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Innovative materials that behave like robots to
combat plastic pollution

Shafqat Ali, a Muhammad Haris Khan,b Zareen Zuhra *b and Jinfeng Wang*a

The growing plastic pollution crisis demands novel approaches, with innovative materials that mimic

robotic behaviors emerging as a promising solution. This approach explores the development and

application of smart materials that can autonomously engage in plastic waste removal, functioning like

robots under various environmental conditions. We focus on materials activated by light, magnetic fields,

chemical fuels, and ion exchange, which are designed to target and remove plastic waste efficiently. The

key properties of these materials, such as self-activation, adaptability, and precision that enable them

to function autonomously in waste management systems, are examined. The integration of these

innovative materials offers significant advantages, including faster waste processing, reduced human

exposure to hazardous waste, and enhanced sorting accuracy. Additionally, this review evaluates the

environmental impact, scalability, and cost-effectiveness of these materials in comparison to traditional

methods. Finally, the potential of these materials to play a central role in sustainable plastic waste

management and contribute to a circular economy is discussed.

Wider impact
This review highlights key advancements in the development of innovative materials that mimic robotic behaviors for plastic waste removal. Key developments
include the use of materials activated by light, magnetic fields, chemical fuels, and ion exchange, which can autonomously target, collect, and sort plastic
waste. These materials represent a new frontier in waste management, offering a more efficient, scalable, and sustainable solution compared to traditional
methods. This area is of significant wider interest due to the urgent global need to address plastic pollution, which poses serious environmental, ecological,
and public health risks. By leveraging advanced materials science, these robotic materials can revolutionize the way we manage plastic waste, reduce human
exposure to hazardous waste, and contribute to the broader goals of a circular economy. The future of this field promises increasingly intelligent, adaptive
materials capable of performing complex tasks autonomously in diverse environments. The insights from this review will shape materials science by advancing
our understanding of smart, self-acting materials and their integration into real-world applications, driving innovation in both waste management and
sustainable materials design.

1. Introduction

Plastic, a versatile and durable polymeric material, was first
developed in the early 20th century.1 It revolutionized many
industries due to its unique features like light weight, mold-
ability, and low production cost.2 The first completely synthetic
plastic, Bakelite, was formed by Leo Baekeland in 1907.3 Since
then, the production and use of plastics have exponentially
increased, leading to their ubiquitous presence in everyday
life.4 Plastics are used in a wide range of products, including

packaging, household items, medical devices and construction
materials.5 Global plastic production has skyrocketed from
2 million metric tons in 1950 to over 400 million metric tons
in 2020, with around 14 million tons of plastic waste entering
water systems each year.6 This surge in production has led to
a substantial increase in plastic waste. The United Nations
Environment Program (UNEP) reports that approximately
300 million tons of plastic waste are generated annually.7

Microplastics (MPs), which are plastic particles smaller than
5 millimeters, and nanoplastics (NPs), even tinier at less than
100 nm,8 present serious environmental and health risks due
to their small size and persistence in ecosystems.9 MPs often
settle on the seafloor, while NPs, due to their buoyancy, remain
suspended in water and spread quickly with ocean currents.10

The overall journey of plastic to the human body is presented
in Fig. 1(a),11 while the chemical composition of plastic is
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summarized in Fig. 1(b).12 Ingestion of plastics, including micro-
and nanoplastics (MNPs), by aquatic organisms can lead to various
health issues, such as physical harm and blockages in the digestive
tract.13 Additionally, MNPs can negatively impact the behavior and
reproductive health of these organisms.14 Although the full impact
of MNPs on human health is not yet fully understood,15 recent
studies have indicated that these particles can be transferred
through the food chain (Fig. 1(a)) and accumulate in human
tissues.16 This accumulation may result in a range of health
problems, including inflammation, genetic damage, and even
cancer (Fig. 1(c)).17 As a result, pollution caused by MNPs has
become an increasingly urgent concern, emphasizing the need
for innovative strategies to effectively capture, concentrate, and
remove these plastic particles.18

Effectively treating large volumes of water contaminated
with MNPs involves addressing several challenges.20 These
include removing ultra-small particles, achieving high removal
efficiency even at low MNP concentrations in the environment,
and treating large amounts of wastewater at a low cost.21

Traditional methods, such as physical adsorption, filtration,
biological ingestion, and chemical treatments, have been
employed to tackle these issues.22,23 However, each approach
has its own advantages and drawbacks that must be carefully
considered.24 For instance, while filtration can achieve high
removal efficiency, its high energy consumption and potential

nanoplastic filtering losses hinder large-scale application.25,26

Chemical flocculation offers a low-energy alternative, but it
has limited removal capacity and the potential to cause sec-
ondary pollution.27 Biological treatment, though environmen-
tally friendly, is only suitable under specific conditions and has
a slower removal rate.28 Therefore, finding an optimal solution
requires balancing the trade-offs between removal efficiency,
cost, and environmental impact.

The advent of micro- and nanorobots (MNRs) represents
a remarkable integration of robotics, materials science and
nanotechnology.29 These tiny robots, often ranging in size from
micrometers to nanometers, leverage the distinct physical and
chemical properties of micro- and nanomaterials to execute
tasks with remarkable precision.30 By integrating these materi-
als with advanced locomotion and positional control mechan-
isms, MNRs are transforming a multitude of application
domains, including biomedicine,31 sensing,32 imaging33 and
environmental remediation.19 MNRs leverage the exceptional
attributes of their constituent materials, such as a high surface
area-to-volume ratio, enhanced mechanical strength, and tai-
lored chemical reactivity.34 These properties enable them to
interact effectively with their surroundings, making them
ideal for applications requiring delicate handling or targeted
actions.35 The locomotion of these robots can be controlled
through various mechanisms like magnetic fields for remote

Fig. 1 The transportation of micro- and nanoplastics into the human body via the food chain (a). Adapted from ref. 11 Copyright 2022, Wiley-VCH.
The chemical composition of plastic (b). Adapted from ref. 12 Copyright 2022, Elsevier. The adverse impact of plastic on human health (c). Adapted from
ref. 17 Copyright 2019, Island Press. The route for converting materials into robots (d). Adapted from ref. 19 Copyright 2023, Springer Nature.
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control,36,37 chemical reactions for propulsion,38 optical
methods39 like lasers for precise movement and mechanical
systems that utilize cilia or flagella.40 The introduction of mutual
communication can transform micro- and nanomaterials into
intelligent micro- and nanorobots (Fig. 1(d)).19 In biomedicine,
MNRs offer transformative potential.41 They can be employed for
targeted drug delivery, ensuring that medications are adminis-
tered directly to specific cells or tissues, thereby minimizing side
effects and enhancing treatment efficacy.42 Additionally, they are
useful in diagnostics, providing highly sensitive detection of
biomarkers.43 Their precision also makes them valuable in mini-
mally invasive surgical procedures, where they can perform
delicate operations with high accuracy.44 For sensing and ima-
ging, MNRs provide advanced capabilities.45 They can monitor
environmental conditions in real-time, detecting pollutants and
hazardous chemicals with high sensitivity.30 In medical imaging,
these robots improve the resolution and detail of images,
significantly aiding in the diagnosis and treatment of various
conditions.45

Recently, the promising applications of MNRs in environ-
mental remediation, particularly in addressing the issue of
MNPs, have gained attention.19 These robots can be designed
to detect and neutralize plastic pollutants at a molecular
MNP level.46 Some are equipped to break down MPs into less
harmful substances,47 while others can collect and concentrate
these particles for easier removal.48 Continuous monitoring by
these robots also provides valuable data on plastic pollution,
aiding in the management and mitigation of environmental
damage.49,50

Ongoing research focuses on scaling production, increasing
functionality, and addressing safety and ethical concerns to
fully realize the potential of MNRs. Recent advancements have
significantly improved the capabilities of MNRs. Innovative
actuation methods, including new techniques for light, mag-
netic, and chemical control, have expanded their functional
applications. The development of advanced materials and
improved integration with existing technologies have enhanced
their practical utility. This review covers the design principles
and technological characteristics of MNRs, evaluates their
current advancements and challenges in removing MNPs, and
suggests directions for future research.

Robotic materials offer several advantages, including self-
adaptability to changing environmental conditions and enhanced
efficiency in applications such as environmental remediation,
precision manufacturing, and medical devices.51 Their multifunc-
tional nature reduces system complexity and increases design
flexibility. Furthermore, robotic materials have the potential for
scalability, enabling their use in large-scale applications like
environmental monitoring and autonomous infrastructure
repair.52 However, there are certain limitations, including high
development costs, complex maintenance requirements, and
durability issues, particularly in harsh environments. Additionally,
active robotic systems often require significant energy, which can
hinder their widespread adoption.53 Despite these challenges,
robotic materials have demonstrated practical applications
in diverse fields, such as environmental remediation through

autonomous pollutant detection and degradation, smart pros-
thetics and wearable sensors for improved healthcare, infra-
structure monitoring for self-repair, and manufacturing
automation for enhanced production efficiency.54 In search-
and-rescue operations, the use of robotic materials in soft
robotics has proven invaluable, where traditional rigid materials
are unsuitable.55 This review’s comprehensive analysis of smart
materials for sustainable plastic remediation and the discus-
sion of the advantages, limitations, and applications of robotic
materials underscore their relevance and importance in advan-
cing sustainable and technological innovations across multiple
sectors.

2. Conventional methods for plastic
removal

Various conventional methods for plastic removal have been
employed over the years, each playing a crucial role in the fight
against plastic waste.56 Manual cleanup efforts (Fig. 2(a)) are
among the most straightforward and widely used methods.57

Community cleanups and organized events, such as Interna-
tional Coastal Cleanup Day, mobilize large groups of people to
pick up litter, raising public awareness and engaging commu-
nities in environmental stewardship.58 Mechanical collection,
another key method (Fig. 2(b)), involves using machines like
street sweepers to collect litter from urban areas and beach
cleaning machines that sift sand to remove debris.59 In aquatic
environments, mechanical skimmers and booms are used to
gather floating plastic waste from rivers, lakes, and harbors,
though these devices often require significant maintenance
and operational costs.60 Trash traps and barriers are designed
to capture plastic waste before it enters larger bodies of water,
with structures typically installed in storm drains, river mouths,
or along coastlines to intercept debris.12 Examples include
floating booms that funnel plastic waste into collection points
and trash traps placed in drainage systems.61,62 While effective
in preventing plastic from reaching the ocean, these solutions
depend on regular maintenance and the ability to handle large
volumes of waste during heavy rainfalls.63,64

Various traditional methods have been developed to elim-
inate microplastic nanoparticles from water, and these meth-
ods can be broadly divided into physical,68 chemical,69 and
biotechnological approaches.70 Physical techniques generally
include processes like filtration,71 adsorption72 and screening.73

An example of a filtration device commonly used in wastewater
treatment is the disc filter (Fig. 2(c)).65 This device features several
layers of overlapping filter screens and flange rings that capture
microplastic debris as the wastewater flows through.74 Notably,
disc filters with pore sizes of 10 and 20 mm have demonstrated the
ability to remove approximately 89.7% of microplastic particles
from water. In addition to physical filtration, advanced materials
such as metal–organic frameworks (MOFs) are being explored for
microplastic removal. These materials are characterized by their
interpenetrating pores, high uniformity, and excellent durability.
For instance, a zirconium-based MOF filter has been shown to
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remove about 95.5% of microplastic particles from water. Further-
more, a lab-scale automatic filtration system has been developed
that utilizes sunlight to power the water filtration process, offering
a sustainable solution for microplastic removal (Fig. 2(d)).66

Innovative adsorbents are being developed to enhance physical
adsorption techniques. For example, magnetic ferric oxide
(Fe3O4) nanoparticles67 have shown an impressive 80% effi-
ciency in removing MPs such as polypropylene (PP), polystyrene
(PS), and polyethylene (PE) microspheres by adsorbing them
onto the Fe3O4 surface. The adsorption of microplastics by
magnetic iron oxide (Fe3O4) nanoparticles is based on surface
interactions, electrostatic attraction, and magnetic properties,
which enable efficient separation from aqueous environments
(Fig. 2(e)).67 These nanoparticles possess a high surface area
and abundant surface-active sites, including hydroxyl groups
(–OH) that play a crucial role in adsorption by forming hydro-
gen bonds or electrostatic interactions with microplastic

particles. The efficiency of adsorption is influenced by factors
such as the surface charge of the nanoparticles, solution pH,
and the characteristics of the microplastics, including their
size, surface chemistry, and polarity.75 Electrostatic interactions
are a key mechanism in the adsorption process. Depending
on the pH of the solution, Fe3O4 nanoparticles can acquire
a positive or negative surface charge. Microplastics, due to
environmental aging and surface functionalization, also carry
surface charges. When the charges are opposite, strong electro-
static attraction enhances the adhesion of microplastics to the
nanoparticles. In addition to electrostatic forces, hydrophobic
interactions further contribute to adsorption, as microplastics
are primarily hydrophobic and can readily attach to Fe3O4

nanoparticles, which may exhibit both hydrophobic and hydro-
philic surface properties depending on surface modifications.76

After adsorption, the magnetic properties of Fe3O4 nano-
particles allow for the rapid and energy-efficient separation of

Fig. 2 Manual cleanup efforts for plastic removal near a river area (a). Adapted from ref. 57 Copyright 2021, Springer. Mechanical collection of plastic (b).
Adapted from ref. 59 Copyright 2017, Sage. A setup of a disc filter for MP removal in wastewater (c). Adapted from ref. 65 Copyright 2019, MDPI.
Zirconium MOF based filter and automatic filtration system for MP removal (d). Adapted from ref. 66 Copyright 2020, the Royal Society of Chemistry.
Surface adsorption of plastics on Fe3O4 (e). Adapted from ref. 67 Copyright 2022, Elsevier.
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the nanoparticle–microplastic complex from water using an
external magnetic field. This magnetic separation provides
a sustainable and environmentally friendly approach for reco-
vering microplastics along with the nanoparticles. To further
enhance adsorption capacity and selectivity, surface modifica-
tions of Fe3O4 nanoparticles can be employed, such as functio-
nalization with organic polymers, surfactants, or inorganic
materials.77 These modifications improve the affinity for
specific types of microplastics and increase the stability and
dispersibility of the nanoparticles in water. In conclusion, the
adsorption of microplastics by Fe3O4 nanoparticles is a promis-
ing solution for environmental remediation, leveraging surface
interactions and magnetic separation for effective microplastic
removal from aquatic systems. Additionally, a composite mate-
rial known as magnetic polyoxometalate-supported ionic liquid
phase (magPOM-SILP) has been found to completely eliminate
PS microplastics (at a concentration of 1 g L�1).78 This is
achieved through hydrophobic interactions between the POM-
IL coating and the PS particles.

Coagulation and flocculation are essential chemical techni-
ques used in wastewater treatment, where coagulants are added
to promote strong interactions between particles.27 Coagula-
tion works by neutralizing particle charges, while flocculation
involves the aggregation of particles through ligand exchange
mechanisms.79 Common coagulants for removing MPs from
water include iron, aluminum, and polyamine-based com-
pounds. To enhance the effectiveness of microplastic removal,
anionic polyacrylamide (at concentrations of 3–15 mg L�1) is
often combined with iron-based salts.80 This combination has
been shown to boost removal efficiency from 15% to 90.9%.
The improvement is primarily due to the increased density of
flocs when anionic polyacrylamide is added, which facilitates
the adsorption and capture of microplastic particles.81 As a
result, polyacrylamide plays a critical role in improving the
coagulation process and significantly increasing the efficiency
of microplastic removal.

In contrast to physical and chemical methods, microorgan-
isms offer a unique approach by breaking down MPs into
smaller, more biodegradable components.82,83 Some of the
most commonly found plastics, including PE, PP, and PS,
have been shown to degrade effectively through biological
processes.84 For example, Antarctic krill (Euphausia superba)
have demonstrated the ability to fragment MPs (31.5 mm) into
particles smaller than 1 mm, suggesting a biological pathway
for converting MPs into NPs.85 Additionally, certain bacteria,
such as Ideonella sakaiensis, which has been isolated from
mealworm guts and environments with polyethylene tere-
phthalate (PET), have been identified as active agents in
breaking down PET.86 Although traditional methods for plas-
tic removal whether physical, chemical, or biological are vital
for reducing and eliminating plastic waste, their effectiveness
diminishes when dealing with MNPs due to the minute sizes
and low concentrations of these particles.87 To address this
challenge, future strategies may involve integrating traditional
techniques with emerging nanotechnologies. This combination
could enhance the ability to treat MNPs, thereby reducing their

environmental impact and contributing to more effective plas-
tic waste management.88

3. Potential of robotic technology for
plastic removal

The transition from traditional methods to robotic approaches
represents a significant shift across various industries, driven by
the need for enhanced efficiency, adaptability, and precision.89

Traditional methods often rely on static processes and manual
interventions, which can be time-consuming, error-prone,
and inefficient in dynamic environments. In contrast, robotic
solutions offer self-adaptability, automation, and real-time
decision-making capabilities. They integrate sensing, actuation,
and computation within a single system, enabling intelligent
responses to environmental changes without human interven-
tion.90 This transition is evident in fields such as manufacturing,
healthcare, environmental monitoring, and infrastructure main-
tenance. Robotic approaches not only reduce human workload
but also enhance safety by taking on tasks in hazardous envir-
onments. Their ability to handle complex operations autono-
mously leads to greater productivity and cost savings over time.91

Additionally, advancements in materials science have contribu-
ted to the development of robotic materials, further expanding
their application potential. These materials are designed to
mimic biological functions, making them ideal for soft robotics
and adaptive systems. Overall, robotic solutions present unique
advantages, including greater operational flexibility, improved
accuracy, and reduced resource consumption, positioning them
as transformative tools in the move toward smarter, more
sustainable technologies.92 Therefore the need for innovative
and efficient removal strategies for MNPs is critical, and among
the various approaches being explored, the deployment of
robotic technologies stands out for its potential to revolutionize
to tackle plastic pollution.50,92 Robotic technologies for plastic
removal utilize cutting-edge developments in artificial intelli-
gence (AI), machine learning, sensor systems, and autonomous
navigation.48,93 These innovations enable robots to identify,
remove, collect, and process plastic waste in diverse environ-
ments, making them highly effective in addressing the plastic
pollution crisis.94 Aquatic robots, such as The Ocean Cleanup
Interceptors and Seabins, are designed to operate in water
bodies, autonomously navigating through rivers, lakes, and
oceans to collect plastic waste.60,95 These robots use sensors
and imaging technologies to detect and differentiate between
plastic and other debris, ensuring efficient collection. The Ocean
Cleanup project, for instance, has developed a system that
captures plastic waste from ocean gyres and rivers, demonstrat-
ing significant potential in large-scale cleanups.96 On land,
robots like BeachBot, developed by a team from Delft University
of Technology, are specifically designed to pick up small pieces
of plastic waste on beaches.97 These robots utilize AI algorithms
to detect and identify plastic waste, ensuring precise and tar-
geted removal. In industrial settings, robots are being used in
waste management facilities to sort and process plastic waste
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more efficiently than human workers.98 Aerial drones equipped
with cameras and sensors are also being used for surveillance
and monitoring of plastic pollution.99 These drones can cover
large areas quickly, providing real-time data on the location
and extent of plastic waste.100 In some cases, drones are being
developed to collect lightweight plastic debris, particularly
in hard-to-reach areas such as remote shorelines and dense
forests.101 The deployment of robots for plastic removal offers
several significant advantages over traditional methods. Robots
can operate continuously and autonomously, significantly
increasing the efficiency of plastic removal efforts. They can
cover large areas and collect substantial amounts of plastic
waste in a shorter time compared to manual cleanup efforts.102

For instance, The Ocean Cleanup Interceptors can extract up to
50 000 kg of plastic waste per day from rivers, showcasing the
scalability and effectiveness of robotic solutions.60 Plastic
cleanup, especially in aquatic environments, can be hazardous
and labor-intensive. Robots can perform these tasks without
risking human health and safety, making them ideal for
operations in polluted and hazardous areas. This reduction in
human labor also lowers the overall cost of cleanup operations.
Robots can work around the clock without the need for rest,
significantly enhancing the productivity of cleanup efforts.103

These micro- and nanomachines can transform different
types of energy—such as ultrasound, light, electricity, heat, and
magnetic energy—into mechanical motion, allowing them to
operate effectively at micro and nanoscale levels within complex
environments. The autonomous movement of these machines
enhances their ability to interact with pollutants, speeding up
the removal process and making them a powerful tool for water
pollution remediation. Additionally, their small size enables
them to maneuver through narrow channels and access areas
that larger devices cannot reach.104

3.1. Light-powered robots for plastic removal

Photo-catalytic technology is recognized as an effective and
safe method for environmental purification, earning acclaim
from the international academic community for its ability
to enhance pollutant treatment.105 Common semiconductor
photocatalysts, such as TiO2, ZnO, BiOCl, WO3, and g-C3N4,
are often used to degrade MPs under light irradiation.106 The
fundamental principle behind photocatalysis involves the gene-
ration of photogenerated electrons (e�) and holes (h+) when the
photocatalyst is exposed to light. These electrons and holes
then react with adsorbed O2, H2O, and surface hydroxyl groups
to produce reactive oxygen species, such as �O2 and �OH.107

These highly reactive species can initiate non-selective oxida-
tion–reduction reactions with most organic molecules, leading
to their complete mineralization into CO2, H2O, mineral acids,
or salts.108 Due to their exceptional photochemical activity,
photo-catalytic materials are widely used in the design of
light-driven micro/nanorobots (LMNRs).47 These LMNRs can
operate through various mechanisms, including self-electro-
phoresis, self-diffusiophoresis, and bubble propulsion.14 In
self-electrophoresis, the spatial separation of anodic and catho-
dic reactions creates an uneven charge distribution and a

propulsive electric field. On the other hand, self-diffusio-
phoresis occurs when anodic and cathodic reactions overlap
spatially, generating different ion species on the same side of
the MNR.30 As these ions diffuse outward at varying rates, a
concentration gradient forms, creating an electric field that
propels the MNR. Bubble propulsion is achieved by creating
bubble reactions, such as the splitting of H2O2, which drives
the LMNR forward. Light serves as a versatile energy source and
can also be used as an encoding signal, offering additional
control over the LMNR movement.109 Due to their biocompat-
ibility, efficiency, and precision, LMNRs have gained wide-
spread application in biomedical devices, environmental
remediation, and smart assembly. In particular, LMNRs have
been extensively researched for their potential in environmen-
tal cleanup efforts.110,111

Zhang and colleagues112 developed Janus Au/WO3@C micro-
robots that demonstrate improved mobility by utilizing photo-
catalytic decomposition of organic materials when exposed
to UV light. Similarly, AgCl microstar-based microrobots can
degrade organic molecules and eliminate bacteria like ‘‘Escherichia
coli’’ through light-driven propulsion.113 Silver nanoparticles
are crucial to this antibacterial process, and the autonomous
movement of the microrobots enhances the dispersion of these
nanoparticles, increasing their contact with bacteria and
thus improving their bactericidal effectiveness. The phoretic
interactions of LMNRs can be strategically engineered to offer
distinct advantages in clustering, adsorption, and cargo trans-
portation.114 For instance, BiVO4 microrobots powered by
photocatalysis have shown the ability to load and transport
passive particles as well as live microorganisms. These micro-
robots generate highly reactive oxygen species (ROS) through
photo-catalytic reactions, which are effective in killing bacteria.
Such multifunctional microrobots are promising for various
applications, including cargo transport and the treatment of
microbial contamination in water. Additionally, their ability to
cluster and capture particles has significant potential for
removing MPs, as large-scale aggregation and adsorption could
greatly improve the efficiency of collecting micro- and nano-
plastic particles.115

Ullattil and Pumera116 introduced an innovative approach to
creating asymmetric, single-component TiO2 microrobots with
a distinctive surface morphology transformation process that
allows for phototrapping and photofragmenting MPs in water
(Fig. 3(a)). These microrobots, which are rod-shaped and fea-
ture various trapping sites, are produced in a single reaction.
Their asymmetrical design enhances propulsion, enabling
them to work together efficiently to capture and break down
MPs through photocatalysis. This model showcases a ‘‘unity in
diversity’’ concept, where microrobots synergize to trap and
fragment MPs under light exposure. When exposed to light, the
surface morphology of these microrobots evolves into porous,
flower-like structures that effectively capture MPs for degrada-
tion. In the presence of H2O2, the microrobots exhibit pro-
nounced expansion and schooling behavior (Fig. 3(b)). Under
UV light, the microrobot cluster initially expands, and when the
light is switched off after 7 s, the cluster contracts and nearly
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returns to its original form within 20 s. Before UV exposure, PS
particles are loosely held at various sites such as cracks, ends,
shallow surfaces, fused structures, and curved shallow surfaces,
allowing for effective trapping and subsequent breakdown.
Wang and colleagues117 developed a Janus Au@Ni@TiO2 micro-
robot designed for microplastic removal. This microrobot
utilizes an electrophoresis mechanism activated by UV light,
allowing it to navigate through water. A model demonstrating
the phoretic interaction between the Au@Ni@TiO2 micro-
motors and PS particles is shown in Fig. 3(c). The microrobot
effectively captures microplastic particles from sources like
personal-care products and Baltic seawater through this inter-
action. Additionally, these microrobots can form chains under
the influence of an external magnetic field and move auton-
omously when exposed to UV light, facilitating the large-scale
removal of MPs. The removal efficiency of the microrobot is

notable, achieving 77% in hydrogen peroxide (H2O2) and 67%
in pure water. Fig. 3(d) illustrates the movement tracks and
speeds of the Au@Ni@TiO2 micromotor chains over a 2 s
period in water under UV illumination.

Mayorga-Burrezo and colleagues118 explored the use of light-
powered catalysis combined with a transverse rotating mag-
netic field to drive Fe3O4@BiVO4 microrobots, examining the
dynamics of their hybrid motion. When exposed to light, these
microrobots generate reactive oxygen species (ROS), which,
alongside magnetic propulsion, influence their movement. This
dual stimulation can unexpectedly alter the microrobots’ motion
direction, as illustrated in Fig. 3(e). These hybrid-powered micro-
robots have been applied to tackle microplastic pollution,
specifically targeting MPs found in cigarette filter residues, a
significant source of environmental MPs. The study also inves-
tigated how varying concentrations of hydrogen peroxide (H2O2)

Fig. 3 An overview of the general procedure of employing super-structured TiO2 microrobots to phototrap and photofragment MPs (a) and the growth
and shrinkage of TiO2 microrobots with 0.5% H2O2 and UV on/off conditions (b). Adapted from ref. 116 Copyright 2023, Wiley-VCH. The scale bar shows
10 mm. Interaction of Au@Ni@TiO2 micromotor with PS particles (c) and showing the speed and track lines of the Au@Ni@TiO2 micromotor (d)117

Copyright 2019, the American Chemical Society. The microrobot magnetic paths change (e) and (f)118 Copyright 2023, Elsevier.
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and different frequencies of the rotating magnetic field affect the
hybrid motion. Time-lapse microscopy images showing the
trajectories of individual Fe3O4@BiVO4 microrobots under these
conditions are presented in Fig. 3(f) and (g). Martin’s and Urso’s
team119 recently developed an advanced multifunctional micro-
robot using MXene-derived Fe2O3/Pt/TiO2, capable of capturing
NPs in three-dimensional (3D) space under UV light (Fig. 4(a)).
These microrobots demonstrated negative photogravitactic
behavior when exposed to UV irradiation, enabling significant
2D and 3D motion (Fig. 4(b)). Numerical simulations showing
the spatial distribution of hydrogen concentration over 0.1 s for
two different configurations are illustrated in Fig. 4(c). The
microrobots’ surface charge, which can be adjusted through pH
changes, greatly reduced the time needed for pre-concentration,
leading to a dramatic increase in nanoplastic capture efficiency.
Specifically, the microrobots achieved a 97% removal rate of
50-nm PS nanoparticles within just 1 minute, marking a signi-
ficant enhancement over static MXene-based treatments (Fig. 4(d)).
Beladi-Mousavi91 developed an advanced photo-catalytic degrada-
tion system utilizing intelligent, visible-light-driven microrobots
designed to capture and degrade MPs in complex multichannel
environments. These microrobots are equipped with both photo-
catalytic (BiVO4) and magnetic (Fe3O4) materials, enabling self-
propelled movement under sunlight and precise control via a

magnetic field within macrochannels. The microrobots, driven
by visible light, effectively swim through aqueous media and
adhere to various types of floating MPs, including polylactic acid
(PLA), polycaprolactone (PCL), PET, and PP. They then degrade
these plastics into smaller organic molecules and oligomers. The
process of collecting different MPs using the photo-catalytic
BiVO4/Fe3O4 microrobot in a macrochannel is demonstrated in
Fig. 4(e), with the efficiency of microplastic collection shown in
Fig. 4(f). Chattopadhy and colleagues120 developed an effective
method for removing MPs using self-asymmetric Pac-Man TiO2

microrobots. These microrobots not only collect MPs but also
facilitate their photo-catalytic degradation. The hydrodynamic
effects of the micromotors enhance their ability to attract and
accumulate MPs in their vicinity. By combining self-propulsion,
the phoretic assembly of passive colloids, and photo-catalytic
oxidation, the team created a highly scalable and inherently
asymmetric Pac-Man TiO2 micromotor. This microrobot is
capable of actively capturing and degrading MPs, specifically
homogeneous PS microspheres, to allow for precise optical
degradation measurements.

The Pumera group121 has conducted several studies on the
use of photo-catalytic microrobots (MNRs) for the degradation
of microplastic particles (MNPs). One notable develop-
ment involves visible-light-driven microrobots based on Bi2WO6

Fig. 4 Scheme of the fabrication stages for g-Fe2O3/Pt/TiO2 microrobots derived from MXene (a), movement of the microrobot in the xy plane (2D
motion) and the xyz space (3D motion) (b), the spatial distribution of H2 concentration for the cross-section of the two configurations numerically
simulated in 0.1 s (c) and nanoplastic capture (d). Adapted from ref. 119. Copyright 2022, Nature Portfolio. Schematic illustration of the extraction of MPs
in an improvised channel via BiVO4/Fe3O4 microrobots; i - ii: illuminating of microrobots onto MPs; ii: adhesion of microrobots on a surface of MPs and
transmission of a microplastic fragment decorated with microrobots (e), the efficacy of the accumulation of various MPs (f), and Bi2WO6 microrobots
swarming together when exposed to light and sticking to cloth strands (g). Adapted from ref. 91 and 121. Copyright 2011, the American Chemical Society
and Copyright 2020, Wiley. The bars on the scale are 10 mm.
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designed to degrade textile fibers. As illustrated in Fig. 6(a), these
microrobots can autonomously move under visible light, even at
low fuel concentrations (0.025 wt % H2O2). The microrobot
swarms exhibit collective behavior and aggregate on the surface
of textile fibers due to chemical gradients that induce permea-
tion and electrophoretic interactions (Fig. 4(g)). Under UV light,
the fiber network begins to collapse, with scanning electron
microscopy revealing surface damage and pore formation of
0.3–0.6 mm in diameter, indicating partial degradation. This is
due to the generation of reactive species, such as hydroxyl
radicals, during photocatalysis, which attack the fiber surface
and create pores, making it more vulnerable to further
degradation.

Jancik-Prochazkova and colleagues122 developed antimony
sulfide-based microrobots decorated with magnetite nano-
particles for microplastic degradation. These microrobots uti-
lize two independent propulsion modes: magnetic field and
light irradiation. Due to their phoretic interactions, the micro-
robots show a preference for poly(3-hydroxybutyrate) (PHB) and
poly(lactic acid) (PLA) MPs, facilitating their transport in a
transverse rotating magnetic field (Fig. 5(a)). The photo-catalytic
activity of Sb2S3 quantum dots enables these microrobots to
degrade MPs under UV light without additional fuel. For example,
the molecular weight of PHB MPs decreased from 16 000 to
11 000 g mol�1 after photodegradation, both with and without
an external magnetic field. When the magnetic field is applied,
the microrobots help push the MPs attached to their surface
(Fig. 5(b)). The degradation of PHB and PLA by light-driven
microrobots is demonstrated in Fig. 5(c) and (d). Additionally,
Jancik-Prochazkova’s team123 introduced an innovative approach
that involves engineering various point defects and incorporating
platinum (Pt) single atoms onto titanium dioxide nanotubes,
resulting in TiO2-NT, TiO2-HNT, and TiO2-SA-NT nanorobots
(Fig. 5(e)). The TiO2-SA-NT nanorobots displayed the highest
negative photogravitaxis under UV light, while TiO2-HNT nano-
robots achieved the highest velocity in 2D. Both types of nano-
robots showed a strong affinity for MPs and demonstrated the
ability to irreversibly capture them. Fig. 5(f) and (g) illustrate the
chemical gradient generated around TiO2-NT nanorobots after UV
irradiation and their ‘‘standup’’ motion under bottom illumina-
tion. Fig. 5(h) shows how light-induced self-orientation leads to
the 3D motion of single TiO2-NT nanorobots.

Guo and colleagues124 reported a smart light-driven hydro-
gel actuator with a hierarchical structure, integrating covalently
bonded polyethyleneimine and polydopamine copolymers, gra-
phene oxide nanosheets, and poly(N-isopropylacrylamide)
hydrogels (Fig. 5(i)). This actuator functions as an adsorbent
for microplastic contaminants (MCPs), a photothermal conver-
ter, and an actuating matrix. The hierarchical design allows the
actuator to perform as a soft swimming robot capable of
identifying and adsorbing MCPs while maintaining high
responsiveness. The hydrogel actuator exhibits an ultralow
detection limit (0.98 mM for ferric ions), excellent selectivity
(97.09% for ferric ion-adsorbed MCPs), high adsorption
(94.63%), and desorption efficiency (99.12%), alongside multi-
ple photothermal actuation capabilities.

Moreover, light-powered robots have found diverse applica-
tions in real-world scenarios due to their ability to harness
sustainable energy from light sources, typically solar energy.47

In environmental monitoring, autonomous solar-powered robots
are deployed to collect data on water quality, atmospheric condi-
tions, and weather patterns. These robots operate continuously
without the need for frequent recharging, making them ideal for
remote and large-scale environmental studies. In the agricultural
sector, light-powered robotic systems are utilized for precision
farming tasks, including crop monitoring, irrigation manage-
ment, and pesticide application, reducing reliance on conven-
tional energy sources.125 In healthcare, advancements in micro-
robotics have led to the development of light-driven robots
capable of performing targeted drug delivery and non-invasive
diagnostic procedures by converting light energy into mechanical
motion. Additionally, light-driven robotic systems are gaining
traction in water purification and pollutant degradation due to
their energy-efficient operation.19

One significant emerging application of light-powered
robots is in microplastic removal. Photocatalytic robots
equipped with materials such as titanium dioxide (TiO2) utilize
solar energy to generate reactive species that can break down
plastic contaminants in aquatic environments.14 These systems
offer a sustainable solution for mitigating plastic pollution by
enabling the degradation or trapping of microplastics while
consuming minimal external energy. The integration of auton-
omous navigation with light-driven propulsion allows these
robots to cover vast water surfaces, improving the efficiency
and scalability of cleanup operations. By leveraging renewable
light energy and advanced catalytic systems, light-powered
robots present a promising technology for addressing critical
environmental challenges, including microplastic pollution.126

3.2. Magnet-powered robots for plastic removal

Magnetic microrobots offer considerable versatility and can be
controlled through various external magnetic fields.127 For
example, a rotating magnetic field can induce rolling motion,
while a gradient magnetic field can guide the microrobots in a
straight path, either in a fixed posture or with a specific part of
their structure maintained in place.128 Combining these fields
creates an alternating magnetic field, which drives the micro-
robots with asymmetric reciprocating motions.129 This technol-
ogy allows for precise, remote, and wireless manipulation and
is applied across multiple domains, including biomedical
therapy, swarm robotics, and environmental cleanup.130

Sun et al.131 developed a ‘‘hedgehog’’ magnetic robot using
sunflower pollen grains (SPGs) that excels in removing both oil
and microplastic pollutants (Fig. 6(a)). Under a rotating mag-
netic field, the microrobot can switch between three motion
modes: rolling, rotating, and swinging. In rolling mode, the
microrobots can assemble into chains and transport 100-mm PS
microspheres (Fig. 6(b)). By combining rolling and swinging
modes, these microrobots can efficiently capture, transport,
and release MPs, achieving removal efficiencies of 75% and
70% in facial cleanser samples and contaminated seawater,
respectively.
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Fig. 5 The photo-catalytic degradation of MPs during the breakdown process of plastic trash (a), microrobots are used to collect and move MPs, while
the edges of PHB and PLA MPs are colored red (b), the scale bar is 50 mm. Using light-propelled microrobots to track PHB (c) and PLA (d). Adapted from
ref. 122. Copyright 2023, Wiley-VCH. Formation of TiO2-HNT nanorobots and TiO2-SA-NT nanorobots (e), MPs are caught by them (f), a diagram
showing the variation of chemical species produced by light and how they are rearranged (g), and light-driven self-orientation that makes a single TiO2-
NT nanorobot move in three dimensions (h). Adapted from ref. 123. Copyright 2024, Springer. The hydrogel material with microplastic absorption (i).
Adapted from ref. 124. Copyright 2022, the Royal Society of Chemistry.
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Urlo et al.119 reported on microrobots with a platinum (Pt)
layer and magnetic g-Fe2O3 nanoparticles. These MXene-derived
Fe2O3/Pt/TiO2 microrobots exhibit negative photogravitaxis and
powerful fuel-free motion with six degrees of freedom when
exposed to light. The microrobots use their unique self-propul-
sion and programmable zeta potential to quickly attract and trap
NPs, including those in multi-layered structures, facilitating mag-
netic collection (Fig. 6(c)). These microrobots serve as self-motile
preconcentration platforms for electrochemical detection of NPs
with low-cost, portable electrodes. In a similar vein, Urlo et al.132

also introduced self-propelled, light-powered, magnetic-field-
navigable hematite/metal Janus microrobots (Fig. 6(d)–(f)).

Velikov et al.133 presented a straightforward method for detect-
ing and quantifying NPs in water using magnetic nanorobots

(Fig. 6(g)). NPs were stained with a hydrophobic fluorescent
dye, allowing detection and quantification through photolumi-
nescence techniques. The magnetic nanorobots captured and
removed over 90% of NPs from an aqueous solution within 120
minutes (Fig. 6(h)). This approach demonstrates that common
fluorescent dyes combined with photoluminescence spectro-
scopy can effectively detect and quantify NPs, with magnetic
nanorobots facilitating their removal.

Urso et al.10 also investigated biohybrid microrobots that
integrate the magnetic properties of Fe3O4 nanoparticles (Fig. 7(a)).
These microrobots, which incorporate algae cells coated with
Fe3O4 nanoparticles, achieve precise locomotion and wireless
manipulation through external magnetic fields. Magnetic algae
robots (MARs) displayed significant efficiency in capturing and

Fig. 6 Strategy for using joint microsubmarines to remove MPs (a) and putting together magnetic microsubmarines on their own from different angles
(b). Adapted from ref. 131. Copyright 2021, Elsevier. MPs were magnetically taken from the cleaned water using microrobots made from MXene-derived
Fe2O3/Pt/TiO2 (c). Adapted from ref. 119. Copyright 2022, Springer. Images of single and double microrobots moving over time as UV light is turned on
and off (scale bars are 20 mm) (d), paths of a magnetic field-navigated microrobot that is controlled by light (e) and MALDI-MS profiles for the
photodegradation of PEG (f). Adapted from ref. 132. Copyright 2021, Springer. A diagram of the cluster, with the nanorobots in black and the NPs in blue
(g) and the amount of NPs that was left over after the different methods of removal (h). Adapted from ref. 133. Copyright 2024, the American Chemical
Society.
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removing MNPs from water, with extensive potential applica-
tions (Fig. 7(b)). Time-lapse micrographs showing MARs in
action with on/off switching of the rotating magnetic field are
depicted in Fig. 7(c). The reusability of MARs was also assessed,
demonstrating excellent recyclability. The permanent magnet
used for MARs ensures precise control via external magnetic
fields (Fig. 7(d)).

Zhou et al.134 developed innovative adhesive polydopamine
(PDA)@Fe3O4 magnetic microrobots (MagRobots), inspired by
the adhesive properties of marine mussels. These MagRobots
are created by coating Fe3O4 nanoparticles with a dopamine-
based polymer through a single-step self-polymerization pro-
cess. To enhance their functionality, lipase enzymes are incor-
porated onto the surface of the PDA@Fe3O4 MagRobots,

Fig. 7 MARs move when there is a spinning magnetic field (a), MARs remove MNPs (b), time-lapse micrographs were made by turning the spinning
magnetic field on and off (the scale bar was 10 mm) (c) and using a fixed magnet to change the magnetic property of MARs will allow exact handling by
using an outside magnetic field (d). Adapted from ref. 10. Copyright 2024, Springer. Microplastic removal process using PDA@Fe3O4 MagRobots (e).
Adapted from ref. 134. Copyright 2021, John Wiley & Sons. The movement of groups of microrobotic planes over time (f), and magnetic microrobots
made of polymers that can pick up bacteria and MPs (g). Adapted from ref. 126. Copyright 2024, the American Chemical Society.
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enabling them to degrade MPs enzymatically. These synthe-
sized MagRobots are controlled externally using a rotating
magnetic field, which allows them to effectively target and
remove MPs due to their strong adhesive properties (Fig. 7(e)).
The MPs, once bound to the MagRobots, can be guided along a
predetermined path and removed using directional magnetic
fields.

Furthermore, Ussia et al.126 introduced a different type of
magnetically controlled microrobot, characterized by polymeric
‘‘hands’’ surrounding a magnetic core. These microrobots,
as shown in time-lapse images, self-assemble into organized,
rotating planes of varying sizes under external magnetic field
influence (Fig. 7(f) and (g)). This self-assembly enables them to
adjust their propulsion speed and exhibit coordinated move-
ment, allowing them to actively capture both free-swimming
bacteria and dispersed MPs. Unlike traditional methods, these

microrobots can be efficiently retrieved from complex environ-
ments and can release the captured contaminants into another
vessel in a controlled manner using ultrasound, providing a
sustainable approach for repeated decontamination. Addition-
ally, UV irradiation of the remaining water ensures the elim-
ination of any residual bacteria, offering a thorough cleaning
solution.

Zhang et al.135 developed keratin (KER)-based biohybrid micro/
nanorobots (KMNRs) by decorating iron-oxide microspheres with
magnetic properties (Fig. 8(a)). These KMNRs are engineered
to effectively remove MPs and NPs through a combination of
chemical and physical interactions, precise magnetic control, and
enhanced surface functionalities. The integration of iron-oxide
microspheres allows these biohybrids to be accurately moved and
manipulated using an external magnetic field. The relationship
between the speed of the KMNRs and magnetic field intensity at a

Fig. 8 A schematic of removing keratin fibers from human hair and the lower part on the right shows the form of KMNRs and the role they play in
absorbing MPs/NPs (a). KMNRs’ speed and strength are related, and a time-lapse of KMNRs is shown in the bottom left corner (b) and a graph
representing the removal of MPs is given (c). Adapted from ref. 135. Copyright 2024, Elsevier. There are four linked cells for cycling MNP elimination, MNP
desorption, SMR regeneration, and SMR rinsing (d). The removal rates for MNPs in different media (e), removal efficiency (f), MP desorption rates (g), and
SMR regenerating rates (h) over five cycles. Adapted from ref. 136. Copyright 2022, the American Association for the Advancement of Science.
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fixed frequency of 6 Hz is illustrated in Fig. 8(b). These fuel-free
keratin magnetic micro/nanorobots demonstrated high removal
efficiencies in water, achieving 95% for MPs and 82% for NPs
(Fig. 8(c)).

Li et al.136 introduced a self-propelled magnetorobot made
from a magnetizable ion-exchange resin sphere, designed to
effectively remove or separate MNPs from various nonmarine
water sources (Fig. 8(d)). The removal efficiency of MNPs in
different water types, including deionized, river, lake, and sewage
water, is shown in Fig. 8(e). Thanks to the long-range electro-
phoretic attraction generated by the recyclable ion-exchange resin,
this magnetorobot demonstrated a consistent MNP removal
efficiency of over 90% across five treatment cycles. Additionally,
it proved to be broadly applicable, successfully handling different
plastic types, sizes, shapes, and various nonmarine water samples
(Fig. 8(f)–(h)).

3.3. Fuel-powered robots for plastic removal

Fuel-driven micro- and nanorobots, often referred to as ‘chemical’
or ‘catalytic’ robots, utilize the interaction between a catalyst and a
chemical fuel to generate movement.137 Chemical-driven robots
often rely on catalytic and fuel systems to generate propulsion and
energy for movement. One widely used fuel is hydrogen peroxide
(H2O2), which is environmentally friendly and highly reactive.
When decomposed by catalysts such as platinum (Pt), manganese
dioxide (MnO2), or iron oxide (Fe3O4), H2O2 breaks down into
water (H2O) and oxygen gas (O2), releasing heat and producing
bubbles that generate thrust for locomotion.138 The efficiency
of this catalytic decomposition depends on factors such as the
concentration of H2O2, catalyst type, and surface area. Catalysts
with a higher surface area typically facilitate faster decomposi-
tion, leading to better propulsion performance.139 However,
high-salinity environments pose significant challenges to these
systems. Salt ions, particularly sodium and chloride ions, can
adsorb onto catalyst surfaces, reducing their efficiency by
blocking active sites. Additionally, salt-induced electrochemical
corrosion compromises the durability of catalytic components.
The increased viscosity and surface tension of saline water
further hinder bubble formation and release, reducing thrust
efficiency.140

To overcome these challenges, several strategies have been
developed. Protective coatings made from corrosion-resistant
materials, such as graphene, silica, or polymers, help shield
catalysts from salt corrosion while maintaining catalytic efficiency.
Nanostructured catalysts with enhanced surface area and
engineered properties offer improved performance in saline
environments. Hybrid catalytic systems that combine multiple
catalysts can also provide greater stability and efficiency.
Modifying the hydrophobicity of catalyst surfaces enhances
bubble release, improving thrust generation.141 Additionally,
stabilizing H2O2 formulations or blending it with other fuels
helps maintain consistent propulsion in saline conditions.
These advancements enable chemical-driven robots to perform
effectively in high-salinity environments, making them suitable
for applications such as oceanographic research, environmen-
tal monitoring, and marine exploration. The ability of these

robots to autonomously generate thrust without external power
sources makes them invaluable for operations in remote and
harsh marine environments.142

The reaction powers the robots through mechanisms like
bubble propulsion or self-phoresis, which is the autonomous
movement of a particle in response to a gradient, such as
concentration (self-diffusiophoresis), electric potential (self-
electrophoresis), or temperature (self-thermophoresis).143 For
example, Pt microrockets are propelled in H2O2 by the contin-
uous release of oxygen (O2) bubbles (Fig. 9(a)), providing strong
thrust and enabling movement even in high-ionic-strength
environments like seawater. Biological enzymes like catalase,
urease, and glucose oxidase act as natural counterparts to
inorganic catalysts. Micro- and nanorobots with an uneven
distribution of catalase, which breaks down H2O2, can move
via bubble propulsion, while robots using urease and glucose
oxidase catalyze reactions with more biocompatible substrates
like urea and glucose, creating gradients that drive self-phoresis
(Fig. 9(b)).19 However, the application of these enzymes is
mostly limited to biomedical contexts where these substrates
naturally occur, such as in the bladder for urea.144,145 Addi-
tionally, the robots can disintegrate through catalytic reactions
that consume both the robot’s engine and fuel, similar to how
magnesium reacts with water (Fig. 9(c)). Despite their potential,
these fuel-driven robots often suffer from limited control over
their movement (e.g., on–off switching and directionality) and
have a short operational lifespan.143,146

Catalytic microrobots made from manganese dioxide (MnO2)
have also been used to efficiently remove various organic pollutants,
propelled by bubbles generated from H2O2 decomposition.148

Adsorptive bubble separation (ABS) is a technique widely
employed to separate solid particles, droplets, or other sus-
pended matter from liquids. MnO2-based microrobots, which
produce numerous bubbles during H2O2 decomposition, offer
a promising method for pollutant removal through this bubble
separation mechanism.149

In a recent study, Ye et al.147 designed magnetic microrobots
with a core–shell structure composed of Fe3O4–MnO2 and
Fe2O3–MnO2 using scalable hydrothermal methods (Fig. 9(d)).
These microrobots effectively removed MPs through the ABS
mechanism using a 5% concentration of H2O2. As the micro-
robots moved, they trapped MPs in the microbubbles formed by
H2O2 decomposition, which then accumulated on the surface
foam layer, making them easy to separate (Fig. 9(e)). Photographs
showing the progress of microplastic removal over 1 to 6 hours are
presented in Fig. 9(f). This ABS method achieved a microplastic
removal efficiency of 10% after a 2-hour treatment.

3.4. Ion-exchange-powered robots for plastic removal

Ion-exchange-based microrobots (MNRs) have gained signifi-
cant attention due to their ability to self-assemble and exhibit
swarming behavior.136 Urlo et al.132 reported self-propelled
hematite/metal Janus microrobots. These Janus microrobots,
created by asymmetrically depositing metals onto hematite
microspheres, exhibit higher speeds with bimetallic coatings
compared to single metals (Fig. 6(d)). This enhancement is due
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to improved microrobot motion, better electrostatic capture of
polymer chains, enhanced charge separation at the hematite/
metal interface, and a catalyzed photo-Fenton reaction (Fig. 6(e)).
The MALDI-MS spectra shown in Fig. 6(f) reveal that UV exposure
decreases the mass of PEG macromolecular chains, leading to the
formation of oxidized polymer chains at lower masses.

Niu et al.150 investigated a set of modular swimming micro-
robots that rely on cation exchange resins. Interestingly, while
the resin particles themselves do not move on their own, they
can self-assemble into active, propelling structures when mixed
with inert particles (Fig. 10(a)). The resin particles exchange
ions with impurities in the solution, and the exchanged cations
and protons diffuse at different rates, creating a local diffusion
electric field directed inward.151 This electric field generates an
electro-osmotic flow around the negatively charged substrate,
which attracts inert particles toward the cation exchange resin.
However, without the presence of inert particles, the fluid flow
around the resin particles remains uniform and fails to generate
directional movement. In contrast, when inert particles are asym-
metrically adsorbed onto the resin, they disrupt the uniform flow,
resulting in the autonomous movement of the resin particles.
Therefore, the propulsion of ion-exchange MNRs is powered by the
energy released during the ion exchange process, aided by the
formation of an asymmetric structure.152

Moreover, Tang’s and Wu’s research groups153 utilized ion-
exchange reactions to create an active interaction system invol-
ving zinc oxide (ZnO) nanorods and sulfonated polystyrene
(SPS) microbeads. As illustrated in Fig. 10(b), two chemically
powered particles, A and B, each release chemical byproducts
as they move. When mixed together, particles A and B engage
in an exchange of these byproducts and nutrients, leading to
enhanced reactivity and movement for both the ZnO nanorods
and SPS microbeads. This chemical communication, driven
by ion exchange, results in the formation of active swarming
complexes. These complexes demonstrate behaviors such as
phase segregation and collective decision-making, observable
from microscopic to macroscopic scales. The ion-exchange
mechanism proves to be a versatile approach for creating
complex interactions between active and passive particles,
paving the way for the development of responsive active mate-
rials and systems. Fig. 10(c) and (d) depict the formation of
ZnO–sulfonated PS complexes, where sulfonated PS trajectories
are color-coded based on their speeds. The overlapping gradi-
ents of residual cations and released H+ ions create an asym-
metric electric field and subsequent electroosmotic flow, which
facilitate the assembly of sulfonated PS particles (Fig. 10(e)).
For applications involving the removal of MNPs using MNRs,
it is essential to minimize energy input. Ideally, the use of

Fig. 9 Pt microrobot movement and H2O2 is broken down into O2 bubbles (a), nanorobots driven by enzymes to break down urea (b) and microrobots
based on magnesium to make H2 bubbles (c). Adapted from ref. 19. Copyright 2023, Springer Nature. Making core–shell magnetic micromotors and
adsorptive bubble separations for eliminating of MPs and liquid pollutants (d), the way MPs get rid of things (e) and views of the reaction beakers used to
get rid of MPs after 1 to 6 hours of reaction time (f). Adapted from ref. 147. Copyright 2021, Elsevier.
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chemical fuels and external control devices should be avoided.
The ion-exchange-driven mechanism offers an advantage in this
regard, as it harnesses energy from the ion-exchange process
itself, converting it into propulsion force without the need for
additional fuels or complex external controls. This feature makes
the ion-exchange mechanism particularly advantageous for large-
scale, cost-effective applications.

Li et al.136 developed a self-driven magnetorobot (SMR) that
employs an ion-exchange mechanism to efficiently remove
MNPs from non-marine waters in a scalable and reusable
manner. The SMR is constructed from ion-exchange resin
microspheres, which are functionalized with Fe3O4 nano-
particles. This magnetic property allows for easy collection and
separation, enabling cyclic operation and precise, magnetically-
controlled adsorption. The effectiveness of SMRs in MNP
removal, magnetic separation, and controlled release has
been demonstrated, showcasing their versatility as a scalable
solution. The SMRs achieve autonomous movement through
the non-uniform adsorption of MNPs, which generates an
asymmetric flow field that propels the robots. It was observed
that the speed of the initial motion increased with the degree of
asymmetry caused by adsorption. Importantly, SMRs do not
require a pre-designed asymmetric structure, reducing both the
complexity and cost of preparation. The propulsion efficiency
and attraction range of SMRs are influenced by the ion-
exchange capacity and the diffusion rate of the exchanged ions,
with high-diffusivity ions like H+ and OH� proving particularly

effective in enhancing SMR performance. A notable example is
the OH-SMR, an anion-exchange resin-based SMR operating in
a strong-base state with OH� as the rechargeable ion. The OH-
SMR captures impurity anions from the surrounding water and
releases OH�, creating a long-range pH gradient and a 3D
adsorption field extending over 100 mm, effectively attracting
negatively charged MNPs and significantly boosting removal
efficiency. The SMRs have shown exceptional removal efficien-
cies, exceeding 90%, for MNPs of various compositions, sizes,
and shapes in different non-marine water samples. To test their
practicality, SMR removal efficiencies were compared with
traditional methods at low MNP concentrations (10 and
20 ppm), which are about 10 times lower than typical environ-
mental levels. SMRs outperformed traditional filtration and
coagulation methods, achieving over 90% removal efficiency.
Additionally, the SMRs maintained their performance over 100
treatment cycles, highlighting their excellent cycling stability
and long-term recyclability. To further demonstrate the scal-
ability of SMRs, a closed-loop miniplant for large-scale decon-
tamination of MNP-contaminated water was established. The
miniplant consisted of four units: MNP adsorption by SMRs,
MNP desorption, SMR regeneration, and SMR rinsing with
deionized water. The SMRs effectively removed colored MNPs
from the water. After five consecutive cycles, a visible color
change in the desorption cells confirmed the successful trans-
fer of MNPs from the treated water. In this system, the removal
efficiency, SMR regeneration rate, and MNP desorption rate all

Fig. 10 Different rates at which protons and swapped cations move (a). Adapted from ref. 150. Copyright 2017, the Royal Society of Chemistry. The way
that different types of microswimmers (b), ZnO and sulfonated PS interact with electricity (c), ZnO–sulfonated PS complex forms with a ZnO nanorod (d)
and protons interact with sulfonated PS electricity (e). Adapted from ref. 153. Copyright 2021, Nature Portfolio.
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exceeded 90%. This SMR-based dynamic adsorption technology
offers several advantages, including simplicity, low cost, no
need for chemical fuels, and suitability for industrial-scale
applications. It presents a promising approach for MNP
removal and separation across various settings.14 However,
the high ionic strength of seawater remains a challenge, and
further improvements in salt resistance are necessary to expand
the application of ion-exchange-based MNRs. Despite this, the
technology represents a significant advancement in addressing
MNP pollution, with ongoing developments needed to optimize
its effectiveness in real-world environments.

3.5. Other multifarious-powered systems for plastic removal

Researchers have also investigated the use of light-thermal-
driven micro- and nanorobots (MNRs) for removing MNPs.154

These MNRs incorporate photothermal materials into Janus
structures, enabling movement through temperature gradients
generated by the photothermal effect. For example,155 a sulfo-
nated graphene gradient nanostructure-based MNR that uti-
lizes light-thermal propulsion for microplastic removal. This
microrobot is composed of a polyurethane (PU) matrix functio-
nalized with b-cyclodextrin (b-CD)-modified sulfonated graphene
(SG). The inclusion of b-CD in the PU matrix, facilitated by

hydrogen-bonding interactions, creates a gradient nanostructure
that balances rigidity, enhances mechanical properties, and
improves the material’s usability and durability—qualities that
are particularly advantageous for applications in soft robotics.156

When exposed to near-infrared (NIR) light, the soft robot demon-
strates rapid actuation, multiple actuation modes, and the ability
to move in any direction. The bending and straightening motions
of the microrobot are driven by the significant difference in
thermal expansion coefficients between PU and SG, which leads
to a mismatch in volume change between the two sides of the
film. This deformation occurs at the specific location where NIR
light is applied to the fish-shaped PU/b-CD-SG microrobot, and
periodic alternation of NIR light causes the robot to perform a
back-and-forth motion. Furthermore, the PU/b-CD-SG microrobot
has shown excellent adsorption capabilities for MPs. Although
initially smooth and flat, the surface of the microrobot becomes
textured and lumpy after adsorbing MPs, and it can be reused up
to 10 times, demonstrating its potential for sustainable micro-
plastic removal.

Ho et al.157 developed innovative and eco-friendly asymme-
trically structured micromotors using a microfluidic technique,
with the specific aim of efficiently removing large quantities of
plastics from the environment.158 These micromotors are

Fig. 11 GOx/Cat micromotors can catch metals that are free to flow (a), the micromotor swimming on its own and the white dotted lines show the
micromotor’s path from its current place to a previous one (b), using GOx/Cat PEGDA micromotors for removal of MPs (c), the speed at which PEGDA
micromotors bubbles (d, e) remove plastics and the ability of micromotor to remove MPs for five cycles (f). Adapted from ref. 157. Copyright 2024,
Elsevier.
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constructed from a polyethylene glycol diacrylate (PEGDA)
matrix embedded with glucose oxidase (GOx) and catalase
(Cat), as shown in Fig. 11(a). The microfluidic process allowed
for the creation of micromotors with uniform yet asymmetric
shapes through a combination of aqueous two-phase separa-
tion and UV polymerization. Additionally, the micromotors can
be tailored with functional nanomaterials to meet specific
wastewater treatment requirements.159 The micromotors oper-
ate by utilizing GOx and Cat to consume glucose as fuel, which
in turn generates oxygen microbubbles. Upon introduction into
a prepared wastewater solution, the micromotors rapidly start
producing these bubbles.160 The bubbles not only propel the
micromotors but also capture suspended plastic nano- and

micro-particles, effectively extracting them from aquatic envir-
onments (Fig. 11(c)). The high surface tension of the bubbles
facilitates the entrapment of plastics at the bubble interface,
enabling their efficient removal from the water. The micromo-
tors achieved notable removal efficiencies of 80.7% for MPs and
77.3% for NPs, as detailed in Fig. 11(d) and (e). A comprehen-
sive reusability analysis was conducted by using the micro-
motors for five consecutive cycles of removing both polyethy-
lene (PE) MPs and PS nanoplastics without any intermediate
treatment, as illustrated in Fig. 11(f).

In parallel, Wang et al.161 introduced an advanced technology,
artificial intelligence-assisted nanodigital in-line holographic
microscopy (AI-assisted nano-DIHM), capable of automatically

Table 1 Different kinds of robots for plastic removal

Robot

Motion
controlled
nature Speed

Type of
plastic Size

Removal
efficiency

No. of
recycle Mechanisms Ref.

Au@Ni@TiO2-based
micromotor

UV light 65.52 PS, PE 1–10 mm 67–77 — Phoretic interactions
and shoveling

117

SPG-based micromotors Magnetic 104 PS 100 mm 70–75 6 Non-contact shoveling 131
Single-component TiO2 UV light 20 PS, PEG 500 nm — — Photo-trapping and photo-

fragmenting
116

MXene-derived
Y-Fe2O3/Pt/TiO2

Magnetic 16 NPs 50 nm 66.7 4 Electrostatic interactions 119

Lipase–PDA–Fe3O4 Magnetic 4–6 PCL 20–50 mm — — Chemical adhesion and
enzymatic

134

Fe3O4–MnO2 core–shell
micromotors

Bubble
propulsion

50–195 PE 25–30 mm 10 — Adsorptive bubble separation 147

Pt–Pd–Fe2O3 UV light and
magnetic

12 PEG 1–10 mm — Electrostatic interactions 132

Biomimetic robots 212 000 PS 850 mm — Vortex interactions 167
Fe3O4@BiVO4 Visible light

and magnetic
5–10 PLA, PCL,

PET, PP
100–200 mm 10–70 Adsorption and precipitation 91

Au–WO3@C Janus
Micromotors

UV light 16 DCIP — 80–85 5 Diffusiophoretic effect 112

Pac-Man TiO2 UV light 35–40 PS 2–5 mm 28 — Degradation 120
KMNRs Magnetic 1.8 NH2-PS 1.5 mm 82–95 5 Adsorption 135

80 nm
MARS Magnetic 2–4 PS 1.5 mm 70–92 5 Degradation 10

50 nm
PU/CD-SG microrobot Self 150 000 PS 100 mm — 10 Conjugate p-region and

functional groups
155

Sunflower pollen grains
(SPGs) based micromotors

Self 104 B30 70–75 6 Noncontact shoveling 131

Bi2WO6 microrobot Visible light 2.9 Textile fibers 13 mm — — Photocatalysis adhesion 121
Sb2S3–Fe3O4 Magnetic and

UV light
0.6–1.6 PHB, PLA Micro-size — 2 Degradation 122

BiVO4/Fe3O4 microrobots Visible light
and magnetic

6 Cellulose
acetate

60–80 mm — — Adsorption and
precipitation

91

TiO2-SA-NT UV light 2–3.5 PS 4.8–5.8 mm — — Photogravitaxis 123
Fe3O4/Bi2O3/Ag microrobots Magnetic 13.2 PP 20 mm — — Photocatalysis adhesion 168
Hydrogel actuator UV light 0.5 MCPs — 94–99 — Adsorption 124
PDA@Fe3O4 MagRobots Magnetic 4.34 PCL 20–140 mm Adhesive 169
Ion-exchange resin-
based SMR

Magnetic 3–7 PS, PVC, PA,
PMMA, PVDF

1–40 mm
200 nm

90–99 100 Self-electrophoretic,
long-range
dynamic attraction and
electrostatic adsorption

136

550 nm

Hematite/metal Janus Magnetic and
UV light

2–12 PEG — B100 — Photodegradation 132

Magnetic nanorobots Magnetic 2–14 PS 200 nm 90 Nile red 133
Magnetic algae robot Magnetic 35 PS 1.5 mm,

50 nm
71–92 5 Electrostatic attraction 10

Polymeric magnetic
microrobots

Magnetic 20–37 PS 1 mm — 3 Capturing 126

GOx/Cat Glucose as fuel 25–125 PE 0.2 mm 76–80 5 High surface tension of
glucose bubbles

157
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classifying nano- and MPs in real-time from other nonplastic
particles in natural waters such as Lake Ontario and the Saint
Lawrence River, with no need for sample preparation. AI-assisted
nano-DIHM can identify waterborne nano/microplastics within
milliseconds, distinguishing 2% and 1% of particles in these
waters, respectively. This technology provides detailed physico-
chemical properties of individual particles or clusters, including
size, shape, optical phase, perimeter, surface area, roughness, and
edge gradient. It is adept at differentiating nano/microplastics
from complex mixtures of organic, inorganic, and biological
particles, as well as coated heterogeneous clusters.162 The AI-
assisted nano-DIHM enables 4D tracking and 3D structural and
spatial analysis of waterborne nano/microplastics. The data gath-
ered by nano-DIHM has been validated through independent
methods, including transmission electron microscopy, mass spec-
trometry, and nanoparticle tracking analysis.163 Complementary
modeling has demonstrated that nano- and microplastics exhibit
significantly different distribution patterns in water, influencing
their transport and fate, making nano-DIHM an invaluable tool
for accurate life-cycle analysis of these pollutants and identifying
hotspots for remediation.164,165

Additionally, Lubongo et al.166 highlighted the importance
of automated sorting equipment enhanced by spectroscopic
methods for identifying plastic types. They also discussed the
fundamental principles of machine learning (ML) and AI,
emphasizing their integration with spectroscopy, which is
central to modern sorting technologies. The different kinds of
robots those were used in the literature are summarized in
Table 1 along with various features. Moreover, a comparison
between light-driven and magnetically driven robots is presented
in Table 2.

4. Conclusions and future challenges

Robots, whether operating autonomously or under human
guidance, are machines designed to carry out specific tasks.

Among these, small-scale robots, often smaller than 100 micro-
meters, originally termed ‘‘micro- and nanomotors,’’ represent
micro- and nanostructured materials that can harness energy
from their environment and convert it into motion. These
minute devices excel due to the interplay between their
dynamic movement and their distinct size-, shape-, and
structure-dependent physicochemical properties at the micro-
and nanoscale. This synergy grants them superior performance
over passive materials such as conventional static micro- and
nanomaterials especially in applications like water remedia-
tion. The active motion of micro- and nanomotors induces fluid
movement around them, significantly enhancing the mass
transfer of chemical reactions, which, in static systems, relies
solely on passive diffusion. This dynamic interaction between
the motors and water contaminants leads to quicker purifica-
tion processes. As the need for more complex functions aro-
se—such as targeting specific plastic pollutants or coordinating
the robots to work collectively for enhanced removal and
degradation efficiency the design of micro- and nanomotors
became increasingly sophisticated. The integration of propul-
sion mechanisms, multifunctional capabilities, environmental
adaptability, collective behaviors, and intercommunication has
evolved these materials into what are now known as intelligent
micro- and nanorobots. Achieving self-propulsion in these tiny
robots requires precise fabrication techniques to create asym-
metry in their structures, enabling them to disrupt the sym-
metry of their surrounding field and move effectively. Based on
their propulsion mechanisms, micro- and nanorobots can be
categorized into fuel-driven and externally driven types. This
review delves into the advanced technologies, including robotic
and AI-enhanced methods that are currently being used to
remove, collect, and analyze MNPs. It presents a comprehensive
framework that integrates efforts across the stages of collecting,
processing, and characterizing these pollutants. Additionally,
the review highlights emerging robotic and machine learning
technologies aimed at promoting research and solutions to
combat plastic pollution effectively.

Table 2 Comparison between light-driven and magnetically driven robots considering different parameters

Category Light-driven robots Magnetically driven robots

Motion controlled by UV light, visible light Magnetic fields
Speed (mm s�1) 0.5–65.52 1.8–104
Plastic types processed PS, PE, PEG, PLA, PCL, PET, PP, MCPs PS, PE, PCL, NH2-PS, PP, PVC,

PA, PMMA, PVDF
Size range 500 nm–100 mm 50 nm–200 mm
Removal efficiency (%) 10–99 10–99
Number of recycles Typically not specified, some up to 10 Up to 100
Mechanisms Photocatalysis, electrostatic interactions,

degradation, photogravitaxis,
diffusiophoretic effect

Adsorption, electrostatic interactions,
non-contact shoveling, enzymatic
degradation, self-electrophoretic

Efficiency High for small-scale applications
but may be slower for bulk material removal

More consistent across various
plastic types, faster for bulk
material removal

Cost Lower in terms of material costs,
but requires light sources (e.g., UV lamps)

Higher due to reliance on external
magnetic fields and control equipment

Applicable scenarios Suitable for sunlight-exposed environments,
wastewater treatment, and photocatalytic
degradation applications

Deal for controlled environments,
targeted plastic removal, and bulk collection

Example references 110, 111, 115, 118 and 119 124, 126–128 and 130
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Despite the promising potential of robots for plastic
removal, several challenges and limitations must be addressed
to fully realize their capabilities. One of the primary challenges
for robotic technologies lies in their operational scalability
and efficiency in real-world conditions. Developing durable
and reliable robots that can withstand harsh environmental
conditions, such as strong currents, waves, and extreme tem-
peratures, is a significant technical challenge. For example,
light-powered robots may face limitations in efficiency due to
fluctuating light availability, while heat- and electricity-powered
systems may demand complex infrastructure and present safety
concerns. Additionally, deploying robotic systems in diverse
environmental conditions, such as deep-sea or extreme weather,
often requires specialized and costly adaptations, which can
hinder widespread adoption. Maintenance and repair in these
scenarios also add to the operational challenges. Ensuring that
robots have sufficient power supply and battery life for extended
operations is also crucial for their effectiveness. While robots are
designed to mitigate plastic pollution, their deployment must not
create additional environmental problems. This includes ensur-
ing that the materials used in robot construction are environmen-
tally friendly and that robots do not inadvertently harm marine
life or ecosystems during their operations. The cost of developing,
deploying, and maintaining robotic systems can be high. Securing
funding and resources for large-scale robotic cleanup projects can
be challenging, particularly in regions with limited financial
capabilities. Cost-effective solutions and funding models are
necessary to support the widespread adoption of robotic techno-
logies for plastic removal. Furthermore, the deployment of robots
for plastic removal must comply with existing regulations and
guidelines to ensure environmental and public safety. Ethical
considerations, such as the impact on local communities and
potential job displacement, must also be addressed to promote
the responsible use of robotic technologies. Another shared
limitation is the potential for unintended environmental impacts.
Smart materials, if not designed and managed carefully, could
contribute to secondary pollution or disrupt ecosystems. Further-
more, the long-term durability and recyclability of many smart
materials remain uncertain, raising questions about their overall
sustainability. Smart materials may also face difficulties in effec-
tively targeting or isolating specific types of plastic waste in
heterogeneous environments, which can reduce their efficiency.

The future of robotic strategies for plastic removal holds
great promise, driven by continuous research and development
efforts to address existing challenges and enhance system
capabilities. As advancements in technology progress, robotic
systems are expected to become more efficient, adaptable, and
effective in tackling plastic pollution. Future innovations may
include improved propulsion methods, more sophisticated
sensing and navigation capabilities, and advanced materials
that enhance the performance and longevity of these robots.
Continued advancements in AI, machine learning, sensor
technologies, and materials science will lead to more sophisti-
cated and efficient robots for plastic removal. Innovations such
as improved object recognition algorithms, more durable and
lightweight materials, and advanced energy storage solutions

will enhance the performance and reliability of robotic systems.
Robotic technologies can be integrated with other waste man-
agement systems, such as recycling and waste-to-energy facili-
ties, to create a comprehensive approach to plastic pollution.
This integration can optimize the entire lifecycle of plastic
waste, from collection to processing and recycling, ensuring
that plastic waste is managed sustainably. The regulatory
bodies play a vital part in stimulating the approval of robotic
tools for plastic removal. Policies that incentivize research and
development, provide funding for robotic cleanup projects, and
establish guidelines for the responsible use of robots will
support the growth of this innovative field. Collaboration
between governments, non-governmental organizations, indus-
try stakeholders, and local communities is essential for the
successful implementation of robotic strategies for plastic
removal. Global initiatives and partnerships can facilitate
knowledge sharing, resource mobilization, and coordinated
efforts to address plastic pollution on a larger scale.
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