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Abstract: Marine microplastic pollution has emerged as a pressing environmental issue,
with significant implications for aquatic ecosystems, human health and global biodiver-
sity. Ports, acting as semi-enclosed environments, are critical zones where plastic waste,
including microplastics, plastic fragments smaller than 5 mm, tend to accumulate. These
settings provide controlled conditions that are ideal for deploying innovative solutions to
monitor and mitigate the impact of microplastic pollution. This paper presents the design,
development and initial testing of an autonomous surface drone engineered specifically to
monitor and collect microplastics in port environments. Unlike traditional marine drones,
this device operates exclusively at the water surface, leveraging mechanical filtration sys-
tems to capture and quantify microplastic fragments. Designed for cost-efficiency, ease of
manufacturing and operational simplicity, this drone aligns with principles of environmen-
tal sustainability and scalability. By integrating readily available materials and modular
components, it offers a replicable model for addressing microplastic pollution in localized
aquatic systems.

Keywords: microplastic filtration; autonomous drone design; eco-compatible engineering;
design for disassembly; marine environmental monitoring

1. Introduction
Marine environments are increasingly burdened by the proliferation of microplas-

tics, a form of pollution that poses multifaceted risks to organisms and ecosystems [1,2].
Microplastics pose a growing environmental threat with widespread impacts on aquatic
and terrestrial ecosystems. Recent studies highlight their presence even in the most re-
mote and theoretically pristine areas of the planet, such as Antarctica, where they are
transported through marine and atmospheric currents [3–5]. These particles, resulting
from the fragmentation of larger plastic waste or industrial consumer products, have been
detected in water, sediments and marine organisms, including Antarctic krill, a key species
in the polar food chain [6]. Their spread poses serious risks to biodiversity and ecosystem
stability, as well as to human health. However, understanding of their impact, especially
on the smallest particles, is still limited. Therefore, the need to monitor the concentration,
distribution and characteristics of these particles is increasingly evident [7–10].

These plastic particles, often originating from degraded waste or industrial byproducts,
infiltrate aquatic food chains and disrupt natural processes [11]. While open oceans receive
significant attention, ports represent a unique and underexplored context for studying and
mitigating microplastic pollution [12]. As semi-enclosed systems, ports serve as accumula-
tion zones where hydrodynamic conditions concentrate debris, making them ideal testbeds
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for targeted intervention strategies [13–15]. Existing microplastic remediation methods
are often complex, expensive and unable to adapt to dynamic aquatic environments [4–7].
Autonomous technologies, particularly surface drones, offer promising avenues to address
these challenges [16–18].

The use of drones for environmental monitoring is emerging as an innovative solution
to address the challenges of microplastic pollution in marine environments. Currently, the
detection of microplastics in the sea is a complex and costly process, requiring sampling
with specialist networks such as the Manta net and lengthy laboratory analyses to obtain
reliable results. Existing technologies do not allow for fast and efficient measurements,
and conventional multiparameter sensors are ineffective in determining the presence of
microplastics in water. However, recent studies suggest that the evolution of hardware
and software tools for holographic imaging and their subsequent processing represents a
promising method for real-time detection of microplastics at sea, applications already tested
in contexts such as the Adriatic Sea. At the same time, new methodologies for collecting and
analyzing microplastics are being developed through the use of marine drones. A recent
study has adapted an aquatic drone, the Jellyfishbot®, for microplastic sampling, comparing
it with the traditional Manta net. The results showed that the drone provides comparable
data in terms of abundance, shape and color of collected particles, with a higher degree of
reproducibility and a better ability to sample smaller, lighter microplastics [19–21].

However, the existing solutions frequently emphasize high-tech configurations that
may not align with the accessibility and scalability required for widespread adoption. To
bridge this gap, this study introduces a novel autonomous surface drone designed with a
deliberate focus on simplicity, modularity and environmental responsibility. This research
extends beyond traditional engineering paradigms by incorporating principles of circular
economy and sustainable design [22–25]. It addresses key practical considerations such as
material selection, structural stability and ease of deployment while ensuring compatibility
with variable operational conditions typical of port environments. Through rigorous testing
in controlled and real-world settings, the drone demonstrates the feasibility of combining
environmental monitoring with actionable waste collection in a single, integrated platform.
This paper explores the interdisciplinary challenges and solutions inherent in designing
such a system, offering insights into its potential applications and scalability for broader
environmental impact.

1.1. TRIZ Methodology

A pivotal aspect of the project’s success lies in the application of the Theory of In-
ventive Problem Solving (TRIZ) methodology, which played a critical role in driving
innovation throughout the design process [26]. TRIZ is a systematic approach to innovation
that originates from the analysis of thousands of patents to uncover universal principles of
problem-solving. Developed by the Soviet engineer Genrich Altshuller, this methodology
provides a structured framework for addressing engineering challenges by identifying and
resolving contradictions, i.e., situations where improving one aspect of a system leads to a
compromise in another [26–28]. Unlike trial-and-error approaches, TRIZ offers tools and
strategies to systematically generate innovative solutions [29]. The advantages lie in its
ability to guide the creative process while reducing reliance on intuition alone [30–32]. By
offering a toolkit that includes the 40 inventive principles, the contradiction matrix, and the
ideal final result (IFR) concept, the use of this framework helps designers reframe problems
and explore unconventional solutions. This method fosters efficiency in problem-solving
by highlighting potential breakthroughs that align with overarching project goals [10–16].
In the context of this work, this approach enabled the team to reconcile conflicting re-
quirements, such as maximizing buoyancy while minimizing material use, or achieving



Sustainability 2025, 17, 2696 3 of 15

structural rigidity without compromising modularity. Its application ensured that inno-
vation was both systematic and aligned with the sustainable and operational priorities of
the project.

In this work, we adopted this systematic approach to identifying and resolving en-
gineering contradictions, enabling the team to balance competing requirements such as
structural simplicity and operational robustness. By applying innovative problem-solving
principles, the design process explored creative solutions that minimized material usage
while enhancing functionality. This structured methodology not only streamlined decision-
making but also led to an efficient and sustainable drone configuration, specifically tailored
to address the challenges of microplastic remediation in port environments.

1.2. Objectives and Design Philosophy

The design process adhered to several core objectives:

1. Affordability and Accessibility: The drone was engineered using low-cost, easily
sourced materials and components to ensure broad accessibility and reproducibility.

2. Stability and Resilience: A stable configuration was prioritized to handle variable
conditions within ports, such as sudden changes in currents or wave motion caused
by moving vessels.

3. Modular and Sustainable Design: The system employs principles of design for assem-
bly/disassembly and additive manufacturing, emphasizing recyclability and minimal
environmental impact.

4. Quantifiable Outcomes: Equipped with calibrated filtration systems, the drone facili-
tates precise measurement of microplastic concentrations, aiding in the assessment of
port water quality.

By rejecting complex geometries and intricate setups, the drone achieves a broad opera-
tional window, making it suitable for diverse conditions in semi-enclosed aquatic environments.

1.3. Context: The MARLESS Project

This research aligns with the objectives of the European MARLESS project, which
seeks to address marine litter through integrated strategies of monitoring, management,
prevention and removal. MARLESS emphasizes circular economic principles, aiming to
convert plastic waste into valuable resources. Within this framework, the drone serves
as a practical and innovative tool for microplastic mitigation, bridging the gap between
experimental technology and actionable environmental interventions [33].

1.4. Key Features and Innovations

The drone is designed for simplicity and functionality, utilizing a stable catamaran
configuration suited for semi-enclosed port environments. The hulls, made from durable
PVC pipes, are sealed with 3D-printed hydrodynamic caps—hemispherical at the front to
reduce drag and flat at the rear for ease of assembly. This design provides ample buoyancy,
accommodating payload variations from plastic accumulation.

The frame consists of lightweight aluminum extrusions, selected for their strength-to-
weight ratio, recyclability and modular adaptability. PLA 3D-printed joints enable rapid
prototyping and customization, while tensioned steel cables enhance structural rigidity.
This balance of flexibility and durability supports diverse operational needs.

The filtration system employs a cascading filter assembly: a coarse metal mesh for
large debris, followed by finer conical and cup filters to isolate microplastics. This modular
system ensures quick maintenance and adaptability.

Electronics are housed in a transparent, waterproof PVC tube, allowing visual inspec-
tion of system indicators. The system includes an Arduino microcontroller, dual-motor
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control and connectivity for remote and autonomous operation. Two 10,000 mAh batteries
are integrated within the hulls, optimizing weight distribution and enhancing stability.

1.5. Operational Capabilities and Potential Applications

The drone is equipped to operate autonomously or via remote control, providing
flexibility in deployment. For remote operations, it relies on a joystick interface linked to a
laptop, while autonomous functionality is enabled through pre-loaded navigation paths.
This dual-mode capability ensures the drone can adapt to various operational requirements,
from systematic surveying to focused interventions in areas of high microplastic concentra-
tion. The propulsion system, driven by two rear-mounted motors, is designed to balance
efficiency with power, enabling the drone to maintain consistent performance even against
moderate currents or wave action within port environments.

Extensive testing in diverse water conditions, including open sea trials, confirmed
the drone’s ability to maintain stability and operational integrity. Even in challenging
scenarios, such as strong crosscurrents or significant wave activity, the design’s low center
of gravity and rigid frame ensured reliable performance. The inclusion of modular batteries
also allows for extended missions through rapid battery swaps, enhancing the system’s
versatility for continuous operations.

While the current implementation prioritizes microplastic monitoring and collection,
the modular design positions the drone as a flexible platform for future innovations. Ad-
vanced sensors, such as LiDAR for collision avoidance or enhanced filtration technologies,
could be integrated to broaden its scope of applications. These capabilities align the drone
with the growing demand for adaptive tools in environmental monitoring and remedia-
tion efforts.

1.6. Broader Implications and Contribution to Marine Litter Mitigation

The development of this drone contributes to addressing one of the most critical
aspects of marine litter: microplastic pollution. Its specific focus on port environments
fills a crucial niche, as these areas often serve as hubs for plastic debris accumulation.
The ability to quantify microplastic concentrations in real time offers valuable insights
for environmental management, enabling stakeholders to measure the effectiveness of
mitigation strategies and refine their approaches accordingly.

From a broader perspective, the drone represents a tangible step toward integrating
technology with sustainability. Its reliance on recyclable materials and modular construc-
tion underscores the potential for environmentally responsible engineering. By adopting
readily available and low-cost components, the project also demonstrates how cutting-edge
solutions can be democratized, ensuring accessibility for a wide range of users, including
smaller municipalities and research institutions.

Furthermore, the drone’s alignment with the MARLESS project highlights its role
within a larger framework of initiatives aimed at combating marine litter. By bridging
monitoring and removal activities with a focus on circular economy principles, the drone
offers a scalable model for addressing plastic pollution holistically. This alignment not
only enhances the impact of the MARLESS project but also serves as a blueprint for similar
efforts worldwide.

In summary, this study provides a detailed exploration of the design, testing and
potential applications of an autonomous surface drone for microplastic remediation. It
addresses key challenges in marine pollution management, offering an innovative and
scalable solution that balances environmental responsibility with operational practicality.
As marine litter continues to pose a global threat, such innovations are critical to fostering
sustainable interactions between technology and ecosystems.
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2. Materials and Methods
2.1. Project Goals and Design Constraints

As established in the preceding chapters, the drone’s design was guided by principles
of simplicity, modularity and eco-compatibility, adhering to the philosophies of design
for assembly/disassembly and design for additive manufacturing. The primary objective
was to develop a replicable product utilizing readily available materials and accessible
industrial processes while minimizing environmental impact through the use of recyclable
and biodegradable components.

To optimize the drone’s design and address key technical and operational challenges
identified during development, a methodological framework based on TRIZ and the OTSM
(General Theory of Powerful Thinking) approach was employed. This framework enabled
the systematic and creative resolution of physical and technical contradictions, which will
be detailed in the following sections, avoiding suboptimal compromises.

2.2. Design Approach and Contradiction Analysis

The TRIZ methodology addresses critical physical and technical contradictions emerg-
ing during the design process through the application of the OTSM approach. According to
the OTSM framework, a physical contradiction inherently gives rise to at least two relevant
technical contradictions. This principle is central to Altshuller’s “Hill Model”, which serves
as the theoretical foundation of TRIZ and it is represented in Figure 1. This model is built
upon a rich database of inventive solutions that can be broadly applied across a wide range
of engineering and design challenges.
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This approach represents how the method is applied to a given problem. After identi-
fying the inputs, features that are intended to be implemented or enhanced in the product,
based on methodologies widely discussed in the literature, a decision is made regarding
which aspects to improve [34–36]. However, at this stage, contradictions may arise when
attempting to optimize all parameters simultaneously without adopting compromise solu-
tions. To address this, the process follows the method outlined in the schematic, beginning
with problem abstraction, formulating a general question while temporarily disregarding
the specific case. The Altshuller matrix is then employed, as explained later, to identify a
generalized solution to the defined problem. Once a general solution is found, it must be
assessed for applicability to the specific case [37,38].

In this work, we focused on resolving engineering contradictions to achieve an optimal
balance between structural simplicity and operational robustness. By adopting a structured
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problem-solving approach, we systematically analyzed design challenges and identified
innovative solutions that minimized material consumption without compromising per-
formance. This method allowed for a more efficient exploration of alternatives, leading
to a drone configuration that enhances functionality while remaining lightweight and
durable. The resulting design not only improves overall efficiency but also ensures the
drone’s effectiveness in addressing the specific challenges of microplastic remediation in
port environments.

2.3. Investigation of Contradictions in the Design Process

A physical contradiction occurs when optimizing one product parameter, such as
weight, speed or battery capacity, negatively impacts others. For instance, increasing battery
size in an electric vehicle enhances range but also adds weight, which in turn reduces
speed and acceleration. These conflicting requirements create technical contradictions that
need to be addressed early in the design phase to achieve an optimal balance between
competing factors.

In the TRIZ methodology, technical contradictions are resolved by identifying the key
product parameters that exhibit conflicting behaviors. For instance, parameters like weight,
speed, capacity and temperature may be subject to trade-offs during the design process.
These parameters are represented in the “contradiction matrix”, where the rows correspond
to improving features and the columns to deteriorating ones. By finding the intersection of
the relevant parameters, a series of numbers corresponding to Altshuller’s 40 inventive
principles is generated, offering systematic solutions to the identified contradictions.

Figure 2 presents an extract from the Altshuller contradiction matrix, while Figure 3
shows a diagram illustrating the key design choices for the drone, made through the
application of TRIZ principles.
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The application of TRIZ in the design process involved critical decisions regarding
the drone’s configuration, such as the selection between monohull and multi-hull designs,
the material choice for the hull support structure (aluminum versus composite) and the
determination of the optimal placement and quantity of batteries and electric motors. Each
of these decisions had a direct impact on various design parameters and the search for the
most efficient configuration is explored in the following section.
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2.3.1. Geometric and Structural Design

The number of hulls significantly influences drone configuration. The design could
involve a single hull for simplicity or multiple hulls for enhanced stability. Typically,
adopting a dual-hull structure delivers superior stability but introduces extra weight.

The drone’s stability was evaluated using Siemens NX, where the mass distribution
of all components was precisely calculated to optimize the center of gravity and buoy-
ancy; this analysis is reported in Section 3 after illustrating all the components chosen for
the drone. The catamaran configuration was selected to enhance stability, reducing roll
and pitch under operational conditions. Key design parameters, including hull dimen-
sions and weight placement, were systematically analyzed to ensure balanced flotation
and controlled hydrodynamics. While this study focuses on the drone’s overall develop-
ment and application, a detailed computational analysis of its stability is available in a
separate investigation.

From the analysis of contradictions related to this topic, four inventive principles
emerged: pulling away, fast crossing, changing parameters and inert atmosphere (Figure 3).
Not all principles demonstrate the same level of relevance: inert atmosphere and fast
crossing were deemed unsuitable by the authors for the specific application; on the other
hand, the principles of pulling away and changing parameters offer potential avenues for
exploration in the drone’s design. This outcome highlights the generalized nature of the
conceptual process described here, which retains its abstraction until later stages.

A similar approach was applied to the drone’s frame. The use of bolts instead of
welds facilitates faster part replacement in case of damage, aligning with the principle of
segmentation. Moreover, this choice is feasible given that the drone is designed for opera-
tion in controlled environments, such as ports, rather than chaotic or open sea conditions.
Prefabricated aluminum extrusions were selected for the frame, which simplifies assembly
and eliminates the need for welding. The detachable frame design also provides flexibility
during development, particularly when the final architecture (motor positioning, wiring
layout and joint connections) has not been fully finalized. This modular approach simplifies
assembly and allows for iterative improvements based on operational testing.

2.3.2. Power Systems and Energy Management

Regarding the drone’s power system, the first component analyzed was the battery
pack. While increasing the number of batteries improves operational autonomy, it also
leads to a significant increase in weight. Two primary charging strategies were considered:
one involving onboard charging and the other using dedicated charging stations along the
drone’s route. The concept of battery swapping proved to be the most efficient solution
and was incorporated into the final design. To resolve the trade-off between the drone’s
battery capacity (mAh) and overall weight, design decisions were guided by principles
derived from Altshuller’s contradiction matrix, specifically pulling away, exact opposite,
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multiple dynamics and self-service. Among these, the principle of “separation” directly
inspired the integration of the battery-swapping mechanism into the final system design.

In the finalized design, batteries were placed in a sealed electronics tube above the
frame, ensuring protection from water without compromising hull integrity. A rear flap on
the tube allows for quick battery replacement, minimizing downtime. Power continuity
during swaps was achieved through two parallel circuits: one powers critical systems,
including the control module (Pixhawk), GPS and telemetry, while another supports motor
operation. This setup ensures uninterrupted functionality, as a low-consumption battery
independently powers control and monitoring systems. Additional measures, such as
waterproof casings and composite materials, were explored to enhance durability and
lightweight construction.

After finalizing the battery architecture, attention shifted to the analysis of the propul-
sion system. A dual-motor configuration, utilizing Thruster T-200 units (BlueRobotics, St.
Torrance, CA, USA), was chosen to replace the traditional rudder mechanism. The system
utilizes varying propeller speeds to create steering moments, enhancing maneuverability
and simplifying the design. The final drone, shown in Figures 4 and 5, demonstrates both
stability and functionality during operational testing.
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To address stability challenges, control electronics were implemented using the autopilot
module Pixhawk 2.4.8. This system enables trajectory and roll corrections when paired with
firmware compatible with marine drones, such as ArduPilot (ArduRover—https://ardupilot.org).
The Mission Planner software (version 4.1.0) was employed to configure the drone’s mission
parameters, including autonomous navigation modes. The Pixhawk features an integrated IMU
(Inertial Measurement Unit) with accelerometers and gyroscopes, essential for accurately monitor-
ing the drone’s orientation and movement. This allowed precise roll and trajectory corrections
during operation. Furthermore, the GPS connected to Pixhawk provided reliable location data,
supporting the maintenance of stable and accurate flight paths. Finally, telemetry modules enabled

https://ardupilot.org
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control of the drone in manual mode up to a range of 200–250 m from the coast, ensuring sufficient
operational coverage while conducting tests and performing mission operations.

2.3.3. Microplastic Collection Module

Several components of the filtration system were fabricated using PLA through 3D
printing, allowing for precise customization of the geometries to meet specific design
requirements. This approach aligns with examples in the literature that highlight the effec-
tiveness of 3D printing in similar applications [39]. To enhance durability and resistance,
the PLA components were coated with resin and multiple layers of protective paint.

We acknowledge the importance of long-term durability testing, especially for 3D-
printed components in saline environments. Since the drone was recently developed, we
have conducted initial stress tests to ensure structural integrity and functional performance.
However, assessing long-term wear requires extended real-world deployment, which we
plan to carry out as the project progresses.

To improve durability while maintaining a low-budget approach, we are considering
cost-effective material alternatives that offer better resistance to marine conditions. PETG
and ASA, for instance, provide increased UV and moisture resistance compared to PLA
while remaining affordable and compatible with standard FDM printing. Additionally,
coating critical components with epoxy resin or marine-grade sealants could enhance
longevity without significantly increasing costs. For structural elements exposed to high
stress, replacing standard aluminum with anodized aluminum profiles—readily available
at hardware stores—can improve corrosion resistance at minimal extra expense.

These practical solutions align with the project’s low-cost philosophy while offering a
feasible path for enhancing the drone’s durability in the near future. As more operational data
become available, we will refine material choices to further optimize long-term performance.

The filtration system employs three parallel filters to ensure continuous functionality.
These filters are equipped with nets of varying mesh sizes: 1 mm at the inlet and 0.1 mm at
the outlet. This configuration was chosen to capture fragments, including polymer-based
particles, within a dimensional range consistent with the technical specifications. The
conical design of the filter facilitates the rapid evacuation of processed water, improving
operational efficiency. To securely integrate the filter with the drone’s structure, two
vertical trabecular elements were incorporated, enabling attachment to the drone’s frame
and allowing adjustments to the filter’s immersion depth. A detailed schematic of the
filtration system is shown in Figure 6.
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Figure 6. Details of the filtration system—complete assembly (left), half-disassembled view (center)
and close-up of the microplastic mesh (right).

3. Results and Validation
To evaluate the effectiveness of the project, the drone underwent a series of tests aimed

at identifying potential issues and performing post-design validation. The initial tests
focused on verifying whether the structural and buoyancy calculations simulated using
CAD software (Siemens NX, version 2007 Series) corresponded to real-world conditions.
This stage ensured that any discrepancies could be addressed before proceeding with
further testing.
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The results of the software analysis are presented in Figure 7. In addition to the
bill of materials, which includes specifications regarding material and weight, the figure
illustrates how the center of gravity remains within the drone’s structure even at a 45◦ tilt,
an intentionally exaggerated stress condition, far from the typical operating scenario in
port environments.
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Subsequently, the drone was tested at the University of Bologna’s facilities, specifically
in a freshwater pool designed to simulate the operational environment. The pool provided
a controlled setting, including narrow spaces and artificial obstacles mimicking a port
environment, combined with calm water conditions. Additionally, the pool was equipped
with an artificial wave generator, allowing the team to evaluate the drone’s performance
under varying surface conditions, such as those caused by nearby boat traffic. Following
the success of these initial tests, the project advanced to full-scale operational trials.

The test basin used for the drone’s initial evaluation is capable of generating waves up
to 0.5 m in height, simulating the conditions typically encountered in small port environ-
ments (Figure 8). During testing, the drone demonstrated stability under these conditions,
with the catamaran configuration providing sufficient resistance to tipping. The double-hull
design was specifically chosen for its ability to handle small to medium waves typically
found in sheltered port environments, ensuring operational stability even when exposed
to occasional wave action. While the drone is designed to operate in relatively calm con-
ditions, as expected in port environments, testing with higher waves was conducted to
assess its behavior under unexpected disturbances, including lateral currents (Figure 9).
These evaluations confirmed that the design maintains stability within the expected range
of operational conditions.

The operational testing phase introduced several significant challenges that were
absent in the controlled pool environment. Firstly, the corrosive nature of saltwater posed
a potential risk to small components, such as screws and fasteners, highlighting possible
weak points in the drone’s structural design. Secondly, unlike the controlled conditions of
the pool, the marine environment presented inherent currents and multidimensional wave
movements. These factors not only tested the drone’s buoyancy but also its directional
control and operational reliability. Remote operation functionality was also evaluated
during this phase, with the drone controlled via a computer at a distance.
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and waves.

To ensure safety and flexibility, the trials were conducted near the shore. This allowed
for close monitoring of adverse events and exposed the drone to more turbulent and
unpredictable water conditions. Additionally, by varying the distance between the drone
and the shore, the team was able to dynamically alter water depth and further simulate
diverse scenarios. On a particularly windy day, the drone was subjected to a challenging
operational environment, testing its buoyancy, movement and maneuverability. These
trials yielded valuable data for subsequent refinement.

Overall, the drone performed exceptionally well. No key issues or uncertainties were
observed during the operation. One key outcome of this phase was the calibration of
motor power, allowing the team to determine the ideal power levels required for real-
world scenarios. As anticipated, a significant power reserve proved essential in marine
environments, enabling the drone to counteract strong currents and avoid deviations from
its planned trajectory—or, in worst-case scenarios, being carried off course entirely.

Outcomes and Future Considerations

The results of these tests were highly satisfactory. The drone demonstrated excellent
buoyancy and seaworthiness, exceeding expectations across all operational scenarios,
including tight maneuvers in crosscurrents and other challenging conditions that surpassed
its intended operational requirements. These outcomes are particularly significant as
they validate the drone’s ability to reliably carry out its intended functions, including the
effective operation of its filtration system. During testing, the filter, positioned on the
underside of the drone, successfully captured debris even in a cleaner test environment
that differed significantly from the pollution levels expected in actual operational zones.

The analysis of the extracted samples is beyond the scope of this study, as it will be
conducted later within the MARLESS project through periodic assessments in a selected
environment. Experts in the field will evaluate the collected samples and determine whether
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adjustments to the mesh size are necessary, either to refine filtration capabilities further or
to allow for larger particles to pass through.

Structurally, the drone exhibited exceptional rigidity while maintaining a favorable
strength-to-weight ratio. This rigidity, combined with its deliberately oversized dimen-
sions, contributed to its stability, buoyancy and effective filtration performance during
testing. However, these tests also provided valuable insights into areas for improvement.
Specifically, the generous dimensions, initially chosen to maximize stability and operational
reliability, can be reduced in future iterations to achieve a more compact and lightweight
design without compromising performance.

In conclusion, the drone’s success in these trials establishes a solid foundation for
its deployment in real-world scenarios and paves the way for further optimization. The
lessons learned from these tests will inform future iterations, ensuring a balance between
compactness, efficiency and the operational requirements of autonomous microplastic
monitoring and remediation.

4. Discussion
The development of the autonomous surface drone presented in this study aligns

with the growing need for efficient and scalable solutions to monitor microplastic pollution
in marine environments. The design successfully integrates simplicity, modularity and
functionality, addressing some of the key limitations associated with traditional sampling
methods such as the Manta net [20]. Previous studies on marine drones for pollution
monitoring have focused primarily on high-tech, high-cost solutions that may not be acces-
sible for widespread deployment [19,21]. For instance, recent research has demonstrated
the use of remotely operated vehicles and aerial drones for monitoring floating and sub-
merged plastic debris. While these approaches provide valuable spatial and temporal data,
their cost-efficiency remains an issue, and their applicability is often limited to specific
environmental conditions.

The Jellyfishbot® aquatic drone (IADYS—Interactive Autonomous DYnamic Systems,
Roquefort-la-Bédoule, France), for example, has been tested as an alternative to traditional
microplastic sampling methods, demonstrating comparable efficiency to the Manta net
in capturing microplastic particles. However, its reliance on proprietary technology and
specific configurations may limit its adaptability for different operational contexts. In con-
trast, our proposed drone emphasizes open-source, modular construction with accessible
materials, making it easier to reproduce and adapt for diverse monitoring scenarios.

One of the primary advantages of our drone lies in its structural stability, achieved
through a dual-hull configuration that enhances buoyancy and maneuverability. Unlike
conventional single-hull designs, which may struggle in dynamic port environments, the
dual-hull approach provides resilience against wave disturbances while maintaining pre-
cise control. Although this design choice increased the overall weight, the integration of
dual T-200 thrusters ensured efficient propulsion and navigation. The use of prefabricated
aluminum extrusions and bolted connections enables easy assembly and disassembly,
facilitating maintenance and adaptability for future improvements. This feature is particu-
larly valuable for research applications, where iterative modifications are often required to
optimize performance based on evolving project needs. The drone’s stable dual-hull design
ensures optimal conditions for the filtration system, allowing the filters to operate efficiently
without excessive flexion or structural stress. This stability enhances the consistency and
reliability of microplastic collection, even in variable water conditions. Additionally, the
modular filtration system enables easy adaptation by allowing researchers to swap or
adjust mesh sizes, tailoring the sampling process to different particle dimensions.
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A key advantage of the proposed drone is its low production cost, which makes it an
accessible and scalable solution for widespread deployment. Unlike many existing marine
monitoring technologies, which often rely on specialized materials, high-performance
sensors and complex manufacturing processes, our design emphasizes affordability without
compromising functionality [40].

For confidentiality reasons, it is not possible to disclose the total cost of the specific
project. However, we have provided an overview of the materials used to highlight the
economic feasibility of the model (Table 1). In a fully developed project, additional costs
must be considered, such as the acquisition of equipment (e.g., 3D printers) and design-
related expenses. The use of readily available and affordable materials, such as PVC hulls,
3D-printed components and aluminum extrusions, contributes to keeping production costs
low while maintaining the drone’s functionality and durability.

Table 1. Estimated cost breakdown of the marine drone, based on typical market prices for materials
and components. Figures are approximate and subject to variations in supplier pricing and availability.

Item Quantity Est. Unit Cost
(EUR)

Est. Total Cost
(EUR)

1 PVC hulls 2 tubes ~€20 each €40

2 3D-printed sections (PLA) 4 total pieces ~€5 each €20

3 Aluminum profiles and supports Various bars/extrusions - €60

4 Additional PLA parts (filter holders, linkers, etc.) Several smaller pieces - €50

5 O-rings 8 ~€1 each €8

6 T200 thrusters 2 ~€170 each €340

7 Basic electronics (ESC, wiring, misc.) 1 kit - €400

8 Autopilot (Pixhawk + supplementary modules) 1 - €200

9 LiPo batteries (10,000 mAh) for motors 2 (1 main + 1 spare) ~€80 each €160

10 LiPo batteries (2000 mAh) for electronics 4 (1 main + 3 spare) ~€20 each €80

11 Steel mesh for microplastic filtration Several meters - €20

12 Paint (white + clear protective coat) - - €20

13 Hardware, adhesives, miscellaneous consumables - - €50

Subtotal EUR 1448.00

Despite its strengths, the prototype revealed several areas for potential enhancement.
The increased weight associated with the dual-hull design, while beneficial for stability, may
impact energy efficiency, particularly for extended missions. Future iterations could explore
alternative materials or structural optimizations to reduce weight without compromising
performance. Another limitation is the durability of components in saline environments.
The use of 3D-printed PLA parts, while cost-effective and environmentally sustainable,
demonstrated vulnerabilities under prolonged exposure to seawater.

5. Conclusions
This study demonstrates the feasibility of a low-cost, modular and sustainable au-

tonomous surface drone for microplastic monitoring in port environments. By prioritizing
structural stability, adaptability and eco-compatible materials, the design ensures both
efficiency and replicability. The integration of a customizable filtration system further
enhances its versatility for diverse research applications.

Future developments should focus on optimizing weight, improving material dura-
bility and integrating advanced sensing technologies to expand the drone’s functionality.
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This work highlights the potential of autonomous solutions in environmental monitoring,
paving the way for scalable and accessible technologies to combat marine plastic pollution.
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