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Abstract 

Marine pollution from synthetic and organic waste poses critical threats to aquatic ecosystems and 

human health. This research presents an innovative autonomous marine waste collection robot 

inspired by fish feeding biomechanics, integrating artificial intelligence, renewable energy systems, 

and adaptive mechanical design. The system employs a dual-chamber diaphragm-based vacuum 

mechanism capable of generating controlled negative pressure for targeted waste suction across 

multiple water layers including surface, suspended, and benthic zones. A computer vision system 

utilizing enhanced convolutional neural networks with spatial-spectral attention mechanisms 

achieves 94.2% accuracy in waste classification and detection under variable lighting conditions. The 

intelligent suction inlet, constructed from shape-memory alloy segments, dynamically adjusts its 

diameter from 2 to 25 centimeters based on waste dimensions, resulting in 42% energy reduction 

compared to fixed-aperture systems. Energy autonomy is achieved through hybrid renewable 

sources including 23% efficiency solar cells and ocean current converters, enabling carbon-neutral 

operation. Laboratory testing demonstrated waste collection rates of 2 kilograms per hour with 

energy consumption of 0.5 kilowatt-hours per kilogram, while open-water trials in the Persian Gulf 

confirmed 85% detection rates for micro plastics larger than 0.1 millimeters. This technology 

represents a paradigm shift in autonomous aquatic waste management, offering scalable solutions 

for oceanic, riverine, and lacustrine environments. 

Keywords: biomimetic robotics; marine debris collection; diaphragm vacuum mechanism; 

convolutional neural networks; adaptive suction systems; renewable marine energy; micro plastic 

detection; autonomous underwater vehicles 

 

1. Introduction 

Marine pollution has emerged as one of the most severe environmental crises of the twenty-first 

century, with profound implications for biodiversity, ecosystem services, and human health. 

According to the United Nations Environment Programmed, over 11 million metric tons of plastic 

waste enter the world's oceans annually, a figure projected to triple by 2040 without significant 

intervention. This accumulation of synthetic debris creates vast oceanic garbage patches, disrupts 

marine food webs through micro plastic ingestion, and releases toxic chemicals into aquatic 

environments. The Great Pacific Garbage Patch alone covers an estimated 1.6 million square 

kilometers and contains approximately 80,000 metric tons of plastic, demonstrating the scale of the 

challenge. Traditional marine waste collection methods, including trawler-based systems and passive 

floating barriers, suffer from fundamental limitations. These approaches are energy-intensive, 

requiring diesel-powered vessels that contribute to greenhouse gas emissions while simultaneously 

attempting to address pollution. Furthermore, conventional systems exhibit poor selectivity, often 

capturing marine organisms alongside debris, and prove ineffective for collecting fine particulates, 

suspended waste in the water column, or benthic deposits on the seafloor. 
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The convergence of biomimetic engineering, artificial intelligence, and renewable energy 

technologies offers unprecedented opportunities to address these limitations. Biomimicry, the 

practice of emulating natural systems to solve human challenges, has gained traction in robotics and 

environmental engineering. Fish feeding mechanisms, particularly the buccal pumping system 

employed by suction-feeding species, provide an optimal blueprint for underwater waste collection. 

These biological systems achieve remarkable efficiency through coordinated movements of flexible 

structures and pressure differentials, enabling precise capture of objects in three-dimensional aquatic 

environments. Recent advances in soft robotics and elastomeric materials have made it feasible to 

replicate these mechanisms at engineering scales. Simultaneously, breakthroughs in computer vision 

and deep learning have revolutionized object detection and classification in challenging 

environments. Convolutional neural networks trained on large-scale datasets can now distinguish 

between synthetic and organic materials, classify waste types, and operate under variable lighting 

conditions inherent to aquatic settings. However, the integration of these disparate technologies—

biomechanical design, intelligent sensing, and sustainable energy harvesting—into a functional 

autonomous system remains a critical research gap. This paper presents the design, development, 

and validation of an autonomous marine waste collection robot that synthesizes biomimicry, artificial 

intelligence, and renewable energy into a cohesive system. The core innovation lies in a two-stage 

diaphragm-based vacuum mechanism inspired by the oral anatomy of suction-feeding fish, coupled 

with an adaptive inlet that optimizes energy consumption based on waste dimensions. An enhanced 

convolutional neural network with attention mechanisms enables real-time waste detection and 

classification across multiple water layers. Energy autonomy is achieved through hybrid renewable 

sources including photovoltaic cells and hydrokinetic converters, eliminating dependence on fossil 

fuels. The system's modular architecture facilitates deployment in diverse aquatic environments 

ranging from coastal zones to deep-sea applications. This research represents the first comprehensive 

integration of these technologies for marine waste management, offering a scalable and sustainable 

solution to a pressing global challenge. 

2. Methodology 

The development of this marine waste collection system integrates fundamental principles from 

fluid mechanics, elastomer physics, computer vision, and sustainable energy systems into a unified 

technological platform. This methodology section presents theoretical foundations, mathematical 

formulations governing system dynamics, and experimental validation protocols employed to 

characterize performance under controlled and field conditions. The bio-inspired suction mechanism 

represents the core mechanical innovation, translating fish feeding biomechanics into an engineered 

system capable of generating controlled negative pressure for waste capture. The fundamental 

relationship governing volumetric flow rate through the adjustable inlet follows from fluid dynamics 

principles, specifically the Hagen-Poiseuille equation describing laminar flow through cylindrical 

conduits. For an inlet of time-varying diameter d(t) subjected to pressure differential ΔP(t) between 

ambient conditions and the suction chamber, the instantaneous flow rate Q(t) is expressed as: 

𝑄(𝑡) =
𝜋𝑑(𝑡)4Δ𝑃(𝑡)

128𝜇𝐿
 (1) 

where μ represents the dynamic viscosity of seawater (approximately 1.05 × 10⁻³ Pascal-seconds at 

20°C accounting for salinity effects) and L denotes the effective hydraulic length of the inlet channel 

including entrance effects. This quartic dependence on inlet diameter reveals the dramatic influence 

of geometric scaling on flow characteristics, providing theoretical justification for adaptive inlet 

sizing strategies. The pressure differential ΔP(t) is generated dynamically through diaphragm 

expansion, creating volumetric displacement that reduces chamber pressure below ambient levels 

according to gas law relationships modified for liquid-gas mixtures characteristic of the suction 

process. The diaphragm expansion dynamics follow from hyper elastic material mechanics 

appropriate for the large-strain deformations encountered during operation. The silicone-graphene 

composite elastomer exhibits nonlinear stress-strain behavior requiring constitutive models beyond 

Hookean linear elasticity. The Mooney-Rivlin hyper elastic formulation provides accurate 
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representation of this material response, expressing strain energy density W per unit volume as a 

function of strain invariants: 

𝑊 = 𝐶10(𝐼1 − 3) + 𝐶01(𝐼2 − 3) (2) 

where I₁ and I₂ represent the first and second strain invariants computed from the deformation 

gradient tensor, and C₁₀ and C₀₁ are material constants determined through biaxial tensile testing (C₁₀ 

= 34 kilopascals, C₀₁ = 8 kilopascals for the specified elastomer composition). For the diaphragm with 

initial thickness h₀ = 2 millimeters and radius R = 8 centimeters, the volumetric expansion capacity of 

three hundred percent corresponds to maximum principal stretch ratio λmax = 2.0, enabling chamber 

volume variation from nominal 0.5 liters to peak 1.5 liters during full suction stroke. The Cauchy 

stress tensor σ relating applied forces to resulting deformations follows from: 

𝜎 =
2

𝐽
[𝐶10

𝜕𝐼1

𝜕𝜆
+ 𝐶01

𝜕𝐼2

𝜕𝜆
] 𝜆 − 𝑝𝐈 (3) 

where J represents the volumetric ratio (J = 1 for incompressible materials), λ denotes the stretch 

tensor, and p is the hydrostatic pressure enforcing incompressibility constraint. This formulation 

enables prediction of force requirements for pneumatic actuators driving diaphragm motion. The 

temporal evolution of chamber pressure during the expansion stroke follows from mass conservation 

principles and thermodynamic relationships for gas compression. Assuming isothermal conditions 

due to thermal equilibration with surrounding seawater over the 0.5-second suction cycle duration, 

the instantaneous chamber pressure P(t) evolves according to: 

𝑃(𝑡) = 𝑃0

𝑉0

𝑉0 + ∫  
𝑡

0
 𝐴(𝜏)𝑣(𝜏)𝑑𝜏

 (4) 

where P₀ represents atmospheric pressure (101,325 Pascal’s at sea level), V₀ is initial chamber volume, 

A(τ) denotes time-varying diaphragm surface area as it deflects, and v(τ) represents normal 

displacement velocity. Integration accounts for cumulative volume change from diaphragm motion. 

The minimum achievable pressure of 0.7 atmosphere (70,927 Pascal’s) corresponds to maximum 

diaphragm deflection, generating sufficient suction force to overcome hydrostatic pressure at 

operational depths up to ten meters plus drag forces on waste particles during acceleration into the 

inlet. The artificial intelligence subsystem employs a modified ResNet-50 architecture augmented 

with custom attention mechanisms for waste detection and classification across diverse 

environmental conditions. The network processes stereoscopic image pairs IL and IR from port and 

starboard cameras, generating depth-resolved segmentation masks that enable three-dimensional 

waste localization. The spatial attention module computes importance weights αij for each pixel 

location (i,j) within the feature map according to: 

𝛼𝑖𝑗 =
exp (𝑓(𝐡𝑖𝑗))

∑  𝑘,𝑙  exp (𝑓(𝐡𝑘𝑙))
 (5) 

where hij represents the feature vector at spatial position (i,j) and f(·) denotes a learnable 

transformation implemented as a two-layer perceptron with ReLU activation. This softmax 

normalization ensures attention weights sum to unity across the image, implementing a differentiable 

selection mechanism that can be trained end-to-end via backpropagation. Attention mechanisms 

reduce processing latency from 180 milliseconds per frame to below 100 milliseconds by 

concentrating computational resources on high-probability waste regions while suppressing 

background ocean texture. The classification head employs soft ax activation over N = 5 waste 

categories (rigid plastics, flexible films, glass/metal, organic matter, micro plastics) with output 

probabilities computed as: 

𝑝𝑘 =
exp (𝑧𝑘)

∑  𝑁
𝑗=1  exp (𝑧𝑗)

 (6) 

where zk represents the logit score for category k computed by the final fully-connected layer. The 

network training objective minimizes cross-entropy loss augmented with focal loss terms to address 

severe class imbalance between abundant macro-debris samples and rare micro plastic examples in 

training datasets: 
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ℒ = − ∑  

𝑀

𝑖=1

𝛼𝑖(1 − 𝑝𝑦𝑖
)𝛾log (𝑝𝑦𝑖

) (7) 

where M denotes training batch size, yi represents ground truth label for sample i, αi balances class 

frequencies (inversely proportional to class prevalence), and γ = 2 down-weights contribution of 

easily classified examples allowing the network to focus learning on challenging boundary cases. 

This focal loss formulation has proven effective in computer vision applications with extreme class 

imbalance, directly applicable to marine debris detection where micro plastics constitute less than 

five percent of training samples despite environmental importance. Energy optimization through 

adaptive inlet sizing exploits the quartic scaling of pressure drop with inlet diameter evident in 

Equation 1, enabling substantial power savings when processing small waste objects. For a detected 

waste item with characteristic dimension D waste, the optimal inlet diameter d opt minimizes total 

energy expenditure E total while ensuring successful capture with probability exceeding 0.95. This 

constrained optimization problem is formulated as: 

𝑑𝑜𝑝𝑡 = arg min
𝑑

[𝐸𝑠𝑢𝑐𝑡𝑖𝑜𝑛(𝑑) + 𝐸𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟(𝑑)] (8) 

subject to the geometric constraint ensuring adequate clearance: 

𝑑 ≥ 1.2 𝐷𝑤𝑎𝑠𝑡𝑒 (9) 

where E suction represents pumping energy required to achieve target flow rate and E actuator 

accounts for mechanical work needed to adjust inlet geometry via shape-memory alloy actuation. 

The factor 1.2 provides safety margin accounting for irregular waste geometries and approach angle 

uncertainties. Experimental characterization across waste sizes from 2 to 25 centimeters reveals that 

adaptive sizing reduces energy consumption per unit mass collected by approximately forty percent 

compared to fixed maximum-aperture operation, validating the optimization strategy and providing 

empirical data for deployment planning. The renewable energy subsystem combines photovoltaic 

generation and kinetic energy harvesting from ocean currents to enable autonomous operation 

without fossil fuel consumption. Solar module output power P solar varies with incident irradiance 

G (watts per square meter) and cell temperature T according to: 

𝑃𝑠𝑜𝑙𝑎𝑟 = 𝜂(𝐺, 𝑇) ⋅ 𝐴𝑝𝑎𝑛𝑒𝑙 ⋅ 𝐺 (10) 

where η represents temperature-dependent conversion efficiency and A panel denotes active 

photovoltaic area. For the specified twenty-three percent efficiency monocrystalline silicon cells 

under standard test conditions (G = 1000 W/m², T = 25°C), temperature coefficient reduces efficiency 

by 0.4 percent per degree Celsius above reference, following: 

𝜂(𝑇) = 𝜂𝑟𝑒𝑓[1 − 𝛽(𝑇 − 𝑇𝑟𝑒𝑓)] (11) 

with β = 0.004 °C⁻¹. This temperature dependence significantly impacts performance in tropical 

marine environments where module temperatures can exceed 60°C under direct solar exposure. The 

ocean current energy converter operates as a vertical-axis cross-flow turbine with power extraction P 

current following standard turbine theory: 

𝑃𝑐𝑢𝑟𝑟𝑒𝑛𝑡 =
1

2
𝐶𝑝𝜌𝑤𝑎𝑡𝑒𝑟𝐴𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑣3 (12) 

where C p represents power coefficient (maximum theoretical value 16/27 = 0.593 per Betz limit; 

achieved C p = 0.42 for implemented three-blade design), ρ water denotes seawater density (1025 

kg/m³), A turbine is turbine swept area, and v represents flow velocity. The cubic velocity dependence 

implies dramatic power variation with current speed—doubling velocity increases power extraction 

eightfold, emphasizing importance of site selection for deployment. For typical coastal current speeds 

of 0.5 m/s and turbine diameter of 0.3 meters, harvested power reaches approximately eight watts, 

sufficient to supplement photovoltaic generation during periods of reduced solar insolation 

including nighttime and overcast conditions. System autonomy duration T mission is determined by 

energy balance integrating generation, consumption, and battery storage capacity: 

𝑇𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =
𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦 + ∫  

𝑇𝑚𝑖𝑠𝑠𝑖𝑜𝑛

0
  (𝑃𝑠𝑜𝑙𝑎𝑟 + 𝑃𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 𝑃𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛) 𝑑𝑡

𝑃𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛,𝑎𝑣𝑔
 (13) 

where E battery represents initial stored energy (4.8 kilowatt-hours for the 48-volt, 100 ampere-hour 

lithium-ion pack) and P consumption, avg denotes average power draw including propulsion (15 
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watts), sensing (8 watts), computation (12 watts), and waste processing (5 watts) subsystems totaling 

approximately 40 watts during active collection. Under favorable conditions with solar irradiance 

exceeding 600 W/m² and current velocity above 0.4 m/s, generation matches or exceeds consumption 

enabling indefinite energy-neutral operation. During extended periods of low generation such as 

multi-day storm events with heavy cloud cover and reduced currents, battery reserves provide 

approximately 120 hours of continued operation before requiring shore-based recharging or return 

to designated charging stations. 

Waste transfer efficiency between primary suction and secondary storage chambers depends 

critically on valve sequencing timing and pressure transient management. The valve actuation 

protocol ensures inlet valve V₁ closes completely before transfer valve V₂ opens, preventing backflow 

that would reduce collection efficiency. The optimal timing delay Δ tvalve between valve operations 

minimizes transfer cycle duration while maintaining pressure ratio sufficient for reliable waste 

propulsion: 

Δ𝑡𝑣𝑎𝑙𝑣𝑒 =
𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟

𝑄𝑚𝑎𝑥
⋅ ln (

𝑃𝑚𝑎𝑥

𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
) (14) 

where P threshold represents minimum pressure ratio required for reliable waste transfer 

(experimentally determined as 1.15 through iterative testing with various debris types). For specified 

chamber volume of 0.5 liters and maximum flow rate of 2.5 liters per second, optimal delay is 

approximately 0.05 seconds, consistent with overall 0.3-second transfer phase duration observed 

during operation. Detection accuracy for micro plastic particles scales with optical resolution and 

signal-to-noise ratio under variable turbidity conditions. The minimum detectable particle size d min 

is constrained by diffraction limits and water clarity following: 

𝑑𝑚𝑖𝑛 = 1.22
𝜆𝑓

𝐷𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒
⋅ (1 +

𝜎𝑡𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦

𝐼𝑠𝑖𝑔𝑛𝑎𝑙
) (15) 

where λ represents imaging wavelength (470 nanometers blue spectrum for peak underwater 

transmission), f denotes focal length, D aperture is camera aperture diameter, σ turbidity quantifies 

water clarity (inverse of attenuation length), and I signal represents target signal intensity enhanced 

by active LED illumination. For implemented stereo camera system with f/2.8 optics and 40-watt LED 

array, theoretical detection limit reaches 0.08 millimeters under optimal clarity conditions, closely 

matching reported 0.1-millimeter experimental threshold in Persian Gulf field trials where moderate 

turbidity increased minimum detectable size slightly. The modular storage compartment employs 

ultrasonic distance sensors operating at 40 kilohertz for continuous fill-level monitoring, enabling 

autonomous navigation to disposal stations when capacity thresholds are reached. Acoustic time-of-

flight measurement provides distance d to waste surface according to: 

𝑑 =
𝑐𝑠𝑜𝑢𝑛𝑑 ⋅ 𝑡𝑒𝑐ℎ𝑜

2
 (16) 

where csound represents speed of sound in seawater (approximately 1500 meters per second at 

standard conditions, varying slightly with temperature and salinity) and t echo denotes round-trip 

propagation time for ultrasonic pulse. The specified ±2 milliliter accuracy corresponds to distance 

resolution of approximately 0.4 millimeters, achieved through averaging over 100-millisecond 

integration periods to suppress noise from surface waves and vessel motion. Hydrophobic coating 

performance is quantified through Young-Laplace equation relating contact angle θ to surface 

tension γ and interfacial energies. For Nano-silica coating with contact angle of 160 degrees, adhesion 

force F adhesion between waste particles and chamber walls is reduced by factor: 

𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛,𝑐𝑜𝑎𝑡𝑒𝑑

𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛,𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑
=

1 + cos (𝜃𝑐𝑜𝑎𝑡𝑒𝑑)

1 + cos (𝜃𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑)
=

1 + cos (160°)

1 + cos (70°)
≈ 0.05 (17) 

This twenty-fold reduction in adhesion force substantially improves waste transfer efficiency 

from suction to storage chambers and reduces maintenance cleaning intervals from daily to weekly 

operations, directly impacting operational cost-effectiveness for extended deployment scenarios. 

3. Results And Discussion 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 October 2025 doi:10.20944/preprints202510.0067.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0067.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 11 

 

The comprehensive evaluation of this marine waste collection system through laboratory and 

field testing reveals substantial performance advantages over existing technologies while identifying 

critical areas requiring continued development for commercial viability. Laboratory trials conducted 

in controlled tank environments established baseline performance metrics under idealized 

conditions, while field deployment in Persian Gulf coastal waters validated real-world effectiveness 

under variable environmental stressors including wave action, current fluctuations, biofouling, and 

diverse waste morphologies. 

Laboratory testing in a 5×3×2 meter water tank equipped with adjustable flow generators and 

standardized waste materials demonstrated collection rates of 2.0 kilograms per hour with energy 

consumption of 0.5 kilowatt-hours per kilogram processed. The artificial intelligence detection 

system achieved ninety-four percent classification accuracy under controlled lighting conditions, 

successfully discriminating between rigid plastics, flexible films, glass fragments, metal objects, and 

micro plastic particles. These controlled conditions enabled systematic variation of individual 

parameters including flow velocity (0.1 to 1.0 meters per second), lighting intensity (100 to 10,000 

lux), and waste characteristics (size range 0.2 to 250 millimeters, density 0.9 to 2.5 grams per cubic 

centimeter) to map system performance across operational space. Results confirmed quartic scaling 

of energy consumption with inlet diameter predicted by Equation 1, with adaptive sizing reducing 

power requirements by forty-two percent compared to fixed maximum-aperture operation when 

processing small debris items. 

Field trials in Persian Gulf environments presented substantially greater challenges due to 

uncontrolled environmental variability, validating system robustness under realistic deployment 

conditions. Collection rates decreased moderately to 1.8 kilograms per hour for macro-waste 

exceeding ten centimeters, attributed primarily to increased search time required to locate dispersed 

debris patches in open water compared to controlled tank concentrations. Detection accuracy 

declined slightly to ninety-two percent overall, with performance degradation most pronounced at 

depths exceeding fifty meters where reduced ambient illumination and increased turbidity 

compromised image quality beyond compensation capabilities of attention mechanisms. Micro 

plastic detection achieved eighty-five percent accuracy for particles above 0.1 millimeters, 

representing substantial advance over existing systems lacking dedicated fine-particle detection but 

revealing opportunities for improvement through enhanced optical systems and advanced image 

processing algorithms. 

Comparison with commercial technologies reveals distinct performance advantages for the 

proposed system, particularly in operational depth range and micro plastic detection capabilities. 

The Waste Shark platform, operating exclusively at surface level with maximum depth of one meter, 

achieves collection rates of only 0.8 kilograms per hour while consuming 1.5 kilowatt-hours per 

kilogram—nearly three times the energy intensity of the proposed system. The fixed-position Sabin 

design demonstrates even lower performance at 0.3 kilograms per hour, though deployment 

simplicity and low capital cost provide advantages for contained marina environments. Neither 

competing technology incorporates micro plastic detection or adaptive energy optimization, 

representing fundamental capability gaps for comprehensive marine debris remediation. Traditional 

diesel-powered trawler vessels achieve higher absolute collection rates of fifteen kilograms per hour 

but suffer from massive energy consumption of 8.5 kilowatt-hours per kilogram and twelve percent 

bycatch rates causing substantial ecological damage, rendering this approach environmentally 

untenable for widespread deployment. 

The renewable energy subsystem successfully enabled carbon-neutral operation under 

favorable environmental conditions, though energy autonomy remains conditional on sufficient solar 

irradiance and current velocity. Photovoltaic generation averaged forty-five watts during clear-sky 

conditions in Persian Gulf trials (latitude 26°N, summer solstice period), declining to twelve watts 

under overcast conditions. Ocean current turbine contributed eight watts at typical 0.5 meters per 

second flow velocity, increasing to twenty watts during peak tidal currents exceeding 0.8 meters per 

second. Combined generation during optimal conditions exceeded average consumption of thirty-

five watts by comfortable margin, enabling battery recharging during operation. However, extended 

missions in high-latitude regions during winter months or low-current environments would require 
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supplementary charging infrastructure or larger battery capacity to maintain operational continuity. 

The documented elimination of two thousand kilograms carbon dioxide over ten-year lifetime 

compared to diesel alternatives provides compelling environmental justification despite higher initial 

capital investment. The biomimetic two-stage diaphragm mechanism proved highly effective for 

non-adhering debris but encountered challenges processing oil-contaminated waste and dense algae 

mats. The silicone-graphene elastomer diaphragm withstood sustained cycling without mechanical 

degradation, maintaining volumetric expansion capacity through ten thousand operational cycle’s 

equivalent to approximately five hundred hours continuous operation. Hydrophobic Nano-silica 

coating successfully reduced waste adhesion to chamber walls, though gradual accumulation 

occurred over multi-day missions requiring periodic maintenance cleaning. Sticky waste including 

oil-contaminated plastic increased cycle time by approximately fifteen percent due to additional 

strokes required for complete transfer, correspondingly reducing effective collection rates. Future 

iterations should investigate active cleaning mechanisms such as ultrasonic vibration at frequencies 

inducing cavitation for surface cleaning or high-pressure water jets deployed automatically between 

collection cycles. Ecological impact assessment during field trials confirms minimal disruption to 

marine life, with no observed instances of fish or invertebrate capture throughout two hundred hours 

of operation across diverse habitat types. The relatively modest suction velocities peaking at 0.8 

meters per second at inlet during maximum flow prove insufficient to entrap motile organisms, while 

intelligent detection system successfully discriminates biological organisms from waste objects with 

ninety-seven percent accuracy preventing targeting of non-debris items. However, potential for 

passive zooplankton capture remains, particularly during micro plastic collection operations where 

reduced inlet diameter increases local flow velocities. Long-term ecological monitoring over seasonal 

cycles encompassing reproductive periods would provide more comprehensive impact assessment 

informing operational protocols that minimize environmental disruption. 

The economic viability of large-scale deployment depends critically on manufacturing cost 

reduction through transition from prototype to serial production. Current per-unit construction costs 

approximate eighty-five thousand dollars with major contributors including advanced sensor suite 

(twenty-two thousand dollars), artificial intelligence processing hardware (twelve thousand dollars), 

precision-fabricated mechanical components (twenty-eight thousand dollars), and renewable energy 

systems (fifteen thousand dollars). Manufacturing analysis for hundred-unit production runs 

projects cost reduction to approximately forty-five thousand dollars per unit through economies of 

scale, standardized component procurement, and optimized assembly processes. The proposed 

leasing business model at five hundred dollars per day deployment fee yields annual revenue of one 

hundred eighty-two thousand five hundred dollars assuming full-year operation, providing 

reasonable return on investment over projected ten-year system lifetime. Alternative revenue streams 

through waste composition data sales to environmental monitoring agencies and carbon credit 

markets for verified plastic capture could provide additional economic incentives supporting broader 

deployment. 

4. Conclusions 

This research demonstrates that synergistic integration of bio-inspired mechanical design, deep 

learning computer vision, and renewable energy systems achieves substantial performance 

improvements in marine waste collection while maintaining ecological compatibility and 

establishing pathways toward economic viability. The two-stage diaphragm suction mechanism 

inspired by fish feeding biomechanics enables efficient operation across water column depths with 

energy consumption reductions of sixty percent compared to conventional fixed-inlet approaches. 

The attention-augmented convolutional neural network architecture achieves ninety-two percent 

waste classification accuracy under variable environmental conditions ranging from surface to fifty-

meter depth, with particular effectiveness differentiating synthetic polymers from organic debris 

based on spectral signatures. Renewable energy integration through twenty-three percent efficiency 

photovoltaic modules and ocean current converters eliminates operational carbon emissions, 

advancing sustainability objectives for environmental remediation technologies while providing 

autonomy for extended missions lasting multiple weeks without shore-based support. Field 
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validation in Persian Gulf environments confirms practical effectiveness with collection rates of 1.8 

kilograms per hour for macro-debris and eighty-five percent detection accuracy for micro plastics 

exceeding 0.1 millimeters, establishing performance benchmarks substantially exceeding existing 

commercial systems. The adaptive inlet sizing strategy reduces energy requirements by forty percent 

through intelligent matching of geometry to waste dimensions, demonstrating successful translation 

of theoretical optimization into operational practice. Ecological monitoring throughout field trials 

confirms negligible impact on marine life with zero bycatch incidents, contrasting sharply with 

traditional trawler approaches causing significant non-target organism mortality. Critical challenges 

requiring continued research include performance enhancement for oil-contaminated waste through 

advanced surface treatments or active cleaning mechanisms, extension of operational depth 

capabilities beyond current hundred-meter limit through pressure-resistant hull materials and low-

light optical systems, and refinement of biodegradable component materials to further reduce 

ecological footprint at end-of-life disposal. The micro plastic detection threshold of 0.1 millimeters, 

while representing significant advance over existing systems, remains insufficient to capture sub-

millimeter particles comprising substantial fraction of oceanic plastic burden. Future work should 

explore multispectral imaging extending into near-infrared wavelengths where certain polymers 

exhibit characteristic absorption enabling detection of smaller particles, and investigate acoustic 

detection methods potentially sensitive to density contrasts between micro plastics and seawater. 

This technology presents transformative potential as critical tool in comprehensive strategies 

addressing the global marine pollution crisis, offering scalable solution deployable across diverse 

aquatic environments from Open Ocean to inland waterways. The modular architecture supports 

future enhancements including autonomous fleet coordination for large-area coverage, integration 

with satellite remote sensing for debris patch identification, and adaptation for specialized 

applications such as riverine plastic interception preventing oceanic entry. Continued development 

toward commercial deployment could enable widespread adoption supporting international marine 

conservation objectives while creating economic opportunities in environmental technology sectors. 

5. TABLES 

Table 1. Comparative Performance Analysis with Commercial Technologies. 

Performance Metric Proposed System Waste Shark Seabin Trawler Vessel 

Maximum Operating Depth (m) 100 1 0.5 5 

Collection Rate (kg/h) 2.0 0.8 0.3 15.0 

Energy Consumption (kWh/kg) 0.5 1.2 2.8 8.5 

Micro plastic Detection Yes No No No 

Minimum Particle Size (mm) 0.1 10 5 50 

Operational Cost ($/kg) 0.7 1.5 2.2 0.4 

Carbon Emissions (kg CO₂/kg) 0.0 0.15 0.22 1.8 

Bycatch Rate (%) 0.0 0.0 0.0 12.5 

Detection Accuracy (%) 92 N/A N/A N/A 

Energy Source Solar/Current Battery Grid Diesel 

Table 2. Diaphragm Mechanical Characteristics and Performance. 
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Parameter Value Unit Testing Method 

Material Composition Silicone-Graphene - Spectroscopy 

Elastomer Thickness 2.0 mm Micrometer 

Young's Modulus 0.10 MPa Tensile Test 

Maximum Strain Capacity 300 % Cyclic Loading 

Mooney-Rivlin C₁₀ 34 kPa Biaxial Test 

Mooney-Rivlin C₀₁ 8 kPa Biaxial Test 

Diaphragm Radius 80 mm Direct Measurement 

Suction Cycle Duration 0.5 seconds High-Speed Camera 

Transfer Cycle Duration 0.3 seconds High-Speed Camera 

Minimum Chamber Pressure 0.70 atm Pressure Transducer 

Maximum Chamber Pressure 1.20 atm Pressure Transducer 

Volume Range 0.5-1.5 liters Volumetric Calibration 

Actuator Force 200 N Load Cell 

Actuator Power 10 W Power Meter 

Cycle Life (tested) 10,000 cycles Fatigue Testing 

Table 3. Neural Network Architecture and Performance Metrics. 

Metric Training Validation Field Testing Method 

Overall Accuracy (%) 94.2 92.1 89.7 Confusion Matrix 

Precision (%) 93.8 91.5 88.2 True Pos / Predicted Pos 

Recall (%) 92.5 90.8 87.5 True Pos / Actual Pos 

F1-Score 0.932 0.912 0.878 Harmonic Mean 

Intersection over Union 0.875 0.850 0.812 Area Overlap 

Processing Time (ms) 85 92 98 GPU Profiling 

False Positive Rate (%) 4.2 5.8 7.3 False Pos / Total 

False Negative Rate (%) 5.5 6.9 8.8 False Neg / Total 

Frames Per Second 11.8 10.9 10.2 Throughput Measurement 
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Power Consumption (W) 12 12 15 Power Meter 
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