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Abstract

Nano-engineered content represents a land-breaking advancement in material science,
offering unprecedented possibilities to the defence sector. Their extraordinary mechanical,
electrical and thermal properties make them indispensable for applications such as light
armour systems, stealth technologies, energy storage devices and advanced sensors. The
review provides a comprehensive examination of the latest processing and manufacturing
techniques for nanoengineered materials, including bottom-up and top-down approaches,
as well as emerging technologies such as affordable manufacturing and laser-assisted
fabrication. Along with possible solutions, challenges such as scalability, reproduction and
integration are analysed with existing systems. The review also delays specific defence
applications, highlighting the transformative ability of the nanometre in increasing
operational efficiency and effectiveness. Closing with future prospects and moral ideas, this
paper underlines the important role of interdisciplinary research in running innovations in
nano-engineer materials for defence.
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Introduction

In the 21st century, pursuit of technical superiority has become integral for national security
strategies worldwide. Among the innumerable factors running progress in defence systems,
material has emerged as the cornerstone of science innovation (Patil, Vidhale & Titarmare,
2024). Increasing demands of modern war — ranging from increased mobility and survival to
ranging logical burden — ensure the development of materials with extraordinary
performance characteristics (Zabrodskyi et al., 2022). Nano-engineer material, which takes
advantage of the unique properties of the substance at the nanoscale, has attracted
significant attention in this context. These materials provide unique opportunities to bring
revolution in defence technologies, which provide lighter, strong, and multidisciplinary
solutions to meet the complications of modern defence requirements (Simoes, 2024). The

Harmonising Chemical and Biological Sciences for Sustainable Development 179



Nanotechnology in Defence Applications

unique properties of nanoengineered materials arise from their nanoscale dimensions, which
increase the surface area, quantum effects and atomic precision. For example, nanosticated
ceramics display exceptional hardness and wear resistance, making them ideal for
protective coatings on aircraft and navy ships (Es-soufi et al.,, 2024). Similarly,
nanocomposites display exceptional mechanical conductivity and thermal stability,
incorporating carbon nanotubes or graphene, which makes them invaluable in applications
such as light body armour and advanced sensors (Fenta & Mebratie, 2024). The integration
of nanotechnology in defence systems is no longer limited to experimental research but is
moving rapidly towards the deployment in the real world, offering capabilities that were once
considered science fiction.

The transformative ability of nanotechnology lies in the ability to engineer materials with
those properties that can be accurately tuned for specific applications. This enables the
development of accurate solutions that address important defence challenges, such as
increasing stealth, improving energy efficiency, and protecting personnel in fighter
environments (Guitton, 2021). Radar-absorbed material (RAMS) imitates this capacity by
incorporating CNTSs or graphine, roders of military assets significantly reduce cross-sections
and improve survival in hostile areas. Similarly, nano-engineer coatings are designed to face
extreme temperatures and oppose the corrosion, increasing the operational life of defence
equipment deployed in a rigid environment (Hussain et al., 2024). Adopting nano-engineer
materials extends beyond traditional applications for the next generation technologies that
redefine the boundaries of defence innovation. Autonomous systems, such as drones and
unmanned ground vehicles, benefit from the integration of nanostructure materials in their
light frames and energy-efficient power sources. In individual protective equipment,
nanotechnology has led to the development of multicultural clothing that combines ballistic
security with chemical and biological resistance (Selim et al., 2024). In addition, progress in
nanosensors and nanophotonics is paving the way for increased monitoring, communication
and targeting systems, underlining the strategic value of nanotechnology in modern war
(Turini, 2024).

Despite the huge promises of nanoengineered materials, their mass adoptions in defence
systems face significant obstacles. Laboratory-scale research from industrial-scale
production infections in the production scalability, cost-effectiveness and quality control (De
Souza et al.,, 2025) offers challenges. Unlike traditional materials, the synthesis of
nanomaterials often involves complex techniques that require accurate control over
parameters such as temperature, pressure, and reaction time. For example, the production
of graphene through chemical vapour deposition (CVD) demands careful adaptation to
ensure uniformity and defect-free structures (Kumar, Panda & Gangawane, 2024). Getting
stability in properties in large batches of nanomaterials remains a major obstacle in their
commercialisation. In addition, integration of nanoengineered materials in existing defence
systems requires interdisciplinary cooperation in material science, engineering and defence
technology. Current construction processes and infrastructure should be ensured to enable
compatibility uninterrupted. The development of advanced manufacturing techniques, such
as adorable manufacturing (3D printing) and atomic layer's statement, has shown promise
in resolving these challenges (Hajare & Gajbhiye, 2022). However, high costs associated
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with these methods and lack of standardised protocols obstruct widespread implementation.
In addition, safety and environmental concerns related to nanomaterial production and
disposal require stringent regulatory structures, giving another layer of complexity in the
manufacturing process.

The purpose of these review papers is to provide intensive exploration of progressing and
progress in the processing and construction of nano-engineered materials with special
attention to their applications in defence. It begins by examining the basic properties of these
materials that make them suitable for defence technologies, such as mechanical strength,
thermal and electrical conductivity, and resistance to extreme conditions (Subham & Ray,
2024). The reviews, then the state-of-the-art techniques used in their construction include
the down-up and top-down approaches, as well as innovative methods such as
nanolithography and self-assembling. In addition to discussing current capabilities, the paper
addresses the challenges associated with large-scale production and integration of
nanoengineered content in defence systems. This examines moral ideas around their
deployment, especially in terms of dual-use concerns and environmental impact (Singer et
al., 2025). The review ends by exposing future trends and possibilities in this rapidly
developed area, including the convergence of nanotechnology with artificial intelligence,
advanced manufacturing technigues and the development of smart and adaptive materials.
By providing a comprehensive observation, this paper tries to contribute to the
understanding of nano-engineered materials as a transformational force in defence,
performing ground tasks for further research and innovation in this important field.

Fundamentals of Nano-Engineered Materials
Defining Nano-Engineered Materials

Nano-engineer content is a class of advanced materials defined by their structural
dimensions within the nanoscale range (1-100 nanometres) (Gartia & Chakraverty, 2025).
On this scale, the material displays an individual property that greatly deviates from their
wholesale counterparts due to the emergence of quantum effects and an increase in surface-
sector-to-volume ratio. These events lead to unique mechanical, thermal, electrical and
optical characteristics that are unattainable in traditional materials. For example,
nanoparticles have significantly greater reactivity and catalytic efficiency than their
macroscopic forms, which is responsible for exponential growth in active surface area (Dutta
et al., 2024). This allows nanoscale manipulation engineers to tailor material for specific
applications, making nano-engineered material indispensable in state-of-the-art
technologies. In defence, the power of these materials, the ability to combine mild and
multicultural, makes them a transformational force. From strong nanostructured coatings to
radar-absorbed nanocomposites, their versatility operates innovation in various applications,
including protective gear, stealth technologies and next-generation sensors (Shirke et al.,
2024).

Unique Properties of Nano-Engineered Materials

The extraordinary qualities of nano-engineer materials arise from their nanoscale accuracy
and unique nuclear system. Materials such as mechanically, graphene and carbon
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nanotubes increase many orders of magnitude more than traditional materials (Wang et al.,
2024). For example, graphene displays a tensile strength of about 130 GPA — 200 times
stronger than steel — while being incredibly lighter. These properties make nano-engineer
materials ideal for a strong armour system yet. Thermal properties also see remarkable
enrichment; CNTs and graphene show more thermal conductivity than 3,000 W/m.K.
Defence electronics and high-demonstration arms systems facilitate efficient heat wastage
(Ren et al., 2024). Similarly, electrical properties are enhanced, in which materials such as
graphene enable the development of advanced energy storage systems and sensors.
Optical properties, such as quantum dots and tuneable absorption spectra of quantum dots
and gold nanoparticles, are exploited in applications ranging from stealth technology to
advanced imaging systems (Zhou et al.,, 2024). Finally, the chemical properties of
nanomaterials, including high surface reactivity, enable their use in catalytic and
environmental protection solutions, such as chemical war courses or pollution controls.

Comparison with Conventional Materials

When compared to traditional materials, nano-engineered content shows a different benefit
in adaptability, efficiency and performance (Parvin et al., 2025). Traditional materials such
as steel or aluminium, while reliable and cost-effective, often lack essential multiplicity in
modern defence applications. For example, steel is a go-to material for long-term armour
systems, but its high density adds significant weight and limits mobility and energy efficiency
in defence functions (Asgedom et al., 2025). Nano-engineer options, such as graphene or
CNT-reinforced nanocomposites, provide equivalent or better power with much lower
weight, enabling increased dynamics and agility in military vehicles and personnel. In
addition, traditional ceramics used in high-temperature applications can be replaced or
enhanced with nanostructured ceramics such as zirconia, which provide better thermal
stability and resistance to fracture (Lin et al., 2025). The integration of hanomaterials not
only addresses the boundaries of traditional materials but also introduces functionalities,
such as self-treatment or adaptive behaviour, which were previously unattainable. This
progress marks a paradigm change in how the material is designed and used in defence
systems.

Types of Nano-Engineered Materials in Defence

Different types of nano-engineered materials complete a comprehensive spectrum of
defence applications, taking advantage of their unique qualities to resolve each specific
challenge. Carbon-based materials, including graphene, CNT and carbon nanofibers, have
emerged at the forefront of defence innovation due to their unigue mechanical, thermal and
electrical properties (Fahri et al., 2024). These materials are widely used in light body
armour, energy storage devices and advanced electronics. Metal-based nanopatrticles, such
as gold, silver and iron oxide nanoparticles, have performed extraordinary optical and
magnetic properties (Yameny, 2024). For example, gold nanopatrticles — their surfaces are
important in secret technology due to Plasmon resonance capabilities, which allow the
manipulation of electromagnetic waves. Ceramic nanomaterials such as zirconia and
alumina are used in high-temperature applications, such as thermal barrier coatings for jet
engines and hypersonic vehicles. Overall nhanomaterials, which combine polymers with
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nanostructures, provide an optimal mixture of strength, flexibility and mild properties (Sabet,
2025). These composites are employed in protective gear and structural components for
military equipment. Together, these materials represent a revolution in defence technology,
providing innovative solutions for the versatile challenges of modern war.

Processing Techniques for Nano-Engineered Materials

Processing techniques for nano-engineered materials are important in shaping their
properties and applications, especially in defence (Tian et al., 2024). These techniques can
be broadly classified into bottom-up and top-down approaches, with these paradigms to
expand possibilities with emerging methods. While bottom-up methods focus on assembling
by atom or molecule by molecule, top-down methods begin with bulk materials, breaking
them into nanoscale dimensions. Both methods have their sets of advantages and
boundaries with specific suitability depending on the desired properties and applications. In
addition, recent innovations, such as adorable manufacturing and plasma-assisted
fabrication, have greatly advanced the processing landscape, providing new avenues for
scalable and cost-effective production of sequential nanomaterials for defence (Shah et al.,
2024).

Bottom-Up Approaches

Bottom-up approaches provide accurate control over physical properties by assembling
structures at an atom or molecular level. These methods are important for creating high-
guality nanomaterials with specific characteristics, making them indispensable in defence
applications where accuracy and performance are paramount. Chemical vapour deposition
(CVD) is one of the most widely planned bottom-up techniques, especially to synthesise
graphene and carbon nanotube (CNTS) (Borane et al., 2024). In this process, a precursor
gas is decomposed at high temperatures, forcing nanomaterials on a substrate. The
resulting structures are exceptionally similar, with applications ranging from advanced
electronics to electromagnetic preservation in stealth technology. Similarly, the Sol-Gel
process, a wet chemical technique, metal alkoxide (Zanurin et al., 2022) enables the
formation of ceramic nanoparticles and coatings by hydrolysing. This method is particularly
valuable in creating heat-resistant coatings for defence applications, such as jet engine
components and thermal security systems. Another important bottom-up approach is a self-
regulatory assembly, where nanostructures spontaneously organise in high-order patterns.
This technique is employed in the manufacture of nanosensors and photonic crystals, which
are important for optical defence technologies and communication systems. Atomic layer
deposition (ALD), a method associated with layer-by-layer deposits of the material, is
another precise technigue that is used to produce ultrathin films, which are accompanied by
applications in electromagnetic preservation and secret technology (Kou et al., 2024). These
bottom-ups excel in producing materials with extraordinary uniformity and analogous
properties. However, they often include boundaries in complex processes, high costs and
scalability, which may be a hurdle for large-scale defence applications.
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Top-Down Approaches

Top-down technology, by contrast, incorporates the breakdown of bulk material in
nanoscale structures (Palagati & Reddy, 2024). While they have a lack of nuclear accuracy
of down-up methods, their scalability and cost-effectiveness make them an attractive
option for industrial-mammary applications in defence. For example, ball milling is a
widely used top-down approach where high-energy confrontation between balls and a
material leads to the formation of nanoparticles (Ogbezode et al., 2024). This technique
is particularly effective for the production of nanostructure powder used in light
composites for body armour and structural components. Lithography, including
electron-beam  lithography and  photolithography, allows for the manufacture of
complex nanoscale patterns. These patterns are integral parts of microchips and other
nanostructured devices that run modern defence technologies, such as precision-guided
munitions and advanced sensors. Laser ablation, another notable technique, involves
the use of high-energy lasers to evaporate wholesale materials in nanoparticles (Liang
et al.,, 2021). This method is especially useful for synthesising metal and ceramic
nanoparticles, which are integral parts of energy-absorbing materials and protective
coatings in defence systems. While top-down methods provide a practical approach to
the production of nanomaterial, they often struggle with achieving a level of accuracy
and uniformity as bottom-up techniques. In addition, it can introduce physical
processes, such as mechanical pieces or laser evaporations, defects or
irregularities that affect the performance of the material (Lu et al., 2024). Despite these
challenges, their scalability and relatively low cost make them an indispensable part of
nanomaterials manufacturing.

Emerging Processing Methods

Beyond traditional bottom-up and top-down approaches, there are revolutions in the
emerging methods such as adorable manufacturing, electrospinning and plasma-
assisted fabrication. These techniques provide novel solutions for challenges for a
long time, including scalability, complexity and cost-effectiveness, making them highly
relevant to defence applications. Additive manufacturing (AM), commonly known as 3D
printing, has obtained significant traction for the ability to directly create the complex
nanostructure layer by layer (Onu & Lawal, 2024). This method is invaluable for rapid
prototyping of components such as unmanned aerial vehicles (UAVS) and drones. By
integrating nanomaterials in the process, AM allows for the manufacture of light, high-
power components with complex designs; the material reduces waste and
production time. Electrospinning, another innovative technique, polymer solution
(Huang et al.,, 2024) enables the production of nanofibers. These nanofibers are
important for high-performance filtration systems used in the defence environment, such
as protection against chemical and biological hazards.

Additionally, plasma-assisted fabrication employs plasma energy to modify or
synthesise nanomaterials, such as hardness, wear resistance, and thermal stability,
enhancing surface properties (Kumar et al.,, 2024); this method is particularly useful for
coverage systems, where enlarged surface properties can improve. These emerging
methods bridge the gap between innovation on laboratory-mam and applications on
industrial-fame. However, they also present new challenges, such as ensuring stability in
physical properties and optimising production processes for cost efficiency (Zhao et al.,
2025).
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Advantages and Limitations

Each processing technique comes with its set of advantages and boundaries to shape its
suitability for specific defence applications. The exactness and tuneability offered by bottom-
up approaches are unmatched, requiring highly specific physical properties, such as
guantum sensors and stealth coatings (Mahajan et al., 2024). However, their high cost and
complexity often limit their use to niche applications. The top-down approach, while low in
accuracy, excellence in scalability and cost-effectiveness, is suitable for mass production of
nanomaterials used in light composites and structural components (Raghunathan et al.,
2024). Emerging methods such as additive manufacturing and plasma-assisted fabrication
combine the strength of both approaches, which offer scalability without renouncing
optimisation. Nevertheless, challenges such as maintaining environmental stability and
management of production costs are important. Additionally, the environmental effects of
some processing techniques, such as chemical vapour deposition or the generation of
dangerous sub-products in Sol-Gel processes, require the development of greenery options
(Sharma et al., 2024).

Manufacturing Challenges and Solutions

Integration of nano-engineered materials in defence systems presents several
manufacturing challenges that must be overcome for widespread use. While these materials
provide significant benefits in terms of strength, weight loss and multifunctionality, such as
scalability, cost, quality control, environmental impact, and issues such as integration in
existing systems obstruct their adoption. A versatile approach is required to address these
challenges, taking advantage of progress in manufacturing techniques, physics and
cooperative efforts between industries, governments and defence sectors (Adeleke et al.,
2024). The section underscores the major challenges faced in the manufacture of nano-
engineered materials for defence applications and examines potential solutions that can
unlock their full capacity.

/n Scalability of Production

Integration with Existing
Systems

Figure 1 : Represents Several Manufacturing Challenges (Source: Author)
Scalability of Production

One of the most pressing challenges in adopting nano-engineered materials is scalability of
production. Many of the promising nanomaterials, such as graphene, carbon nanotube
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(CNT), and quantum dots, are commonly synthesised in low amounts under controlled
laboratory conditions (Ayanda et al., 2024). These synthesis methods often include complex
processes that are difficult on a scale for mass production. As a result, laboratory-scale
synthesis presents enough challenges in maintaining the uniformity and quality of infection
materials in large-scale construction, especially when dealing with accurate properties such
as size, size and surface characteristics (Mahmud et al., 2024). The difficulty in increasing
production limits the availability of these materials for large-scale defence applications,
where there is a high demand for frequent quality and quantity.

Many solutions are being discovered to address these scalability issues. Advanced
manufacturing technologies, such as roll-to-roll processing, have shown significant promise
to increase the production of materials such as graphene (Marques et al., 2024). This
technique involves consistently feeding a substrate through a processing unit, which enables
the production of large sheets of materials on high throughput, which is necessary for
industrial applications. Additionally, the automation of the synthesis process can reduce the
capacity for human error, improve reproducible qualifications and streamline production
workflows. Automatic systems can also increase the accuracy of physical properties and
ensure frequent output in large batches. In addition, hybrid technology, which combines top-
down and bottom-up approaches, is being developed to gain high production efficiency by
maintaining the desirable properties of nanomaterial (Agrawal, 2024). This integration can
take advantage of the benefits of both methods — from top-down techniques like ball milling
and accuracy in production capacity without increasing production capacity, to increasing
the quality of accuracy from below-up techniques like chemical vapour deposition (CVD).

Cost of Production

The cost of production is another significant obstacle to widely adopting nanoengineered
materials in defence applications. The refined tools required for the synthesis of high energy
consumption and expensive raw materials contribute to the high cost of production (Sher et
al., 2024). For example, the cost of production of high-quality graphene or CNT can be
prohibitive, especially when considering the quantity required for mass applications in
defence areas such as aerospace, electronics and armour systems. These high costs limit
the viability of nanoengineered materials for use in large-scale defence systems, where the
cost is paramount.

To reduce production costs, several strategies are being followed. Cost-affected precursors
can significantly reduce the overall cost of nanometre production (Brar et al., 2022). For
example, instead of using expensive petroleum-based sources for graphene production,
researchers are discovering biomass-extracted forearms, which are more inexpensive and
environmentally durable. This can give rise to cheap ways to synthesise high-quality
graphene on a scale. Energy optimisation for cost reduction is another avenue. Techniques
such as microwave-assisted synthesis, which use low energy and low processing time, can
help make nanomaterial production more energy-skilled (Dubey & Dube, 2024). In addition,
the government and industry participation can help subsidise initial costs related to
developing mass production facilities for nanoengineered materials. Cooperative efforts

186 Harmonising Chemical and Biological Sciences for Sustainable Development



Nanotechnology in Defence Applications

between defence agencies and private industries can also promote innovation and reduce
costs through shared investment in research, development and infrastructure.

Quality Control and Standardisation

Itis important for their reliable performance in defence applications to ensure frequent quality
of nanoengineered material. Conversion in properties such as particle size, purity and defect
density can lead to unexpected behaviour under the transforcement operations (Zhao et al.,
2024). For example, the strength, conductivity, or thermal properties of inconsistent quality
materials in graphene or CNT can affect performance, which reduces its performance in
important defence applications such as sensors, electronics, and structural components
(Mishra & Verma, 2024). Therefore, it is necessary to meet strong quality control and
standardisation measures to ensure that nanomaterials meet the expected performance
requirements in defence systems. Many solutions are being developed to solve the
challenges of quality control and standardisation. A major solution is the installation of
standardised protocols for the production and characterisation of the nanomaterials.
International standards will ensure that all nanomaterials produced for defence applications
follow a common set of performance benchmarks, which enable uniformity and prediction in
their behaviour (Singh et al., 2024). Additionally, real-time monitoring systems, such as in
situ spectroscopy, can be applied to continuously track physical properties during
production. This will enable immediate detection of any deviation from the desired
specifications, allowing adjustments to the fly. In addition, from the source of raw materials
to the final product test, quality assurance systems can be kept for monitoring the entire
production process, ensuring that any batch variety is identified and the material is corrected
before reaching the defence area.

Environmental and Health Concerns

The production and disposal of nanoengineered materials increase significant environmental
and health concerns. Nanomaterials can cause risks due to their poisoning, potential
bioaccumulation and environmental firmness (Edo et al., 2024). For example, nanosilver,
commonly used for its antimicrobial properties, has shown harmful effects on aquatic
ecosystems, possibly disrupting the food chain. The small size and high reactivity of
nanomaterials can also increase the possibility of toxicity, especially when they interact with
biological systems (Khadanga & Mishra, 2024). As a result, addressing the environment and
health implications of nanometre production and disposal is important to ensure permanent
use of these materials in defence applications.

To reduce these risks, several solutions are being detected. Methods of green synthesis,
which use environmentally benign techniques such as the mediation synthesis of the plant,
can significantly reduce the ecological effects of nanomaterials production (Kirubakaran et
al., 2025). For example, using plant extracts to synthesise nanoparticles reduces the need
for toxic chemicals and reduces waste production. Additionally, recycling of nanomaterials
and recompulsion procedures are being developed, ensuring that nanomaterials can be
recovered and represented, which can reduce the environmental burden. To ensure strict
regulation and monitoring, it is also necessary that the environmental impact of nanomaterial
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construction is closely monitored and managed (Tschiche et al., 2022). Applying a regulatory
structure that controls the disposal and recycling of nanomaterials will help reduce their
ecological footprint and ensure safe practices in rescue-related industries.

Integration with Existing Systems

Integration of nanoengineered materials in existing defence systems presents important
challenges due to comprehensive design modifications and the need for compatibility
testing. Many defence systems have been developed with traditional materials, and to
introduce new nanomaterials often require significant revival of these systems (Wang et al.,
2024). This can increase both the time and cost of deployment, delaying the benefits of
nanoengineered materials in defence applications. Additionally, to ensure that these
materials serve as an intention in complex defence systems, such as aerospace platforms
or advanced communication networks, they require thorough testing to confirm their
performance under various operating conditions. Many strategies can help remove the
challenges of integration. A solution is the development of modular designs that allow
nanomaterials to be used as interchangeable components within the existing systems. This
approach will enable easy integration, which will reduce the requirement of extensive
redesign of defence technologies. In addition, encouraging interdisciplinary cooperation
among physicists, engineers and defence experts can promote better communication and
ensure that nanomaterials are designed with compatibility kept in mind (Pandey et al., 2024).
Finally, simulation tools, such as computational modelling and virtual prototyping, can be
used to estimate how nanomaterials will behave in defence systems. These devices can
reduce expensive testing-and-trunk testing requirements, accelerate the integration process
and reduce overall growth costs.

Applications in Defence Materials

The integration of nanoengineered materials in defence systems has revolutionised the
region by offering adequate improvements in the performance of materials used for
important defence applications. These materials are characterised by their nanoscale size,
unique properties and tuneable characteristics, enhancing the abilities of various defence
technologies, including light armour, silent systems, advanced sensors, energy storage,
autonomous systems and chemical/biological defence. By taking advantage of the
underlying benefits of the nanometre, better performance in the defence sector, increased
efficiency, and a wide range of military applications can increase security for personnel and
equipment. The following sections detect specific applications of hano-engineered content
in defence systems.
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Figure 2 : Applications of Nano-engineer Content in Defence Systems (Source: Author)
Lightweight Armor Systems

Nano-engineer materials have described body armour and vehicle protection (Tawiah et al.,
2024) about significant progress in the development of light and highly effective armour
systems for both. There is a requirement of materials that provide high strength, while the
remaining is important for improving mobility without compromising on mild safety.
Nanomaterials such as graphene, boron nitride, and nanocomposites exhibit extraordinary
mechanical properties, including high tensile strength, cruelty and flexibility, which make
them ideal candidates for advanced armour systems (Harish et al., 2023). These materials
can be integrated into various composites to create armour that is not only lighter than
traditional materials but also provides better ballistic resistance.

The advantages of nanoengineered materials in the armour system are especially clear in
their extraordinary power-to-wisdom ratio and flexibility, which makes them highly effective
in preventing projectiles while reducing the overall weight of armour (Shukla et al., 2024).
For example, graphene-based composites have shown significant promise in increasing
ballistic security, offering materials that are both strong and light. The internal properties of
graphene, such as its high tensile strength and flexibility, allow for the development of
armour systems that are much lighter than traditional materials such as steel or ceramics,
while still providing excellent protection (Hafeezur et al., 2024). Another promising material
is carbon nanotube (CNT)-infused polymer, which improves energy absorption during high
effects. CNTs increase the mechanical properties of the material, allowing the polymer to
transmit energy more efficiently from the project, providing increased protection for soldiers
and vehicles (Rani et al., 2024).

Stealth Technologies

One of the most important applications of nanomaterials in defence is in secret technologies,
where they are used in the development of radar-absorbing materials (RAMS) to reduce the
visibility of military platforms such as aircraft, ships and drones (Peng & Li, 2024). Sneak
technology depends on the ability to reduce the reflection of radar waves from one platform,
making it more difficult to detect or track the object for the enemy radar system.
Nanomaterials provide a significant advantage due to their tuneable electromagnetic
properties in this domain, which allows accurate control over radar-absorbed characteristics
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of the materials to be used (Ray & Panwar, 2024). By changing the size, shape and structure
of nanomaterials, it is possible to design the content with increased radar absorption
capabilities.

Graphene and Carbon Nanotube (CNTs) are two nanomaterials that have proved highly
effective in radar wave absorption. These materials can be engineered to absorb radar
waves in a wide range of frequencies, which can reduce the reflection of secret platforms.
In some nanomaterials, metal nanostructures further enhanced the effectiveness of the
RAMs, as they can be engineered to reduce reflections and maximise the absorption of
electromagnetic waves (Kaushik et al., 2024). The result is a mild, highly effective radar-
absorbing material that can be used in the manufacture of secret aircraft, ships and drones,
which reduces their signature and improves their survival in hostile environments.

Advanced Sensors

Nanotechnology plays an important role in increasing the capabilities of advanced sensors
used in defence applications. Unique properties of nanomaterials, such as their high surface
region, sensitivity and short capacity, make them ideal to make them sensors that are more
efficient, strong and capable of detecting a wide range of dangers (Godja & Munteanu,
2024). In particular, the application of nanomaterials in chemical, organic and environmental
sensors have greatly improved the sensitivity and accountability of these devices, making
them invaluable tools for military operations that require rapid detection and reaction for
potential hazards.

Quantum dots are an example of nhanomaterials used in advanced sensing applications,
especially in detecting chemical and biological hazards (Ahmed & Soylak, 2024). These
nanoparticles made of semiconductor materials can be engineered to respond to specific
chemical or biological agents, which provide highly sensitive identity capacity. Additionally,
nanosensors are used to monitor the structural health of vehicles, buildings and
infrastructure. Embedded in military equipment or structures, these nanosensors can detect
changes in the environment, such as stress, and can send real-time data to operators,
allowing initial warnings of potential failures or weaknesses. This application of
nanotechnology enhances statutory awareness and security of military personnel and
equipment.

Energy Storage Systems

The role of nano-engineered materials in energy storage systems is another area where
they significantly increase the performance of defence technologies. Modern defence
equipment, such as portable devices, communication systems and unmanned vehicles,
often require high-capacity energy storage systems to ensure continuous operation (Lin et
al., 2024). Nanotechnology provides promising solutions to meet these demands by
improving energy density, charge rates and batteries and supercapacitors. These
progresses are important to ensure that the defence system can work for an extended period
without the need for frequent recharging or battery replacement. For example, a graphene-
enhanced lithium-ion battery is being developed to provide increased capacity and long-term
lifetime compared to traditional batteries (Sama, 2024). The inclusion of graphene in the
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anode material increases the surface area, allowing more efficient energy storage and rapid
charging time. Similarly, nanostructure electrodes in supercapacitors improve the efficiency
and energy storage capabilities of these devices, making them ideal for giving strength to
high-demonstration systems that require rapid bursts of energy. Easy by nanotechnology,
this progress in energy storage enables operation of defence systems more effectively, with
prolonged operating time and rapid recovery between functions, which increases the
endurance and effectiveness of military operations.

Autonomous Systems and Robotics

Nanotechnology has also enabled significant improvements in autonomous systems and
robotics, where light, energy-skilled components are necessary to increase mobility,
durability and functionality (Xu et al., 2025; Velrani et al., 2025). In terms of defence,
autonomous systems such as drones and robots play an important role in reconnaissance,
monitoring, and fighter operations. The integration of nanomaterials in these systems allows
for increased dynamics, prolonged endurance, and an increase in functionality, which
enables them to perform complex functions in a more versatile and challenging environment.
Nanoactuators are an example of nhanomaterials used to protect the robotic system and
drones from harsh environmental conditions, including rust, wear and extreme temperatures
(Sharma et al., 2024). These coatings provide an additional layer of safety, expand the
lifetime of defence equipment and ensure that they continue to perform better under the
terms of the demand.

Additionally, nanoactuators are being developed for use in robotic organs and other accurate
movement systems. These actuators, which are small and light, provide high precision and
efficiency, which enable the robot to complete complex functions with minimal energy
consumption. This combination of increased dynamics and precision makes nanotechnology
a game-changer for autonomous systems in defence.

Chemical and Biological Defence

Nanotechnology plays an important role in chemical and biological defence, where
nanomatrices are employed in protective gear and detection systems designed to combat
dangerous agents (Ruiz-Gonzalez et al., 2024). Nanomaterials offer high selectiveness and
rapid response abilities, making them ideal for use in protective suits, filters and detection
systems. In military operations, soldiers are often made aware of potential chemical and
biological hazards, and rapid detection and effective security are paramount to ensure their
safety. Nanofibrous membrane is used to filter toxic agents and dangerous particles in
protective gear, providing extended protection against chemical and biological hazards (Le
et al., 2024). These membranes are designed to catch contaminants at the nanoscale, which
offers a highly effective barrier without breathing or comfort compromise.

In addition, nanoparticle-based detectors are being developed in real time to detect
dangerous substances, including chemical agents and biological pathogens. These
detectors are highly sensitive and are capable of providing immediate alerts, which provide
rapid reactions to potential hazards. The combination of selective filtration and rapid
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detection ensures that nanomaterials provide a comprehensive solution for chemical and
biological defence challenges in military settings (Darwish et al., 2024).

Future Trends and Prospects

A transformative future is being shaped in the development of nanotechnology and its
increasing integration in defence materials. Nanomaterials have already demonstrated their
ability to bring revolution in various fields, especially defence (Francis et al., 2024). Looking
ahead to the coming decades, there is a clear tendency towards the development of
advanced, adaptable, and energy-efficient materials. This section examines some emerging
trends, successes and implications of nanotechnology in defence applications. These trends
throw light on how nanotechnology can provide unprecedented benefits in terms of smart
materials, manufacturing techniques, energy solutions, safety systems and space defence.

Developmentof smart
V& and adaptive materials
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Figure 3: Shows the Schematic Representation of Future Trends and Prospects of
Nanomaterials (Source: Author)

Smart and Adaptive Materials

One of the most exciting possibilities for nanotechnology in defence is the development of
smart and adaptive materials. These materials are designed to dynamically respond to
environmental changes, such as temperature, pressure, or electromagnetic fields, providing
significant operational benefits in complex and developed defence scenarios (Wang et al.,
2023). Potential applications of these smart materials can lead to the next generation of
protective equipment and adaptable systems and structures that respond to the demands of
the battleground.
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Self-healing material represents a major success in the region. By integrating
nanotechnology, they can autonomously repair themselves when the materials are
damaged, expanding the lifetime of significant defence tools and structures. For example,
embedded polymer composites with nanocapsules can release the healing agents when the
cracks are detected, thus preventing further damage and increasing the credibility of military
gear (Ahmed et al., 2024). This technique can prove invaluable in ensuring the longevity and
stability of the armour and other high-demonstration devices.

Shape-Memory Alloys (SMA) is another exciting application. These alloys designed on the
nanoscale can return to a predetermined shape in response to specific external stimuli, such
as changes in temperature. In defence, these materials can be used to create deployable
structures in aerospace, robotics and other applications where space deficiency and rapid
adaptation are important (Rodino et al., 2024). The capacity of materials that automatically
return to their original shape after deformation can be highly beneficial for military
applications where rapid deployment and adaptability are required.

In addition, metamaterials provide revolutionary ability due to their ability to display
properties naturally found in nature. These materials can be engineered for unique
characteristics in nanoscale, such as negative refractory index (Alkunte et al., 2024). This
capacity opens the door to stealth technologies for advanced applications such as cloaking
devices, which can allow military property to be almost invisible to radar and other detection
methods, providing a strategic advantage on the battlefield.

Advanced Manufacturing Techniques

Since nanotechnology is moving forward, manufacturing technology is developing to support
the creation of highly sophisticated materials with unprecedented accuracy and scalability.
One of the most promising techniques for the future is 4D printing, which is the expansion of
3D printing (Mahmood et al., 2024). Unlike traditional 3D printing, which creates stable
objects, 4D printing adds a cosmic dimension, which enables changing size or properties
over time in response to external stimuli such as heat or humidity. It can give rise to the
development of self-web structures, such as camouflage materials that adapt to their
surroundings, or adaptable arming systems that are adjusted based on external
environmental conditions.

The atomic priority manufacturing is another groundbreaking approach, which is expected
to revolutionise the production of nanomaterials (Sharma et al., 2024). With atomic precision,
manufacturers can place individual atoms with great accuracy, allowing the formation of
defect-free material with customised properties. This technique has the ability to produce
advanced nanomaterials such as single-crystal graphene, known for its remarkable power
and conductivity. Such progression will enable the creation of ultra-high-performance
materials for defence applications and enhance the strength, durability and functionality of
military assets (Tsirogiannis et al., 2024).

In addition, the integration of digital twins and artificial intelligence (Al) is ready to change
nanomaterial design and adaptation. By using digital simulation, it is possible to design, test
and refine nanomaterials before physical manufacturing, dramatically reduce trial-and-error
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in prototyping and speed up the growth cycle (Stier et al., 2024). Al can be used to predict
physical behaviour in various conditions, which enables the construction of highly
customised and custom materials for specific defence requirements. The combination of Al
and nanotechnology will be important in overcoming scalability and accuracy challenges
associated with nanomaterial production.

Enhanced Energy Solutions

Energy solution is an essential aspect of modern defence systems. Nanotechnology has
been designed to bring revolution in energy storage, generation and efficiency, making a
significant impact on the operating capabilities of military systems (Mhetre et al., 2025).
Future progress in nanomaterials is expected to lead to more compact, durable and efficient
energy systems, making soldiers and autonomous systems able to work for a longer period
without the need for frequent recharging. One of the most promising developments in energy
solutions is the use of a solid-state battery (He et al., 2024). Unlike traditional lithium-ion
batteries, which use liquid electrolytes, solid-state batteries appoint solid electrolytes and
nanostructure electrodes to increase energy capacity. This technique has great capacity for
military applications, offering high energy density and rapid charging time, which are
important for portable power sources used by soldiers, drones and other defence
technologies.

Another emerging technique is hydrogen storage. Nanomaterials such as Metal-Organic
Frameworks (MOFs) are being detected for their ability to store hydrogen at high density,
making them ideal for applications such as fuel cells, Unmanned Air Vehicles (UAVs), and
other energy-intensive systems (Lavanya et al., 2024). The ability to stimulate and use
hydrogen can bring revolution in military energy solutions, providing a clean and abundant
source of energy for defence applications. In addition, nanogenerators represent an exciting
opportunity for energy harvesting. These devices use environmental energy, such as
mechanical vibrations or temperature differences, use piezoelectric and thermoelectric
nanomaterials, and convert it to electrical energy (Anbalagan et al., 2024). Such techniques
can be used for power sensors, wearable devices and other low-power systems used in
defence, which help reduce dependence on traditional energy sources.

Advanced Protective Systems

The advancement of protective systems is another area where nanotechnology is expected
to have a transformational effect. As such military dangers develop, defence systems should
be more sophisticated and effective. Nanotechnology provides the ability to develop
protective materials of the next generation that are stronger, lighter and more optimal than
ever. The flexible body armour is an area where nanomaterials are expected to provide
significant improvements. By combining nanocomposites, such as graphene-infected
polymers, body armour can be made light without compromising their strength or protective
abilities. For example, the reinforced Kevlar with graphene oxide can provide increased
ballistic protection, allowing for more mobility, reducing the overall weight of the armour, and
providing comfort for soldiers (Costa et al., 2024).
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Nanocoatings are also playing an important role in the development of advanced protective
systems. These coatings can be applied to a variety of surfaces, including aircraft, naval
ships and weapons, so that their resistance to corrosion, wear and extreme temperatures
can be increased. Such protective layers help to expand the lifetime of defence equipment,
ensuring their continuous performance in the harsh environment.

Additionally, radiation preservation is becoming increasingly important using nanostructure
materials, especially with the expansion of space defence systems (Sales et al., 2024).
Nanomaterials designed to absorb or deform ionising radiation are important in protecting
both military personnel and equipment from harmful radiation, whether in space exploration
missions or during conditions of atomic results.

Al and Nanotechnology Convergence

The convergence of Artificial Intelligence (Al) and nanotechnology has immense ability to
unlock new abilities in defence systems. Al can be used to adapt to the design of
nanomaterials, predict their behaviour in different circumstances, and automate the
manufacturing process, leading to more efficient and effective production of advanced
defence technologies. Al-driven smart nanomaterial can be embedded with decision-making
capabilities, which can suit the changing circumstances in real time (Han et al., 2024). For
example, a nanomaterial used in a defence application can understand its environment,
detect a danger, and react autonomously by changing its properties or structure. This can
provide significant benefits in situations with rapid decision-making, such as the atmosphere
of the battlefield where conditions change quickly and unexpectedly. The use of Al to run
nanostructures adapted to specific defence applications is another area where
nanotechnology can offer a competitive edge (Grinin et al., 2024).

By using the Al algorithm to tailor the properties of nanomaterial to suit special operational
requirements, defence organisations can develop materials that are highly specialised and
adapted to specific tasks, whether it is in terms of strength, flexibility, or energy efficiency.

Nanotechnology for Space Defence

As the defence landscape spreads into space, nanotechnology will play an important role in
addressing the unique challenges generated by the space atmosphere (Singh & Kaur, 2023).
Space-based defence systems require materials that can withstand the extreme
temperatures, radiation, and vacuum of space while remaining light and efficient. Lightweight
nanocomposites will be required to reduce the launch weight of the spacecraft by enabling
more fuel-skilled missions. These materials can help improve the performance of satellites
and other space-based assets by providing strong, light structures that can oppose the harsh
situations of space travel. Radiation-resistant nanomaterial will be important to protect both
spacecraft and astronauts from the harmful effects of cosmic radiation and solar particles
(Zeng et al., 2023).

While offering extended safety for space missions, nanostructured materials can be
engineered to absorb or deform radiation. In addition, nanosensors will be used for several
functions in satellites, including communication, navigation and monitoring. By shortening
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the sensor for nanoscale, military organisations can create highly efficient and compact
systems that perform important functions with minimal space requirements.

Ethical and Regulatory Considerations

With any emerging technology, the development and deployment of nanotechnology in
defence applications increases significant moral and regulatory concerns (Subhan &
Subhan, 2022). One of the most pressing issues is the dual-use nature of much
nanotechnology, where the material developed for civil purposes can also be used for
military applications. This creates strict regulation and inspection requirements, ensuring
that nanotechnology is used responsibly and does not fall into the wrong hands. The
installation of global standards is also important to ensure safe and responsible use of
nanometres. International cooperation between governments, industries and research
institutes would be necessary to create guidelines for the development, testing and use of
nanotechnology in defence (Amutha et al., 2024).

Conclusion

The consolidation of nano-engineered materials in defence applications identifies an
important milestone in the evolution of modern warfare technology. These advanced
materials, with their unique physicochemical properties, showed significant possibility in the
traditional defence revolution from the adapted camouflage of systems weighing, high-power
armour and stealth technology, which is the technology of enhanced energy storage and
highly sensitive sensors. This review has explored the various processing and production
techniques, including both top-down and below methods, as well as additive manufacturing
and laser-assisted fabrication; each offers a distinct benefit of tailoring material performance.
Progress: several critical challenges remain. Scalability, uniformity and consistency with
existing defence infrastructure prevent extensive implementation. However, the procedure
of synthesis and characterisation is progressing on tools slowly to address these limitations.
Collective research and defence among the scientists of materials technologists and
policymakers are the future potentials needed to overcome these obstacles. The
development of smart nanomaterials capable of self-reliance, real-time threat identification
and environmental adaptability presents the next border. Nevertheless, dual-use technology,
environmental impact and moral concerns about the global impact of protection must be
managed through the strong regulatory structure.
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