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Abstract

Swarm micro-robots are emerging as a promisingftrgbrecision oncology by enabling
localized drug delivery and tumor tissue destructitnlike conventional chemotherapy,
which causes systemic toxicity, micro-robotic swsrmman actively navigate biological
environments and deliver payloads at tumor sitasifidal intelligence (Al), particularly
reinforcement learning and multi-agent coordinatsupports adaptive navigation, clustering,
and cooperative decision-making. This review sunmear key swarm microrobot
architectures including helical swimmers, Janus ronabots, magnetically aggregated
swarms, and ultrasound-actuated microswimmers. Méajanslational barriers such as
biocompatibility, immune clearance, imaging conistig and Al predictability are critically
discussed. While feasibility is well demonstrategeximentally, clinical translation remains
limited. Future progress must emphasize reproditgibsafety validation, and regulatory
alignment.
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1. Introduction

Cancer remains a major global health challength @linical outcomes often limited by
systemic toxicity and insufficient drug accumulatian solid tumors. Conventional
chemotherapy distributes drugs throughout the bgutgducing severe side effects that
restrict dosage and reduce patient quality of [lf&]. In addition, tumor microenvironment
barriers such as irregular vasculature, hypoxid, @ganse extracellular matrices restrict drug
penetration into tumor cores [3].
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Although nanocarriers (liposomes and polymeridiplas) have improved delivery, they
still face immune clearance, unpredictable biottigtion, and limited penetration depth [13].
These limitations highlight the need for active @odtrollable delivery platforms.

Micro-robotics offers an alternative through aetimavigation and localized therapy.
Microrobots can be propelled using external magndiglds or ultrasound, enabling
controlled motion inside biological systems [4]. &m microrobotics further enhances
performance through collective behavior, improviegustness, scalability, and cooperative
navigation under physiological disturbances [5].

Al integration has strengthened swarm systemsnapleng adaptive decision-making,
trajectory optimization, and decentralized coortdora Reinforcement learning and multi-
agent control allow swarms to respond more effetyivo flow disturbances and obstacles
compared to pre-programmed strategies [6,7]. Cuaahitectures commonly include helical
microrobots, Janus particles, magnetic swarms, aoualistically actuated microswimmers
[11,15]. However, clinical translation remains coamed by biocompatibility, imaging
limitations, and regulatory uncertainty [9].

This review critically evaluates Al-driven swarmianorobotics for targeted oncology,
focusing on technological progress, clinical fedisyh) and remaining limitations.

2. Literature Review

Martel et al. demonstrated biomedical navigatidnuotethered micro-devices using
clinical MRI systems, establishing early feasipildf externally guided micro-agents in vivo
[10]. Helical microrobots inspired by bacterial gidla remain among the most effective
propulsion designs, with Zhang et al. demonstrafalgyication and magnetic control of
artificial bacterial flagella [14].

Janus patrticle microrobots have gained attentiom td asymmetric structure, enabling
directional propulsion and surface functionalizatitor drug loading [11]. While earlier
studies focused on single microrobots, recent rekBe@ncreasingly emphasizes swarm
systems, where cooperative clustering improvessiiess and delivery efficiency [5,12].

Magnetic swarm aggregation has been widely exglberause external magnetic fields
enable controlled clustering and enhanced payloadlization [11]. In parallel, ultrasound-
powered microswimmers show deep penetration andnpat compatibility with existing
hospital ultrasound infrastructure [15].

Al-based swarm coordination is now central to fieéd. Reinforcement learning and
multi-agent systems support adaptive navigation dedentralized decision-making in
uncertain environments [6,7]. Despite progress,mieidical microrobots require major
improvements in tracking, biocompatibility, and edgf validation before clinical adoption
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becomes realistic [9]. Overall, literature suppoetgperimental feasibility but highlights
substantial translational gaps.

3. Methodology
3.1 Search Strategy

A structured literature search was conducted udiegwords including: “swarm
microrobots”, “Al microrobots”, “Janus particle marobot”, “helical microrobot”, “magnetic
swarm tumor”, “acoustic microswimmer”, “multi-agerdrug delivery”, “reinforcement
learning biomedical robots”, and “tumor targetedmiobot therapy”.

3.2 Inclusion Criteria

Studies were included if they focused on biomdditaro/nano-robots, involved swarm
coordination, incorporated Al mechanisms, and vpexer-reviewed.

3.3 Exclusion Criteria

Studies were excluded if they involved macro-scebdots, lacked experimental
validation, or did not examine swarm behavior.

3.4 Data Extraction and Synthesis

Extracted information included microrobot architee, actuation method, Al
coordination algorithm, biomedical role (drug deliy or destruction), and translational
limitations. Findings were synthesized thematicallyng a critical evaluation framework.

4. Conceptual Framework of Al-Driven Swarm Micro-Robot Therapy

Al-driven swarm microrobot tumor therapy can bedeled as a multi-layer system
integrating microrobot design, actuation mechanjssvgarm intelligence, and therapeutic
execution. Dominant architectures include: (1)d¢slmicrorobots, (2) Janus microrobots, (3)
magnetic swarm clusters, and (4) acoustic microsmens [11,15].

At the physical layer, biocompatible materials atable propulsion are essential. At the
control layer, magnetic or acoustic actuation piesi steering and swarm manipulation. At
the intelligence layer, reinforcement learning andlti-agent coordination enable adaptive
navigation and clustering. At the therapeutic layswarms deliver drugs or induce
hyperthermia for tumor destruction [8].

Figure 1: Conceptual Framework of Al-Based Swarm Micro-Ralfot Tumor Therapy
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Figure 1. Conceptual representation of four dominant microtolrchitectures (helical
flagella-inspired microrobots, Janus particle miolmts, magnetically aggregated swarms,
and acoustically actuated microswimmers) integratgld Al-based swarm coordination and
external actuation for targeted drug delivery anddr tissue destruction.

Source: Author-generated figure based on reviewed liteeaty9, 11, 15, 14].

5. Resultsand Discussion

Although this review does not provide new expentak results, existing literature
strongly supports that Al-driven swarm microrobstican improve tumor-targeted therapy
through cooperative navigation, enhanced drug iatabn, and localized tumor destruction.
Compared to isolated microrobots, swarm systemiggoimproved robustness under
dynamic physiological conditions.

5.1 Al-Based Coordination Algorithmsin Swarm Micro-Robots

Reinforcement learning optimizes navigation by mmazing reward functions such as
tumor proximity, collision avoidance, and energfioéncy [6]. Multi-agent reinforcement
learning (MARL) enables decentralized decision-mgki allowing each microrobot to
respond locally while contributing to swarm objges such as clustering and tumor
localization [7]. Decentralized control is morenitially realistic because centralized control
may fail under physiological turbulence. Swarm rds principles further support adaptive
collective behavior in uncertain environments [5].

5.2 Magnetic vs Acoustic Actuation: A Technical Comparison

Magnetic actuation is widely used due to non-in@penetration and controllability.
Magnetic fields can steer microrobots and inducarswaggregation, improving payload
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concentration near tumor sites [11]. However, diggque steering requires complex external
systems and may lose accuracy under anatomicatraos [9].

Ultrasound-based propulsion is clinically attraetdue to existing hospital infrastructure.
Selectively manipulable acoustic-powered microswarsndemonstrate strong penetration
depth [15]. Limitations include reduced directiomakcision and possible thermal effects.
Hybrid magnetic-acoustic actuation may improve itahty.

5.3 Trandlational Feasibility and Clinical Realism

Despite experimental success, clinical translatremains uncertain. Physiological
disturbances such as blood turbulence, immuneaictien, and heterogeneous tissue density
can alter swarm behavior. In clinical oncology,diceability and reproducibility are essential,
as navigation errors could result in off-targeeasle or unintended damage.

5.4 Swarm Micro-Robotsfor Targeted Drug Delivery

Swarm microrobots deliver drugs through drug-labdmrriers or triggered release
systems activated by pH, temperature, or magnéimukation. Aggregation near tumor
tissues improves localization and therapeutic comagon, potentially reducing systemic
toxicity [11]. Janus microrobots offer strong adtzages due to surface functionalization,
enabling selective drug loading and controlledasée[11]. Swarm-based delivery may also
support combination therapy, where different micbats carry distinct agents, beneficial for
heterogeneous tumors [13].

5.5 Swarm Micro-Robotsfor Tumor Tissue Destruction

Swarm microrobots may enable localized destructimough photothermal therapy,
magnetic hyperthermia, mechanical disruption, aedctive oxygen species generation.
Biodegradable helical microswimmers demonstratetrobed movement and therapeutic
interaction, supporting feasibility of micro-scadaysical intervention [8]. Swarm clustering
may further enhance localized hyperthermia whitgtlng systemic damage.

Table 1. Comparative Summary of Dominant Swarm Microrobot Architectures

Architecture Propulsion /] Al Biomedical | Key
Actuation Coordination | Role Limitation
Approach
Helical Rotating Reinforcement Navigation, | Complex
microrobots magnetic fields | learning-based targeting, | fabrication,
trajectory hyperthermi| biodegradabil
optimization |a ity concerns
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Janus Chemical /| Multi-agent Drug Stability and
microrobots magnetic coordination | delivery biocompatibil
propulsion models carriers ity limitations

Magnetic swarm Magnetic MARL-based | Payload Reduced

clusters aggregation clustering localization, | steering
fields optimization | cooperative | accuracy in
delivery deep tissue

regions

Acoustic Ultrasound Feedback- Deep Thermal

microswimmers | propulsion based penetration | effects,
optimization | propulsion | limited fine

steering

6. Challengesand Limitations

Biocompatibility remains a primary challenge, ascnorobots may trigger immune
reactions depending on material properties andrgmtNon-biodegradable designs also raise
concerns about long-term accumulation [9].

Real-time tracking is another major limitation. dging methods such as MRI and
ultrasound face trade-offs in resolution, penatratiepth, and continuous monitoring [12].

Al safety is also critical. Swarm systems may slemergent behaviors that are difficult
to predict under physiological noise, which is wepntable for clinical deployment [7].
Ethical and regulatory concerns, including accohititg and patient safety monitoring, must
also be addressed.

7. Future Prospect

Future work should prioritize biodegradable amttiires, hybrid actuation strategies,
and real-time imaging feedback integration. Ex@hie Al frameworks will be essential to
ensure interpretability and safety validation. Stdized testing aligned with regulatory
requirements will be required for clinical transbat

8. Conclusion
Al-driven swarm micro-robots represent a highlpamative strategy for targeted drug
delivery and tumor destruction. Current studies alesirate strong experimental feasibility in

navigation, clustering, and hyperthermia applioa&io Architectures including helical
swimmers, Janus systems, magnetic swarms, andt@cousroswimmers provide diverse
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therapeutic options. However, clinical translaticemains constrained by challenges in
biocompatibility, immune response, imaging limitets, and Al predictability under real
physiological conditions. Future research must $ooa reproducibility, safety validation, and
regulatory compatibility before clinical adoptioedomes realistic
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