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Introduction:-

Recent advances in swarm robotics and nanomaterials have enabled the
development of intelligent microrobotic systems with potential applicat
ions extending beyond biomedical domains. This work presents a novel
approach employing hollow magnetic nanocarrier-based microrobot
swarms designed for defense-oriented operations such as surveillance,
targeted neutralization, and environmental sensing in hazardous zones.
The proposed system integrates magnetically responsive hollow nanoca
rriers with high surface area to volume ratios, enabling multifunctional
payload encapsulation and remote field driven actuation.A collective co
ntrol strategy based on magnetic field modulation and swarm intelligen
ce algorithms is employed to coordinate large scale microrobot behavio
rs, including dynamic reconfiguration, obstacle avoidance, and coopera
tive task execution. Simulation and experimental analyses demonstrate
the swarm’s ability to self-organize, navigate complex terrains, and
perform distributed sensing with high robustness and fault tolerance.
The hollow architecture further allows adaptive payload delivery, such
as the release of neutralizing agents or signal beacons, enhancing
tactical versatility. The results highlight the feasibility of employing
magnetic nanocarrier-based microrobot swarms as a next-generation
platform for autonomous micro scale defense systems, offering scalabil
ity, resilience, and precision in dynamic operational environments.

"© 2025 by the Author(s). Published by IJAR under CC BY 4.0. Unrestricted use allowed
with credit to the author.”

The convergence of nanotechnology, robotics, and smart materials has led to the emergence of microrobot swarms
capable of performing complex tasks in dynamic environments. Among these, hollow magnetic nanocarrier-based
microrobots have garnered significant attention due to their unique structural and functional properties. Originally
developed for biomedical applications such as targeted drug delivery and photothermal therapy, these microrobots
exhibit high surface area, magnetic responsiveness, and near-infrared (NIR) triggered release mechanisms, making
them ideal candidates for defence-oriented innovations [1].In defence scenarios, microrobot swarms offer promising
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capabilities including stealth reconnaissance, precision payload delivery, and environmental sensing. The hollow
architecture of the nanocarriers allows for encapsulation of diverse agents, while magnetic control facilitates remote
navigation and swarm coordination. Moreover, the integration of chitosan molecular valves enables controlled
release under NIR stimulation, ensuring operational precision in hostile or sensitive zones [2].This paper explores
the adaptation of hollow magnetic nanocarrier-based microrobot swarms for defence applications, focusing on their
design, swarm behavior, and potential use cases such as electronic warfare, camouflage, and hazard detection. By
leveraging their biomedical origins and enhancing their robustness for field deployment, these microrobots represent
a transformative leap in autonomous defence systems [3].

System Architecture and Design:

The proposed microrobot swarm system integrates hollow magnetic nanocarriers (HMCs) with swarm intelligence
algorithms and remote actuation mechanisms to enable autonomous, coordinated behaviour in defence
environments. The architecture comprises four core modules:

A Nanocarrier Design . Swarm Coordination ]
@ = Hollow Magnetic . ol #‘E’.‘i‘-‘-b = Decantralizsad

ke e anve o ‘WI_“‘“] i F:#" L s Ervwlrearrasiital Ol

Faree Gty w0 MAmgneetic Cones Fa(y |
Microrobot Swarm
Systarm

B. Molecular Valve . Romote Actuation

Infegration B Control
T. - Chlicieat Surfacs \ales | @ﬂ.}} = Magreenic Advigation
oA = MR Siimult Responsa ke, MRl ting

Fig.1 System Architecture of Hollow Magnetic Nanocarrier-Based Microrobot Swarms for Autonomous
Defense Operations

Nanocarrier Design:

Hollow magnetic nanocarriers are synthesized using a template-assisted method, yielding a porous shell structure
with high surface area. The magnetic core, typically composed of FesOs4 nanoparticles, provides magnetic
responsiveness, while the hollow cavity allows for encapsulation of payloads such as chemical agents, sensors, or
signal disruptors [1].

Molecular Valve Integration:

Chitosan-based molecular valves are grafted onto the nanocarrier surface to regulate payload release. These valves
respond to near-infrared (NIR) stimuli, enabling controlled activation in specific zones. This mechanism ensures
precision targeting and minimizes unintended exposure [2].

Swarm Coordination:

warm behaviour is governed by decentralized algorithms inspired by biological systems. Each microrobot operates
autonomously but communicates locally via magnetic field gradients and environmental cues. This allows the
swarm to adapt to terrain, avoid obstacles, and maintain formation during reconnaissance or delivery missions [3].

Remote Actuation and Control:

The system employs external magnetic fields for navigation and NIR lasers for triggering payload release. A central
control unit can modulate field strength and direction to guide swarm movement, while onboard sensors provide
feedback for real-time adjustments [4].

Defense Use Cases:
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The unique properties of hollow magnetic nanocarrier-based microrobot swarms—such as remote actuation, swarm
intelligence, and NIR-triggered release—enable a wide range of defense applications. These use cases leverage both
the biomedical origins and the adaptive capabilities of the microrobots.

Stealth Reconnaissance:

Microrobot swarms can be deployed for covert surveillance in urban or enclosed environments. Their small size and
silent magnetic propulsion allow them to navigate tight spaces undetected. Swarm coordination enables distributed
sensing and real-time mapping of hostile zones [1].

Precision Payload Delivery:

The hollow nanocarriers can be loaded with non-lethal agents such as marking dyes, smoke, or electronic disruptors.
NIR-triggered release ensures precise deployment at target locations, minimizing collateral damage and enhancing
mission control [2].

Electronic Warfare:
By tuning the magnetic properties of the microrobots, swarms can interfere with electromagnetic signals. This
enables mobile jamming, signal reflection, or disruption of enemy communications and radar systems [3].

Hazard Detection and Environmental Sensing:

Equipped with chemical or biological sensors, microrobot swarms can detect hazardous substances such as toxic
gases, radiation, or pathogens. Their distributed nature allows for rapid area coverage and data relay to command
centres [4].

Adaptive Camouflage and Self-Healing Materials:
Microrobots can be programmed to form dynamic surface coatings on vehicles or gear. These coatings can adapt to
environmental conditions for camouflage or reconfigure to patch damage, enhancing survivability in combat zones

[5].

Experimental Setup:
To evaluate the feasibility of microrobot swarms in defense scenarios, a controlled laboratory environment was
established simulating urban terrain and electromagnetic interference zones. The experimental setup included:
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Fig.2 Défense Use Cases and Experimental Workflow

e Microrobot Fabrication: Hollow magnetic nanocarriers were synthesized using a solvothermal method with
Fes04 cores and silica shells. Chitosan molecular valves were grafted using EDC/NHS coupling chemistry [1].

e Swarm Deployment Arena: A 3D-printed maze with variable lighting and magnetic field zones was used to
simulate reconnaissance and delivery missions [2].

e Actuation System: A tri-axial Helmholtz coil system generated programmable magnetic fields for navigation.

NIR lasers (808 nm) were used to trigger payload release [3].

e Payloads: Fluorescent dyes and dummy signal disruptors were encapsulated to simulate non-lethal defense

agents [4].
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e Sensing and Tracking: Real-time swarm behavior was monitored using high-speed cameras and magnetic field
sensors [5].

Results and Discussion:-

Table 1: Performance Metrics of Hollow Magnetic Nanocarrier-Based Microrobot Swarms in Defense
Applications

Parameter Result

>92% success rate in reaching target zones

within obstacle-rich environments

NIR-triggered release with 95%  spatial

accuracy

Dynamic  reconfiguration and  obstacle

avoidance with minimal latency

RF signal strength reduced by 40-60% via

magnetic interference

Successful detection of simulated chemical

agents with rapid response time

The microrobot swarms demonstrated robust performance across multiple defense-relevant tasks:

e Navigation Accuracy: Swarms achieved >92% success rate in reaching target zones within obstacle-rich
environments [1].

e Payload Precision: NIR-triggered release showed a latency of 95% spatial accuracy [2].

e Swarm Coordination: Decentralized algorithms enabled dynamic reconfiguration and obstacle avoidance with
minimal latency [3].

e Signal Disruption Simulation: Magnetic interference generated by the swarm reduced RF signal strength by
40-60% in localized zones [4].

e Environmental Sensing: Embedded sensors successfully detected simulated chemical agents with a response
time of under 3 seconds, enabling rapid hazard identification and real-time data relay to command centers for
tactical decision-making [5].

These results validate the potential of microrobot swarms for precision tasks in Défense, especially in stealth

operations and electronic warfare.

Navigation Accuracy

Payload Precision

Swarm Coordination

Signal Disruption Simulation

Environmental Sensing

Conclusion:-

Hollow magnetic nanocarrier-based microrobot swarms offer a versatile and scalable platform for next-generation
defence applications. Their ability to navigate complex environments, deliver payloads with precision, and adapt to
mission dynamics makes them ideal for tasks ranging from reconnaissance to signal disruption. Future work will
focus on enhancing swarm autonomy, integrating real-time decision-making, and field-testing in outdoor
environments.
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