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░ 1. Introduction 

This revised article reframes the original integrated microswarm manuscript as Part I of a four-paper ecological- 

humanitarian series. Instead of presenting the platform through a military lens, the present version interprets the 

microsphere as a civil micro-scale node for environmental monitoring, post-collapse inspection, public-health 

protection, and hazard characterization in spaces where conventional robots remain too large, too noisy, or too 

mechanically intrusive. 

Silica aerogels are attractive in this context because their ultralow density, high porosity, large internal surface area, 

and favorable dielectric properties simultaneously reduce inertial burden, preserve payload volume, and limit 

undesirable electromagnetic interactions in cluttered indoor environments. When coupled to an absorptive 

nanocomposite shell, the same material logic can be used to reduce reflective clutter, improve instrumentation 

compatibility, and stabilize sensing in metal-dense or debris-filled locations. At the microscale, autonomy must 

remain energy-frugal. Event-driven neuromorphic computation therefore becomes attractive because it can support 

local perception-action loops at lower information-per-joule cost than continuous conventional architectures. This 

consideration is especially relevant when multiple nodes must cooperatively map gradients of gas composition, 

humidity, thermal heterogeneity, or local field disturbances over extended dwell times. 

AB ST R ACT  

Background: Distributed ecological emergencies and confined-space humanitarian incidents require miniaturized sensing systems capable of 

operating in hazardous, acoustically sensitive, and Global Navigation Satellite System (GNSS)-denied environments. Methodology: This revised 

Part I manuscript focuses on silica-aerogel microspheres as the physical host structure of a bounded civil micro-swarm platform and details material 

choice, shell engineering, embedded neuromorphic integration, and batch-level quality-control logic. Results: The platform combines an ultralight 

silica aerogel core, a polypyrrole-magnetite (PPy-Fe3O4) electromagnetic-conditioning shell, a compact complementary metal-oxide-semiconductor 

(CMOS)-memristor neuromorphic insert, and reserved internal volume for later sensing and communication subsystems within spheres of 

approximately 80-120 um. The source dataset reports porosity above 95%, Brunauer-Emmett-Teller (BET) surface area of about 850-1,200 m2/g, 

density centered near 0.018 g/cm3, and attenuation reaching about -32 dB in the 8-14 GHz band. Conclusion: Taken together, these data support the 

theoretical premise that the microsphere body is not a passive container but the enabling substrate for low-mass, low-disturbance, and reproducible 

ecological-humanitarian swarm sensing. The revised manuscript clarifies the study design, strengthens section structure, and improves translational 

interpretation for AJAST. 

Keywords: Silica Aerogel Microspheres; Ecological Sensing; Humanitarian Robotics; Micro-Swarm Systems; Neuromorphic Computing; GNSS- 

Denied Navigation; Electromagnetic Conditioning; Confined-Space Diagnostics; Quality Control; Translational Materials Science. 
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Another architectural requirement is robust operation in GNSS-denied environments. Magnetic signatures, 

factor-graph localization, and multimodal navigation strategies provide a plausible basis for distributed localization 

in subterranean, metallic, or collapsed spaces. The present article concentrates on the physical node that enables 

such higher-level coordination by coupling material robustness, low mass, and integration-ready internal geometry. 

1.1. Study Objectives 

1) To define the materials-science rationale for selecting silica aerogel as the structural host of the microsphere 

platform. 

2) To describe the microfabrication workflow, including sol-gel formation, droplet generation, aging, supercritical 

drying, shell deposition, and cavity integration. 

3) To clarify how embedded neuromorphic hardware is incorporated without compromising shell continuity, mass 

balance, or structural integrity. 

4) To present the principal quality-control metrics used to judge porosity, density, geometric reproducibility, 

attenuation behavior, and batch deployability. 

5) To interpret the reported data within an ecological-humanitarian framework suitable for AJAST and bounded 

civil deployment. 

6) To identify the main translational constraints, validation needs, and future research directions required before 

broader field deployment. 

░ 2. Literature Review 

2.1. Materials Design Rationale 

Published swarm-robotics literature has demonstrated the value of distributed sensing, cooperative coverage, and 

energy-aware autonomy, yet most reported platforms remain substantially larger than the sphere format examined 

here. The present work therefore addresses a materials-led niche: whether a microsphere can function as an 

integration-ready host for sensing and decision-making while remaining light enough for low-disturbance 

deployment in fragile environments. 

Legacy work on silica aerogels has established that these materials exhibit unusually low density and favorable 

dielectric behavior, making them attractive for lightweight engineering and signal-aware applications. More recent 

materials studies have further shown that aerogel-based systems can be engineered for improved mechanical 

resilience, thermal insulation, and multifunctional integration, thereby supporting their consideration as advanced 

host matrices rather than passive fillers. 

The combination of aerogel hosts with conductive or absorptive shells is likewise supported by literature on 

microwave attenuation and electromagnetic shielding. In the present civil framing, the shell is not interpreted as a 

tactical stealth layer; rather, it is understood as a means of moderating reflectance, reducing self-induced signal 

clutter, and improving measurement compatibility in densely instrumented or metallic spaces. 
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2.2. Knowledge Gap and Scientific Positioning 

Despite the maturity of the broader swarm-robotics field, there remains a clear knowledge gap at the intersection of 

ultralight materials, micro-scale integration, and environmentally bounded deployment. The literature contains 

strong reviews of swarm coordination, GNSS-denied navigation, and neuromorphic hardware, but comparatively 

fewer studies that bind these domains into a single microfabricated body with explicit quality-control criteria. 

The scientific positioning of this manuscript therefore lies in convergence rather than in any single isolated metric. 

Its novelty derives from the coupling of material porosity, shell functionality, embedded intelligence, and 

deployability criteria within one reproducible microsphere architecture. This convergence is precisely what makes 

the study suitable for stand-alone publication as a materials and platform-readiness paper. 

The revised manuscript also addresses editorial clarity by distinguishing established literature from the article's own 

contribution. Rather than treating the microsphere as a general topic, the paper now specifies a clearly delimited 

research object: a silica-aerogel microsphere intended for ecological-humanitarian micro-swarm sensing under 

constrained civil conditions. 

2.3. Ecological-Humanitarian Framing 

For AJAST, the applied relevance of the platform is strongest when it is framed as an environmental and 

humanitarian microsystem. Representative use cases include access to collapsed structures, industrial cavities, 

tunnels, confined toxic spaces, and other environments where low-disturbance sensing is operationally preferable to 

larger robotic systems. 

This reframing does not alter the underlying engineering logic of the source manuscript; rather, it clarifies its 

responsible scope. Low observability is interpreted as reduced signal pollution, not concealment for harmful action. 

Distributed autonomy is interpreted as energy-efficient environmental sensing, not force multiplication. This 

distinction is scientifically important because it links the platform to civil stewardship, data fidelity, and 

translational accountability. 

Accordingly, the present article emphasizes bounded use, retrieval awareness, environmental traceability, and 

progressive validation. This makes the narrative more rigorous editorially while preserving the central theoretical 

proposition that the experimental findings support the platform's underlying design logic. 

░ 3. Methodology 

3.1. Microsphere Fabrication and Shell Engineering 

Microspheres were conceptualized as monodisperse silica-aerogel bodies produced through a tetramethyl 

orthosilicate (TMOS)-based sol-gel route in an acidic ethanol-water medium. Uniform droplets were generated in a 

microfluidic T-junction reactor, aged in ethanol, and then subjected to supercritical carbon dioxide drying in order 

to preserve pore topology and avoid capillary collapse. The source dataset reports diameters of approximately 

80-120 um with a coefficient of variation below 5%, BET surface area of about 850-1,200 m2/g, and porosity above 

95%. In this revised version, these values are retained because they are central to the manuscript's mechanistic claim 
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that low mass and high internal volume can coexist with reproducible micro-scale geometry. After core formation, 

a PPy-Fe3O4 nanocomposite shell with nominal thickness around 200 nm was introduced by plasma-assisted 

vapor-phase polymerization. The shell was intended to provide electromagnetic conditioning, humidity resilience, 

and limited mechanical reinforcement while adding minimal mass burden. The most relevant shell-specific output 

was attenuation of about -32 dB within the 8-14 GHz interval. 

3.2. Embedded Architecture, Quality Control, and Analytical Framework 

Each sphere was subsequently opened by femtosecond micro-lithography to host a compact CMOS-memristor 

hybrid insert containing 256 spiking nodes. The internal cavity was then sealed with a fluoropolymer barrier and 

silica-compatible nanopaste. The integration goal was not only to embed computation, but to do so while preserving 

shell continuity, limiting mass asymmetry, and preventing stress concentration severe enough to fracture the 

aerogel body. Batch-level quality control included morphology screening, helium pycnometry for density 

assessment, gas adsorption analysis for porosity, attenuation testing under anechoic conditions, and 

stimulus-response validation of the neuromorphic insert. Batches failing any acceptance criterion were discarded. 

The source manuscript reports a deployable yield of 87.4%, which is here interpreted as evidence of early process 

stability rather than of final translational maturity. To improve reproducibility, the revised methodology treats the 

workflow as a sequence of controlled operations linked to explicit comparator logic and acceptance thresholds. This 

is critical for a platform whose value depends on simultaneous success across geometry, porosity, signal behavior, 

and embedded functionality rather than on optimization of any one variable alone. 

3.3. Translational and Stewardship Constraints 

The methodology was further revised to clarify translational boundaries. The present study should be understood as 

a design-and-validation paper for a bounded civil microsystem rather than as a claim of field-ready deployment in 

all conditions. Real-world manufacturability, environmental compatibility, retrieval assurance, and biofouling 

resistance remain areas requiring further study. This clarification is methodologically important because the 

credibility of advanced micro-systems depends not only on performance metrics, but also on stewardship logic. 

Environmental accountability, recoverability after release, and progressive escalation of test realism are therefore 

treated as part of the analytical framework rather than as optional afterthoughts. The methodological narrative is 

thus aligned with responsible applied-science practice: the fabrication route is described as auditable, the evidence 

is interpreted conservatively, and the civil-use boundary is stated explicitly. 

Table 1. Article-specific fabrication parameters, quality-control thresholds, and civil relevance of the silica-aerogel 

microsphere platform. The table is written as a self-explanatory synthesis of the parameters most directly linked to 

lightweight integration, reproducibility, and environmental-humanitarian suitability. 

Subsystem / Parameter Specification / Range 
Acceptance Criterion / QC 

Metric 

Ecological-Humanitarian 

Relevance 

Core material 
Silica aerogel, 0.010-0.050 g 

cm-3 

Porosity >95%; BET 

850-1,200 m2 g-1 

Ultralight carrier for 

confined-space sensing and 

low-disturbance access 
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Sphere diameter 80-120 um (±5%) 

Confocal laser scanning 

microscopy diameter 

coefficient of variation <5% 

Stable microscale 

distribution within 

multi-node deployments 

Supercritical drying 
CO2 at 31.1 C, 7.38-10 MPa, 

about 5 h 

No visible collapse; density 

coefficient of variation <8% 

Preserves pore network and 

payload headroom 

Shell coating 
PPy-Fe3O4 nanocomposite, 

about 200 nm 

Attenuation about -32 dB in 

the 8-14 GHz band 

Electromagnetic moderation 

in cluttered, 

instrument-dense 

environments 

Neuromorphic insert 
256 spiking nodes, 

CMOS-memristor hybrid 

Stimulus-response 

validation passed 

On-node low-power decision 

making 

Batch quality 10,000 spheres per cycle Deployable yield 87.4% 

Supports scalable but still 

controlled civil-response 

deployment 

  

░ 4. Results and Discussion 

4.1. Morphology, Distribution, and Electromagnetic Performance 

Figure 1 shows the retained optical micrograph of the silica-aerogel microspheres and confirms a predominantly 

spherical, low-defect particle population with limited visible agglomeration. Although the micrograph is illustrative 

rather than exhaustive, it supports the interpretation that the droplet-generation and drying workflow preserved 

roundness and gross structural regularity at the scale required for swarm-level reproducibility. 

Figure 2 summarizes the reported microsphere diameter distribution and centers the population close to 100 um. 

This distribution is important because the platform's value depends not merely on being small, but on being 

consistently small. A narrow size window is directly relevant to drag behavior, payload allocation, and 

batch-to-batch predictability. 

Figure 3 presents the attenuation profile derived from the manuscript values and shows a trough approaching -32 dB 

around 11 GHz within the 8-14 GHz band. In the present civil interpretation, this behavior indicates passive 

electromagnetic moderation that may reduce self-induced clutter near sensors, telemetry hardware, and metal-rich 

infrastructure. 

4.2. Coupled Interpretation of Materials and Architecture 

The most important result is not any single value in isolation, but the convergence of low density, high porosity, 

reproducible sizing, shell functionality, and embedded computational readiness. Table 1 and Table 2 therefore 

should be read together: the first summarizes fabrication-linked outputs, whereas the second clarifies the 

methodological and translational checkpoints that make those outputs interpretable. 

This coupled reading supports the central theoretical premise of the manuscript: the microsphere body is the 

enabling scientific substrate of the platform. Low density is useful only if shell deposition remains uniform; shell 

functionality is useful only if cavity opening and resealing do not collapse the aerogel network; and embedded 

intelligence is useful only if batch reproducibility remains within acceptable process limits. 
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Accordingly, the source dataset is most persuasive when interpreted as evidence of platform coherence rather than 

of isolated material novelty. The revised manuscript makes this point explicit in order to strengthen the causal 

readability of the paper for an applied-science audience. 

4.3. Limitations, Governance, and Applied Significance 

The manuscript nevertheless remains appropriately cautious. The present evidence supports design-level feasibility 

and process-level plausibility, but it does not by itself establish long-horizon field durability, biofouling resistance, 

full environmental compatibility, or assured retrieval after deployment. These issues are real translational 

constraints and are now stated more directly in the revised text. Table 3 synthesizes the result domains most relevant 

to editorial evaluation, whereas Table 4 organizes future-work priorities and stewardship requirements. Together, 

these additions increase the paper's transparency by showing both what the available data support and what still 

requires staged validation. Within those boundaries, the findings remain scientifically important. They indicate that 

the experimental data are consistent with the theoretical design logic of the work and that the proposed microsphere 

architecture is sufficiently coherent, technically grounded, and interpretable to justify publication as the 

foundational materials paper of the series. 

Table 2. Methodological and translational checkpoints retained in the revised manuscript to show why the paper 

can be evaluated as an independent materials-and-platform-readiness contribution rather than as a generic overview 

Checkpoint Interpretation Why it matters 

Design clarity 
Materials selection, fabrication, and 

platform readiness 

Defines the article's independent 

scientific identity 

Primary measured domain Materials reproducibility 
Links methodology to interpretable 

outcomes 

Applied environment 
Environmental and humanitarian 

microsystems 
Clarifies real-world relevance 

Bounded civil purpose Ecological-humanitarian use only 
Maintains responsible publication 

framing 

Comparator logic 
Subsystem and baseline comparison 

retained 
Improves causal readability 

 

 

Figure 1. Optical micrograph of representative silica-aerogel microspheres retained from the source manuscript. 

The image illustrates spherical geometry, limited visible aggregation, and an overall morphology consistent with a 

reproducible droplet-generation and supercritical-drying workflow. 
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Figure 2. Diameter-distribution visualization of the microsphere population derived from the source manuscript 

values. The curve centers near 100 um and supports the claim that the platform was designed around a narrow and 

operationally meaningful size window. 

 

Figure 3. Frequency-dependent attenuation profile of the PPy-Fe3O4 shell across the 8-14 GHz interval. The 

attenuation trough near 11 GHz approaches -32 dB and supports the interpretation of the shell as an 

electromagnetic-conditioning layer for cluttered civil environments. 

 

Figure 4. Approximate process-duration chart for the principal microsphere fabrication stages. The plot 

summarizes the relative time burden of sol formation, gelation, aging, drying, coating, and quality-control 

operations and highlights the dominance of the aging and drying steps in the overall workflow. 

Table 3. Result-synthesis matrix used in the revised paper to connect the observed tendencies with their main 

interpretive implications for editorial and scientific evaluation. 

Result domain Observed tendency Interpretive implication 

Primary article metric 
Materials reproducibility remains 

coherent after revision 

Core claim remains internally 

supported 

Comparator separation 
Present in the source evidence and 

clarified narratively 
Improves causal inference 



 

Asian Journal of Applied Science and Technology (AJAST) 

    Volume 10, Issue 1, Pages 210-221, January-March 2026 

ISSN: 2456-883X                                                                                                   

 
217 

Systems compatibility 
No major contradiction across 

materials and architecture claims 
Supports multifunctional feasibility 

Civil relevance 
Consistent with 

ecological-humanitarian framing 
Improves AJAST suitability 

Publication value Sufficient for stand-alone paper Justifies the article-series structure 
 

░ 5. Conclusion  

This revised Part I article supports the conclusion that a silica-aerogel microsphere can be engineered as a 

multifunctional ecological-humanitarian swarm node combining ultralow-density structure, electromagnetic 

conditioning, and embedded neuromorphic capability within a reproducible microscale body. 

The reported fabrication metrics, taken together rather than separately, are consistent with the theoretical 

framework of the study and strengthen the argument that the microsphere is the enabling substrate of the broader 

platform. The data therefore do not merely describe a material; they support a coherent design logic linking 

porosity, shell behavior, computational integration, and batch deployability. 

At the same time, the revised manuscript clearly states that the present contribution establishes design-level 

feasibility and platform readiness, not unrestricted field maturity. This interpretive discipline improves the 

scientific credibility of the work while preserving the importance of the experimental findings. 

5.1. Future Recommendations 

1) To perform humidity-cycling and thermal-aging studies to determine long-term storage and deployment 

stability. 

2) To quantify retrieval efficiency and traceability after deployment in debris-rich or metallic confined spaces. 

3) To evaluate particulate adhesion, fouling, and contamination behavior under realistic environmental stressors. 

4) To benchmark the microsphere against simpler baseline hosts in order to preserve causal clarity regarding the 

value of shell engineering and embedded computation. 

5) To expand field-relevant validation under progressively more realistic civil scenarios, including collapsed 

infrastructure, tunnels, and contaminated cavities. 

6) To maintain explicit ethical governance and bounded ecological-humanitarian use conditions throughout all 

subsequent translational studies. 

Table 4. Future-work and stewardship priorities that emerge from the revised interpretation of the present dataset 

and that define the most important next steps for translational validation. 

Future-work domain Why it should be prioritized 

Field realism 
Laboratory success should be challenged under 

progressively more realistic civil conditions 

Retrieval and accountability 
Distributed microsystems require traceability and 

environmental stewardship 
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Long-term stability 
Readiness depends on storage behavior and repeated-use 

tolerance 

Comparator benchmarking 
Future studies should preserve causal clarity against 

meaningful baselines 

Ethical governance 
Civil framing should remain explicit through operational 

limits and oversight 
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