbon
nanotubes, can further optimize complex permeability and permittivity, potentially creating synergistic effects
that may broaden the absorption bandwidth for enhanced interference mitigation (Musa et al., 2025; Si et al.,
2026). Such hierarchical filler networks may facilitate the dissipation of electromagnetic energy through
interfacial polarization and enhanced conductive pathways, potentially minimizing signal propagation within
the composite medium (Yan et al., 2025).

2.3. Shielding Mechanisms

Electromagnetic interference shielding mechanisms appear to rely substantially on the synergistic combination
of magnetic loss and dielectric loss to convert incident electromagnetic waves into thermal energy (Chhetri &
Kuila, 2024). This transformation process is facilitated by the high surface-to-volume ratio of iron oxide
nanostructures, which may amplify interfacial polarization and dipole losses within the polymer dielectric
(Keykavous-Amand & Peymanfar, 2021). Furthermore, the high-frequency magnetic resonance inherent in
these nanostructures may promote the conversion of electromagnetic signals into thermal dissipation, thereby
attenuating interference through absorption rather than reflection (Mai et al., 2024). By incorporating
hierarchical core-shell structures or conductive networks, these composites can further exploit multiple
internal reflections to enhance attenuation efficiency across a wider frequency spectrum (Mikinka & Siwak,
2021). Concurrently, the integration of ferromagnetic nanoparticles into these structures enables magnetic-
dielectric synergy, which may contribute to optimizing impedance matching and maximizing the attenuation
of incident radiation (Che et al., 2025).

lonizing radiation attenuation mechanisms appear to depend primarily on the photoelectric effect and
Compton scattering (Kara et al., 2019), where the high atomic number of iron oxide components may attenuate
X-ray and gamma-ray photons by increasing the interaction cross-section within the epoxy matrix.
Specifically, the high electron density of these metal oxide inclusions facilitates primary photon attenuation,
while the homogeneous dispersion within the polymer prevents the formation of radiation leakage channels
(Khalil et al.,, 2024). Moreover, the strategic incorporation of heterogeneous interfaces within the
nanocomposite architecture may promote multiple scattering events, thereby enhancing the total attenuation
capacity (Qi et al., 2025). Furthermore, the precise tuning of nanoparticle concentration within the epoxy
lattice may enable optimization of the attenuation constant, facilitating a balance between structural shielding
integrity and the weight-sensitive requirements of portable medical imaging equipment (Khalil et al., 2024).
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By leveraging the saturation properties of magnetite, these composites may facilitate energy dissipation even
in compact configurations (Hosseini et al., 2021). Beyond these resonance-based effects, the unique
morphology of iron oxide nanoparticles may induce scattering of incident waves (Qi et al., 2025).

The integration of both magnetic-dielectric absorption and high-Z photon attenuation into a singular material
framework may enable the simultaneous mitigation of broad-spectrum electromagnetic noise and ionizing
radiation risks common in diagnostic suites (Dhand et al., 2024). This multifunctional approach leverages the
balance of complex permittivity and permeability to promote impedance matching, which may facilitate
electromagnetic-wave entry into the composite medium and substantial attenuation (Cakir et al., 2026; Wang
et al., 2023). Moreover, by incorporating high-atomic-number nanoparticles such as tungsten or bismuth

oxides alongside iron-based fillers, these composites may exhibit enhanced photoelectric absorption for low-
energy X-ray photons while maintaining robust EMI performance (Sayyadi et al., 2021). Such hierarchical
filler architectures allow for the customization of attenuation properties through precise control of volume
fractions and filler dispersion, which may be critical to mitigating both electromagnetic signals and ionizing
radiation in high-density clinical settings (Dhand et al., 2024). Furthermore, the utilization of ferromagnetic
resonance frequency tuning allows for the expansion of shielding effectiveness across multiple frequency
bands, thereby addressing the complex spectral requirements of modern diagnostic equipment (Lee et al.,
2023).

2.4. Patent Landscape

The researchers identified relevant intellectual property through systematic queries of the USPTO and
Espacenet databases, utilizing keywords focused on "iron oxide,” "epoxy," "shielding," and "nanocomposite"
alongside specific patent classification codes for electromagnetic shielding and radiation protection. This
search was further refined by filtering for applications specifically targeting medical imaging environments
and electronic signal integrity within hospital facilities. The analysis further synthesized trends in filing
patterns, emphasizing the transition toward high-performance hybrid composites that prioritize both dielectric
loss and structural integration. Recent filings indicate a growing focus on the optimization of nanoparticle
morphology and surface functionalization to enhance filler-matrix compatibility, which is crucial for
achieving superior mechanical robustness without compromising shielding efficacy. Additionally, these patent
disclosures increasingly emphasize the development of multifunctional, lightweight material architectures that
demonstrate improved wearability and mechanical stability in demanding clinical infrastructure.

The current patent landscape suggests a strategic emphasis on the synergistic hybridization of Fe304
nanoparticles with carbonaceous fillers, such as carbon black or multi-walled carbon nanotubes, to achieve
superior electromagnetic attenuation while ensuring compatibility with epoxy matrices (Kolanowska et al.,
2017; Sparavigna, 2023). These disclosures appear to highlight the strategic tuning of nanoparticle volume
fractions to manipulate complex permittivity and permeability, thereby enabling frequency-selective shielding
performance across the microwave spectrum (Chang et al., 2021; Sparavigna, 2023). Furthermore, recent
intellectual property filings indicate the emergence of “tunable” shielding mechanisms, where the structural
arrangement of magnetic nanospheres and carbon-based reinforcements allows the composite to alternate
between absorption-dominant and reflection-dominant modes depending on the intended clinical application
(Sparavigna, 2023). Additionally, several patents describe methods for hierarchical layer-by-layer fabrication,
which facilitates the creation of functionally graded composites (Choi et al., 2021). These multilayered
configurations may address the complex interaction between wave propagation and material architecture, as
recent investigations suggest that structured assembly significantly enhances directional attenuation
properties, with potential applications in sensitive environments such as clinical settings (Paul & Rajan, 2026;
Xue et al., 2021).

The temporal distribution of patent grants appears to reveal an acceleration in recent years, reflecting the
industry's pivot toward integrating multifunctional nanocomposites into next-generation telecommunications
and diagnostic infrastructure (Dassan et al., 2020; Orasugh et al., 2024). This upward trajectory in intellectual
property activity may indicate a concerted effort to transcend traditional shielding limitations by exploiting the
synergistic benefits of high-aspect-ratio nanomaterials and advanced magnetic fillers (Xiang et al., 2021).
Furthermore, research indicates that the long-term durability of these shielding composites is being bolstered
by the integration of protective organic matrices, which mitigate the degradation of conductive networks
typically caused by oxidation or exposure to harsh environmental conditions (Zou et al., 2021). These
advancements in material stability are further complemented by patent designs that utilize surface-grafting
techniques to improve the interfacial adhesion between iron oxide fillers and the epoxy matrix, thereby
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potentially limiting filler agglomeration and supporting consistent attenuation performance (Wang et al.,
2026). Looking forward, patent strategies are increasingly prioritizing the development of eco-friendly,
energy-efficient production processes to support the alignment of these high-performance materials with
broader sustainability standards in clinical infrastructure (Orasugh et al., 2024).

The synthesis of these intellectual property disclosures appears to indicate a shift from passive, singular-
shielding fillers to sophisticated, absorption-dominant systems that address the challenges of high-
frequencyradiation (Jiang et al., 2019; Park et al., 2024). By shifting the design focus toward internal
impedance matching, these systems may minimize parasitic reflection while potentially maximizing
attenuation through controlled energy dissipation mechanisms (Cheng et al., 2022; Ma et al., 2021).
Consequently, these engineered composites leverage synergistic magnetic and dielectric losses to mitigate the
broad-spectrum electromagnetic pollution prevalent in densely equipped hospital environments (Cakir et al.,
2026). This transition towards multifunctional materials may not only enhance the protection of sensitive
diagnostic instrumentation but also facilitate the integration of lightweight, radiation-attenuating components
within existing clinical architecture (Kumari et al., 2024; Srivastava & Manna, 2022). Furthermore, the
integration of these materials aligns with the urgent need to mitigate electromagnetic pollution and improve
the operational reliability of advanced diagnostic systems, which are increasingly susceptible to signal
disruption in high-density clinical environments (Cheng et al., 2025; Lv et al., 2024).
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Figure 2: Patent landscape trends & timeline for multifunctional nanocomposites (2014-2026)
2.5. Hospital Applications

Diagnostic imaging and nuclear medicine environments may require advanced shielding solutions to decouple
sensitive detection apparatus from high-frequency interference generated by peripheral wireless
communication systems (Bora et al., 2020). To address these challenges, current intellectual property
strategies are exploring the deployment of iron oxide—epoxy nanocomposites as structural overlays that
mitigate both electromagnetic interference and ionizing radiation leakage, thereby potentially supporting the
precision of high-resolution diagnostic imaging (Khalil et al., 2024). Moreover, the incorporation of functional
particles within these matrices may provide dual-action protection, effectively attenuating ionizing emissions
while simultaneously dissipating the thermal load generated by high-performance diagnostic circuitry (Tang et
al., 2025). Beyond these structural benefits, the adoption of such materials in surgical suites may help secure
medical-grade wireless connectivity, essential for the reliability of telemedicine and real-time robot-assisted
operations (Lopes et al., 2023), (Shi et al., 2024). These dual-functional materials may additionally help
mitigate potential health risks associated with chronic exposure to ambient electromagnetic radiation, a critical
concern as medical facilities transition toward hyper-connected diagnostic ecosystems (He et al., 2021).

In EMI-sensitive zones, the deployment of iron oxide-epoxy composites may reduce the risk of device
malfunctions caused by electromagnetic interference (Posada et al., 2020). By tailoring the magnetic loss
characteristics of the iron oxide fillers, these materials may facilitate effective broadband absorption, which is
critical for maintaining the operational integrity of life-critical electronic devices (Raveendran et al., 2019).
Such structural integration may further limit signal degradation within electromagnetic-sensitive
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communication channels, thereby reducing the risk of performance failure in process control and monitoring
equipment (Dai et al., 2022; Saini & Aror, 2012). Furthermore, the deployment of these nanocomposites may
create localized quiet zones that stabilize the performance of high-precision sensors, thereby mitigating the
risk of data inaccuracies that often arise from extraneous environmental electromagnetic noise (Filipovi¢ et

al., 2025; Kumar et al., 2021). These sophisticated magnetic polymer composites, by effectively suppressing
interference, may enhance the reliability of medical diagnostics and may represent a significant advance in
addressing the growing challenge of electromagnetic pollution in modern healthcare facilities (Idumah, 2021).

Recent research details the fabrication of lightweight, conformable shielding barriers that integrate magnetic
nanofillers within flexible epoxy substrates to protect portable health-monitoring devices from ambient
electromagnetic pollution (Zhou et al., 2023). These flexible architectures appear to utilize the inherent
mechanical durability of the polymer matrix to maintain shielding effectiveness despite frequent bending and
wear (Zhang et al., 2023). These adaptations may facilitate the development of robust, epidermal electronics
capable of sustained health monitoring without compromising the signal integrity of sensitive diagnostic
sensors (Peng et al., 2024). Such advancements in wearable shielding may be crucial for the Internet of
Everything era, where persistent connectivity demands reliable protection for both human health and delicate
interdigitated sensor components (Lee et al., 2022). Furthermore, by optimizing the filler-to-polymer interface,
these composites may achieve the necessary balance between electrical conductivity and dielectric loss, which
is essential for minimizing noise in miniaturized bio-sensing architectures (Hareesh et al., 2025; Shukla,
2019).

Hybrid dual-function deployments may use magnetic nanoparticles and polymer composites for
electromagnetic interference and ionizing radiation shielding (Abdel-Kader et al., 2024; Zolochevska et al.,
2025). By balancing magnetic permeability with optimal filler dispersion, these hybrid systems can improve
impedance matching and reduce reflection (Shukla, 2019). Furthermore, the strategic tuning of filler
morphology can improve microwave absorption performance (Shukla, 2019). Current development trends
emphasize efficient conductive networks to enhance EMI shielding effectiveness, alongside mechanical
performance for durable applications (Wang et al., 2021; Zhang & Gu, 2022). These developments point to
multifunctional materials for EMI and radiation shielding, while clinical deployment remains to be established
(Chang et al., 2023; Zhang & Gu, 2022).
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Figure 3: Hospital infrastructure deployment map for iron oxide-epoxy nanocomposite shielding
3. Challenges and Future Scope

The primary obstacles appear to involve achieving long-term mechanical stability and consistent dielectric
performance under the cyclical stresses inherent in dynamic hospital environments, where material fatigue can
compromise shielding efficacy (Lim et al., 2024). Moreover, the precise control of nanoparticle dispersion
within the epoxy matrix appears essential for preventing filler agglomeration, which can cause heterogeneous
structures and weaken the composite’'s mechanical properties (Gouda et al., 2024; Zecchi et al., 2024).
Additionally, conductive polymer-based systems can be susceptible to oxidation and degradation in humid,
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oxygen-rich environments, gradually reducing conductivity and shielding performance (Fallah et al., 2026).

Future research should focus on optimizing filler-polymer interfacial adhesion and nanoparticle surface
functionalization to optimize dispersion and long-term environmental stability (Abbas et al., 2025; Pham et
al., 2026). Furthermore, investigating hybrid filler configurations and advanced surface modification
techniques may be important to enhance environmental stability and provide scalable, high-performance
manufacturing solutions for diverse medical settings (Abbas et al., 2025; Tochaikul & Moonkum, 2024).

Ensuring widespread clinical adoption may necessitate rigorous biocompatibility assessments and
standardized toxicological profiling to mitigate potential health risks associated with nanoparticle leaching
during material wear (Bawazeer et al., 2023; Duncan & Pillai, 2014). Furthermore, the development of
standardized lifecycle assessment protocols may be important to address the environmental footprint of these
composites, balancing high-performance shielding capabilities with cost-effectiveness and sustainable
manufacturing practices (Lopresti et al., 2020; Wu et al., 2023). Bridging the gap between early-stage
laboratory prototypes and industrial-scale production appears to remain a significant hurdle, necessitating
extensive validation against established radiation protection standards like EN/IEC 61331-1:2014
(Dhanasekaran et al., 2025; Ghag et al., 2025). Establishing such regulatory compliance may be necessary for
transitioning these materials from initial conceptual designs toward reliable, industrial-scale deployment
within the sensitive clinical environments of nuclear medicine and radiology (Ghag et al., 2025). Moreover,
integrating self-healing functionalities into polymer-based EMI shielding composites could improve durability
and stability by addressing damage that develops during long-term service (Zhang & Gu, 2022).

Recent research appears increasingly focused on the design of specific iron oxide morphology and surface
modification, reflecting a strategic move toward structural designs that enable high-frequency absorption
while maintaining mechanical flexibility (Zheng et al., 2022). Such innovations appear to prioritize the
development of lightweight, mechanically robust composites capable of enduring the rigorous thermal and
physical demands typical of modern medical imaging and nuclear safety zones (Chen et al., 2025). These
developments may be essential for reconciling the trade-off between dense filler loading and the mechanical
fatigue typical of high-performance polymer matrices (Qi et al., 2025). Consequently, research appears to be
shifting toward cross-linking strategies that enhance inter-filler connectivity, thereby mitigating the
mechanical trade-offs often observed in highly filled composite systems (Zhang & Gu, 2022). This evolution
towards optimized interfacial bonding may improve the structural endurance of the nanocomposite against
dynamic mechanical loading and may enhance electromagnetic attenuation performance under operational
stresses (Zhang & Gu, 2022).
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Figure 4: Schematic comparison of nanoparticle morphology in iron oxide-epoxy resin nanocomposites
4. Conclusion

The development of iron oxide—epoxy nanocomposites may represent a significant advancement in shielding
applications, as achieving homogeneous nanoparticle distribution through high-shear mixing, ultrasonication,
or chemical grafting may remain essential to preventing deleterious agglomeration (Adnan et al., 2018;
Domun et al., 2015). For instance, in-situ polymerization techniques may allow the monomer to act as a
suspending medium, where subsequent curing facilitates a strong filler—matrix interaction that locks

nanoparticles in place and prevents re-agglomeration (Abbasi et al., 2019). Furthermore, the implementation
of hybrid filler systems, such as the inclusion of carbon nanotubes alongside iron oxide, can mitigate the
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inherent tendency of nanoparticles to cluster, thereby promoting superior interfacial bonding and structural
homogeneity (Ali et al., 2024). Beyond these physical dispersion strategies, processing parameters such as the
choice of thermally activated cationic polymerization or precise control of curing kinetics may be critical, as
they dictate the final cross-linking density and the stability of the filler—matrix interface (Barrera et al., 2017).
Moreover, high-quality dispersion techniques such as ultrasonication may be important for achieving
improved mechanical properties in nanocomposites (Ali et al., 2024).
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