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ABSTRACT: Inspired by Richard Feynman’s 1959 lecture and the
1966 film Fantastic Voyage, the field of micro/nanorobots has evolved
from science fiction to reality, with significant advancements in
biomedical and environmental applications. Despite the rapid progress,
the deployment of functional micro/nanorobots remains limited. This
review of the technology roadmap identifies key challenges hindering
their widespread use, focusing on propulsion mechanisms, fundamental
theoretical aspects, collective behavior, material design, and embodied
intelligence. We explore the current state of micro/nanorobot
technology, with an emphasis on applications in biomedicine,
environmental remediation, analytical sensing, and other industrial
technological aspects. Additionally, we analyze issues related to scaling up production, commercialization, and regulatory
frameworks that are crucial for transitioning from research to practical applications. We also emphasize the need for
interdisciplinary collaboration to address both technical and nontechnical challenges, such as sustainability, ethics, and
business considerations. Finally, we propose a roadmap for future research to accelerate the development of micro/
nanorobots, positioning them as essential tools for addressing grand challenges and enhancing the quality of life.
continued...
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Figure 1. Historical evolution of micro/nanorobotics. a) Magnetic milliscale helical swimmer as a prototype. Reproduced from ref 47,
Copyright 1996 IEEE. b) Chemically propelled self-assembled Pt motor. Reproduced from ref 25, Copyright 2002 WILEY-VCH. c) Self-
propelled bimetallic nanorod via self-electrophoresis. Reproduced from ref 26, Copyright 2004 American Chemical Society. d) Theoretical
proposal for a microswimmer containing three spheres linked by two rigid rods with changeable lengths. Reproduced from ref 23, Copyright
2004 American Physical Society. e) Self-propulsion of Janus spherical microrobots. Reproduced from refs 22, 176, Copyright 2007 American
Physical Society. f) Chemotaxis of nanomotors, Reproduced from ref 112, Copyright 2007 American Physical Society. g) Catalytic
microrocket fabricated via roll-up technology. Reproduced from ref 28, Copyright 2008 WILEY-VCH. h) Electric-driven Janus microrobot.
Reproduced from ref 76, Copyright 2008 American Physical Society. i) Light-driven semiconducting AgCl micromotor, Reproduced from ref
66, Copyright 2009 WILEY-VCH. j) Magnetic field-driven microrobots. Reproduced from refs 50, 51, Copyright 2009 American Chemical
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1. INTRODUCTION
1.1. History of Micro/Nanorobots: From Science

Fiction to Reality. Richard Feynman’s 1959 lecture, “There’s
Plenty of Room at the Bottom” and the 1966 science fiction
movie Fantastic Voyage, captured the world’s imagination and
inspired the development of today’s nanotechnology and
micro/nanorobotics field, driving the design of functional
micro/nanoscale machines that perform complex tasks.1

Nearly six decades later, this fictional vision is coming closer
to reality, with synthetic micro/nanoscale machines being
increasingly used in various applications, including the
originally envisioned targeted drug delivery to previously
inaccessible areas of the body.2,3,4,5,6 Currently, the develop-
ment of such machines and the movement of micro/nanoscale
objects are among the most exciting challenges facing
nanotechnology.
Micro/nanoscale robots are classified based on their

actuation mechanisms as chemically propelled robots or
externally powered robots.7,8,9 While the chemically powered
robots convert locally supplied fuels to force and movement,
externally powered robots utilize magnetic, ultrasound,
electrical, or optical fields to drive their motion.10,11,12 Initial
efforts in the field of microscale robots were focused on
advancing the propulsion, navigation, and cargo-towing
capabilities of chemically or magnetically powered microrobots
in different environments. Subsequent efforts over the past
decade have led to new impressive technological advances and
powerful capabilities, toward multifunctionality, collective
behavior, intelligence, programmable navigation, hybrid
control, biocompatibility, sensing, new fuels, transient
behavior, and innovative manufacturing approaches that enable
advanced biomedical and environmental applications of
microrobots.13,14,15 In particular, functionalizing microscale
robots with reactive and responsive materials and components
allows them to perform specific tasks for biomedical or
environmental applications. The field of micro/nanorobots has
grown rapidly over the past two decades (Figure 1), leading to
a new understanding of the propulsion and collective behaviors
of microrobots, demonstrating new capabilities, and offering
exciting new opportunities.
1.2. Early Efforts: Toward Nanoscale Locomotion and

Navigation. Major advances in manufacturing and nano-

technology have facilitated the fabrication of microscale
devices capable of propulsion at small scales.13,16 Prior to
2000, there were a few serious discussions of the use of
nanorobots and nanotechnology especially within the human
body.17,18,19 However, only within the last two decades have
researchers developed strategies to practically fabricate and
operate micro/nanorobots for such applications. Meanwhile, a
variety of theoretical studies have provided crucial insights into
the underlying mechanisms of self-propulsion at the nanoscale
(see Section 3 for more details).20,21,22,23 In 2004, Golestanian
et al. proposed a one-dimensional swimmer, composed of three
interconnected spheres with adjustable rod lengths and driven
by periodic nonreciprocal motion, demonstrating the possi-
bility to swim at a low Reynolds number.23 Such studies laid
the foundation for understanding low Reynolds number
hydrodynamics and the principles of cell motility toward
optimizing the design of artificial microscale swimmers and
developing efficient locomotion strategies. As a result, two
main approaches, based on external energy fields and
harvesting energy from the environment, have been explored
to power microscale robots.24

1.2.1. Chemically Propelled Microrobots. This type of
microrobots relies on creating spatially asymmetric chemical
reactions. The first demonstration of self-propulsion of large
centimeter-size objects in the presence of H2O2 fuel was
demonstrated in 2002 by Whitesides and co-workers in
connection to the spontaneous movement of asymmetric
placement of a catalytic Pt strip on a millimeter-sized
polydimethylsiloxane (PDMS) structure.25 Pioneering efforts
by Sen and Mallouk at The Pennsylvania State University and
by Ozin’s group in Toronto have led to the introduction of
chemically powered nanoscale robots based on 2-�m long bi-
segment (Pt-Au, Ni-Au) nanowires that display autonomous
propulsion in aqueous solutions in the presence of H2O2
fuel.22,26,27 Such movement is based on the catalytic
decomposition of H2O2 to O2 and H2O that leads to a self-
electrophoresis mechanism. Following these pioneering studies
from 2004 and 2005, numerous groups have contributed to the
development of chemically powered microrobots.22

Bubble-propelled chemically powered tubular microengines
(“microrockets”) were introduced in 2008 by Mei and Schmidt
to address the limitation of catalytic nanowire robots in low-
ionic strength environments.28 These open-tube conical

Figure 1. continued

Society. k) Nanomotor-based DNA sensing. Reproduced from ref 139, Copyright 2010 Springer Nature. l) Helical carrier operated by a
magnetic field. Reproduced from ref 109, Copyright 2012 WILEY-VCH. m) Microrocket using gastric acid as fuel. Reproduced from ref 32,
Copyright 2012 American Chemical Society. n) Ultrasound-propelled nanowires. Reproduced from ref 59, Copyright 2012 American
Chemical Society. o) Micro/nanorobots for environmental applications. Reproduced from refs 147, 148, Copyright 2012 and 2013 American
Chemical Society. p) Nanomotor lithography. Reproduced from ref 103, Copyright 2014 Springer Nature. q) Helical nanomotor operates in
whole blood. Reproduced from ref 52, Copyright 2014 American Chemical Society. r) Ultrasound nanomotor propelling inside living cells.
Reproduced from ref 62, Copyright 2014 WILEY-VCH. s) First in vivo application of microrobots, using Zn-based microrockets propelling
in mice stomach. Reproduced with permission under a Creative Commons CC-BY License from ref 126, Copyright 2015 American Chemical
Society. t) Urea-powered enzymatic nanomotor. Reproduced with permission under a Creative Commons CC-BY License from ref 35,
Copyright 2015 American Chemical Society. u) Magneto−aerotactic biohybrid micromotor for cancer treatment. Reproduced from ref 128,
Copyright 2016 Springer Nature. v) Microrobotic pills containing drug-carrying Mg micromotors. Reproduced from ref 133, Copyright 2018
American Chemical Society. w) Biohybrid algae robots functionalized with ciprofloxacin loaded nanoparticles for acute pneumonia
treatment. Reproduced from ref 131, Copyright 2022 Springer Nature. x) Urease-powered nanobots for radionuclide bladder cancer therapy.
Reproduced with permission under a Creative Commons CC-BY License from ref 37, Copyright 2024 Springer Nature.
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microengines have an inner catalytic layer (commonly Pt) and
an outer metal or metal oxide inert surface. The motion of
these microrockets is due to the catalytic reaction of the fuel
(commonly H2O2) on their inner surface, which induces the
formation and expulsion of O2 bubbles through their wider
opening, and the generation of a powerful thrust.29 These early
microrockets were fabricated using an advanced rolled-up
lithographic fabrication route.30 Wang’s group described in
2011 a template membrane-based electrodeposition synthesis
of highly efficient and smaller (8-�m long) hollow polymer/Pt
bilayer conical microtube engines.31 The same group
introduced acid-powered microrockets in 2012, based on an
inner Zn layer, for operation in the stomach gastric fluid where
the acid−Zn reaction leads to H2 bubble thrust.32 Biocatalytic
catalase layers were shown by Sańchez et al. in 2010 to be an
attractive alternative to inner catalytic metal layers for
propelling open-tube microengines in H2O2 solutions.

33

Another common route for creating spatially asymmetric
catalytic microrobots involving Janus microspheres was
introduced in 2007 by Jones and Golestanian.22 These two-
faced spherical Janus microrobots rely on a Pt catalytic cap (on
an inert polymeric microsphere, commonly polystyrene) for
the catalytic decomposition of H2O2 fuel that leads to efficient
movement via a self-generated phoretic mechanism. Pumera’s
group described the use of Pt-free catalysts, based on Ag and
MnO2 microsphere surfaces, for efficient chemical propulsion
of Janus microsphere robots.34 The increasing demand of the
biomedical community has facilitated the propulsion fuel
transforming from toxic substrate (e.g., H2O2) to bioavailable
fluid (e.g., urea, glucose). Sańchez’s group described Janus
microsphere robots, powered by the biocatalytic decomposi-
tion of urea, based on coating one-half of the particle with the
enzyme urease.35 The biocatalytic engines have been
integrated with various building entities (i.e., platelet,36

SiO2,
37 liposomes,38 vesicles,39 polymers,40 etc.) to harvest

propulsive power from the local biological environment. Such a
design eliminates the need for external fuel or power sources,
enabling long-lasting movement inside the body.

1.2.2. Magnetic Propulsion.Magnetic swimmers rely on the
use of magnetic actuation to replicate the movement of natural
microorganisms.41 Wireless magnetic actuation allows loco-
motion in an untethered manner while keeping the local
environment intact.42,43,44,45 Such swimmers have been widely
explored for diverse biomedical applications.46 The first
magnetically powered helical structure was a millimeter-sized
prototype presented in 1996 by Honda’s group.47 In 2007,
Nelson’s group demonstrated the formation and magnetic
propulsion of nanoscale helical structures.48,49 Such helical
swimmers consisted of a soft magnetic “head” and a helical
“tail”, mimicking bacterial flagella (e.g., Escherichia coli). A low-
strength rotating magnetic field was used to apply continuous
torque to this artificial bacterial flagellum (ABF), enabling the
swimmer to rotate and generate a corkscrew directional
motion along its central axis. Such movement depends strongly
on several factors such as the frequency, strength, and direction
of the magnetic field, as well as the helix geometry, the
properties of the coated magnetic layer, and the fluid viscosity.
These helical swimmers were fabricated by a self-scrolling
technique.50 In 2009, Ghosh and Fischer reported the
fabrication of ultra-small helical swimmers with a diameter of
200−300 nm and a length of 1−2 �m using glancing angle
deposition (GLAD) techniques.51 These helical swimmers
were able to push microbeads with a diameter of 5 �m. Helical

magnetic propellor robots have been shown to move in human
blood52 and through the viscous vitreous humor of the eye.53,54

1.2.3. Ultrasound-Powered Microrobots. Ultrasound is
unique in its noninvasiveness, high biocompatibility, and
deep penetration into biological tissues, making it ideal for the
programmable manipulation of microrobots in the field of
medicine.55 Unlike other methods, ultrasound manipulation
does not require specific shapes or materials56 for microrobots
and can be directly applied to actuate nanomaterials, colloids,
living cells, and even entire organisms.57 In 2012, Mallouk,
Wang, and their co-workers illustrated the use of ultrasonic
acoustic waves to propel Au nanowires in biologically relevant
environments, demonstrating that these robots can achieve fast
axial directional motion (∼200 �m s−1) as well as in-plane
rotation.58,59 The ability of MHz frequency acoustic waves to
propel, align, rotate, and assemble metallic nanowires in
aqueous media was illustrated. Ahmed et al. examined the
influence of nanowire materials and shape on the acoustic
movement of nanowire robots.60 A propulsion mechanism
proposed for these acoustic nanowire robots suggests that
asymmetric steady streaming is used to generate a finite
propulsion speed along their symmetry axis and perpendicular
to the oscillation direction.61 In 2012, researchers developed
an innovative propulsion method utilizing ultrasound to
vaporize a perfluorocarbon emulsion contained within a
hollow micromachine, enabling exceptionally rapid, bullet-like
motion.58 Later, the ultrasound-driven propulsion of such Au
nanowires within cells was demonstrated by Mallouk et al.62

Similar Au nanowires, modified with small interfering RNA
(siRNA), were used to perform intracellular gene delivery and
gene silencing.63

1.2.4. Light-Powered Microrobots. Light is an abundant,
powerful, and versatile energy source that offers considerable
promise for actuating and controlling wirelessly synthetic
microrobots with high spatial and temporal resolutions.64 The
speed of light-driven microrobots can be controlled by
adjusting the light intensity and wavelength.65 The photo-
induced activation of photocatalytic microrobots is mediated
by the generation of electron-hole pairs, which migrate to the
robot surface to participate in chemical reactions.8 Early light-
driven microrobots were developed using TiO2 and AgCl
particles, and then substantially extended to a wider range of
semiconductor materials, including Fe2O3, Si, and BiVO4.

66−70

A diverse array of wide bandgap semiconducting materials with
high photocatalytic efficiency has enabled the design of a
variety of smart microrobots exhibiting different behaviors,
including the precise control over motion speed, direction, and
responsive collective behaviors.71,72,73 Efficient light-induced
self-electrophoresis propulsion of TiO2/Au Janus microspheres
was demonstrated in the presence of pure water using low-
intensity UV light.74

1.2.5. Electrical-Driven Microrobots. In 2006, Velev’s group
demonstrated how miniature semiconductor diode “particles”
suspended in water propel themselves electro-osmotically.75

Such externally powered propulsion involves harvesting electric
energy from external AC fields (applied via remotely
positioned electrodes) and then converting it to mechanical
propulsion.76,77 Calvo-Marzal et al. reported on the electrical-
driven propulsion of semiconductor diode nanowires induced
by an external AC electric field.77 In 2010, Kuhn et al. utilized
electric field-induced polarization to trigger spatially separated
oxidation and reduction reactions on a microrobot surface,
resulting in directional motion, either based on its controlled
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dissolution at one extremity and regeneration at the opposite
end,78 or due to asymmetric gas bubble formation.79 AC
electrical fields have been used also for the efficient propulsion
of metallo−dielectric Janus microspheres, as well as for
simultaneous cargo loading, transport and release using a
single external electric field.80 It is probably useful to note that
the mechanism is known as “induced-charge electrophoresis”
(ICEP). At higher electric frequencies, a different self-
propulsion mechanism, termed self-dielectrophoresis, was
discovered by Boymelgreen et al.81,82 Furthermore, DC electric
fields can drive polymer microspheres into directional motion
in insulating oils, a system known as “Quincke rollers”.83

1.2.6. Hybrid Microrobots. Hybrid micro/nanoscale robots
powered by multiple distinct energy sources achieve perform-
ance levels unattainable with a single propulsion method.84,85

Creating such hybrid microrobots requires careful attention to
the different requirements of the individual propulsion within a
single nanoscale device. Such a dual-propulsion mode of
hybrid nanorobots increases the versatility, broadens the scope
of operation of microscale robots, and improves their
adaptability in changing environments. In 2011, Gao et al.
introduced the first hybrid microrobot powered by chemical
and magnetic sources for operation under changing environ-
ments.86 Such hybrid fuel-driven and fuel-free movement
relied on a flexible hybrid Pt-Au-Agflex-Ni nanowire robot. In
2015, Li et al. designed a fuel-free magneto-acoustic hybrid
nanorobot, combining a magnetic helical structure and a
concave nanorod end, which can be powered by either a
magnetic or ultrasound field.87 An alternative concept,
proposed by Kuhn et al., combines chemical fuel with magnetic
fields, using the intrinsically present Lorentz force to control
the trajectory of Janus microrobots without the need for any
ferromagnetic components in the robot’s design.88

Biological-based micromotors are nature’s micro/nano-
actuators. Soong et al. created one of the earliest hybrid
organic-inorganic nanodevices in 2000.89 They fabricated
nanorods, integrated with a bacterial F1-ATPase rotary motor
via Ni-capped post using differential attachment chemistry.
Biomotors within intact cells or whole-cell actuators were
introduced a few years later and the field of biohybrid
microrobotics was born. Biohybrid microrobots are created by
integrating whole cells with synthetic micro/nanofabricated
components. Whole-cell actuators have distinct advantages.
They can metabolize simple fuel (e.g., glucose), self-replicate
inexpensively, and self-regenerate. They are also equipped with
highly versatile and sensitive sensory systems that can be
harnessed to regulate the biomotors’ motion through innate or
synthetic signaling networks. Thus, the biotic component of
biohybrid microrobots is exploited for actuation, sensing, and
control. Seminal works in this area demonstrated the
cardiomyocyte-powered movement of a self-assembled
muscle-MEMS system90 and controlled load transport using
bacteria,91,92,93 algae,94 and sperm.95

1.3. Navigation and Cargo Transport. The navigation of
microrobots with high spatial and temporal precision is critical
for the diverse operations of such microscale machines.96

Major efforts have thus been devoted to advancing the motion
control of microrobots toward targeted destinations and
achieving fully autonomous operation of such microscale
vehicles. Various internal (chemotaxis and chemokinesis) and
external stimuli (such as magnetic fields, light, ultrasound, and
heat) have thus been shown to be useful for controlling the
speed and directing the movement of artificial nanorobots. For

example, thermal modulations were utilized for regulating the
moving speed of Pt/Au nanorobots by controlling the rate of
the surface catalytic reaction.97 Schmidt et al. demonstrated the
ability to thermally control the motion behavior of a catalytic
microrocket by changing the shape of the thermal-responsive
tubular layer to allow repeated on/off cycles at different
temperatures.98 Guan’s group demonstrates biomimetic
chemotaxis in synthetic micromotors, where ZnO-based
Janus micromotors not only autonomously move using
biocompatible CO2 fuel but also actively self-reorient to follow
CO2 gradients.

99

1.3.1. Motion Control. Embedding a magnetic segment or
layer in nanowire and microrocket robots, respectively, is
extremely useful for the magnetic guidance of micro-
robots.100,101 Such guidance of catalytic nanowire robots was
demonstrated first by Kline et al. who incorporated a
ferromagnetic (Ni) segment that can be magnetized by an
external magnetic field.100 Magnetic steering of cargo-towing
catalytic nanowire robots has led to the demonstration of their
navigation in complex microchannel networks along with
directional cargo transport through such microfluidic net-
works.101 Autonomous collision-free navigation of microscale
robots in complex maze-like microstructures has been achieved
by combining magnetic guidance along with an artificial
intelligence (AI) planner.102 Magnetically powered micro-
robots can also be guided by adjusting the orientation of the
applied homogeneous magnetic field. Such guidance has
facilitated novel applications such as nanorobot-enabled
lithography.103 Self-navigation has been demonstrated by
taking advantage of tactic movements toward favorable regions
or away from harmful areas.104,105 Such self-targeting capability
along gradients of various fields (toward favorable regions and
away from harmful areas) allows microrobots to self-navigate
and move adaptively by responding to their surrounding’s
gradients, thus mimicking the tactic movement of living
organisms.106,107 Controlled direction manipulation using
biohybrid microrobots has been achieved by directly signaling
the biomotor and the sensory response system for autonomous
control of the biomotor output, or guiding the microrobot’s
movement using an externally applied driving force. Behkam
and Sitti devised a chemical switching technique that directly
addresses Serratia marcescens flagellar motors, enabling on/off
motion control of bacteria-propelled microparticles.92 White-
sides’ group harnessed phototaxis response in the photo-
synthetic algae Chlamydomonas reinhardtii to steer micro-
particle-carrying algae using light as an input.94 Martel and co-
workers demonstrated magnetically controlled manipulation of
microparticles enabled by the magnetotactic Magnetospirillum
gryphiswaldense.93

1.3.2. Cargo Towing. The use of microrobots for cargo
transport plays an important role in diverse applications,
ranging from the delivery of therapeutic payloads to the
capture and isolation of macromolecules or cells. Microrobots
have been shown to enable the loading and transport of cargo
by various mechanisms. Kagan et al. demonstrated in 2010 the
ability of chemically powered nanowire robots to transport
common drug carriers, such as drug-loaded liposomes and
poly-D,L-lactic-co-glycolic acid particles, over predefined routes
toward a predetermined destination.108 In 2012, parallel efforts
at ETH Zurich demonstrated the use of magnetically powered
helical micromachines, consisting of a helical body and a
microholder, to capture and transport selected cargo payloads
confined in the 3D microholder, consisting of six rigid, finger-
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like protrusions.109 Similarly, Ghosh and Fischer demonstrated
the ability of helical micropropellers to carry and push different
payloads51 while Gao et al. illustrated the ability of flexible
magnetic Ni−Ag nanoswimmers to transport drug-loaded
microparticles to HeLa cells in biological media.110

1.4. Imparting Collective Behavior. Many important
applications of microrobots require cooperation between
multiple microrobots, analogous to the organization of live
microorganisms.111,112 Such interactions have inspired sub-
stantial research activity toward the self-organization of
synthetic microscale robots. The efforts have thus been
devoted to microrobot swarms that function collectively to
accomplish challenging tasks that would be impossible using a
single microrobot.105 The creation of such microrobot swarms
commonly relies on the use of external stimuli (e.g., light67,113

and magnetic field114) to create a gradient that promotes such
interactions and assembly of microrobots. For example,
microrobots powered by chemical gradients can respond to
each other when their self-generated gradients overlap.
The pioneering work of Ibele et al. demonstrated the use of

UV light to induce the swarming of AgCl and silica particles.66

Solovev et al. reported that self-propelled tubular microjets can
be assembled into complex structures through signals
originating from chemical reactions.115 Similarly, the collective
self-organization of large assemblies of autonomous Mg-based
microrobots can be triggered by chemical gradients.116 Kagan
et al. demonstrated the schooling behavior of Au particles
triggered by the addition of hydrazine,117 while Xu et al.
described the use of ultrasound for inducing the assembly of
chemically powered microrobots.118 Gao et al. demonstrated
the use of hydrophobic interactions for the self-assembly of
Janus microrobots with hydrophobic hemispheres.119

In biohybrid microrobots, collective behavior is achieved by
broadcasting signals that elicit a response from the entire
swarm, otherwise known as “centralized control”, or through
agent−agent communication, otherwise known as “decentral-
ized control”. Martel’s group showed the assembly of a
miniature version of the Pyramid of Giza by centralized control
of a swarm of thousands of magnetotactic bacteria in 2010.120

Behkam’ group demonstrated centralized chemotactic control
of bacterial microrobots in 2011.121 They also demonstrated
hybrid control of bacterial microrobots by implementing a
hybrid centralized and decentralized control strategy, wherein
centralized control was achieved by chemotaxis and decentral-
ized control was achieved using population density-regulated
response.122

1.5. Biomedical Applications of Micro/Nanorobots.
The powerful capabilities of modern microscale robots offer
considerable promise for diverse biomedical applications,
including targeted drug delivery, sensing, or microsurgery,
and should thus have a major impact on the treatment and
prevention of diseases.123,124,125 Wang’s group described the
first in vivo demonstration of synthetic microrobots in live
animals.126 This study demonstrated the efficient propulsion of
synthetic PEDOT/Zn tubular microrobots in the gastric acid
of mouse stomachs without needing additional fuel. Esteban-
Fernańdez de Ávila et al. reported the first in vivo therapeutic
application of microrobots for active drug delivery for treating
gastric bacterial infection in a mouse model.127 Martel’s group
demonstrated the use of bacteria containing magnetic iron
oxide nanocrystals to target active cancer cells deep inside
tumors guided by magnetic field toward the tumor.128 Ullrich
et al. demonstrated the locomotion of magnetic tubular

microrobots inside the living rabbit eye toward intraocular
microsurgery,53,129 while Fischer’s group demonstrated the
long-term movement of a swarm of magnetic micropropellers
through the gel-like vitreous body of a porcine eye.54 Recent
efforts have demonstrated the successful biomedical applica-
tion of microrobots in body organs. This includes work from
Sańchez’s group on urea-powered biocatalytic Janus micro-
sphere robots for treating bladder cancer37,130 and research
from Wang’s group on algae-based biohybrid microrobots for
eliminating pneumonia-causing bacteria in the lungs.131 Both
studies illustrate a significantly higher accumulation of
microrobots in the disease sites compared with the control
groups. Ahmed’s group demonstrated the ability of acoustic
microrobots to navigate in a living mouse brain toward drug
delivery applications in the complex brain vasculature.132

1.5.1. Robotic Pills. Six decades after Feynman predicted
that one day we would be able to swallow the surgeon, in 2018,
researchers at UCSD demonstrated the feasibility of using
common pharmaceutical pill formulations to carry and
administer drug-loaded Janus microsphere robots.133 The
cargo-loaded microrobots, released from the dissolved pill in
gastric fluid, maintained the attractive movement and transport
capabilities of in vitro microrobots to offer strong retention of
their payloads onto the stomach lining (compared to orally
administrated passive microparticles and free cargo micro-
robots). The movement of the released microrobots is not
influenced by their encapsulation within the pill or by the
corresponding inactive excipient materials. Mg-based Janus
microrobots embedded within pill formulations have led to a
built-in stirring capability toward enhanced drug absorption
rate and bioavailability.134 Such efforts are expected to facilitate
the practical biomedical applications of microrobot technol-
ogy.135,136

1.5.2. Into the Cell. Reaching and operating in living cells
represents the ultimate goal of nanoscale machines.137

Pioneering work from Mallouk’s group demonstrated the
effective internalization of acoustically propelled Au nanowires
into HeLa cells after 24 h incubation without affecting cell
viability.62 An active intracellular propulsion of the internalized
robots under an acoustic field, involving axial propulsion and
spinning, was observed. These acoustically propelled Au
nanowire robots have been subsequently used by Wang’s
group for rapid intracellular miRNA sensing and enhanced
siRNA delivery into cells.63,138

1.5.3. Robot-Based Biosensing. The motion of microscale
robots opens up unique opportunities for diverse biosensing
applications.2 Wu et al. demonstrated the first example of
synthetic nanorobots as a bioanalytical tool.139 This motion-
based DNA hybridization sensing relied on the use of Ag
nanoparticle tags for inducing nanorobot acceleration. The
higher the concentration of the target nucleic acid, the greater
the number of Ag nanoparticles captured and, hence, the
higher the speed of the nanorobot.140 Subsequent efforts by
Wang’s group demonstrated the utility of receptor-function-
alized microrobots for efficient capture, transport, and isolation
of target biological targets, such as circulating tumor cells.141

Micromotors functionalized with lectin, antibody, oligonucleo-
tide, or aptamers bioreceptors have thus been shown to be
extremely attractive as self-propelled micro-transporters for
bacteria, cancer cells, nucleic acid, or proteins, respectively.142

This approach enabled the rapid isolation of biological targets
directly from raw biological samples, eliminating the need for
preparatory or washing steps and facilitating “on-the-fly”
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detection of various bioanalytes.143 Behkam’s group demon-
strated the autonomous transport of nanocargo-carrying
bacteria into orthotopic triple-negative breast cancer tumors
in mice and achieved up to 100-fold enhancement in the
penetration and distribution of the nanocargo compared to the
passively diffusing nanocargo.144

1.6. Environmental Applications of Micro/Nano-
robots. The continuous movement of microscale machines
adds a new dimension to decontamination processes for
environmental remediation, which leads to higher efficiency
and shorter cleanup times.145 Functionalizing self-propelled
microscale robots with advanced reactive materials has thus
provided new opportunities for efficient motion-based “on-the-
fly” remediation processes.146 In 2012, Guix et al. demon-
strated the first example of microrobots removing oil pollutants
based on efficient “on-the-fly” oil adsorption onto self-
propelled tubular microengines functionalized with super-
hydrophobic n-alkanethiols chains.147 In 2013, Sańchez and
Schmidt demonstrated the ability of tubular microrockets
containing a reactive material (Fe) to degrade rapidly organic
pollutants in water via the Fenton reaction in the presence of
H2O2 fuel.

148 Such Fenton oxidation generates the hydroxyl
radical active intermediates that degrade organic contaminants.
The efficient fluid mixing induced by bubble-propelled
microrobots is extremely useful for accelerating the oxidative
neutralization processes of organophosphate nerve agents.149

Pumera’s group initially demonstrated the degradation of wet
wipes using Bi2WO6 spherical microrobots.

150 This was
followed by the report of “on-the-fly” removal of micro/
nanoplastics from water using self-propelled light-powered
photocatalytic and magnetic MXene-derived multi-layered
microrobots.151 Following these pioneering studies, numerous
groups have contributed to the development of new active
microscale cleaners performing “on-the-fly” remediation
activities, toward efficient decontamination of different types
of pollutants.145

1.7. Terminology and Summary. After witnessing
tremendous progress in the field over the past two decades,
we feel the urgent need to provide a comprehensive review to
navigate the intriguing aspects of micro/nanorobots by
unraveling their historical developments, current status, and
future challenges. The paper is organized into nine key
sections, each exploring a distinct facet of this burgeoning field.
Beginning with a historical overview, the introduction sets the
stage for subsequent deep dives into propulsion mechanisms,
theoretical foundations, collective behavior, intelligent func-
tionalities, materials design, various applications, and technical
scale-up. Each section is carefully organized to provide a
holistic understanding of micro/nanorobots, covering their
locomotion mechanisms, design principles, building materials,
distinct capabilities, as well as diverse applications in
biomedical, environmental, and engineering fields. The review
concludes with a forward-looking perspective on the burning
issues and grand challenges, emphasizing the need for creating
autonomous motion and robotic operations, enhanced control
and collective behavior, improved biocompatibility, multi-
functionality, and translation from the laboratory into real-
world applications.

1.7.1. Terminology. Although we will primarily refer to
“micro/nanorobots” in this review, many terms have been used
to describe synthetic micro/nanoscale objects that transduce
ambient energy into mechanical work. These include colloidal
motors,152 micromotors,153 nanomotors,26 self-propelled par-

ticles,154 microbots,155 nanobots,156 active colloids,157 artificial
microswimmers,158 micro- and nanorobots,158 and others.159

This variety of terms reflects the interdisciplinary nature of this
field, which welcomes researchers from chemistry, biology,
physics, engineering, and beyond. Of course, researchers from
different technical backgrounds often use different terms to
refer to the same objects. Unfortunately, this variety can create
confusion, especially for newcomers. For example, a paper that
exclusively uses the term “microrobots” may be difficult to find
for someone who enters the term “active colloid” into a search
engine. Below, we delineate the subtle but real differences
among various terms that are often used in the literature:
Micro/nanomotor is attractive as a generic term as the word

“motor” connotes the conversion of one form of energy (such
as electrical energy) into mechanical energy. Because this
description applies to nearly all objects termed “micro/
nanorobots”, this term applies to a wide range of scenarios,
and we advocate for its broad usage.
Micro/nanoswimmer: In everyday usage, the verb “to swim”,

generally implies locomotion through a liquid of a wide variety
of creatures and cells (e.g., bacteria, spermatozoa, fish, tadpoles,
whales, or humans), typically by deforming themselves through
a cyclic series of body motions. However, this description does
not necessarily always apply to our field: many micro/
nanorobots demonstrate locomotion despite having no moving
parts. To minimize confusion, we thus recommend the use of
“micro/nanoswimmer” to specifically describe systems that
generate their motion through mechanical deformation. In the
natural world, this includes most biological microswimmers
(e.g., swimming bacteria160). In the engineered world, micro/
nanoswimmers include the three-link design introduced by
Purcell in his seminal 1977 work161 and analyzed extensively
by various groups,162,163,164,165,166,167 the three-sphere swim-
mer proposed and analyzed by Najafi and Golestanian23 and
realized experimentally by Grosjean et al.,168 or the
“Pushmepullyou” design proposed by Avron et al.169 It is
worth noting that in Newtonian fluids, micro/nanoswimmers
must satisfy the well-known scallop theorem, also due to
Purcell (violations of the scallop theorem have been reported
in non-Newtonian fluids as reviewed by ref 170).
Active colloid is another common term for synthetic colloids

that can transduce energy from their surroundings into motion.
By “colloid”, we mean a solid particle or liquid droplet,
generally on the order of 100 �m or smaller in size, suspended
in a fluid. As defined, this term encompasses both colloidal
particles that generate their own motion (e.g., via chemical
reactions) and those that require an external field to move.
Examples of the latter include colloids whose motion is driven
by an AC electric field,171 a static magnetic field,172 or an
oscillatory173 or rotating magnetic field.51,174,175

Self-propelled particles can be considered a subset of active
colloids, but the term “self-propelled” implies that the particle
can generate its motion without the need for an externally
applied field. Under this definition, magnetically propelled
helical particles51,174,175 would be considered active colloids
but not self-propelled particles, as these objects cannot execute
non-Brownian motion without an applied field.
Micro/nanorobots encompass a broad variety of devices and

functions that will be explored in detail in this comprehensive
review. Here, we advocate for the adoption of uniform and
consistent terminology to refer to different types of micro/
nanorobotic devices and their cousins within the micro/
nanorobotics community. To minimize confusion and foster
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the growth of this emerging field, we encourage the community
to engage in discussions aimed at defining these terms more
precisely and to apply them uniformly across research and
publications. The adoption of more consistent terminology by
the micro/nanorobotics community will not happen overnight.
Defining this terminology will require a concerted effort and
may necessitate the formation of “standards”, similar to those
established by organizations such as ASTM (formerly the
American Society for Testing and Materials) or ASHRAE (the
American Society of Heating, Refrigerating and Air-Condition-
ing Engineers), to determine the accepted definitions for
different types of micro/nanoscale active matter systems.

2. PROPULSION
As an integral part of their design, micro/nanorobots should
have component(s) to convert energy source(s) into
locomotion. However, demonstrating locomotion is not a
straightforward task considering the challenging environments
in which micro/nanorobots operate, such as the human body
or contaminated water. Furthermore, the size range of micro/
nanorobots further complicates their locomotion capabilities.
Unlike the common depiction in science fiction movies, scaling
down a macroscopic robot into its microscale counterpart is
not a reliable strategy in real-world conditions. In such a direct
miniaturization, the resulting robots would not work because
the physics of swimming at the macroscale is fundamentally
different than that of the microscale. In this section, we initially
cover the physical principles of swimming at small scales

Figure 2. Theory of locomotion at low Reynolds numbers and micro/nanorobot propulsion mechanisms. a) Schematic drawing of Purcell’s
“Scallop Theorem” with reciprocal motion at low Reynolds number regime. Adapted from ref 161, Copyright 1977 AIP Publishing. b) Two
main biological propulsion mechanisms based on nonreciprocal motion at low Reynolds number regime, i.e., beating a flexible oar (in
eukaryotic flagellar-based propulsion) and rotating a chiral flagellum (in bacterial flagellar-based propulsion). Adapted from ref 161,
Copyright 1977 AIP Publishing. c) Schematic overview of various chemical propulsion mechanisms utilized for different kinds of micro/
nanomotors. d) Schematic overview of various kinds of micro/nanorobots propelled via external physical power sources, i.e., magnetic field,
acoustic field, light, and electric field. e) Schematic overview of biohybrid propulsion mechanisms based on prokaryotic (bacterial) and
eukaryotic flagella.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.5c03911
ACS Nano 2025, 19, 24174−24334

24181



(Figure 2a and Figure 2b). Then, we introduce locomotion
mechanisms in three different categories, i.e., chemical (Figure
2c), physical (Figure 2d), and biohybrid (Figure 2e)
approaches. It is important to note that this Review does not
follow a universal nomenclature for equations. Instead,
parameters and nomenclature are defined as each equation is
introduced.
2.1. Theory of Locomotion at Low Reynolds Number.

2.1.1. Equations of Motion for Fluid Flow. The incompres-
sible flow of a simple fluid, including its response to a body
moving within the fluid, can be described by the classical
Navier−Stokes equations:177
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where � is mass density, u is velocity field of the fluid, t is time,
p is dynamic pressure, � is dynamic viscosity of the fluid, and
fext represents external forces (per unit volume), e.g., gravita-
tional forces acting on the fluid. This equation applies to
Newtonian fluids, for which the viscosity is constant for all
shear rates. Equation 2.1 is the statement of momentum
conservation for the fluid; the terms on the left capture the
acceleration (or deceleration) of the fluid elements while on
the right, the term ∇p corresponds to pressure gradients and
�∇2 u represents forces due to viscous friction. Equation 2.2 is
the condition of mass conservation for incompressible flows,
including all those where the mass density remains constant.
To gain intuition in the case of a small-scale swimmer moving
in a Newtonian fluid, it is useful to re-cast Equation 2.1 in a
nondimensional form. With a characteristic velocity U and a
characteristic length L, and anticipating a fluid flow dominated
by the action of viscosity, it is standard to define the
dimensionless variables (where tildes are used to imply
dimensionless quantities):
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The Reynolds number is a dimensionless number that
compares the typical magnitude of inertial force density f i =
(�U2)/L to viscous forces density f v = (�U)/L2, and thus is
given by:
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Using eq 2.3 and eq 2.4, we can re-write the Navier−Stokes
equation in a dimensionless form as follows:
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Micro/nanoscale swimmers have characteristics that almost
always put them in the low Reynolds number regime: length
scales of tens of micrometers or less and velocities in the order
of tens of micrometers per second. These values indicate
Reynolds numbers around 10−4 in water (or typically even
lower).177 This implies that we can neglect the left-hand side of
eq 2.5, leading to the incompressible (dimensionless) Stokes
equation:

= + +p u f0
2

ext (2.6)

· =u 0 (2.7)

In the low Reynolds number regime, eq 2.6 implies that
viscous drag forces dominate inertial forces at small scales and
the equations of motion become linear and time-reversible.178

2.1.2. Boundary Conditions. The equations of motion (eq
2.6 and eq 2.7) need to be accompanied by appropriate
boundary conditions. Two types of boundary conditions are
applicable for the locomotion of small-scale swimmers. The
first one is the “kinematics” type where the deformation of the
body is imposed and the resulting motion (i.e., swimming
linear and angular velocities) is solved for using the fact that
the micro/nanoscale swimmers are, in general, force- and
torque-free. This is often the case for theoretical modeling,
which allows us to obtain analytical predictions on model
systems.179

For the second case, typically harder to solve, the shape of
the swimmer is not known but must be solved as a part of the
swimming problem itself. In this case, there is a two-way
coupling between kinematics (swimmer shape) and dynamics
(distribution of forces and torques). This is exemplified by the
swimming of spermatozoa, where the shape of the flagella is a
balance between internal molecular forcing, the mechanical
response of the flagella, and the external fluid flow.180

2.1.3. Reciprocal vs. Nonreciprocal Motion. The disappear-
ance of time as an explicit parameter from the Stokes equation
has one important consequence for the ability of small-scale
swimmers to generate propulsion: motion of their bodies and
appendages that are reversible in time (so-called “reciprocal
motion”) cannot generate propulsion. This is famously
captured by E. M. Purcell’s “Scallop Theorem”, which states
that symmetric back-and-forth motion (exemplified by the
motion of scallop shells opening and closing) cannot produce
propulsion on average (Figure 2a).161 To achieve a net
translation in low Reynolds number regimes, small-scale
swimmers must employ motion sequences that are not
symmetric in time.

2.1.4. Biological Propulsion. Biological or synthetic
swimmers that self-propel using body movement must follow
nonreciprocal kinematics. Because swimmers with a single
degree-of-freedom are necessarily reciprocal, in his famous talk
entitled “Life at Low Reynolds Numbers”, E. M. Purcell
introduced the minimal nonreciprocal swimmer, consisting of
three rigid links connected by two hinges, which can swim
provided the hinges oscillate with a finite phase difference.161

More broadly, the biological world offers many examples of
nonreciprocal swimming strategies (Figure 2b). One is the
corkscrew mechanism of bacterial flagella where rigid helical
flagellar filaments are rotated by specialized motors embedded
in the cell wall. Another example is the wave-like deformation
of flexible spermatozoa flagella. Less studied examples include
neutrophils that exploit friction against surfaces to propel
themselves, rolling along the endothelium lining the blood
vasculature. In most cases, these biological examples have led
to the design of bio-inspired swimmers in laboratory
conditions, such as artificial bacterial flagella16 and artificial
spermatozoa.173

2.1.5. Locomotion vs. Diffusion. At small scales relevant to
biological or artificial swimmers, the stochastic Brownian
motion, due to the continuous collisions with atoms or
molecules within the fluid, can have significant effects. The
classical Einstein relation connects the diffusion coefficient D
of a suspended particle of hydrodynamic mobility � (for
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Figure 3. Chemical propulsion mechanisms. a) Self-diffusiophoresis observed in AgCl-PMMA Janus microspheres due to the
photodecomposition of AgCl on the surface. Reproduced from ref 226, Copyright 2018 American Chemical Society. b) Self-electrophoresis
of segmented Au/Pt wires with an internal electron flow from the Pt segment to the Au segment and migration of protons in the surrounding
area. Reproduced from ref 26, Copyright 2004 American Chemical Society and ref 359, Copyright 2020 ELSEVIER. c) Bubble-propelled
tubular nanojets by the generation and release of bubbles. Reproduced from ref 10, Copyright 2015 WILEY-VCH and ref 197, Copyright
2010 WILEY-VCH. d) Selection of enzyme-powered hollow mesoporous Janus nanomotors. Reproduced with permission under a Creative
Commons CC-BY License from ref 35, Copyright 2015 American Chemical Society. e) Photocatalytic propulsion of TiO2-Au Janus
micromotors powered by UV light in water, demonstrating cyclic on/off UV light activation. Reproduced from ref 74, Copyright 2015
American Chemical Society. f) Galvanophoresis of Cu-SiO2 Janus micromotors illustrating the galvanic exchange from Cu to Au caps.
Reproduced from ref 292, Copyright 2021 American Chemical Society. g) Bipolar self-regeneration principle and propulsion of Zn
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simplicity, assumed to be scalar) and the mean thermal energy
kBT in the fluid at absolute temperature T via:

=D k TB (2.8)

where kB is Boltzmann’s constant. In Stokes flow, the mobility
� is the inverse of the drag coefficient cd. Thus, for a spherical
particle of radius a and in a Newtonian fluid of dynamic
viscosity �, we have the following equation:

=D
k T

a6
B

(2.9)

This diffusion constant D in turn controls its average mean
squared displacement (in three dimensions) across multiple
paths within a time interval � as:

=r D( ) 62 (2.10)

Similarly, random rotation results from Brownian torques.
While for large objects, Brownian forces and torques are
usually negligible, they can become important on small scales.
For example, Brownian reorientation is known to affect the
swimming of the smallest bacteria.181 Similarly, the propulsion
performance of nanoscale artificial swimmers is severely
affected in water due to the impact of Brownian motion.

2.1.6. Locomotion in Complex Fluids. The aforementioned
discussion applies only to Newtonian fluids, for which the
relationship between stresses and rate of deformation is linear.
On the other hand, the Scallop Theorem no longer holds in
non-Newtonian fluids whose viscosity varies with shear rate.
The two classical examples are shear-thinning fluids (viscosity
decreases with deformation) and shear-thickening fluids
(viscosity increases with deformation). The nonlinear proper-
ties of these fluids enable artificial swimmers to move more
effectively using reciprocal motion. This was demonstrated
experimentally using a single-hinge magnetic microscallop
unable to propel in Newtonian fluids but showing propulsion
in non-Newtonian fluids under asymmetric opening/closing
motion.182 Complex fluids can also display viscoelastic
behavior, some elastic properties in addition to their normal
viscous response, which can in turn greatly influence the
kinematics and dynamics of micro/nanoscale swimmers in a
manner that depends critically on the relevant length scales in
the fluid.183

2.2. Chemical Propulsion Mechanisms. Chemically
propelled micro/nanomotors locomote as a consequence of
chemical processes, such as a catalytic reaction or diffusion of a
substance to the surrounding fluid (Figure 2c and Figure 3).
Catalytic reactions can be induced just by contact of a material
(catalyst) with reagent(s) or by activating the catalyst with an

external stimulus (e.g., light or electric field) to boost the
chemical reaction. As we will see in the upcoming sections,
there are several mechanisms proposed for the motion of
catalytically propelled micro/nanomotors, which depend on
several factors, e.g., size, shape, and composition. Other
strategies exploit Marangoni effects, galvanic displacement
reactions, ion-exchange processes, bipolar electrochemistry, or
polymerization.
Some of the pioneering micro/nanomotors contained Pt or

Ni27 metals for the catalytic decomposition of H2O2 in one
segment of the rod-based structures. Depending on the metal,
different mechanisms were observed, i.e., self-electrophoresis
and bubble propulsion.140,184,185 Since the first spherical
micromotors were reported in 2005, Pt has been the most
widely used catalyst in the field thanks to its high catalytic
performance.22 Afterwards, motors from tens of nanometers to
a few micrometers were reported by utilizing different
combinations.186,187,188,189,190,191,192,193,194,195 For instance,
tubular micro/nanojets powered by the decomposition of
H2O2 fuel generate a thrust of O2 bubbles asymmetrically
released from the interior of the tubes. Although this type of
motor presents high-speed values that can be utilized for
drilling196 and towing197, the use of H2O2 as a fuel limits its
application in biomedical environments. Nevertheless, the
vigorous bubble release and high speeds can enable fluid
mixing, leading noteworthy prospects toward proof-of-concept
water remediation applications.146,147,148,198,199

While noble metals have been extensively used as efficient
catalysts, the toxicity of the H2O2 fuel required can limit their
utilization, especially in biomedical applications. Alternatively,
enzymes have emerged as a biocompatible alternative with
high versatility in enzyme-substrate configurations. Since the
first examples of bienzymatic reactions used to power large
fibers200 at the air-liquid interfaces to the propulsion of multi-
walled carbon nanotubes,201 the field has grown in the pursuit
of more biocompatible combinations of fuel-substrate using
enzymatic reactions. Until now, catalase and urease have been
the most commonly used enzymes, constituting a majority of
the enzymatically powered micro/nanorobots reported.202 For
example, catalase was used to replace Pt inside the walls of
tubular microjet engines, enabling a reduction in the
concentration of H2O2 fuel.

33 Other enzymes, like collage-
nase,203 acetylcholinesterase,153 glucose oxidase,35 combina-
tions of glucose oxidase and catalase,204 trypsin,205 and others,
have been used as well as combinations of enzymes and
inorganic catalysts. A comprehensive review on the different
types of enzymes and the types of motors, materials, shapes,
and sizes has been recently reported.202 Beyond inorganic

Figure 3. continued

micromotors in a glass tube filled with ZnSO4 solution under the influence of an external electrical field. Reproduced from ref 78, Copyright
2010 American Chemical Society. h) Nafion micromotors and their propulsion with ion-exchange mechanism. Reproduced with permission
under a Creative Commons CC-BY License from ref 308, Copyright 2024 Royal Society of Chemistry. i) Polymerization-based propulsion
due to the bulk polymerization of polymer on the SiO2 side of a Janus motor (left panel) and the surface polymerization of
hydroxyethylmethacrylate-based polymer brushes on nanomotors (right panel). Reproduced from ref 191, Copyright 2011 WILEY-VCH and
ref 311, Copyright 2021 Royal Society of Chemistry. j) Temperature-induced Marangoni propulsion of dye particles in a maze filled with a
hot solution of a fatty acid to find the shortest path (left panel) and the directional Marangoni propulsion of the oil droplet due to the
chemical gradients caused by the hydrolysis of ester-containing cationic surfactant (right panel). Reproduced from ref 329, Copyright 2015
Royal Society of Chemistry and ref 335, Copyright 2011 American Chemical Society. k) Chemokinesis-driven accumulation of self-propelled
Pt/Au nanorods in low-mobility regions due to the fuel gradients, showing the traces of rods’ motion in high-speed, medium-speed, and low-
speed (green, blue, and red, respectively) regions. Reproduced with permission under a Creative Commons CC-BY License from ref 355,
Copyright 2021 Springer Nature.
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materials, MOFs,206,207 coacervates,208 DNA nanotubes,208

and liposomes,209 among others, can also be used as a chassis
for the motion of enzyme motors.208,210 Tactic phenomena
were also described for urease and catalase motors211 and, later
on, following the Hoffemeister series for urease−liposome-
based nanomotors.38

2.2.1. Self-Phoresis. In a unified framework, self-phoresis
defines the locomotion of a particle driven by a self-generated
driving field gradient. The driving field Ψ can be the
concentration of species (self-diffusiophoresis), electric
potential (self-electrophoresis), or temperature (self-thermo-
phoresis). In these scenarios, the surface activity of the particle
leads to the generation of a normal surface flux of the field,
given by:

= ·DnJ (2.11)

where D is the diffusivity of the field and n̂ is the unit vector
normal to the particle surface. In the limit of the thin
interaction layer, the gradient of the field over the particle
surface leads to the formation of a tangential slip velocity in the
vicinity of the particle surface, given by:

= ·I nnv ( )slip ph (2.12)

where �ph is the phoretic mobility and I is the identity matrix.
Lammert et al.212 provided a general expression for transla-
tional and rotational velocities of a self-phoretic micromotor in
terms of slip velocity:
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with the integral tensorial phoresis kernel given by:
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where R is the resistance matrix. The position-dependent
tensors and , defined over the particle surface, stem from
the auxiliary problem of a rigid body (r.b.) translation (Ur.b.)
and rotation (�r.b.) for the same particle, and relate the surface
traction f(xS) exerted by particle on the fluid to the velocity of
rigid body motion:

= · + ·f x x U x( ) ( ) ( )r b r bS S . . S . . (2.15)

The kernel-based surface integration of slip velocity is a
standard approach to solve phoretic velocity. However, from a
design perspective, we may be interested in making a direct
connection between the velocity and distribution of activity.
For example, in designing electrocatalytic bimetallic micro/
nanomotors and investigating the effect of geometry, we can
measure the electrochemical flux from microelectrodes and are
interested in its relation to the micro/nanomotor’s motion. To
directly link the experimental flux measurements and
distribution of the surface activity to the micromotor dynamics,
Lammert et al.212 took advantage of the linearity of the
governing equation to obtain a relationship between flux
distribution and velocity by surface integration of the flux J(xS)
weighted by an integration kernel for particles with uniform
phoretic mobility:
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Nourhani and Lammert213 had earlier obtained an
expression for the phoresis kernel of a spheroid moving
along its symmetry axis. The kernel depends only on particle
geometry, not flux distribution, and provides some insights and
design principles. For example, in rod-like geometries, the
kernel value around the equator was nearly zero, making the
flux contribution to motion negligible. Thus, expensive
materials could be used near the poles and cheaper metal in
the middle while maintaining velocity. Also, for a slender-body
particle with uniform phoretic mobility, Schnitzer and Yariv
obtained an approximate expression for osmotic self-
propulsion in terms of the weighted integral of the surface
flux.214

The slip velocity formalism and phoresis kernel formalism
are complementary, each providing a different perspective on
particle motion. Phoresis kernels illustrate how geometry
defines the local contribution of the field or surface flux to
particle motion, making them particularly useful for designing
an individual particle with specific dynamics. The slip velocity
formalism has been instrumental in studying the flow field
around particles and collective dynamics. Thus, both slip
velocity and phoretic kernel formalisms can be used
simultaneously to address different aspects of the problem
under study; one can design a particle with specific dynamics
using the phoresis kernel formalism and then calculate the
corresponding slip velocity to apply established frameworks for
studying the flow field around the particle and collective
behavior.

2.2.1.1. Self-Diffusiophoresis. Diffusiophoresis refers to the
transport of a particle in a solute gradient. As a recognized
effect since the mid-20th century, the underlying physics of
diffusiophoresis is well-established both theoretically and
experimentally.215,216,217,218 Traditionally, diffusiophoresis is
discussed in the context of an externally applied solute
gradient. More recently, it was found that the solute gradients
generated by a particle itself can lead to self-propulsion, an
effect appropriately termed “self-diffusiophoresis”.219,220 Just
like conventional diffusiophoresis, self-diffusiophoresis can
arise from the concentration gradient of ions (“electrolyte”
or “ionic” self-diffusiophoresis) or neutral molecules (“non-
electrolyte” or “neutral” self-diffusiophoresis). Because ions are
commonly involved in the chemical reactions that power a
micro/nanomotor, we focus on ionic self-diffusiophoresis in
this section.
Let us consider a typical scenario of a Janus microsphere

half-coated with a metal cap. The metal cap can be chemically
active, releasing a pair of ions in an aqueous fuel solution and/
or under external stimuli, such as a SiO2-Ag microsphere in
H2O2.

221,222,223 In this case, Ag dissolves in H2O2 and releases
Ag+ and OH− (or OOH−) besides the Ag-catalyzed
decomposition of H2O2. Alternatively, the microsphere itself
can be chemically active while the inert cap partially blocks the
ionic flux, such as a CaCO3 microsphere half-coated with an
inert layer.224 In this case, CaCO3 dissolves in H2O and
releases Ca2+ and CO32− ions, the latter further reacts with
water to generate HCO3− and OH−.225 Other examples of
such Janus microspheres of asymmetric ionic release include
SiO2-Au in a mixture of N2H4 and H2O2

109 and SiO2-AgCl in
water and under UV light.226

The photodecomposition of AgCl in the structure of SiO2-
AgCl Janus microspheres serves as an example of how this
surface reaction and the resulting ionic gradient leads to
directional motion via ionic self-diffusiophoresis (Figure 3a) (a
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more detailed description is given in ref 226). In this case,
AgCl is believed to photo-decompose into Ag+, H+, and Cl−.
The latter two ions diffuse from the coated surface of a Janus
microsphere into the surrounding aqueous solution. Because
H+ diffuses significantly faster than Cl− (9.311 × 10−9 m2/s vs.
2.032 × 10−9 m2/s), an electric field pointing toward the AgCl
cap emerges to speed up Cl− and slows down H+.227 This
electric field then pushes the ions in the diffuse layer on the
surface of the microsphere and generates an electro-osmotic
flow along its surface. Because the particle is negatively
charged, the resulting electro-osmotic slip flow moves from the
AgCl to the SiO2 hemisphere and the particle moves in the
opposite way with the AgCl cap leading.
This process is only the electrophoretic component of ionic

diffusiophoresis (or self-diffusiophoresis) and requires the ions
to diffuse at different rates. On the other hand, the ions also
interact with the colloidal surface and any difference in the
interaction potential between the different ions can lead to the
directional transport of colloids (and self-propulsion for self-
generated ionic gradient). This is known as the chemiphoretic
component of ionic diffusiophoresis (or self-diffusiophoresis).
Combined, the speed of a micro/nanomotor powered by both
the electrophoretic and the chemiphoretic components of ionic
diffusiophoresis is given by (at a small Zeta potential limit):228
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where � and � are the electrical permittivity and viscosity of the
solution, respectively, kBT is thermal energy, Z is charge
valence, and e is the elementary charge. In addition, �̅ = Ze�/
kBT where � is the Zeta potential of the motor (in practice, it is
often the average Zeta potential of a Janus particle). The
difference in the diffusivity between the cation and the anion is
represented by:

= [ + ]+ +D D D D( )/ ( ) (2.18)

Finally, � = (�a)−1, where � is the Debye length and a is the
particle radius. Note that the chemiphoretic contribution of
ionic self-diffusiophoresis is assumed to be small, and therefore,
often ignored. However, one can see that this is only applicable
for a pair of ions of a large difference in diffusivity (i.e., large 	),
and the electrophoretic component vanishes for 	 = 0. For
example, for SiO2-AgCl (3 �m, −40 mV) moving in an
electrolyte (1 �M), the relative contribution from the
electrophoretic to the chemiphoretic component is roughly
1.2 according to eq 2.17, with each oppositely moving the
particle. Other choices of parameters can easily produce a
scenario where chemiphoretic forces dominate. Such situa-
tions, and the resulting reversal of a chemical micromotor,
were discussed previously.228

Although the reactive cap is consumed for the example of
AgCl micromotors, there are also other ways to generate ions.
Plenty of examples are found in biology, where some enzymes
efficiently convert substrate molecules into ionic products.
Urease is an example of such enzymes commonly used for
constructing catalytic micro/nanomotors that operate via ionic
self-diffusiophoresis.35,229,230 Urease catalyzes the conversion
of urea into NH3 and CO2, which then reacts with water to
produce NH4+, HCO3−, OH−, and a small amount of CO32−.
Interested readers are directed to excellent review articles such
as refs 11, 231, 232, 233 and other sections of this review for
more references on micro/nanomotors powered by enzymes.

Finally, we briefly comment on neutral self-diffusiophoresis.
As a straightforward idea, a Janus microsphere can move
directionally if its surface interacts sufficiently strongly with a
neutral molecule in its concentration gradient, arising from
surface reactions. Over the years, many micro/nanomotors
have been proposed to move via this mechanism: microspheres
half-coated with Pt moving in H2O2,

22,234 SiO2-Au Janus
micromotors functionalized with the Grubbs catalyst moving
in norbornene,191 liposomes moving in 	-cyclodextrin,235
motors coated with catalase35 or glucose-oxidase236 in H2O2
and glucose, etc. However, it remains controversial if these
motors are truly powered by neutral self-diffusiophoresis. This
controversy is primarily rooted in the lack of two critical pieces
of information: 1) if any ionic species are involved in the
reactions and 2) the microscopic details and accurate
measurements of how the neutral molecules interact with the
colloidal particles. For an expanded discussion on this
controversy about neutral self-diffusiophoresis, see a recent
perspective article.237

2.2.1.2. Self-Electrophoresis. Self-electrophoresis, also
known as “auto-electrophoresis”, is a mechanism by which
micro/nanomotors propel themselves via the generation of
electric fields. The motors typically possess a charged surface,
which can interact with the electrolytic medium in which they
swim, forming a layer of counterions on the surface, known as
the electrical double layer (EDL). The exchange of ions
between this layer and the particle, together with the
established gradient, allows the propulsion of the micro/
nanomotors, typically driven by electrochemical reactions
occurring at the surface.219,238

The decomposition of H2O2 has been routinely used to
drive bimetallic Pt/Au micromotors, with generated protons
diffusing through the medium and electrons being conducted
through the rod from Pt to Au.26,239,240,241 At the Au end of
the rod, a separate H2O2 decomposition reaction occurs,
consuming protons and electrons to generate water from the
fuel. In this situation, the rod acts like a circuit, with the flux of
current generated across its surface leading to an inhomoge-
neous distribution of ions that generates an electric field,
driving the motion of the micromotor with the Pt moving
forward (Figure 3b).242 Indeed, when rods are fabricated from
other combinations of metals, including Au, Ni, Pd, Pt, Rh, and
Ru, the metal acting as the anode will typically be at the front
of the motile micro/nanomotors.184

Alternatively, self-electrophoretically driven Janus micro-
motors containing semiconductor−metal junctions (e.g., TiO2
with Pt, Au, Ag, Fe, or Cu) have been reported, where
electrons generated on the TiO2 side of the motor migrate to
the metal side while protons are similarly generated at the
TiO2 surface and then consumed at the metal surface via
reduction reactions. This leads to the propulsion of the motors
with the TiO2 end moving forwards.

74,243,244,245 In these cases,
because the generation of anions and cations at the motor
surface is typically achieved using photoelectrochemical
reactions, on/off control over the propulsion behavior may
be achieved using light as an external trigger, which may
enhance the suitability of these motors for targeting
applications.
Importantly, in contrast to motors propelled via diffusiopho-

resis, self-electrophoretic motors may not cause a net increase
in ions over time, as one end of the motor generates the ions
and the other consumes them, consequently acting as an ion
source and an ion sink. Since motors driven by either type of
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position and momentum change via O2 bubbles lead to the
autonomous locomotion of catalytic nanomotors.194

Among the catalytic motors, self-propelled tubular micro-
robots pioneered by Mei et al.28 can be particularly attractive
for practical biomedical applications. Pumera’s group also
presented a rapid fabrication method for nanojets, using a
template-directed electrochemical deposition method where
the bubble-ejecting nanojets were grown within Al2O3
templates.273 In addition to many metals, the combination of
polyaniline, polypyrrole, or poly(3,4-ethylenedioxythiophene)
with Pt can be used for the development of catalytic
microjets.155 To better explain the motion mechanism of
nanojets, researchers divided their motion into three stages
(Figure 3c). In the first stage, the fuel solution wets the
catalytic material containing energetically favorable nucleation
points, where O2 accumulates and expands as bubbles. In the
second stage, bubbles migrate toward one opening of the
tube�normally the larger opening�and finally, the bubbles
are released, thereby inducing another motion step.10,197

In addition, research efforts to replace toxic H2O2 fuel have
provided different alternatives. For example, Zn, Al, or Mg can
react with acids or water to produce hydrogen (H2) bubbles,
leading to active locomotion. Enzymatic reactions also bring
new insights into the possibility of using nontoxic fuels to
obtain the locomotion of micro/nanomotors. Therefore, the
integration of mesoporous SiO2 and enzymes has led to
another type of enzyme-powered nanomotors. For example,
Ma’s group fabricated self-propelled Janus nanomotors based
on hollow mesoporous SiO2 nanoparticles, which are powered
by biocatalytic reactions of three different enzymes: catalase,
urease, and glucose oxidase (Figure 3d). Overall, the enzyme-
powered nanomotors presented above bring more inspiration
toward the development of bubble-propelled motors.35

2.2.3. Photocatalytic Propulsion. Photocatalytic propulsion
is a process that involves the use of light to propel micro/
nanomotors, converting both chemical and light energy into
motion.8,64 This process usually incorporates: 1) light
absorption, 2) electron-hole separation, 3) redox reactions,
and 4) product generation, generating propulsion through self-
electrophoresis, self-diffusiophoresis, or bubble propulsion.9 A
key metric of photocatalytic micro/nanorobots is operation
wavelength, which is determined by the photon energy
required to excite an electron from the valence band to the
conduction band. Based on the bandgap (Egap) of applied
semiconductor materials, photocatalytic micro/nanorobots can
be designed to be activated in ultraviolet, visible, or near-
infrared regions.274

To construct photocatalytic micro/nanomotors, either a
mono-component or multi-component scheme can be
adopted.65 Mono-component micro/nanomotors are usually
based on simple semiconducting particles, such as AgCl, TiO2,
Fe2O3, C3N4, and BiVO4, which manifest advantages in facile
and mass production.66−69,275 However, this type of micro/
nanomotors is often limited by the high recombination rates of
electron-hole pairs as well as insufficient overall efficiency. To
address this challenge, multi-component schemes are proposed
based on metal-semiconductor or semiconductor−semicon-
ductor junctions. Upon contact with the metal, the difference
between the electron affinity of the semiconductor and the
work function of the metal results in a Schottky barrier,
facilitating electron-hole separation and photocatalytic effi-
ciency. For instance, a variety of Janus micro/nanomotors have
been designed with such principles, including but not limited

to TiO2/Au, TiO2/Pt, Cu2O/Au, BiOI/Au, ZnO/Pt, C3N4/Pt,
and Si/Au.74,245,251,276−279 In general, their higher photo-
catalytic efficiency results in enhanced performance in low light
intensity and even pure water environments (Figure 3e).
Moreover, the fabrication of hybrid photocatalytic/magnetic
micro/nanorobots has demonstrated enhanced motion speeds
due to improved electron-hole separation. These enhance-
ments are attributed to the synergistic effects of magnetic
spinning combined with photocatalytic motion,280 as well as
charge transfer mechanisms induced by the external magnetic
field.281

A lower electron-hole recombination rate can also be
accomplished by constructing semiconductor−semiconductor
p-n junctions.70,282−286 Such photocatalytic micro/nanomotors
could be regarded as a device with cascaded photovoltaic and
electrochemical cells.287 The performance of a photovoltaic
cell is described by the following equation:
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where j is the output current density, js is reverse saturation
current density, q is electronic charge (1.602 × 10−19 C), n is
the ideality factor, kB is Boltzmann’s constant (1.38 × 10−23 J
K−1), V is the solar cell open circuit voltage, jL is
photogenerated current density, and T is temperature. The
photovoltage V can be further divided into three potentials:

= + +V h h hc a solution (2.20)

where hsolution is the solution potential drop, hc and ha are the
overpotential at the cathode and anode, respectively. The
overpotentials can be described by an electrochemical kinetics
equation containing both electrochemistry polarization and
concentration polarization:

i

k

jjjjjjjjjj

i

k

jjjjjj

y

{

zzzzzz

y

{

zzzzzzzzzz

i

k

jjjjjj

y

{

zzzzzz
= + + +h

RT
F

j

j

j

j
RT

F

j

j j
ln

2 2
1 lnc

c

O
0

c

O
0

2

dc

dc c

(2.21)

i

k

jjjjjjjjjj

i

k

jjjjjj

y

{

zzzzzz

y

{

zzzzzzzzzz

i

k

jjjjjj

y

{

zzzzzz
= + + +h

RT
F

j

j

j

j
RT

F

j

j j
ln

2 2
1 lna

a

R
0

a

R
0

2

da

da a

(2.22)

where R is molar gas constant, T is absolute temperature, F is
Faraday constant, jc is cathode current density, ja is anode
current density, jO0 is cathode exchange current density, jR0 is the
anode exchange current density, jdc is the cathode diffusion-
limited current density, jda is the anode diffusion-limited
current density, and a and b are cathodic and anodic transfer
coefficients, respectively. Equations 2.19−2.22 provide an
outline to analyze the photovoltaic and electrochemical
processes involved in heterojunction-based photocatalytic
micro/nanomotors. The enhanced propulsion of micro/
nanomotors could be achieved by optimizing photovoltaic
efficiency as well as the kinetic constant and diffusion
coefficient of redox chemicals.287

2.2.4. Galvanophoresis. Nobel Laureate Peter Mitchell was
fascinated by the microscale mechanisms involved in the
energy system of microorganisms, which leads to all the
processes that define life, including motility.288 Extending the
principle of his chemiosmotic theory of electron gradients
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across membranes to microorganisms, he postulated an ion-
gradient-driven swimming mechanism for bacteria.289 Despite
several attempts, experimental evidence for this swimming
mechanism in microorganisms has never been found. Later,
this mechanism was elaborated at a more fundamental level in
the theory of phoresis218,290 and Golestanian proposed a
model for the self-propulsion of spheres.176 However, these
models mostly relate to the motion of colloids in very diluted
electrolyte gradients, resulting in thin Debye layers.291 To
improve the realistic description of colloids releasing ions, a
thicker Debye layer and a strong coupling between the ion
flux/solute transport and the charge balance were introduced
into the model by DeCorato and co-workers.291 This results in
a completely different motion mechanism from the standard
phoretic models, which depends entirely on the surface flux of
the ions instead of the solute−surface interactions. It considers
specific properties, such as different diffusion coefficients of the
ionic species. These lead to qualitatively different behavior,
which has been demonstrated using an experimental system
based on enzyme-grafted colloids. A full understanding of the
mechanism of nonequilibrium movement at high electrolyte
concentrations has also been hampered by the fact that
enzyme-driven systems are dominated by experimental
imperfections and biological variability.
A better model system to study this novel swimming

mechanism can be galvanophoresis, a motion strategy based on
electromotive forces. In electrochemistry, electromotive forces
refer to the maximum potential difference between two
electrodes of an electrochemical cell, or the tendency of an
element to gain or lose electrons. If we define a Janus particle
as an electrochemical cell consisting of a less noble anode
deposited as a hemisphere on the inert particle, then the
tendency of the (dissolved) noble metal ions to be reduced to
the pure metal on the micromotor leads to the dissolution of
the cap and release of the corresponding ions. The surface flux
of these ions creates currents that can lead to active propulsion.
For the example of a Cu-based Janus particle in an Au-based
HAuCl4 solution (Figure 3f), we can formulate the following
half-cell reactions, where positive potential indicates a
spontaneous reaction:

+

+ + + +

+

+ +

3Cu 3Cu 6e

2H 2AuCl 6e 2Au 8Cl 2H

2

4

The overall reaction is as follows:

+ + +3Cu 2HAuCl 2Au 3CuCl 2HCl4 2

While electrochemistry requires the use of the Nernst
equation to calculate the electromotive forces and the Gibbs
free energy (ΔG) for the actual process by calculating the
difference of the standard potentials, it is not yet clear if and
how this value relates to the driving force of the process:

= =G zF E E zFE( )free cathode anode (2.23)

where z is the number of electrons exchanged, F is the Faraday
constant, and E is the potential difference of the reaction. We
find a dependence on concentration using the Nernst
equation; however, it is also overlaid by the absolute potential,
reflecting the tendencies of different metal combinations to
undergo reduction and oxidation reactions. An additional
influence is created by the different behavior of individual ions;
using the example from above, positively charged Cu ions
accumulate near the negatively charged colloid surface while

the negatively charged Cl ions diffuse away. Taking into
account the different diffusivity of Cu and Cl ions,292 we find a
resulting diffusion potential that creates an electric field,
resulting in a fluid flow that leads to the locomotion of
particles. Whether a self-electrophoretic mechanism294 with
self-diffusiophoretic contributions292 or a strongly coupled ion
flux/solute transport model best describes this type of
propulsion is currently under investigation.293

2.2.5. Bipolar Electrochemistry. Bipolar electrochemistry
deals with (semi)conducting objects on which oxidation and
reduction reactions occur simultaneously at spatially distinct
locations. The so-called “bipolar” electrode does not need to
be connected to a power supply because the driving force of
the overall reaction is provided by the polarization of the
object with respect to the solution potential. In turn, the
solution potential is governed by an electric field imposed by
two feeder electrodes.295 As the conducting object is by
definition equipotential, the potential gradient in the
surrounding solution will lead to a gradually changing potential
difference between the solution and the object along its main
axis, oriented parallel with respect to the electric field lines. If
this polarization is strong enough, then one extremity of the
object will be able to drive oxidation processes, whereas the
opposite extremity will be the site of reduction reactions. The
resulting inhomogeneous reactivity intrinsically constitutes a
straightforward strategy for breaking the symmetry in electro-
chemical systems. Consequently, bipolar electrochemistry can
be considered as an attractive mechanism to induce controlled
propulsion of micro/nanorobots. This concept was reported in
the 2010s, and horizontal motion based on two different
mechanisms was described around this time.
The first case corresponds to a bipolar metal electrode made

out of a Zn dendrite that is positioned inside a capillary filled
with an aqueous ZnSO4 solution (Figure 3g).78 The
application of only a modest electric field is sufficient to
overcome the small overpotentials needed to promote the
anodic dissolution of Zn together with Zn deposition on the
cathodic pole. Finally, the dendrite translates continuously
toward the feeder anode. From a conceptual point of view, one
can argue whether the observed translocation can be
considered a real motion, as the Zn dendrite continuously
changes its shape and length during its movement. In fact, the
phenomenon might be regarded as the propagation of a
chemical wave, driven by an electric field. In principle, such a
strategy can be potentially applied to a variety of non-noble
metal particles; later, an analog concept was used for the
propulsion of a sacrificial Cu bipolar electrode in folded fluid
channels.296

The second proposed mechanism involves the site-selective
production of gas bubbles. The evolution of either H2 or O2
can be used for this purpose but, practically, H2 bubbles are
more efficient due to the stoichiometric advantage of this
reaction.79 The locomotion of C beads of several sizes has
been achieved by applying an increasing driving force when
downsizing the characteristic dimensions of the object. Vertical
motion was also reported by placing a conducting bead inside a
capillary filled with an aqueous solution.297 The idea is to
select the polarity of the feeder electrodes to generate a
cathodic reaction site at the bottom of the bead and, therefore,
to produce H2 gas below the object. The bubbles can readily
accumulate and lift the bead in the direction of the external
cathode, which is positioned at the top of the capillary.
Initially, the anodic reaction converted sacrificial chemical
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species, but one can select advantageously another specific
oxidation reaction to obtain an additional level of functionality.
This was demonstrated with anodic electrogenerated chem-
iluminescence that can be recorded in situ while the bead is
moving inside the capillary.298,299 Following a similar strategy,
a second generation of bipolar motors has been designed,
featuring a set of conducting arms combined with a small
reservoir enabling the collection and controlled release of the
electrogenerated bubbles.300 This leads to an object that can be
successfully actuated in 2D space. Additionally, in this work,
the integration of an LED was proposed to allow wireless
electronic light emission during their motion. In a more
general context of triggering motion at the macro- and
microscale, bipolar electrochemistry can also be employed to
address objects made of conducting polymers, leading to site-
selective swelling or shrinking, which can consequently lead to
controlled locomotion.301,302

2.2.6. Ion-exchange Propulsion. Noncatalytic nanomateri-
als, such as polymeric ionomers, can have the capability to
store ions within the polymeric network and exchange them at
the interface as a potential mechanism to propel micromotors.
An example of such polymeric ionomers is Nafion, a polymer
with high mechanical, thermal, and chemical stability, made of
a hydrophobic tetrafluoroethylene backbone with hydrophilic
sulfonic acid pendant groups.303 This structure creates a
porous network in which water penetrates, facilitating ion
transport and ion exchange. Other examples of ion exchange
polymeric materials with similar capabilities are sulfonated
polystyrene microparticles and sulfonated polystyrene-divinyl-
benzene copolymer microstructures.304,305

During the ion-exchange process, a chemical gradient is
established, generating a local electric field. This field arises
due to the unequal diffusion coefficients of the exchanged ions.
For the case of Nafion, this electric field has been quantified
and has been demonstrated to point perpendicularly toward
the Nafion structure when the polymer is initially loaded with
protons.303 This is also applicable to other polymeric structures
with ion-exchange capabilities.
The chemical gradients generate an ion current governed by

the Nernst−Planck equation:
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where the terms on the right-hand side represent the diffusion
(due to concentration gradient), migration (due to an electric
field E), and convection (due to a fluid velocity v)
contributions, respectively. Di and ni stand for the diffusion
coefficient and concentration of ion i, zi is the ion valence, e is
the elementary charge, kB is Boltzmann’s constant, and T is
temperature. Because the ion exchange does not generate any
net electric current Je, the imposition of the condition
Je = ∑i ezi ji = 0 generates an electric field:
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Interestingly, the electric field, apart from being inversely
proportional to the ion concentration, is also directly
proportional to the gradient of ion concentration. Therefore,
ion-exchange micromotors can work at high salt concen-
trations because the screening effect of the electric field at
higher salt concentrations is compensated by the fact that the
salt itself is the fuel generating the electric field and driving

motion.306 This is in contrast to electrophoretic or ionic
diffusiophoretic micromotors discussed above, in which the
addition of salts drastically screens the electric field and
annihilates the interfacial fluid flow, halting the locomotion of
micromotors.
By patterning or nanostructuring the surface of the

polymeric material, one can generate tangential components
of the electric field, which can trigger interfacial fluid flows.
These systems act as pumps (the counterparts of motors)
sharing the same operational principles.307 By engineering such
pump platforms and the surrounding Zeta potentials, one can
manipulate fluid flows from radial to unidirectional, opening
new possibilities in the area of wireless micro/nanofluidic
networks.306 All this knowledge and its combination with
simulations are crucial for the design of ion-exchange-based
micromotors.
One requirement to design efficient micromotors is to

introduce compositional or shape asymmetry to the polymeric
structure to ensure asymmetric chemical gradients and activate
tangential fluid flows and phoretic mechanisms. Numerical
simulations have shown that a nanorod made entirely of an
ion-exchange polymer only generates symmetric recirculating
fluid flows at its surface, which cannot produce a net propelling
velocity when suspended in a fluid. However, when capped
with another passive material (i.e., not capable of ion
exchange), the symmetry of the system breaks down, inducing
a net tangential fluid flow that allows the motion of the
structure. These results have led to the design of Nafion
micromotors capable of self-propelling autonomously in a bulk
fluid (Figure 3h).308 Indeed, Nafion micromotors with
collective behavior signatures have been developed, offering
high versatility to control their motion direction and strength
depending on the capped structure and without requiring the
proximity or presence of walls to move.308 Under the same
context, interesting studies have been pursued using ion-
exchange spherical microparticles based on sulfonated
polystyrene−divinylbenzene block polymers.305 In this case,
motion is triggered when these particles form complexes with
surrounding passive particles, creating asymmetric modular
complexes without being attached to each other. None of the
constituents exhibit active swimming by themselves. In this
case, the modular motion was explained by the electric field
generated by the ion-exchange resin, which induces an electro-
osmotic solvent flow on the charged substrate or walls of the
cell containing the particle dispersion. Recently, another study
addressed the use of sulfonated polystyrene beads as ion
exchangers.304 An individual symmetric sulfonated polystyrene
microbead is mechanically passive as it cannot self-propel
without breaking the symmetry. However, as a chemically
active ion exchanger, it generates osmotic flow around itself
along the substrate, leading to mechanical interactions with
other sulfonated polystyrene microbeads in a crowded
environment and creating mechanical motion at the ensemble
level.

2.2.7. Polymerization/Depolymerization. Polymerization
and depolymerization processes can facilitate locomotion
across a wide range of biological systems, from single-celled
organisms to complex multicellular structures. The dynamic
and reversible nature of the polymerization process enables
these organisms to respond rapidly to environmental stimuli
and perform various forms of locomotion. For instance, in
mammalian cells, actin polymerization is crucial for cell
motility. Listeria monocytogenes is a pathogenic bacterium that
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Marangoni flow (u) is related to the change in interfacial
tension (Δ
) and viscosity (�):

u
(2.26)

The Marangoni number Ma is a dimensionless quantity that
is often used to compare the rate of Marangoni flow versus the
rate of diffusion:

= =M
uL
D

L
Da

(2.27)

where the relevant length scale of the motor (i.e., object to be
moved) is L and the diffusion rate is D. For small Ma, diffusion
dominates, and Marangoni flow becomes trivial. On the other
hand, for large Ma, Marangoni flow occurs and can be used to
drive the motion.
Because the surface tension of a fluid changes with

temperature (surface tension typically decreases with increas-
ing temperature), objects can also be induced to move
directionally using a thermally induced Marangoni effect.328

For example, Lovass et al. demonstrated maze-solving by
particles with the help of thermal gradients (Figure 3j left
panel).329 In this study, a centimeter-scale maze was filled with
a hot solution, and then a temperature gradient was created by
placing a cold metal sphere at the maze exit. Dye particles
added to the maze entrance were driven by Marangoni flow to
the maze exit and followed the shortest continuous path
because it had the steepest thermal gradient. Besides applying a
direct temperature gradient, other stimuli, such as light, can be
integrated to generate thermal gradients (i.e., a photothermal
effect), that in turn leads to the Marangoni effect.330,331 For
instance, Rybalko et al. directed oil droplet motion by heating
part of the droplet via a laser beam, where an interfacial tension
difference led to a convective flow.330

Additionally, gradients of chemicals at an interface can be
used to induce interfacial tension gradients and generate
Marangoni flows. There are many ways that chemical gradients
can arise, such as localized reactions, interfacial transport
across phases, evaporation from a mixture, or external
application. In general, surfactant molecules are used in some
manners while exploiting Marangoni propulsion because
surfactants are surface-active and effective at changing surface
tension. Chemical processes occurring at or near the interface
of the motor that results in an interfacial tension difference are
of particular interest as this can lead to spontaneous self-
generated locomotion.
One prominent example of chemically driven Marangoni

propulsion is in the case of self-propelled or “swimming”
droplets.324,325,326,327 Such droplets can be either oil-in-water
or water-in-oil. Self-propulsion of an isotropic droplet that
lacks geometric asymmetry can still occur under certain
conditions where nonlinear solute transport dynamics
contribute to spontaneous symmetry breaking.332 Usually,
Marangoni flows are created via two mechanisms: chemical
reactions or interfacial transport (like solubilization). In the
case of chemical reactions, at least one reagent is normally
dispersed inside the droplet to induce reactions at or near the
interface (these reactions often involve degrading or creating
surfactant molecules). Marangoni flow is thus generated
according to the chemical gradient-induced interfacial tension
gradient (typically, the side of the drop with the more
surfactant molecules has the lowest interfacial tension) (Figure

3j right panel). Advective transport of reactants helps sustain
the gradient across the surface outside the motor. A series of
reactions have been designed to create active, swimming
droplets, including hydrolysis reactions,333 redox reactions,334

pH-sensitive reactions,335 and others.336,337 For example,
Thutupalli et al. fabricated water-in-oil active droplets by
dispersing bromine water in a continuous squalane oil phase
containing monoolein as a surfactant.334 Droplets were
induced to move by the spontaneous bromination of the
surfactant at the drop interface, which weakened the surfactant
activity. Micellar solubilization is another common mechanism
to create the Marangoni flows needed to generate active
droplets.338,339 During solubilization, the droplet contents are
transferred into surfactant micelles (self-assembled aggregates
of surfactants) to create gradients in the continuous fluid
phase. It is not completely understood how solubilization
(either the products of it or the process itself)338 alters the
interfacial tension, although one mechanism may be a
solubilization-induced lowering of the critical micelle concen-
tration.

2.2.9. Manipulation with Chemical Propulsion. Many
motile cells and single-celled microorganisms demonstrate
chemotaxis, which refers to directed motion up or down a
gradient in chemical concentration. Chemotaxis can allow
bacteria to seek nutrients and avoid predators,340 facilitates
immune cells’ pursuit of those same bacteria,341 and enables
spermatozoa to find and fertilize an ovum, among others.342

Inspired in part by this utility, several researchers have aimed
to realize chemotaxis in artificial active matter systems (Figure
3k). This is not trivial because artificial micro/nanomotors lack
sensing, signaling, and motion redirection capabilities that
motile cells use to perform chemotaxis. Nevertheless,
experimental evidence for chemotaxis has been presented in
a few studies, for example with active droplets343 and
enzymatic micromotors, which are popular model systems
for artificial chemotaxis35,38,204,344 as reviewed in ref 345. It
should be noted that the physics underlying enzyme-driven
locomotion in the first place, let alone its ability to execute true
chemotaxis, remains the subject of ongoing research and
debate.346,347

A related phenomenon to chemotaxis is chemokinesis, which
refers to a dependence of translational speed (regardless of
direction) on the local concentration of a chemical
immediately surrounding the swimmer.348 Like chemotaxis,
chemokinesis is observed in nature and can lead to nonuniform
accumulation of cells over time.348,349,350,351 As summarized by
Wilkinson,352 chemotaxis implies a vector response to a
chemical field (as it implies a redirection of motion) and
chemokinesis implies a scalar response to a chemical field (as it
is concerned only with speed and is agnostic regarding
direction). Chemokinesis can be positive or negative, depend-
ing on whether the propulsive speed is positively or negatively
correlated with an increase in chemical concentration. If speed
increases or decreases with increasing concentration, then the
chemokinetic response is said to be positive or negative,
respectively.
Chemokinesis is common in artificial active particle systems,

such as those powered by catalytic decomposition of H2O2 or
enzymatic motors that use the enzyme’s substrate as a fuel
(though the speed typically saturates at high substrate
concentration). For example, self-propelled Pt/Au rods (first
demonstrated in 2004)26 exhibit a positive chemokinetic
response to H2O2 (speed increases with H2O2 concentration)
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and a negative chemokinetic response to electrolytes such as
sodium nitrate or lithium nitrate (speed decreases with
increasing electrolyte concentration), as first demonstrated in
2006.353 A notable exception is any salt containing silver (Ag),
which tend to accelerate the rods’ motion as a positive
chemokinetic response.140

However, chemokinesis alone does not imply chemotaxis.
Popescu et al. analyzed Janus particles that self-propel due to
an asymmetry in surface chemistry and/or properties.354 Using
theoretical arguments, they found that (to first order), a
phoretic Janus particle’s tendency to rotate in a chemical
gradient (proportional to its chemotactic response) depends
on the mismatch in phoretic mobility between its halves. In
contrast, its overall translational speed (its chemokinetic
response) depends on the average mobility of the two halves.
Physically, a particle that exhibits pure chemokinesis should
tend to dwell in low-mobility regions for long periods because
in high-mobility regions, they will by definition move more
quickly and thus quickly escape these regions.
To test this idea experimentally, Moran et al. considered an

ensemble of Pt/Au self-propelled nanorods in steady-state
antiparallel concentration gradients of H2O2 and potassium
chloride (KCl), to which the rods exhibit a positive and
negative chemokinetic response, respectively (Figure 3k).355

Theory, Brownian dynamics simulations, and experiments
demonstrated that over time, the rods accumulated in the low-
speed regions (high KCl, low H2O2) of the motility gradient.
This result is the opposite of what one would expect from
positive chemotaxis (which had been previously claimed to
occur for various chemokinetic micromotors, including the Pt/
Au nanorods). The steeper the gradient in motility, the more
asymmetric the accumulation. This work demonstrated that
chemokinesis alone, i.e., the mere fact that speed depends on
local concentration does not lead to chemotactic behavior.
It is important not to mistake chemokinesis-driven

accumulation for negative chemotaxis. Crucially, the theoreti-
cal and computational models of Moran et al.355 did not
assume any “intentionality” on the part of the Pt/Au rods,
meaning they did not assume that the rods would
autonomously reorient themselves toward lower H2O2
concentration (which would be required for negative chemo-
taxis). The agreement between theory and experiment
demonstrates that accumulation can be achieved in a motility
gradient, even when no directional preference is assumed.
Although realizing chemotaxis in an artificial microscale

active matter system is not trivial, chemokinesis-driven
accumulation could have practical applications. If an active
colloidal system is designed to slow down in regions where
accumulation is desired, then one can still realize the same
asymmetric swimmer accumulation that one would expect
from chemotaxis. In this vein, Archer et al. demonstrated
swellable hydrogel-based H2O2-powered microrobots that
exhibit a pH-dependent speed.356 The microrobots are
fabricated from poly(2-vinyl pyridine) (PVP), a hydrogel
that swells in response to pH decreases. As pH decreases, the
PVP is protonated, leading to mutual electrostatic repulsion
and swelling. At the same time, a model cargo (Rhodamine
dye) was also released, implying that these particles can
simultaneously slow down their motion and release their cargo
preferentially in the most acidic regions of a region containing
a nonuniform pH distribution. This strategy shows significant
therapeutic potential; for example, in many biomedical
scenarios, the most acidic regions often correspond to the

areas where the therapeutic payload is most needed. Examples
include the core of a tumor357 or the interior of a bacterial
biofilm.358

2.3. PHYSICAL PROPULSION MECHANISMS
Apart from chemical propulsion mechanisms, micro/nano-
robots can be actuated by externally applied fields. In this
section, we cover propulsion mechanisms based on magnetic
fields, ultrasound, light, and electric fields.
2.3.1. Magnetic Fields. 2.3.1.1. Types of Magnetic

Materials. Depending on their response to applied magnetic
fields, materials can be categorized as ferromagnetic, para-
magnetic, diamagnetic, antiferromagnetic, and ferrimag-
netic.360,361 These materials have been utilized in varying
extents as components in small-scale robots, with ferromag-
netic materials being the most employed. In the following
paragraphs, a brief overview of each type is provided. For
expanded explanations on these types of materials, the reader is
referred to previous reviews and references.362,363

Ferromagnetic materials are composed of atoms or ions with
a net magnetic moment due to the spins of unpaired electrons.
These magnetic moments tend to align parallel to each other
within small regions, called “domains”, resulting in a net
spontaneous magnetization. If the magnetic material has not
been previously subject to a magnetic field, then a
ferromagnetic material typically consists of magnetic domains,
where the collective sum of magnetic moments across all
domains amounts to zero. Because of the presence of domains,
ferromagnetic materials display hysteresis behavior, which
implies that they retain a certain degree of magnetization even
after the removal of the external magnetic field. The magnetic
field strength required to reduce the magnetization of a
ferromagnetic material to zero after it has been magnetized to
saturation is known as “coercivity”. The values of coercivity
and remanent magnetization are indeed used to further classify
ferromagnetic materials into hard- and soft-ferromagnets.
Hard-ferromagnets typically display high coercivity and high
remanent magnetization. They require a significant external
magnetic field to demagnetize and retain a strong magnetic
field even after the external field is removed. This feature
allows the ability to program hard-magnetic bodies to align in
specific directions.364,365 Ferromagnets are characterized by
high magnetic susceptibility, typically on the order of 103−106.
Conversely, soft-ferromagnets have low coercivity and lower
remanent magnetization. Magnetic susceptibility � is defined as
the ratio of the magnetization M of the material to the applied
magnetic field intensity H:

=
M
H (2.28)

This dimensionless number indicates how easily a material
can be magnetized. Soft-magnets usually display higher
magnetic susceptibility than hard-magnets.362 This property
is key as soft magnets become more strongly magnetized in
response to lower magnetic field strengths than hard magnets.
Examples of ferromagnets are Co, Ni, Fe, and their alloys.366

One can find many examples of magnetic microrobots
manufactured using these materials in the form of full-bodied
metallic structures, polymer composites, or thin films
integrated with a nonmagnetic chassis.367,368,369,370

Ferrimagnets are magnetic materials where atoms possess
net magnetic moments, but a fraction of these moments is
oriented oppositely to the remainder (this type of arrangement
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is known as “antiferromagnetism”). However, one population
of atoms typically exhibits a higher overall magnetic moment
magnitude compared to the other. Consequently, ferrimagnetic
materials are structured into domains with a net magnetic
moment. These materials essentially behave as ferromagnets
and they can exhibit either soft or hard magnetic behavior.
Among ferrimagnets, we find iron oxides (e.g., magnetite and
maghemite), ferrites (e.g., zinc ferrite, cobalt ferrite), and some
garnets (e.g., yttrium iron garnet).371,372 These materials
(usually in powder form) have been used in the structure of
micro/nanorobots either combined with polymers as compo-
sites, attached to the surface of nonmagnetic bodies or as
reconfigurable swarms.366,373,374 In a few examples, oxides can
also be integrated as thin films.374,375

In paramagnetic materials, atoms possess individual
magnetic moments; however, these are randomly distributed
throughout the material’s structure, resulting in a net
magnetization of zero. Although they can be magnetized
when exposed to magnetic fields, their susceptibility is much
lower compared to ferro- and ferrimagnets, typically on the
order of 10−5−10−3. Paramagnetic materials do not exhibit
magnetic hysteresis behavior and do not retain magnetization
once the magnetic field is removed. Examples of paramagnetic
materials include Al, Ti, W, and several oxides and sulfides of
transition metals. A class of paramagnetic compounds includes
those that exhibit superparamagnetic behavior. This phenom-
enon emerges when ferrimagnetic or ferromagnetic materials
are processed into nanoparticles. At very small sizes, these
nanoparticles display a single magnetic domain and their
magnetic moment can flip. As a result, superparamagnetic
nanomaterials display neither net magnetization nor rema-
nence in the absence of a magnetic field. While these
characteristics are typical of paramagnetic compounds,
susceptibilities and saturation magnetizations of superpar-
amagnets are similar or even higher than those of ferro- and
ferrimagnetic bulk counterparts. Superparamagnetic nano-
particles have found application in various small-scale swimmer
architectures, primarily as components in polymer compo-
sites.376,377

Diamagnetic materials are those in which atoms do not
possess a net magnetization. However, when exposed to
magnetic fields, they become magnetized in the opposite
direction to the applied field.378 Consequently, their
susceptibilities are negative, causing them to be repelled by
magnetic fields. The susceptibility is typically on the order of
∼10−9 to ∼10−5. Examples of diamagnetic materials can be
water, pyrolytic carbon, graphite, nylon, and some metals (Bi,
Cu, Ag). Examples from the literature have investigated the
possibility of using diamagnetic structures as levitating magnets
for micro/nanorobotic applications or their manipulation in
fluids. For instance, Llorente and co-workers have shown that
diamagnetic pyrolytic graphite microflakes can be effectively
transported in diamagnetic solutions in 3D.379

Antiferromagnetic materials are characterized by atoms with
intrinsic magnetic moments that align in an antiparallel
arrangement, effectively canceling each other out. This results
in a net magnetic moment of zero in the absence of an external
magnetic field.
Antiferromagnets behave as paramagnets when subjected to

a magnetic field. Synthetic antiferromagnets can also be
obtained by arranging alternating layers of ferromagnetic
materials with nonmagnetic layers. This technique produces
structures with high susceptibility and saturation magnetization

while minimizing or suppressing remanent magnetization in
the absence of a magnetic field. As an example, Wang et al.
realized magnetically responsive nanoscavengers for water
remediation by building artificial antiferromagnetic multi-
layered disk-shaped nanoparticles.380

2.3.1.2. Magnetic Manipulation Principles. Magnetic fields
exert torque t and force f on magnetic objects and, depending
on their magnetic properties and geometry, different
locomotion mechanisms can be attained. When a magnetic
object with a magnetic moment m interacts with a magnetic
field B, it tends to reorient itself to minimize the magnetic
potential energy (E = −m·B). This reorientation can manifest
as displacement or rotation of the object as it seeks to align its
magnetic moment with the direction of the magnetic field.
When the object experiences a translation, there is a magnetic
force given by:

= = ·Ef m B( ) (2.29)

This equation tells us that magnetic forces can only arise if a
magnetic field gradient exists. If the magnetic object rotates by
a certain angle �, then there will be a torque t that causes the
magnetic moment m to align with the field:

= = ×
E

t m B
(2.30)

This equation implies that once the magnetic moment of the
object is aligned with the magnetic field, the magnetic torque
vanishes. Two primary sources contribute to the magnetic field
B. The first source is the H field, generated by the circulation
of electrical currents within coils. The second source is the
magnetization M, which arises from magnetic materials (e.g.,
hard magnets). Hence, in a vacuum media:

= +B H M( )0 (2.31)

where �0 is the magnetic permeability of the vacuum. Taking
into account eq 2.28, one can express the B field as:

= + = +B H H H( ) (1 )0 0 (2.32)

By defining the relative permeability � = �0 (1 + �), we can
express eq 2.32 as follows:

=B H (2.33)

Note that the susceptibility of paramagnets and diamagnets
is very small (|�| ≪ 1); hence, in these cases:

=B H0 (2.34)

When manipulating magnetic objects, it is essential to
consider how the material will align with respect to the applied
magnetic field.381 In other words, to control robots using
magnetic fields, it is crucial to understand the magnetic
anisotropy of a given magnetic architecture. The easy axis of
magnetization, which is dictated by the anisotropy, will align
parallel to the direction of the applied magnetic field.5 This
easy axis is primarily influenced by the shape anisotropy of the
material, though, in some cases, it can also be determined by
the material’s crystal anisotropy.382

The shape anisotropy is influenced by the geometrical
features of the material as the generated demagnetizing fields,
once a magnetic field is applied, differ from the direction
within a magnetic object.46 The demagnetizing fields are a
result of magnetic charges that distribute at the surfaces and
interfaces of magnetic objects. For example, in a rod-like
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structure, the demagnetizing fields are weaker along the long
axis compared to the traverse directions as the surface charge
density is lower along the length.5 Crystalline anisotropy arises
from the preferential orientations of the crystal lattice, where
certain directions or planes within the crystal structure favor
magnetic coupling and alignments. This results in varying
magnetic properties depending on the orientation of the
magnetic field relative to the crystal axes or planes.383 For
more detailed information on the magnetic methods used in
robotics, the reader is referred to ref 382.

2.3.1.3. Manipulation with Magnetic Field Gradients. The
direct manipulation of magnetic objects or microparticles
through magnetic field gradients allows for precise control of
their motion, enabling targeted movement in specific
directions. This method has been used for targeted delivery
of chemotherapy to cancer sites using a passive magnet placed
on tumors. Magnetic gradient pulling can levitate objects in the
air at the millimeter and larger size scales,384 but stable
levitation requires feedback and gets much more difficult at
small scales due to the fast dynamics of microscale objects.
Field generation systems for the creation of large magnetic

field gradients benefit from coils that are very near to the
workspace.385 In the extreme, magnetic tweezers386 use
electromagnets, sharpened to a millimeter-scale tip, inserted
directly into the workspace to generate extremely high
gradients of Teslas per meter (Figure 4a). Systems that can
create gradients throughout the human body can generate tens
to hundreds of milli-Tesla per meter with a sophisticated level
of control (Figure 4b).387 Magnetic systems using large
permanent magnets can also generate magnetic fields, which
are modulated by moving or rotating the magnets for
sophisticated control.
MRI machines can generate field gradients in a controlled

manner for microrobot motion over the entire human body,
sequenced with imaging.388 However, MRI systems are limited
in gradient magnitude without custom system hardware. Large
gradients present around the outside of an MRI machine can
be used for micro/nanorobot manipulation by moving the
patient relative to the system (Figure 4c).389

2.3.1.4. Manipulation with Rotating, Oscillating, and
Conical Magnetic Fields. Traditional techniques of magnetic

manipulation are generally based on applying gradient fields to
generate a force for steering magnetic micro/nanorobots. An
alternative innovative approach51,390 relies on actuation by a
uniform in (xy) plane rotating magnetic field Brot = B(x�cos �t
+ y�sin �t) that generates a magnetic torque resulting in micro/
nanorobots turning about the field rotation z-axis. Given that
the robot’s morphology admits nontrivial rotation-translation
viscous coupling (e.g., helix), the torque-driven actuation can
result in net propulsion (Figure 4d). Although the field
gradient can steer an isotropic (i.e., spherical) particle, strong
magnetic fields are required to generate sufficient field
variation over the particle size, whereas torque-driven
propulsion relies on weak uniform fields. Simple scaling
arguments391 suggest that the ratio of the propulsion velocity
U by the rotating field to the pulling velocity V by the field
gradient reads:

U
V

Ch
B

l B (2.35)

where Ch is the dimensionless chirality coefficient and l is the
characteristic length of the object. Ch is ≲ 0.4 for helices, while
the maximal values of the field gradient ∇B in modern MRI
devices is approximately 103 Oe/cm. Therefore, for a
micrometer-sized object, the ratio is U/V∼1 already for quite
low magnitude of the rotating field (B∼1 Oe).
Torque-driven magnetic actuation provides a precise, fuel-

free, and engine-free method for remotely steering micro/
nanorobots, operating independently of boundary proximity or
mutual interactions. Various sophisticated methods, such as
“top-down” approaches,390 delamination of magnetic
stripes,392 glancing angle deposition,51 direct laser writing,109

bio-templated synthesis,393 two-photon polymerizations of a
curable magnetic polymer composite,394 spiraling microfluidic
flow lithography395 and other techniques have been developed
for fabrication of micrometer- and submicrometer-sized174

helical motors (Figures 4d and Figure 4e).
Theoretical research of torque-driven actuation by the

rotating fields started about a decade ago. The angular
dynamics of a slender helix with remanent magnetization
driven by a rotating field Brot in a Newtonian fluid was first
considered in refs 391, 396 showing two synchronous (i.e., in-

Figure 4. continued

50 �m. Reproduced from ref 394, Copyright 2014 WILEY-VCH. Helical nanopropellers having different lengths, i.e., 2.2, 1.6, 1.1, and 0.7
full helical turns (left to right, scale bars are 500 nm), showing different relations between their propulsion speed vs. rotation frequency of
the external magnetic field. Reproduced from ref 401, Copyright 2015 American Chemical Society. f) Right- and left-handed 2D swimmers
in a precessing field (field strength H, angular velocity �, precession angle �) presented with their swimming directions and the propulsion
under the effect of conical magnetic fields. Reproduced from ref 406, Copyright 2018 WILEY-VCH. g) Artificially segmented swimmer
fabricated from magnetic particles that are attached with double-stranded DNA via specific biotin−streptavidin interaction and its motion
under oscillating magnetic fields (filament length = 24 �m). Reproduced from ref 173, Copyright 2005 Springer Nature. h) Multi-link
magnetic swimmer comprising an elastic eukaryote-like polypyrrole tail and rigid magnetic Ni links connected by flexible polymer bilayer
hinges and its propulsion under the influence of oscillating magnetic fields (2� = 180� and f = 20 Hz). Reproduced from ref 417, Copyright
2015 American Chemical Society. i) Illustration of two-coil planar eMNS and its workspace that is defined as the set of positions (e.g., at
point P) in space where a desired set of tasks is feasible given a set of admissible currents. Reproduced from ref 433, Copyright 2023 IEEE. j)
Magnetic navigation systems: Magnetic stereotaxis system (MSS), 2000 − Reproduced from ref 430, Copyright 2000 American Association
of Neurological Surgeons; Magnetic tweezer, 2004 − Reproduced from ref 434, Copyright 2004 IEEE; Helmholtz/Maxwell setup, 2009 −
Reproduced from ref 435, Copyright 2009 IOP Publishing; OctoMag, 2010 − Reproduced from ref 381, Copyright 2010 IEEE;
Electromagnetic actuation (EMA) system, 2010 − Reproduced from ref 438, Copyright 2010 ELSEVIER; Catheter Guidance Control and
Imaging (CGCI), 2011 − Reproduced with permission under a Creative Commons CC-BY License from ref 436; Magnetically guided
capsule endoscopy (MGCE), 2012 − Reproduced from ref 437, Copyright 2012 IEEE; Minimag, 2014 − Reproduced from ref 439,
Copyright 2014 Springer Nature; NaviCam, 2016 − Reproduced from ref 440, Copyright 2016 ELSEVIER; Aeon Phocus, 2017 −
Reproduced from ref 441, Copyright 2017 IEEE; Genesis stereotaxis, 2020 − Reproduced from ref 442, Copyright 2020 Springer Nature;
NAVION, 2024 − Reproduced from ref 387, Copyright 2024 WILEY-VCH.
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sync with the field) rotation regimes dependent on the field
frequency �: (i) low-frequency tumbling, where the helix’s
long axis rotates in the plane of the field; (ii) high-frequency
wobbling, where the object’s long axis rotates about the field-
rotation axis with a precession (or wobbling) angle 
 < �/2
that diminishes with frequency as sin 
∼�−1. At the step-out
frequency, the magnetic torque can no longer counterbalance
the viscous friction and the synchronous rotation switches to
asynchronous twirling, where the average angular velocity of
the propeller diminishes fast with �. The dimensionless
propulsion speed along the field rotation z-axis in the wobbling
regime has the form:
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(2.36)

where Φ is the angle between the magnetic moment m and the
helical axis, �0 = mBF⊥ is a characteristic (magneto−viscous)
frequency defined with transverse rotational mobility F⊥ and
Ch = G∥/(lF∥) is the chirality coefficient, defined with the
longitudinal (i.e., rotation about the helical axis391) coupling G∥
and rotational F∥ mobilities, respectively. The propulsion
velocity Uz increases quasi-linearly with �, attaining its
maximum at the step-out, where the wobbling angle 
 reaches
its minimal value. The preferable magnetization orientation is
transverse to the helical axis (i.e., Φ = �/2). Propulsion in the
tumbling regime is typically negligible and beyond the step-out
the propulsion speed drops rapidly with frequency.391

A similar approach was applied to analyze the dynamics of
magnetizable (i.e., superparamagnetic) slender microhelices.397

Such propellers possess no remanent magnetization and their
instantaneously acquired magnetic moment by the driving field
is determined by the magnetic susceptibility of the material,
geometry of the propeller, and its orientation. In comparison to
ferromagnetic micro/nanorobots, superparamagnetic propel-
lers do not exhibit aggregation induced by mutual magnetic
interactions in the absence of the field, and they can be
fabricated using a variety of methods.393,394,395,398,399 The
dynamics of the elongated magnetizable microhelix are similar
to its magnetic counterpart; however, its magnetization is not
known a priori and should be determined self-consistently. As a
result, there is an extra constraint on the steerability parameter

 = ptan Φ, where Φ is the angle the magnetic easy-axis forms
with the helical (long) axis, p = F∥/F⊥ is the ratio of rotational
mobilities. The emergence of tumbling-to-wobbling transition
and, hence, net propulsion, requires 
 > 1. Assuming uniaxial
magnetic anisotropy, it was predicted that slender microhelices
with a small helix angle (Θ < Θ*) magnetize along their long
axis (i.e., Φ ≈ 0°) and are thus poor propellers. In contrast,
tight microhelices (Θ > Θ*) magnetize transversely (i.e., Φ ≈
90°) and can efficiently propel, as confirmed in experiments.399
The critical helix angle Θ* depends on the geometry; for a
circular cross-section of the filament it is Θ* ≈ 55°. In a later
study,400 the ad hoc assumption of uniaxial magnetic
anisotropy was relaxed, and the full magnetic susceptibility
matrix was computed from first principles upon averaging over
the dipole-dipole interactions among magnetic nanoparticles
embedded in the polymer matrix (see ref 394). The resultant
(generally biaxial) magnetic anisotropy was found to be
controlled by the geometry, i.e., by the helix angle, filament
cross-section shape, and orientation.
Another important question concerns the optimal geometry

of magnetic microhelices. To display an efficient rotation−

translation coupling with high propulsion speed, there should
be enough helical turns. On the other hand, long multi-turn
helices exhibit reduced step-out frequency due to high viscous
friction. It can be shown that for a prescribed amount of the
deposited magnetic material, the maximum propulsion speed
(i.e., at the step-out, in body-length per unit time) is attained
roughly for a single-turn helical propeller (Figure 4e).401

Although the dynamics of helical micro/nanorobots are well
understood, microfabrication involves rather sophisticated
methods (see above). One way to circumvent complicated
microfabrication relies on the fact that the shape of torque-
driven propeller should not be helical or even chiral. The first
demonstration of the geometrically achiral microrobot made of
just three interconnected magnetic beads that can be steered
efficiently by a rotating magnetic field was presented.402,403

Inspired by these findings, the theory of the dynamics of a
magnetic object of arbitrary shape was developed in ref 404. In
particular, the propulsion velocity for in-sync rotation has a
compact form:

= · ·
U

l
Chz

(2.37)

where Ch is a dimensionless chirality matrix given by the
symmetric part of ·( l)−1, where and are the coupling
and rotational viscous mobility tensors, respectively, and �� =
�/� = z � is the unit angular velocity of the propeller. Notice
that both the diagonal (owing to the object’s chirality) and off-
diagonal (do not necessitate chirality) terms of Ch can
contribute to propulsion. In the body frame, Ch is fixed and
determined solely by its geometry, �� can be expressed via the
Euler angles as determined from the solution of the
corresponding rotational problem.404 It was further suggested
that the notion of chirality in torque-driven actuation should
account not just for the geometry, but also for the orientation
of the magnetic moment. It was predicted that specific (off-
plane) magnetization, can render the geometrically achiral 2D
object into a chiral one, resulting in unidirectional propulsion
similar to magnetic microhelices. A combined theoretical and
experimental study of two-dimensional (V- and arc-shaped)
structures actuated by an in-plane rotating magnetic (or
electric) field was conducted previously.405 The relationship
between different in-sync gaits, determined by the orientation
of the magnetic moment m, was established through symmetry
analysis involving parity and charge conjugation. It was
demonstrated that a magnetic propeller, magnetized along
one of the principal rotation axes, exhibits no net propulsion.
Magnetized in-plane 2D propellers can efficiently generate
propulsion due to a spontaneous symmetry breaking; however,
the dual stable rotational solutions corresponding to
complementary (to �) precession angles 
 and � − 
, yield
propulsion with equal in magnitude but opposite in sign
velocities. This finding indicates that a swarm of such 2D
microrobots could not be steered in a controlled fashion as it
would exhibit zero ensemble-average speed. It was also
confirmed experimentally,405 in agreement with theoretical
predictions, that the off-plane magnetized arc-shaped propeller
can swim unidirectionally similarly to a helical propeller.
Although 2D ferromagnetic (or superparamagnetic) planar

structures are of practical interest, due to the ease of
microfabrication (e.g., via standard photolithography406), they
are prone to magnetize in their plane, rendering uniform off-
plane magnetization at the microscale challenging. However,
the controlled propulsion of 2D propellers is still feasible by
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Lorentz force) is extremely strong, leading to the efficient
transfer of power. One can also find the Maxwell coil, which
adequately separates different electromagnets to achieve a
uniform magnetic gradient.423 Third, saddle coils present
another interesting configuration whose geometry is con-
strained to only the surface of a cylinder, achieving a uniform
magnetic field or a gradient field orthogonal to the axis of the
cylinder.424 These configurations can be used individually or in
combination to leverage various advantages. For instance,
combining saddle coils with Helmholtz and Maxwell coils
enables the application of fields and gradients, enhancing
manipulation capabilities.425 Another interesting configuration
is the magnetically nonorthogonal systems of electromagnets,
where the electromagnets are programmed in couples,
resulting in a more versatile actuation approach in terms of
workspace size and shape. One well-known example is the
OctoMag,381 where electromagnets are oriented from a central
axis (a more compact version in the MiniMag configu-
ration).381 Other more advanced configurations with more
than eight electromagnets have also been reported before (e.g.,
Omnimagnets),426 having the ability to be used both in
modular and reconfigurable systems.
The proper manipulation of permanent magnets by

translating them and/or rotating them on demand can allow
the generation of strong fields. The exact location of such
permanent magnets in space can be simulated beforehand to
provide a defined magnetic field, controlled in a programmable
spatiotemporal manner. Generally, such magnets are moved
with robotic arms, i.e., six-DoF robotic arm configuration,427

eight-DoF robotic arm configuration,428 or by constraining
each magnet to rotate along a single axis.429 Both
configurations can be translated to clinical applications, but
they can be sometimes limited by the gravity effect regarding
the downward locomotion and the space required for their
application. The Niobe system430 demonstrated promising
performance in terms of safety in conditions similar to clinics.
The same manipulation method has been explored by not
moving permanent magnets, but electromagnets, giving rise to
systems such as the BigMag431 and the DeltaMag,432 having
four and three air-core electromagnets, respectively. When
comparing the two configurations�using either permanent
magnets or electromagnets�feedback closed-loop systems are
simpler to implement and require less computationally
intensive simulations.
Some of the most recent advances in the development of

electromagnetic setups allowed the development of magnetic
surgical instruments that incorporate such magnetic compo-
nents controlled by external magnetic field generators. Some of
the operating magnetic navigation systems on the market at the
clinical stage able to generate large magnetic fields over a large
workspace are Levita® Magnetic Surgical System (Levita
Magnetics, United States), Genesis® (Stereotaxis Inc., United
States), Aeon Phocus (Aeon Scientific, Switzerland), and the
Navion® (MagnebotiX AG, Switzerland). In particular,
Navion® has been tested for diverse magnetic structures
(e.g., spherical permanent magnets, microparticle swarms,
catheters) and represents a portable configuration of great
interest for healthcare facilities.387

2.3.2. Ultrasound. Ultrasound, renowned for its non-
invasive nature and versatility, plays a critical role in medical
diagnostics and treatments. Key applications include sonog-
raphy for diagnostics and extracorporeal shockwave therapy for
treatment. Emerging yet crucial fields include sonoge-

netics,443,444 where ultrasound aids in controlling cellular
functions, and sonochemistry, where it initiates or enhances
chemical reactions.445 Additionally, the capability of ultrasound
to enhance cell growth446 and to perform anesthesia447 has
broadened its clinical utility. Contrast agents, such as
microbubbles, enhance vasculature visibility in ultrasound-
based imaging448 and have recently been adapted to treat brain
diseases449 and gastrointestinal pathologies upon activation by
ultrasound.
The development of micro/nanorobots has seen significant

contributions from ultrasound technology thanks to its safety,
deep tissue penetration capability, and ability to generate
diverse forces without the need for optical transparency.
Looking ahead, significant advancements in the safety and
biocompatibility of ultrasound-propelled robots are expected
such as enhanced AI integration for superior control and
precise manipulation. The increased testing and translation of
ultrasound-propelled microrobot technology into animal
studies are also anticipated, reflecting a growing focus on
translational research. To highlight developments in the field of
sound-propelled micro/nanorobots, this section discusses the
principles of their propulsion, examines various types of sound-
propelled robots, and describes how ultrasound can trigger
specific functionalities within these robots.

2.3.2.1. Acoustic Manipulation Principles. When particles
are surrounded by fluid and a sound wave is propagated
through this fluid, it can exert forces and torques on the
particles. While these forces and torques oscillate with the
frequency of the sound wave, they can have a bias that remains
when averaging them over a period of the sound wave. These
net forces and torques can enable the actuation of the particles.
Because the motion of small particles in viscous fluids is
typically overdamped, the observed motion of the particles
usually corresponds to the translational and angular velocities
at which the forces and torques acting on the particles are
compensated by the Stokes drag forces and torques that
originate from the particles’ motion through the fluid. By
tuning sound fields with respect to space and time, it is
therefore possible to control the position, orientation, and
motion of particles. This principle is utilized by acoustic
tweezers,450 which are versatile tools for manipulating small
objects, like cells.
The force and torque exerted by a sound wave on a particle

are also called acoustic radiation force F and acoustic radiation
torque T and can be calculated as

=F Ad (2.38)

= ×T x x A( ) ( d )S (2.39)

Here, the integrals ∮ dA with outwards-oriented surface
element dA run over the surface of the particle, � is the stress
tensor from the compressible Navier−Stokes equations, x is
the position of dA, and xS is the particle’s center of mass. There
are different possible origins for the acoustic radiation force
and torque. First, the particle can reflect the sound wave,
leading to a momentum transfer from the sound field to the
particle. Second, the sound wave can be absorbed and thus
cause a force or torque. When the sound wave is absorbed by
the particle, this again leads to a momentum transfer to the
particle. The sound wave can also get absorbed by the fluid,
leading to a net fluid flow (i.e., a fluid flow that remains when
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case of slow chemical trails has also been shown to entail a
similarly rich range of diverse behavior.665,666,667,668,669

One of the exciting possibilities provided by phoretic active
matter, i.e., catalytic colloidal motors, is that they can exhibit
nonreciprocal interactions in a way that appears to violate
Newton’s third law, which leads to a variety of novel emergent
phenomena originating in scalar systems without align-
ment670,671,672,673,674 as well as a polar system with non-
reciprocal alignment.675,676,677 On general phenomenological
grounds, one can construct nonreciprocal generalizations of
theories of phase separation such as the Cahn−Hilliard
model.678,679,680 These nonreciprocal active matter systems
have so far offered possibilities for designing shape-shifting
multifarious colloidal self-organizing systems681,682 and present
possible scenarios for the fast and efficient self-organization of
the first primitive metabolic cycles at the origin of life.596,683,684

Active nematics represent another notable class of active
systems that exhibit novel collective features such as
instabilities and defect turbulence,685,686,687,688,689,690,691,692

and that offer possibilities to build active micromachines that
power microfluidic systems using mesoscale turbulence.693

3.6. Computational Methods to Study Micro/Nano-
motors. Simulation has an important role to play in the
investigation of the properties and phenomena that active
diffusiophoretic particles possess. It can be used to comple-
ment and interpret experimental studies and, perhaps more
importantly, can allow one to probe the details of mechanisms,
discover new phenomena, and suggest new experiments. To
achieve these goals simulation methods should be able to
follow the dynamics both of single active particles as well as the
collective behavior of many active particles with various
geometries in bulk solutions and in the presence of confining
boundaries, and possibly subject to external forces such as
gravity, electric, or magnetic fields. The schemes should also
account for the basic processes that accompany diffusiopho-
resis, including the local concentration and velocity fields that
play an important part in propulsion. Furthermore, the
methods should respect features arising from the underlying
microscopic reversibility of dynamics and how detailed balance
is broken to permit active motion.
The choice of simulation model depends on the character-

istics of the system and the observables of interest. In some
circumstances, deterministic continuum models are adequate,
while stochastic or particle-based models must be used to
account for strong thermal fluctuations that affect the dynamics
of active particles with micro/nanometer dimensions. If the
relevant space scales greatly exceed the particle and interaction
lengths, then continuum models that include the coupling
between the active particle density field and fluid concentration
and velocity fields may be used. In most cases, the dynamics of
small active particles in viscous fluids can be effectively
simulated using overdamped dynamics, where viscous forces
dominate over inertia, and the Reynolds number remains
small.
Theoretical expressions for the self-propulsion of a single

active particle by a diffusiophoretic mechanism involving
nonsymmetric chemical activity on its surface have been
derived (for example, see refs 21, 176, 694, 695, 696). For
simple particle geometries, such as spherical and ellipsoidal
Janus colloids or sphere dimers, analytical solutions are
available for the translational and angular velocities of the
active particle that depend on the chemical concentration
gradients on the particle surface.254,583,697,698,699,700 As well,

these solutions of the coupled reaction−diffusion and Stokes
equations, subject to suitable boundary conditions on the
particle surface, yield the corresponding concentration and
velocity fields that are part of the self-diffusiophoretic
propulsion mechanism. For active particles moving near
boundaries or with more complex geometries, boundary-
element,701 finite-element,702 Stokesian dynamics,703 lattice-
Boltzmann,255,704 and other numerical methods705 can be used
to obtain solutions. These solutions provide deterministic
trajectories of the active particles’ translational and orienta-
tional dynamics along with the fluid fields that accompany this
motion. The behavior of active particles with various
geometries,51,706,707,708 near walls,189,709 in viscoelastic flu-
ids,183,710 and in other applications, has been studied using
these deterministic continuum methods.
Because small active particles experience strong thermal

fluctuations that alter their translational and orientational
motion, overdamped Langevin models are often employed to
follow the stochastic dynamics of these active particles.
Overdamped Langevin equations for the position X and
orientation u of a particle can be written using phenomeno-
logical considerations.705,711,712 For the simple case of a
spherical Janus colloid that catalyzes the conversion of
reactants to products and is subject to an applied external
force, they take the form:713

= + +
d t

dt
V c t D

k T
t

X
u

F
V

( )
( ) ( ) ( )sd t B
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B (3.1)

= ×
d t

dt
t t

u
u

( )
( ) ( )B (3.2)

where VB(t) and �B(t) are fluctuating linear and angular
velocities. The self-diffusiophoretic velocity Vsd(c) depends on
the interaction potentials between the chemical species and the
particle as well as the chemical affinity that controls the
nonequilibrium state of the system. The pre-factor of the
external force Fext depends on the particle translational
diffusion coefficient Dt and the temperature. These equations
are coupled to the stochastic equation for the reaction rate for
the net number n of reactive events that yield product:

= + · +
dn
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R D
k

R tu
F

T
( )a

Brxn
ext

B (3.3)

where Ra is the reaction rate on the colloid, RB(t) is the
fluctuating reaction rate characterized by the reaction
diffusivity Drxn, and � = Vsd/Ra is the diffusiophoretic coupling.
These stochastic equations can be solved using standard
Brownian motion finite-difference algorithms. The resulting
ensemble of stochastic trajectories can be used to compute
average properties and provide a theoretical description of the
active particle trajectories extracted from the experiment. The
coupled equations for active particle motion and chemical
concentrations can be used to study how external forces can
alter the consumption of fuel and the production of product on
a diffusiophoretically propelled active colloid.713,714 These
simple Langevin equations illustrate some of the main
contributing factors to active motion. For specific applications,
they can be supplemented with other terms, including an
additional diffusiophoretic contribution if the system has an
imposed concentration gradient, an active contribution to the
orientation depending on the symmetry of the particle catalytic
surface, coupling between translation and rotation for non-
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between substrate and product in a possibly reacting fluid
environment, the Langevin equation for the position X� of
active particle � that incorporates the contributions mentioned
above can be written as:

= + + +
=

d

dt
V t c t

X
c u

F
V( ) ( ) ( )sd

i S

P

i i
t

B
(3.4)

Here, the self-diffusiophoretic velocity depends on the
concentrations of S and P, the second term on the right
accounts for diffusiophoretic interactions due to concentration
gradients from other active particles, the third term is the force
on particle � from direct interactions with other particles
divided by the translational friction coefficient �t of the
particle, and the last term is again the random force. The
Langevin equation for the orientation of particle � is:

= × × + ×
=

d

dt
c

u
u u u( )

i S

P

i i B
(3.5)

where the first term on the right describes the active torques
due to concentration gradients from other active particles. The
corresponding reaction−diffusion equations for the concen-
tration fields are:

= +c t D c t R Rx x c x X c( , ) ( , ) ( ) ( ) ( )t i i i i
a

i
b2

(3.6)

The two reactive terms in this equation account for reactions
on the active particles and in the fluid phase. In writing these
equations, it has been assumed that the expressions for active
linear and angular velocities due to an external gradient for a
single active particle can be used when the gradients are
produced by other active particles in the suspension. In
addition, reactive fluctuations in the reaction−diffusion
equations are neglected, and fluid velocity effects enter only
indirectly through their effects on the single-particle
expressions. Nonetheless, chemotactic interactions are very
important and these equations can describe a wealth of
interesting aspects of the clustering dynamics seen in
chemically active particle systems,745,746,751,752,753 and have
aided the interpretation of such phenomena seen in laboratory
experiments. Furthermore, extensions of these equations to
describe multicomponent collections of motors with different
chemical activities on their surfaces, including complex
nonlinear chemical kinetics in the fluid environment, have
pointed to the extensive variety of nonequilibrium structures
such systems can support.672,673,684,754

The simulation of active particle collective dynamics using
particle-based methods is straightforward because the only
additional component is the inclusion of the direct
intermolecular interactions among the particles. Because all
solute and solvent species are present (albeit usually at a
coarse-grained level of description) the dynamics as described
above will produce the chemical and fluid velocity fields that
are responsible for the chemotactic and hydrodynamic
interactions in the active many-body system. Particle-based
simulations of the collective behavior of diffusiophoretic and
thermophoretic active particles with various geometries have
been carried out and show how the interplay among direct,
hydrodynamic, and chemotactic interactions determines the
f o r m s t h a t c l u s t e r i n g a n d s w a r m i n g c a n
take.755,756,757,758,759,760,761 Thus, these methods provide a

way to understand the relative roles of these interactions play
in determining the forms of self-assembled structures. These
methods have also been applied to investigate active complex
and confined systems (for example see refs 762, 763, 764).
A particular advantage of such methods is that it is possible

to selectively turn off the chemotactic or hydrodynamic
interactions among motors while retaining the diffusiophoretic
self-propulsion of the individual active particles. Hydro-
dynamic interactions can be turned off by either interchanging
solvent velocities after collision or sampling from a Boltzmann
distribution.765,766 Chemotactic interactions can be removed
by labeling product molecules so that other active particles do
not feel their gradients.756 For example, in an investigation of
the collective dynamics of Janus colloids,756 it was found that
turning off chemotactic interactions while retaining those due
to hydrodynamic interactions led to the dissociation of
previously formed clusters when both interactions were
present, although in other circumstances both effects played
important roles.
To simulate the active self-assembly and other processes that

occur on very large length scales in systems containing
macroscopic densities of active particles, continuum descrip-
tions that couple the local densities of active particle properties
to the fluid velocity and concentration fields are used. The
development of such models typically starts with the
formulation of an equation for the distribution function for
particle positions and orientations, f(x,u,t) =∑i=1

N �(Xi − x)�(ui
− u), of a system with N active particles.659 Because such
equations are complicated, one usually considers moments of
this distribution, such as the local active particle density nc(x,t),
the polarization density p(x,t), and higher moments. The
hierarchy of moments must be truncated at some point and, in
addition, other simplifying approximations, such as the use of
pair or single-particle data, mean-field approximations, etc., are
made. Several different but related local equations of motion
have been constructed depending on the precise details of how
approximations are introduced.744,767,768,769 The equations for
the active particle density fields should be solved along with
the reaction−diffusion equations for the reactive species.
Numerical solutions of these equations allow one to see how
clustering and phase segregation take place under non-
equilibrium conditions for different system parameters. In
addition, bifurcation analyses of these equations indicate when
the homogeneous active particle state becomes unstable and
phase diagrams showing the parameters where different cluster
states are stable can be constructed. Such field equations also
allow for the possibility that the environment in which the
motors move may undergo instabilities leading to chemical
patterns. The mutual interaction between chemical patterns
and active particle clustering can lead to new self-assembled
states.770

4. COLLECTIVE BEHAVIORS OF
MICRO/NANOROBOTS

Micro/nanorobots exhibit tremendous potential across a
diverse range of fields owing to their diminutive dimen-
sions.2,123 However, while their small size confers plenty of
advantages, it also imposes significant limitations. For instance,
the force generated by an individual micro/nanorobot is
relatively minimal, resulting in constrained capabilities for
object transportation and manipulation. Additionally, their
ability to withstand external environmental disturbances is
considerably limited. Therefore, in the research and application
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mechanisms, such as magnetic forces, hydrodynamic forces,
chemical signaling, electrostatic forces, and acoustic radiation
forces (Figure 7a).771 These interactions exert significant
influence on each individual, altering their behaviors and
serving as the fundamental basis for the collective behavior of
micro/nanorobot systems.

4.1.1. Interactions via Magnetic Forces. The realization of
interactions among micro/nanorobots through magnetic forces
necessitates the incorporation of magnetic components into
their structures, thereby facilitating control through external
magnetic fields. The manipulation of the assembly behavior of
micro/nanorobots is achieved through the strategic application
of different magnetic fields, allowing for collective control and
the emergence of distinctive patterns. Rotating magnetic fields
are commonly used to induce interactions among micro/
nanorobots.610,653,772 A representative example involves the
imposition of a rotating field polarized within the plane of the
substrate (x̂,ŷ). This configuration is expressed as follows:

= [ ]t B ft ftB x y( ) cos(2 ) sin(2 )0 (4.1)

Here, B0 represents the field strength and f is the frequency.
For sufficiently high frequencies, the rotating field induces
attractive dipolar interactions that are isotropic when time-
averaged. The dipolar interaction between two identical
dipoles mi,j situated at a distance rij = ri - rj is given by:

= { [ · · ] · }U r rm r m r m m/ 4 3( )( ) / ( ) /m i ij j ij i j0
5 3

(4.2)

and becomes maximally attractive (repulsive) for particles with
magnetic moments parallel (normal) to rij.

773 Performing a
time average of the potential yields an effective attractive
interaction within this plane. Instances of demonstrated
magnetic interactions among micro/nanorobots can be
attributed to the diverse magnetic behaviors exhibited by
materials. Ferromagnetic materials, such as Fe, Co, and Ni,
maintain magnetization even after the removal of an external
magnetic field.774,775 In contrast, paramagnetic materials can
be magnetized in a magnetic field but lose their magnetism
when the external field is off.776,777,778 To elucidate the impact
of differences in materials, we classify magnetic building blocks
into two categories: paramagnetic micro/nanoro-
bots779,780,781,782,783 and anisotropic micro/nanorobots.784,785

The anisotropic features of magnetic building blocks
significantly influence agent−agent interactions, potentially
yielding different phenomena that are challenging for an
isotropic magnetic micro/nanorobot system to achieve.784 In
comparison to ferromagnetic counterparts, paramagnetic
micro/nanorobots circumvent remanent magnetization-in-
duced aggregation when there are multiple ones, making
them widely applicable in targeted delivery applications.786,787

4.1.2. Interactions via Hydrodynamics. Because micro/
nanorobots typically operate in fluidic environments, their
motion disturbs the surrounding fluids, leading to deforma-
tions at interfaces like air−liquid and liquid−liquid boundaries.
Thus, micro/nanorobots can interact with each other through
the liquid medium and the hydrodynamic interactions among
them assume a crucial role in the establishment of micro/
nanorobot systems with numerous individuals. The hydro-
dynamic drag force encountered by an individual micro/
nanorobot undergoing rotation is defined as:783,784

= aF v6i
d

i (4.3)

where � is the dynamic viscosity of the fluid, vi is the velocity
of the micro/nanorobot, and a is the radius of the micro/
nanorobot. Considering the linear Stokes equation, a
reasonable assumption is that the velocity perturbations
induced by distinct micro/nanorobots can be linearly super-
imposed. In other words, the total velocity perturbation of the
flow field at position ri caused by (N-1) micro/nanorobots
equals:777,782,784

=
=

u o r F( )i j j i

N
ij i

h
1, (4.4)

where o (rij) is the Oseen−Burgers tensor. An instance of
hydrodynamic interactions among micro/nanorobots can be
found in a rotating polymer colloid system.788 Magnetic sphere
particles are driven by a rotating magnetic field to roll in the
same direction on the substrate. Due to their small magnetic
moments, the magnetic interactions between them are
exceedingly weak, with hydrodynamic inter-particle interaction
predominantly governing the system. The propagating shock
front of the particles becomes unstable due to the inter-particle
hydrodynamic interaction, gradually forming finger-like
patterns. As the particle density in the shock region increases,
the fingertips become much denser and move faster than the
remaining particles.

4.1.3. Interactions via Chemical Signaling. Micro/nano-
robots employ chemical reactions to secrete ionic reaction
products, generating concentration gradients in their vicinity.
This, in turn, influences surrounding micro/nanorobots and
induces their coordinated behaviors.117,305,789,790,791 As an
illustrative example, when exposed to UV light, AgCl particles
collectively demonstrate specific behaviors.792 The chemical
reaction mechanism is expressed as:

+ + + ++
+

4AgCl 2H O 4Ag 4H 4Cl O
hv Ag

2
,

2

The production of H+ and Cl− induces an electrolyte
gradient, resulting in particle motion. Subsequently, these
particles aggregate, facilitated by short-range repulsive electro-
static interactions that prevent direct physical contact.
Palberg’s group has demonstrated the formation of dynamic
complexes resulting from self-assembly processes between an
ion-exchange particle, which generates chemical gradients, and
a swarm of negatively charged passive colloids.793,794 The
interaction of the chemically active particle with the passive
particles has been explained as the result of electro-osmotic
flows promoted by the gradient of the active particle and the
interaction with the charged wall acting as a pump. When
isolated, the components of the assembly show no movement
beyond diffusion. When brought together, they self-assemble
into a complex capable of directed swimming, increasing its
speed with the number of passive particles in the swarm until
reaching a saturation speed. Propulsion is launched by the
asymmetric distribution of colloids around the chemically
active ion-exchange particles. The assembled passive colloids
actively disrupt the radial symmetric flow generated by the ion-
exchange particle, setting the swimmer in motion. Cationic
ion-exchange particles can replace trapped protons by other
cations, generating a local electric field due to the different
diffusion coefficients of the interchanged ions.670 Esplandiu
and co-workers have observed powerful collective motion with
ion-exchange Nafion-based nanomotors.308 The nanomotors,
made of Nafion micro/nanorods capped by a passive material,
interact among themselves, leading to the formation of motile
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clusters driven by the interplay of their self-generated chemical
gradients and electric fields. As the nanomotors assemble, their
capability to pump nearby matter toward the collective motile
structure increases, attracting more nanomotors. The velocity
of the mobile Nafion-based clusters increases with size and can
reach more than 20 times the velocity of individual
nanomotors. Another example of interactions by chemical
signals has been reported by Tang’s group.304 They have
observed very interesting communication-dependent activity
leading to the emergence of collective behavior on a
hierarchical scale through ion-exchange interactions between
ZnO nanorods and sulfonated polystyrene microbeads.
Chemical communication is established as polystyrene
microbeads release protons, which activates Zn cation release
from the ZnO structures, with the Zn cations being
incorporated into the polystyrene microbeads. This interaction
enhances the reactivity and motion of both the nanorods and
the microbeads, resulting in the formation of an active swarm
of nanorod−microbead complexes. They have demonstrated
that the swarm is capable of macroscopic phase segregation
and intelligent consensus decision-making.
Another mechanism for generating signaling and inter-

actions between microrobots, particularly droplets, is via
locally generated chemical gradients that induce motility due
to the Marangoni effect. Sessile droplets on a solid substrate
can interact and organize based on vapor-mediated signaling
between droplets.796 Oil-in-water droplets stabilized by
surfactants can interact with neighbors via the local release
of chemicals by interfacial reactions or interfacial transport.
Depending on the specific droplet chemical compositions,797

droplets can attract,338 repel,798 or even chase,799 which is a
nonreciprocal interaction that is only allowable under non-
equilibrium conditions. Nonreciprocal chemotactic chasing
between oil-in-water droplets was explained by using a source−
sink framework,799 where kinetic asymmetry in the transport of
oil between droplets led to Marangoni flow-driven motion and
predator-prey-like motion. Meredith et al. observed a variety of
droplet cluster shapes formed by chasing oil droplets799 as well
as spinning clusters of Janus oil droplets,800 where the cluster
motion was tied to the cluster symmetry. Liu and Kailasham et
al. demonstrated that the self-organization of chasing droplets
could be tuned by varying the physical parameters (droplet
diameter, number ratios) and chemical composition.795 In a
system with isotropic droplets of identical composition,
hexagonally packed clusters formed spontaneously at various
surfactant concentrations due to hydrodynamic effects.801

4.1.4. Interactions via Electrostatic Forces. Electrostatic
forces play a pivotal role in governing interactions between
micro/nanorobots, representing one of the most utilized
mechanisms in nanoparticle interplay. The nature of electro-
static forces, whether attractive or repulsive, depends on the
charges carried by the micro/nanorobots. Additionally, the
range of these forces, whether long-ranged or short-ranged, is
tunable and can be adjusted based on experimental conditions.
To account for the interaction between dimers and the
conducting substrate, image dipoles beneath the electrode are
employed. The micro/nanorobots’ dipole moment pi is
induced by the sum of electric fields, arising from both
externally applied fields and those generated by neighboring
dipoles,802 and expressed as:

= [ + ]p E r E r( ) ( )i i i j i j i0 ind, (4.5)

where Eind,j(ri) is the field generated by the induced dipole j.
To generate electrostatic forces between micro/nanorobots, it
is imperative to establish an electrostatic imbalance within the
micro/nanorobot structure. This imbalance ensures that
micro/nanorobots carrying disparate charges can effectively
interact with one another. Various methods can be employed
to induce electrostatic imbalances, including the utilization of a
self-generated electric field,803 polarization under external
electric fields,518,802 and photogenerated charge separation.804

The propulsion mechanism of bimetallic nanorods is ascribed
to a self-electrophoretic process.803 Distinct electrochemical
half-reactions taking place at opposing ends of the nanorod
result in a gradient of ion concentration and, subsequently, a
localized electric field that propels the nanorod. The attractive
forces between opposite ends enable the dynamic assembly of
nanorods into staggered doublets and triplets in H2O2 when
moving in the same direction. The polarization of micro/
nanorobots under external electric fields can induce dipolar
interactions, which play a crucial role in mediating the
formation of diverse collective states among micro/nano-
robots.802 The manipulation of micro/nanorobot assembly
into various clusters has been successfully demonstrated using
alternating current electric fields.518 Additionally, the inherent
properties of photocatalytic materials to generate electron−
hole charge separation upon exposure to light offer another
avenue for manipulating the interaction between micro/
nanorobots through light exposure. Leveraging light-switchable
electrostatic interactions, researchers have successfully dem-
onstrated light-controlled dynamic interactions between TiO2/
Pt Janus microrobots composed of TiO2 microspheres and Pt
caps.

4.1.5. Interactions via Other Forces. Forces such as
acoustic radiation force, van der Waals force, optical force,
hydrophobic force, and capillary force have also been proposed
to facilitate interactions between micro/nanorobots. Acoustic
radiation forces encompass primary forces acting on individual
micro/nanorobots within the acoustic field and secondary
forces that engender interactions between micro/nano-
robots.118 Primary forces prompt the migration and assembly
of micro/nanorobots in response to acoustically generated
pressure gradients. Micro/nanorobots exhibit movement
toward low-pressure regions, enabling their localization and
swarming through the manipulation of acoustic fields. Van der
Waals forces suggested assembling tadpole-shaped microrobots
composed of silica microspheres and TiO2 arms into spinning
dimers, representing another intriguing phenomenon.59

Analogous to acoustic fields, optical fields induce mechanical
forces on micro/nanorobots proportional to the gradient of
light intensity. Light scattering engenders interparticle forces,
known as optical binding, allowing the formation of particle
patterns within an optical trap. The cooperative interaction of
optical binding and optical forces has been successfully
employed to assemble Au nanoparticles into well-organized
arrays.805 Leveraging the properties of hydrophobic forces,
microrobots featuring hydrophobic hemispheres spontaneously
form assemblies with like-facing hydrophobic sides.119 Hydro-
phobic interactions provide each microrobot within the
assembly a range of orientational freedom while Pt caps on
the opposing sides generate a net force propelling the
assembly. In the realm of bubble-propelled micro/nanorobots,
the expelled bubbles serve as signaling agents to mediate
interactions.806 Attractive capillary forces between bubbles
exert a sufficiently strong pull on attached microtubes,
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domain nanomagnets on interconnected panels.860 This
programming involves applying a precise sequence of magnetic
fields to nanomagnets with customized switching character-
istics, resulting in specific shape changes in the micromachines
when subjected to an applied magnetic field.
5.2. Intelligence at Small Scales. Artificial intelligence

and autonomy in micro/nanorobots can be achieved only if
one considers them as complex microsystems capable of
independently accomplishing specific goals or missions in an
inherently uncertain and highly variable microscale world,
where many of the physical effects of energy dissipation,
electromagnetism, fluid dynamics, etc. become nonintuitive.
From the machine intelligence standpoint, a robot must
possess all the necessary functions, analogous to a biologically
intelligent counterpart, which not only allows it to run
automatically but also enables the robot to perceive and
respond to the world around it. For this, it is necessary to
merge many components, such as mechanisms, sensors,
controllers, actuators, power sources, and interfaces, into a
single but complex system.30,861 Traditional macroscale robots,
which are more analogous to humans and animals in terms of
form and function, have the luxury of space for the

incorporation of all such components (Figure 10). These
components are usually rigid and bulky and rely on rather
sophisticated processing units and computers for their
cognition and operation. Micro/nanorobots, on the contrary,
are artificial analogs of microorganisms that are generally soft,
small, and lack sophisticated nervous systems; indeed, micro/
nanorobots mainly rely on bodily aspects of artificial embodied
intelligence. Achieving artificial embodied intelligence on small
scales is extremely challenging due to the engineering trade-
offs between miniaturization and intelligence. Such a trade-off
makes it extremely hard to effectively integrate all functional
components in a single small-scale robot.861,862,863

Considering such limitations, scientists in the past two
decades have devised many innovative strategies that give
small-scale robots artificial embodied intelligence and
functionality. In general, two alternative strategies have been
used to create intelligent micromachines depending on the size
of the robots and the viability of integrating a multitude of
functional components in a small-scale agent: the top-down and
bottom-up approaches.

5.2.1. Top-Down and Bottom-Up Approaches. In the top-
down approach, small-scale robots are essentially viewed as

Figure 10. The landscape of embodied intelligence in biological and artificial agents. The size of the biological and artificial agents is directly
proportional to the complexity of their nervous system.
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some cases, the response of stimuli-responsive materials to
external stimuli is reversible, meaning that their original
properties will be retrieved when the stimuli are removed.
Reversibility in stimuli-responsive materials, which is similar to

the memory effect in biological agents, can be utilized as an
ON/OFF switch and provides flexibility in the design of
micro/nanorobots, especially those that must perform a
desirable task over repetitive cycles.

Figure 11. Snapshot of three major functionalities of micro/nanorobots rooted in embodied intelligence at small scales. a) Cargo transport
by means of mechanical adaptation. Panel (ii) is reprinted with permission from ref 911, Copyright 2016 American Chemical Society. Panel
(iii) is reprinted with permission from ref 912, Copyright 2020 American Chemical Society. b) Biorecognition by means of chemical
recognition. Panel (ii) is reprinted with permission from ref 36, Copyright 2020 The American Association for the Advancement of Science.
Panel (iii) is reprinted with permission from ref 913, Copyright 2015 the Royal Society of Chemistry. c) Fluorescence and quenching by
means of optical burst. Panel (ii) is reprinted with permission from ref from ref 914, Copyright 2018 American Chemical Society. Panel (iii)
is reprinted with permission from ref 915, Copyright 2025 American Chemical Society.
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Figure 12. From neural network to intelligent micro/nanorobot network. a) Human brain modeled as a neural network in a branching
model, where information is processed through layers of neurons. b) Envisioned intelligent micro/nanorobot networks connected through
chemical interactions. c) Self-catalyzed reaction in AgCl/H2O2 system enables target wave and spiral wave. Adapted with permission from ref
960, Copyright 2022 the American Association for the Advancement of Science. d) Sulfonated polystyrene and ZnO can exchange ions,
which couples two active particles as a chemically active swarm.304 e) Chemical reaction rate is sensitive to particle−particle distance, which
creates feedback to regulate system activity.304 f) Active colloid swarm placed in an irregularly shaped container, demonstrating macroscopic
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Recently, Tang’s group discovered that the ion-exchange
reaction can sustain strong interactions in colloidal particles
and that the rate of this chemical reaction can be effectively
regulated.304 As shown in Figure 12d, this system is composed
of two chemically active colloid species, acidic sulfonated
polystyrene and ZnO, coupled by simple acid−base neutraliza-
tion reaction by exchanging H+ and Zn2+ ions through the
solution. Importantly, the reaction rate is distance-dependent,
where closer particle−particle interaction leads to a stronger
exchange reaction and stronger coupling (Figure 12e). In this
system, the reaction rate is self-regulated, which helps maintain
the balance of chemical interactions.
Interestingly, this system allows the active colloid solution to

show distinct macroscopic phase segregation and form an

active swarm that shows decision-making abilities (Figure 12f)
similar to the quorum sensing strategy seen in nature.964 While
this ability is far from sophisticated intelligence, it suggests the
feasibility of emulating intelligent behavior with micro/
nanorobotic systems. However, to move forward, such a
swarming system needs to self-regulate the interaction between
individual active colloid units, which requires a fundamental
understanding of the active phase behaviors similar to the
human brain.965

5.6. Intelligence for Autonomous Control of Micro/
Nanorobots. The necessity for autonomous control of micro/
nanorobots, particularly in the biomedical field, is closely
linked to the accuracy and precision required for specific
procedures. Controlling an untethered micro/nanorobot

Figure 13. Autonomous micro/nanorobot navigation via machine learning. a) Path planning and navigation of a microrobot in a maze using
the A� algorithm (scale bar is 20 �m). Reproduced from ref 907, Copyright 2018 IEEE. b) Simulation of path planning in a plant vein
structure using RRT�-Connect. Reproduced with permission under a Creative Commons CC-BY License from ref 986, Copyright 2023
Frontiers. c) Learning process for the navigation of a self-thermophoretic microrobot using Q-learning. Reproduced from ref 972, Copyright
2021 American Association for the Advancement of Science. d) Neural network architecture of a DRL algorithm for the navigation of
various micro/nanorobots. Reproduced with permission under a Creative Commons CC-BY License from ref 992, Copyright 2020 WILEY-
VCH. e) Path planning and reinforcement learning for fully autonomous navigation of a magnetic microrobot. Reproduced from ref 968,
Copyright 2024 Springer Nature. f) Supervised learning for autonomous navigation of a magnetic nanorobot swarm around obstacles.
Reproduced from ref 995, Copyright 2022 Springer Nature.
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Figure 14. Materials for micro/nanorobots and their dynamic assembly. a) Typical materials for chemical propulsion. Reproduced from ref
264, Copyright 2021 WILEY-VCH. b) Typical materials for light-powered propulsion. Reproduced from ref 72, Copyright 2017 American
Chemical Society. c) Typical materials for magnetic propulsion. Reproduced with permission under a Creative Commons CC-BY License
from ref 1182, Copyright 2022 WILEY-VCH. d) Typical structures and materials for ultrasound propulsion. Reproduced with permission
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ic Brownian motion (Figure 13c).972 Q-learning was employed
to establish an optimal action selection policy based on the
environmental state.30 Given transition states s and s', actions a
and a', and reward R, a Q-matrix is created that includes the
agent’s experiences. The Q-matrix is updated using the
following equation:

= + [ + ]+Q s a Q s a R s Q s a Q s a( , ) ( , ) ( ) max ( , ) ( , )t t t t t

(5.1)

The discount rate 
 and learning rate � determine the value
of future rewards and the rate of information update,
respectively.972 Deep Reinforcement Learning (DRL), which
combines RL with artificial neural networks, shows potential in
navigating various types of micro/nanorobots (Figure 13d).992

A combination of local and global Q-matrices was used for the
ultrasound-driven microrobot swarms.993 The local Q-matrix
mitigates the overgeneralization induced by the global Q-
matrix in a spatially and temporally dynamic system. The
updates of the local Q-matrix and final Q-matrix are given as:

[ + ] = [ ] + [ [ + ]]n n nQ Q Q1 (1 ) 1local local local
(5.2)

[ ] = + [ ]n nQ Q Q(1 )global local (5.3)

[ × [ + ]]nQ 1local is calculated from an average number of
past steps, and 	 represents the bias towards global behavior.
RL has also proven effective in modeling adaptive behavior in
complex flow states for navigating microswimmers.994 Fully
autonomous control can be achieved by integrating an RL
agent, specifically using the Proximal Policy Optimization
(PPO) algorithm, with a path-planning system for real-time
navigation. This combination allows the RL agent to effectively
manage the actuation system while the path planning algorithm
ensures optimal routing and navigation decisions are
dynamically made (Figure 13e).968 PPO is based on the
actor-critic algorithm, where the actor learns a policy � for
decision-making, and the critic evaluates the decisions based
on the value function V.

=
+ + + +

V rs
t

t
s a( , )i i t i t1 1

(5.4)

where r is the reward given to the state and action. An optimal
policy �* is achieved using an iterative process, and it
represents the policy that provides the maximum cumulative
reward defined by V. For complex tasks such as magnetic
microrobot swarm navigation, supervised machine learning
approaches have proven more efficient, robust, and faster
compared to conventional methods (Figure 13f).995

Given the complexities of actuation, navigation, and
dynamic environments, manual control of micro/nanorobots,

can be impractical particularly for biomedical applications.
Traditional closed-loop control systems, enhanced with ML
and AI techniques, have successfully modeled the navigation of
micro/nanorobots and understood the dynamics of their
physical actuation systems.968 However, there remains a need
for further research, particularly in developing a comprehensive
end-to-end solution for navigation, path planning, and
actuation control. ML algorithms are highly promising in this
regard, potentially leading to robust systems capable of
adapting to varied dynamic environments while minimizing
errors in accuracy and reducing stress on the actuation systems.
Furthermore, integrating closed-loop control with virtual
reality (VR) enables highly intuitive and remote operations
of micro/nanorobots.996 With advancements in VR technology
and graphical processing units, the synergy of AI/ML-driven
control with VR is poised to become a foundational technology
for real-time autonomous control of micro/nanorobots in vivo.
This approach could significantly enhance the precision and
effectiveness of such devices in complex and sensitive
environments.

6. MATERIALS DESIGN
The design of materials in micro/nanorobots is crucial for
determining their propulsion efficiency and functionality as it
enables precise control over locomotion, responsiveness to
stimuli, and targeted task execution. In this section, we cover
different types of materials utilized in the structure of micro/
nanorobots with defined functions.
6.1. Material Requirements for Individual Micro/

Nanorobots. 6.1.1. Materials for Propulsion and Function-
ality. 6.1.1.1. Material Design for Chemically Powered
Micro/Nanorobots. Chemically powered micro/nanorobots
constitute a category of small-scale robots that can utilize
chemical fuels from their environment to generate energy and
accomplish self-directed movement through chemical reac-
tions.997 These robots make use of a variety of chemically
reactive compounds, such as precious metals (e.g., Au, Pt, and
Ag),29,998,999 transition metals (e.g., Fe,368 Zn,1000 and Mg1001)
(Figure 14a), reactive minerals (e.g., CaCO3),

154 alloys,1002

semiconductors,107 and bio-catalytic enzymes (e.g., urease,153

catalase,1003 and glucose oxidase1004), ion-exchange polymers
(Nafion,308 sulfonated polystyrene,733 sulfonated polystyrene-
divinylbenzene block polymer304), among other materials. The
initial artificial catalytic micro/nanorobots utilized a bimetallic
design, primarily composed of Au and Pt sections.26 When
exposed to H2O2 fuel, these micro/nanorobots produce self-
electrophoretic gradients on their surfaces, facilitating move-
ment. The creation of surface currents on the micro/
nanorobots is a result of uneven reduction and oxidation
electrochemical half-reactions taking place at each section.1005

Figure 14. continued

under a Creative Commons CC-BY License from ref 265, Copyright 2023 WILEY-VCH. e) Cells for the construction of biohybrid micro/
nanorobots. Reproduced from ref 1183, Copyright 2018 Elsevier. f) Super-assembled biocatalytic porous framework micromotors with
reversible and sensitive pH-speed regulation. Reproduced from ref 1184, Copyright 2019 WILEY-VCH. g) Self-propelled supramolecular
nanomotors with temperature-responsive speed regulation. Reproduced from ref 1185, Copyright 2017 Springer Nature. h) Programmable
artificial phototactic microswimmer. Reproduced from ref 107, Copyright 2016 Springer Nature. i) Urea-powered biocompatible hollow
microcapsules. Reproduced from ref 1186, Copyright 2016 American Chemical Society. j) Nonequilibrium assembly of light-activated
colloidal motors. Reproduced from ref 1187, Copyright 2017 WILEY-VCH. k) Reconfigurable magnetic microrobot swarms. Reproduced
from ref 784, Copyright 2019 American Association for the Advancement of Science. l) Reconfiguring active particles by electrostatic
imbalance. Reproduced from ref 518, Copyright 2016 Springer Nature. m) Reconfigurable assembly of active liquid metal colloidal cluster.
Reproduced from ref 815, Copyright 2020 WILEY-VCH.
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Figure 15. Fabrication of micro/nanorobots. a) Synthetic procedures of microrobots by combining the LbL self-assembly technique with the
metal sputter-coating method and PDMS; reproduced from ref 1206, Copyright 2022 WILEY-VCH; reproduced with permission under a
Creative Commons CC-BY License from ref 1214, Copyright 2018 American Chemical Society. b) Stomatocyte-like nanorobots formed by
the solution self-assembly of block copolymers PEG−PS in THF/dioxane solvent; reproduced from ref 1217, Copyright 2012 Nature
Portfolio. One-pot solution self-assemble approach for large-scale synthesis of shuttlecock-shaped nanomotors; reproduced from ref 1226,
Copyright 2020 Elsevier. c) membrane-camouflaged microrobots formed by biological self-assembly and d) Cell-based microrobots.
Reproduced from ref 1042, 1236, Copyright 2022 American Chemical Society; Copyright 2021 American Association for the Advancement
of Science. e) Glancing angle deposition.1252 Adapted with permission from ref 51 Copyright 2009 American Chemical Society. Adapted
with permission from ref 1252, Copyright 2021 Royal Society of Chemistry. f) Template-based fabrication of helical magnetic nanorobots by
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interaction during operations. Figure 9e illustrates a hypo-
thetical micro/nanorobot design that could achieve embodied
intelligence. However, integrating all these components at the
micro/nanoscale remains challenging due to gaps between on-
board and off-board intelligence and top-down versus bottom-
up approaches.1765

9.1.7. Technology Roadmap. Over the past two decades,
significant progress has been made toward bridging these gaps,
advancing micro/nanorobot design in five key directions: 1)
shifting from rigid to soft, smart materials; 2) evolving from
simple to reconfigurable mechanisms; 3) adopting bio-inspired
and modular principles; 4) enhancing functionality to be
multifunctional and multimodal; and 5) enabling swarm
cooperation. While these advancements drive miniaturization
and intelligentization, a seamless combination of these
strategies is yet to be realized due to persistent technological
and conceptual challenges.
To outline a clear vision for the advancement of micro/

nanorobots, we propose the 10 most critical questions for the
next decade, serving as a foundation for a technology roadmap.
These questions are intended to bridge the current under-
standing of the field with long-term objectives for a practical
future of micro/nanorobotics. Achieving these goals will
require a dual strategy: advancing fundamental knowledge by
addressing the "critical problems" of the micro/nanoworld and
driving technical innovation to solve real-world applications.
1) What is the smallest scale of nanorobots?
2) Can we design chemically powered micro/nanorobots
that are compatible with their working environments?

3) What is the fundamental principle of collective motion
of chemically propelled micro/nanorobots?

4) Can we achieve intelligent micro/nanorobotic swarms
with and without AI-assistance?

5) What is the most versatile approach to manipulate
micro/nanorobots externally?

6) What is the most suitable strategy to track and monitor
micro/nanorobots?

7) Can life-like materials be autonomous and as such,
create autonomous micro/nanorobots?

8) Can we fabricate micro/nanorobots that mimic motility,
biosensing and shape change characteristics of living
microorganisms?

9) Can we enhance medical treatments by swallowing,
injecting or inhaling micro/nanorobots?

10) How can we achieve scalable production of micro/
nanorobots ensuring precision, quality control, and
regulatory compliance?

The field of micro/nanorobots exemplifies the extraordinary
potential of interdisciplinary research, uniting nanotechnology,
materials science, biology, and engineering to address some of
humanity’s most pressing challenges. Advancing the field of
micro/nanorobots in the next decades comes with its share of
challenges, but we are confident that their transformative
potential will far outweigh the obstacles. This technological
roadmap review aims to motivate the research community to
address critical barriers hindering progress and to explore
innovative approaches that can accelerate the development and
application of these technologies. We envision a future where
experts from diverse disciplines collaborate to unlock the full
potential of micro/nanorobots, as such multidisciplinary efforts
are crucial for overcoming limitations and achieving ground-
breaking advancements in this exciting field.
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CH 8803, Switzerland; orcid.org/0000-0002-0224-5293

��� ��	� − School of Materials Science and Engineering,
Harbin Institute of Technology (Shenzhen), Shenzhen,
Guangdong 518055, China

2���	�)� �����	( − Systems Design and Biomedical
Engineering, Centre for Bioengineering and Biotechnology,
Waterloo Institute for Nanotechnology, University of
Waterloo, Waterloo, ON N2L 3G1, Canada; orcid.org/
0000-0001-7522-033X

�����	� ����	���3	4��( − CIC nanoGUNE BRTA, E-
20018 Donostia − San Sebastian, Spain; Ikerbasque, Basque
Foundation for Science, 48009 Bilbao, Spain; Chair of
Micro- NanoSystems, Center for Molecular Bioengineering (B

CUBE), Dresden 01307, Germany; orcid.org/0000-
0001-6149-3732

����� %��5 − Department of Materials Science and Physical
Chemistry, Institute of Theoretical and Computational
Chemistry, University of Barcelona, 08028 Barcelona, Spain

&����� ’��� − Mechanical Engineering Department, Virginia
Tech, Blacksburg, Virginia 24061, United States;
orcid.org/0000-0002-2882-5296

’������ ’��)�� − Mechanical Engineering Department,
School of Biomedical Engineering and Sciences, Biological
Systems Engineering Department, Institute For Critical
Technology and Applied Science, Blacksburg, Virginia 24061,
United States; orcid.org/0000-0002-2174-2914

$�!��	� ������ − Chemical Physics Theory Group,
Department of Chemistry, University of Toronto, Toronto,
Ontario M5S 3H6, Canada; orcid.org/0000-0002-4652-
645X

+�5�	 ���	� − Department of Chemistry, The University of
Hong Kong, Hong Kong 999077, China; orcid.org/0000-
0003-2626-9318

��	!�� 0�	� − Department of Chemistry, State Key
Laboratory of Synthetic Chemistry, and Materials Innovation
Institute for Life Sciences and Energy (MILES), The
University of Hong Kong, Hong Kong 999077, China; HKU-
CAS Joint Laboratory on New Materials and Department of
Chemistry, Hong Kong 999077, China; orcid.org/0000-
0002-0051-148X

’�	 ��	� − College of Chemistry and Environmental
Engineering, Shenzhen University, Shenzhen 518060, China;
orcid.org/0000-0001-7037-3660

��	���	��	 ����(�� − Department of Chemical Engineering,
Technion − Israel Institute of Technology, Haifa 32000,
Israel; orcid.org/0000-0001-7648-4118

/��5�	��� �����	�)! − Department of Chemical Engineering,
Technion − Israel Institute of Technology, Haifa 32000,
Israel; orcid.org/0000-0001-9272-8987

������ /���� /..��� − Department of Robotics and
Mechatronics Engineering, Daegu Gyeongbuk Institute of
Science and Technology (DGIST), Daegu 42988, South
Korea; DGIST-ETH Microrobotics Research Center, DGIST,
Daegu 42988, South Korea; orcid.org/0000-0003-4341-
8311

��	����  ��� − Department of Robotics and Mechatronics
Engineering, Daegu Gyeongbuk Institute of Science and
Technology (DGIST), Daegu 42988, South Korea; DGIST-
ETH Microrobotics Research Center, DGIST, Daegu 42988,
South Korea; orcid.org/0000-0003-3613-2833

��.����� %���� − Institute for Bioengineering of Catalunya
(IBEC), The Barcelona Institute of Science and Technology,
Barcelona 08028, Spain; orcid.org/0000-0001-6880-
7052

’3�.��� ’����� -��	�	��� − Institute for Bioengineering of
Catalunya (IBEC), The Barcelona Institute of Science and
Technology, Barcelona 08028, Spain; Department of
Condensed Matter Physics, University of Barcelona,
Barcelona 08028, Spain; orcid.org/0000-0003-3507-
8855

%������� ’�������� − Institute for Bioengineering of Catalunya
(IBEC), The Barcelona Institute of Science and Technology,
Barcelona 08028, Spain; Catalan Institution for Research
and Advanced Studies (ICREA), Barcelona 08010, Spain;
orcid.org/0000-0003-3349-6770

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.5c03911
ACS Nano 2025, 19, 24174−24334

24284



���� -��4��� − Max Planck Institute for Medical Research,
Universit�t Heidelberg, Heidelberg 69120, Germany;
Institute for Molecular Systems Engineering and Advanced
Materials, Universit�t Heidelberg, Heidelberg 69120,
Germany; Center for Nanomedicine, Institute for Basic
Science (IBS), Seoul 560012, Republic of Korea; Department
of Nano Biomedical Engineering (NanoBME), Advanced
Science Institute, Yonsei University, Seoul 03722, Republic of
Korea

/�.����� %���� − Department of Physics and Centre for
Nano Science and Engineering, Indian Institute of Science,
Bangalore 560012, India; orcid.org/0000-0002-2524-
0014

’�����( ������ �3	4��( − Department of Analytical
Chemistry, Physical Chemistry, and Chemical Engineering,
Universidad de Alcala, Alcala de Henares E-28802 Madrid,
Spain; Chemical Research Institute “Andres M. Del R�o”,
Universidad de Alcala, E-28802 Madrid, Spain;
orcid.org/0000-0002-6584-1949

/�.���� 6�4���� − Department of Analytical Chemistry,
Physical Chemistry, and Chemical Engineering, Universidad
de Alcala, Alcala de Henares E-28802 Madrid, Spain;
Chemical Research Institute “Andres M. Del R�o”,
Universidad de Alcala, E-28802 Madrid, Spain;
orcid.org/0000-0002-7302-0948

���	��	 �����	�� − Institute of Science and Technology
Austria (ISTA), Klosterneuburg 3400, Austria

�
�
��� ����44� − Institute of Science and Technology Austria
(ISTA), Klosterneuburg 3400, Austria; orcid.org/0000-
0002-7253-9465

6��4 ����� − Department of Applied Mathematics and
Theoretical Physics, Centre for Mathematical Sciences,
University of Cambridge, Cambridge CB3 0WA, United
Kingdom

��7��! ����	 − Department of Mechanical Engineering,
George Mason University, Manassas, Virginia 20110, United
States; orcid.org/0000-0002-0464-0385

������ /" $�������4���� − Interdisciplinary Nanoscience
Center (iNANO), Aarhus University, Aarhus 8000,
Denmark; orcid.org/0000-0002-2714-0164

’������� ��8���� − Interdisciplinary Nanoscience Center
(iNANO), Aarhus University, Aarhus 8000, Denmark;
orcid.org/0000-0002-7335-3945

$��9	 ��	����� ������� $������� − Department of
Materials Science and Physical Chemistry, University of
Barcelona, 08028 Barcelona, Spain; orcid.org/0000-
0002-0154-1648

%���� +����:�	 − School of Mechanical Engineering and
Department of Biomedical Engineering, University of Tel-
Aviv, Tel-Aviv 69978, Israel; orcid.org/0000-0001-7999-
2919

����� �" &�4����� − Departament de Cieǹcia de Materials i
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VOCABULARY
Micro/nanorobots, a broadly encompassing term referring to
micro- or nanoscale devices capable of converting energy
(chemical, electrical, magnetic, etc.) into mechanical motion
for controlled locomotion or task execution. This definition
includes both systems with moving parts and those relying on
nonreciprocal interactions, and applies to swimmers, active
colloids, and self-propelled particles across diverse operating
environments.; Low Reynolds number, a fluid dynamic regime
where viscous forces dominate over inertial forces, typically
occurring at microscopic scales (Re ≪ 1), resulting in highly
laminar, time-reversible flow that significantly constrains
locomotion strategies of micro/nanoscale systems.; Self-
phoresis, a propulsion mechanism where a particle moves
through a fluid by generating its own local gradient in a driving
field - such as concentration, electric potential, or temperature
- via surface activity, leading to motion without external force.;
Collective behavior, emergent, coordinated motion or pattern
formation arising from interactions among multiple micro/
nanorobots, often mediated by hydrodynamic, chemical, or
physical cues, enabling functionalities beyond the capabilities
of individual units.; Smart responsive materials, refer to
materials capable of making visible and tangible responses to
changes in their surrounding environment or external stimuli
(such as stress, electricity, magnetism, light, heat, pH, or
chemical compounds.; Nanoarchitectonics, A postnanotech-
nology framework focused on constructing functional material
systems by precisely arranging atoms, molecules, and nano-
materials through atomistic, molecular, supramolecular, and
biomolecular engineering, enabling complex architectures such
as nanorobots with enhanced control over structure and
function.; Intelligence, The ability of micro/nanorobots to
autonomously accomplish specific tasks in dynamic, unpredict-
able microscale environments by integrating sensors, actuators,
controllers, power sources, and interfaces into a cohesive
system. This intelligence allows the robots to perceive and
respond to external stimuli, similar to biological systems,
enabling them to adapt and function effectively in complex,
energy-dissipating, and fluidic conditions.
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Escarpa, A. Biosensing Strategy for Simultaneous and Accurate
Quantitative Analysis of Mycotoxins in Food Samples Using
Unmodified Graphene Micromotors. Analytical Chemistry 2017, 89
(20), 10850−10857.
(916) Rogers, J.; Huang, Y.; Schmidt, O. G.; Gracias, D. H. Origami
Mems and Nems. MRS Bulletin 2016, 41 (2), 123−129.
(917) Wang, X. Y.; Sprinkle, B.; Bisoyi, H. K.; Yang, T.; Chen, L. X.;
Huang, S.; Li, Q. Colloidal Tubular Microrobots for Cargo Transport
and Compression. Proceedings of the National Academy of Sciences
2023, 120 (37), No. e2304685120.
(918) Erol, O.; Pantula, A.; Liu, W. Q.; Gracias, D. H. Transformer
Hydrogels: A Review. Advanced Materials Technologies 2019, 4 (4),
1900043.
(919) Liu, X.; Liu, J.; Lin, S.; Zhao, X. Hydrogel Machines. Materials
Today 2020, 36, 102−124.
(920) Huang, T. Y.; Gu, H. R.; Nelson, B. J. Increasingly Intelligent
Micromachines. Annual Review of Control, Robotics, and Autonomous
Systems 2022, 5, 279−310.
(921) Li, M.; Pal, A.; Aghakhani, A.; Pena-Francesch, A.; Sitti, M.
Soft Actuators for Real-World Applications. Nature Reviews Materials
2022, 7 (3), 235−249.
(922) Jiao, D.; Zhu, Q. L.; Li, C. Y.; Zheng, Q.; Wu, Z. L.
Programmable Morphing Hydrogels for Soft Actuators and Robots:
From Structure Designs to Active Functions. Accounts of Chemical
Research 2022, 55 (11), 1533−1545.
(923) Lee, Y.; Song, W. J.; Sun, J. Y. Hydrogel Soft Robotics.
Materials Today Physics 2020, 15, 100258.
(924) Maeda, S.; Hara, Y.; Sakai, T.; Yoshida, R.; Hashimoto, S. Self-
Walking Gel. Advanced Materials 2007, 19 (21), 3480−3484.

(925) Pantula, A.; Datta, B.; Shi, Y. P.; Wang, M.; Liu, J. Y.; Deng, S.
M.; Cowan, N. J.; Nguyen, T. D.; Gracias, D. H. Untethered
Unidirectionally Crawling Gels Driven by Asymmetry in Contact
Forces. Science Robotics 2022, 7 (73), No. eadd2903.
(926) John, S.; Hester, S.; Basij, M.; Paul, A.; Xavierselvan, M.;
Mehrmohammadi, M.; Mallidi, S. Niche Preclinical and Clinical
Applications of Photoacoustic Imaging with Endogenous Contrast.
Photoacoustics 2023, 32, 100533.
(927) Pinchin, N. P.; Lin, C.-H.; Kinane, C. A.; Yamada, N.; Pena-
Francesch, A.; Shahsavan, H. Plasticized Liquid Crystal Networks and
Chemical Motors for the Active Control of Power Transmission in
Mechanical Devices. Soft Matter 2022, 18 (42), 8063−8070.
(928) Gelebart, A. H.; Mulder, D. J.; Varga, M.; Konya, A.;
Vantomme, G.; Meijer, E. W.; Selinger, R. L. B.; Broer, D. J. Making
Waves in a Photoactive Polymer Film. Nature 2017, 546 (7660),
632−636.
(929) Bennett, M. S. Five Breakthroughs: A First Approximation of
Brain Evolution from Early Bilaterians to Humans. Frontiers in
Neuroanatomy 2021, 15, na.
(930) Leong, T. G.; Randall, C. L.; Benson, B. R.; Bassik, N.; Stern,
G. M.; Gracias, D. H. Tetherless Thermobiochemically Actuated
Microgrippers. Proceedings of the National Academy of Sciences 2009,
106 (3), 703−708.
(931) Cui, J. Z.; Huang, T. Y.; Luo, Z. C.; Testa, P.; Gu, H. R.;
Chen, X. Z.; Nelson, B. J.; Heyderman, L. J. Nanomagnetic Encoding
of Shape-Morphing Micromachines. Nature 2019, 575 (7781), 164−
168.
(932) Tibbits, S. 4d Printing: Multi-Material Shape Change.
Architectural Design 2014, 84 (1), 116−121.
(933) Shah, D. S.; Powers, J. P.; Tilton, L. G.; Kriegman, S.;
Bongard, J.; Kramer-Bottiglio, R. A Soft Robot That Adapts to
Environments through Shape Change. Nature Machine Intelligence
2021, 3 (1), 51−59.
(934) Cangialosi, A.; Yoon, C.; Liu, J.; Huang, Q.; Guo, J. K.;
Nguyen, T. D.; Gracias, D. H.; Schulman, R. DNA Sequence-Directed
Shape Change of Photopatterned Hydrogels via High-Degree
Swelling. Science 2017, 357 (6356), 1126−1129.
(935) Gultepe, E.; Randhawa, J. S.; Kadam, S.; Yamanaka, S.; Selaru,
F. M.; Shin, E. J.; Kalloo, A. N.; Gracias, D. H. Biopsy with Thermally-
Responsive Untethered Microtools. Advanced Materials 2013, 25 (4),
514−519.
(936) Malachowski, K.; Jamal, M.; Jin, Q. R.; Polat, B.; Morris, C. J.;
Gracias, D. H. Self-Folding Single Cell Grippers. Nano Letters 2014,
14 (7), 4164−4170.
(937) Malachowski, K.; Breger, J.; Kwag, H. R.; Wang, M. O.; Fisher,
J. P.; Selaru, F. M.; Gracias, D. H. Stimuli-Responsive Theragrippers
for Chemomechanical Controlled Release. Angewandte Chemie
International Edition 2014, 53 (31), 8045−8049.
(938) Ghosh, A.; Li, L.; Xu, L. Y.; Dash, R. P.; Gupta, N.; Lam, J.;
Jin, Q. R.; Akshintala, V.; Pahapale, G.; Liu, W. Q.; et al.
Gastrointestinal-Resident, Shape-Changing Microdevices Extend
Drug Release in vivo. Science Advances 2020, 6 (44), No. eabb4133.
(939) Liu, W. Q.; Choi, S. J.; George, D.; Li, L.; Zhong, Z. J.; Zhang,
R. L.; Choi, S. Y.; Selaru, F. M.; Gracias, D. H. Untethered Shape-
Changing Devices in the Gastrointestinal Tract. Expert Opinion on
Drug Delivery 2023, 20 (12), 1801−1822.
(940) Abramson, A.; Caffarel-Salvador, E.; Soares, V.; Minahan, D.;
Tian, R. Y.; Lu, X.; Dellal, D.; Gao, Y.; Kim, S.; Wainer, J.; et al. A
Luminal Unfolding Microneedle Injector for Oral Delivery of
Macromolecules. Nature Medicine 2019, 25 (10), 1512−1518.
(941) Miyashita, S.; Guitron, S.; Yoshida, K.; Li, S.; Damian, D. D.;
Rus, D. Ingestible, Controllable, and Degradable Origami Robot for
Patching Stomach Wounds. In 2016 IEEE International Conference on
Robotics and Automation (ICRA), 2016; pp 909-916.
(942) Yan, W. Z.; Li, S. G.; Deguchi, M.; Zheng, Z. L.; Rus, D.;
Mehta, A. Origami-Based Integration of Robots That Sense, Decide,
and Respond. Nature Communications 2023, 14 (1), 1553.
(943) Shi, R.; Chen, K.-L.; Fern, J.; Deng, S.; Liu, Y.; Scalise, D.;
Huang, Q.; Cowan, N. J.; Gracias, D. H.; Schulman, R. Shape-Shifting

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.5c03911
ACS Nano 2025, 19, 24174−24334

24311



Microgel Automata Controlled by DNA Sequence Instructions.
bioRxiv Preprint, 2022. DOI: 10.1101/2022.09.21.508918.
(944) Bassik, N.; Brafman, A.; Zarafshar, A. M.; Jamal, M.;
Luvsanjav, D.; Selaru, F. M.; Gracias, D. H. Enzymatically Triggered
Actuation of Miniaturized Tools. Journal of the American Chemical
Society 2010, 132 (46), 16314−16317.
(945) Scalise, D.; Schulman, R. Controlling Matter at the Molecular
Scale with DNA Circuits. Annual Review of Biomedical Engineering
2019, 21, 469−493.
(946) Miskin, M. Z.; Cortese, A. J.; Dorsey, K.; Esposito, E. P.;
Reynolds, M. F.; Liu, Q. K.; Cao, M. C.; Muller, D. A.; McEuen, P. L.;
Cohen, I. Electronically Integrated, Mass-Manufactured, Microscopic
Robots. Nature 2020, 584 (7822), 557−561.
(947) Liu, J. Y.; Erol, O.; Pantula, A.; Liu, W. Q.; Jiang, Z. R.;
Kobayashi, K.; Chatterjee, D.; Hibino, N.; Romer, L. H.; Kang, S. H.;
et al. Dual-Gel 4d Printing of Bioinspired Tubes. ACS Applied
Materials � Interfaces 2019, 11 (8), 8492−8498.
(948) Ergeneman, O.; Dogangil, G.; Kummer, M. P.; Abbott, J. J.;
Nazeeruddin, M. K.; Nelson, B. J. A Magnetically Controlled Wireless
Optical Oxygen Sensor for Intraocular Measurements. IEEE Sensors
Journal 2008, 8 (1), 29−37.
(949) Ergeneman, O.; Abbott, J. J.; Dogangil, G.; Nelson, B. J.
Functionalizing Intraocular Microrobots with Surface Coatings. In
2008 2nd IEEE RAS � EMBS International Conference on Biomedical
Robotics and Biomechatronics, 19-22 Oct. 2008, 2008; pp 232-237
DOI: 10.1109/BIOROB.2008.4762857.
(950) Bing, R.; Loganath, K.; Adamson, P.; Newby, D.; Moss, A.
Non-Invasive Imaging of High-Risk Coronary Plaque: The Role of
Computed Tomography and Positron Emission Tomography. British
Journal of Radiology 2020, 93 (1113), 20190740.
(951) Wang, B.; Zhang, Y.; Zhang, L. Recent Progress on Micro- and
Nano-Robots: Towards in vivo Tracking and Localization. Quantita-
tive Imaging in Medicine and Surgery 2018, 8 (5), 461−479.
(952) Guo, J.; Agola, J. O.; Serda, R.; Franco, S.; Lei, Q.; Wang, L.;
Minster, J.; Croissant, J. G.; Butler, K. S.; Zhu, W.; et al. Biomimetic
Rebuilding of Multifunctional Red Blood Cells: Modular Design
Using Functional Components. ACS Nano 2020, 14 (7), 7847−7859.
(953) Zhang, Y.; Zhang, L.; Yang, L.; Vong, C. I.; Chan, K. F.; Wu,
W. K. K.; Kwong, T. N. Y.; Lo, N. W. S.; Ip, M.; Wong, S. H.; et al.
Real-Time Tracking of Fluorescent Magnetic Spore-Based Micro-
robots for Remote Detection of C. Dif f Toxins. Science Advances 2019,
5 (1), No. eaau9650.
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Gao, W. W.; He, Q.; Zhang, L. F.; Wang, J. Water-Powered Cell-
Mimicking Janus Micromotor. Advanced Functional Materials 2015, 25
(48), 7497−7501.
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W.; He, Q.; Zhang, L.; Wang, J. Water-Powered Cell-Mimicking Janus
Micromotor. Advanced Functional Materials 2015, 25 (48), 7497−
7501.
(1126) Wang, D.; Gao, C.; Zhou, C.; Lin, Z.; He, Q. Leukocyte
Membrane-Coated Liquid Metal Nanoswimmers for Actively
Targeted Delivery and Synergistic Chemophotothermal Therapy.
Research 2020, 2020, 3676954.
(1127) Chen, C.; Karshalev, E.; Guan, J.; Wang, J. Magnesium-Based
Micromotors: Water-Powered Propulsion, Multifunctionality, and
Biomedical and Environmental Applications. Small 2018, 14 (23),
1704252.
(1128) Bozuyuk, U.; Yasa, O.; Yasa, I. C.; Ceylan, H.; Kizilel, S.;
Sitti, M. Light-Triggered Drug Release from 3D-Printed Magnetic
Chitosan Microswimmers. ACS Nano 2018, 12 (9), 9617−9625.
(1129) Ye, H.; Wang, Y.; Xu, D.; Liu, X.; Liu, S.; Ma, X. Design and
Fabrication of Micro/Nano-Motors for Environmental and Sensing
Applications. Applied Materials Today 2021, 23, 101007.
(1130) Verma, C.; Berdimurodov, E.; Verma, D. K.; Berdimuradov,
K.; Alfantazi, A.; Hussain, C. M. 3D Nanomaterials: The Future of

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.5c03911
ACS Nano 2025, 19, 24174−24334

24316



Industrial, Biological, and Environmental Applications. Inorganic
Chemistry Communications 2023, 156, 111163.
(1131) Xu, B.; Zhang, B.; Wang, L.; Huang, G.; Mei, Y. Tubular
Micro/Nanomachines: From the Basics to Recent Advances.
Advanced Functional Materials 2018, 28 (25), 1705872.
(1132) Zhao, Y.; Jiang, L. Hollow Micro/Nanomaterials with
Multilevel Interior Structures. Advanced Materials 2009, 21 (36),
3621−3638.
(1133) Liu, X.; Dong, R.; Chen, Y.; Zhang, Q.; Yu, S.; Zhang, Z.;
Hong, X.; Li, T.; Gao, M.; Cai, Y. Motion Mode-Driven Adsorption
by Magnetically Propelled MOF-Based Nanomotor. Materials Today
Nano 2022, 18, 100182.
(1134) Tan, C.; Cao, X.; Wu, X.-J.; He, Q.; Yang, J.; Zhang, X.;
Chen, J.; Zhao, W.; Han, S.; Nam, G.-H.; et al. Recent Advances in
Ultrathin Two-Dimensional Nanomaterials. Chemical Reviews 2017,
117 (9), 6225−6331.
(1135) Zhang, H.; Cao, Z.; Zhang, Q.; Xu, J.; Yun, S. L. J.; Liang, K.;
Gu, Z. Chemotaxis-Driven 2D Nanosheet for Directional Drug
Delivery toward the Tumor Microenvironment. Small 2020, 16 (44),
2002732.
(1136) Chang, X.; Feng, Y.; Guo, B.; Zhou, D.; Li, L. Nature-
Inspired Micro/Nanomotors. Nanoscale 2022, 14 (2), 219−238.
(1137) Poon, W.; Zhang, Y.-N.; Ouyang, B.; Kingston, B. R.; Wu, J.
L. Y.; Wilhelm, S.; Chan, W. C. W. Elimination Pathways of
Nanoparticles. ACS Nano 2019, 13 (5), 5785−5798.
(1138) Tsoi, K. M.; MacParland, S. A.; Ma, X.-Z.; Spetzler, V. N.;
Echeverri, J.; Ouyang, B.; Fadel, S. M.; Sykes, E. A.; Goldaracena, N.;
Kaths, J. M.; et al. Mechanism of Hard-Nanomaterial Clearance by
The liver. Nature Materials 2016, 15 (11), 1212−1221.
(1139) Zhu, W.; Li, J.; Leong, Y. J.; Rozen, I.; Qu, X.; Dong, R.; Wu,
Z.; Gao, W.; Chung, P. H.; Wang, J.; et al. 3D-Printed Artificial
Microfish. Advanced Materials 2015, 27 (30), 4411−4417.
(1140) Wang, Y.; Shen, J.; Handschuh-Wang, S.; Qiu, M.; Du, S.;
Wang, B. Microrobots for Targeted Delivery and Therapy in Digestive
System. ACS Nano 2023, 17 (1), 27−50.
(1141) Wang, B.; Chan, K. F.; Yuan, K.; Wang, Q.; Xia, X.; Yang, L.;
Ko, H.; Wang, Y.-X. J.; Sung, J. J. Y.; Chiu, P. W. Y.; Zhang, L.
Endoscopy-Assisted Magnetic Navigation of Biohybrid Soft Micro-
robots with Rapid Endoluminal Delivery and Imaging. Science Robotics
2021, 6 (52), No. eabd2813.
(1142) Wu, Z.; Li, L.; Yang, Y.; Hu, P.; Li, Y.; Yang, S.-Y.; Wang, L.
V.; Gao, W. A Microrobotic System Guided by Photoacoustic
Computed Tomography for Targeted Navigation in Intestines in vivo.
Science Robotics 2019, 4 (32), No. eaax0613.
(1143) Li, H. C.; Li, Y.; Liu, J.; He, Q.; Wu, Y. J. Asymmetric
Colloidal Motors: From Dissymmetric Nanoarchitectural Fabrication
to Efficient Propulsion Strategy. Nanoscale 2022, 14 (20), 7444−
7459.
(1144) Zhang, J.; Zheng, X.; Cui, H.; Silber-Li, Z. The Self-
Propulsion of the Spherical Pt-SiO2 Janus Micro-Motor. In Micro-
machines; MDPI AG, 2017; Vol. 8, p 123.
(1145) Wang, H.; Moo, J. G. S.; Pumera, M. From Nanomotors to
Micromotors: The Influence of the Size of an Autonomous Bubble-
Propelled Device Upon Its Motion. ACS Nano 2016, 10 (5), 5041−
5050.
(1146) Piazza, R.; Parola, A. Thermophoresis in Colloidal
Suspensions. Journal of Physics: Condensed Matter 2008, 20 (15),
153102.
(1147) Blanco, E.; Shen, H.; Ferrari, M. Principles of Nanoparticle
Design for Overcoming Biological Barriers to Drug Delivery. Nature
Biotechnology 2015, 33 (9), 941−951.
(1148) Kim, J.; Mayorga-Burrezo, P.; Song, S.-J.; Mayorga-Martinez,
C. C.; Medina-Sánchez, M.; Pané, S.; Pumera, M. Advanced Materials
for Micro/Nanorobotics. Chemical Society Reviews 2024, 53 (18),
9190−9253.
(1149) Yoo, J.; Tang, S.; Gao, W. Micro- and Nanorobots for
Biomedical Applications in the Brain. Nature Reviews Bioengineering
2023, 1 (5), 308−310.

(1150) Parrish, J. K.; Edelstein-Keshet, L. Complexity, Pattern, and
Evolutionary Trade-Offs in Animal Aggregation. Science 1999, 284
(5411), 99−101.
(1151) Marchetti, M. C.; Joanny, J.-F.; Ramaswamy, S.; Liverpool,
T. B.; Prost, J.; Rao, M.; Simha, R. A. Hydrodynamics of Soft Active
Matter. Reviews of Modern Physics 2013, 85 (3), 1143.
(1152) Grzybowski, B. A.; Whitesides, G. M. Dynamic Aggregation
of Chiral Spinners. Science 2002, 296 (5568), 718−721.
(1153) Cheng, R.; Huang, W.; Huang, L.; Yang, B.; Mao, L.; Jin, K.;
ZhuGe, Q.; Zhao, Y. Acceleration of Tissue Plasminogen Activator-
Mediated Thrombolysis by Magnetically Powered Nanomotors. ACS
Nano 2014, 8 (8), 7746−7754.
(1154) Hu, J.; Huang, S.; Zhu, L.; Huang, W.; Zhao, Y.; Jin, K.;
ZhuGe, Q. interfaces. Tissue Plasminogen Activator-Porous Magnetic
Microrods for Targeted Thrombolytic Therapy after Ischemic Stroke.
ACS Applied Materials � Interfaces 2018, 10 (39), 32988−32997.
(1155) Cademartiri, L.; Bishop, K. J. Programmable Self-Assembly.
Nature Materials 2015, 14 (1), 2−9.
(1156) Li, Q.; Hu, E.; Yu, K.; Xie, R.; Lu, F.; Lu, B.; Bao, R.; Zhao,
T.; Dai, F.; Lan, G. Self-Propelling Janus Particles for Hemostasis in
Perforating and Irregular Wounds with Massive Hemorrhage.
Advanced Functional Materials 2020, 30 (42), 2004153.
(1157) Katsamba, P.; Lauga, E. Micro-Tug-of-War: A Selective
Control Mechanism for Magnetic Swimmers. Physical Review Applied
2016, 5 (6), 064019.
(1158) Mandal, P.; Chopra, V.; Ghosh, A. Independent Positioning
of Magnetic Nanomotors. ACS Nano 2015, 9 (5), 4717−4725.
(1159) Hong, Y.; Diaz, M.; Córdova-Figueroa, U. M.; Sen, A. Light-
Driven Titanium-Dioxide-Based Reversible Microfireworks and
Micromotor/Micropump Systems. Advanced Functional Materials
2010, 20 (10), 1568−1576.
(1160) Altemose, A.; Sánchez-Farrán, M. A.; Duan, W. T.; Schulz,
S.; Borhan, A.; Crespi, V. H.; Sen, A. Chemically Controlled
Spatiotemporal Oscillations of Colloidal Assemblies. Angewandte
Chemie International Edition 2017, 56 (27), 7817−7821.
(1161) Aubret, A.; Youssef, M.; Sacanna, S.; Palacci, J. Targeted
Assembly and Synchronization of Self-Spinning Microgears. Nature
Physics 2018, 14 (11), 1114−1118.
(1162) Maggi, C.; Simmchen, J.; Saglimbeni, F.; Katuri, J.; Dipalo,
M.; De Angelis, F.; Sanchez, S.; Di Leonardo, R. Self-Assembly of
Micromachining Systems Powered by Janus Micromotors. Small
2016, 12 (4), 446−451.
(1163) Butter, K.; Bomans, P.; Frederik, P.; Vroege, G.; Philipse, A.
Direct Observation of Dipolar Chains in Iron Ferrofluids by
Cryogenic Electron Microscopy. Nature Materials 2003, 2 (2), 88−91.
(1164) Tripp, S. L.; Dunin-Borkowski, R. E.; Wei, A. Flux Closure in
Self-Assembled Cobalt Nanoparticle Rings. Angewandte Chemie
International Edition 2003, 115 (45), 5749−5751.
(1165) Llacer-Wintle, J.; Rivas-Dapena, A.; Chen, X.-Z.; Pellicer, E.;
Nelson, B. J.; Puigmartí-Luis, J.; Pané, S. Biodegradable Small-Scale
Swimmers for Biomedical Applications. Advanced Materials 2021, 33
(42), 2102049.
(1166) Liu, M.; Ishida, Y.; Ebina, Y.; Sasaki, T.; Hikima, T.; Takata,
M.; Aida, T. An Anisotropic Hydrogel with Electrostatic Repulsion
between Cofacially Aligned Nanosheets. Nature 2015, 517 (7532),
68−72.
(1167) Kostiainen, M. A.; Hiekkataipale, P.; Laiho, A.; Lemieux, V.;
Seitsonen, J.; Ruokolainen, J.; Ceci, P. Electrostatic Assembly of
Binary Nanoparticle Superlattices Using Protein Cages. Nature
Nanotechnology 2013, 8 (1), 52−56.
(1168) Liljeström, V.; Mikkilä, J.; Kostiainen, M. A. Self-Assembly
and Modular Functionalization of Three-Dimensional Crystals from
Oppositely Charged Proteins. Nature Communications 2014, 5 (1),
4445.
(1169) Zehavi, M.; Sofer, D.; Miloh, T.; Velev, O. D.; Yossifon, G.
Optically Modulated Propulsion of Electric-Field-Powered Photo-
conducting Janus Particles. Physical Review Applied 2022, 18 (2),
024060.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.5c03911
ACS Nano 2025, 19, 24174−24334

24317



(1170) Hoop, M.; Chen, X.-Z.; Ferrari, A.; Mushtaq, F.; Ghazaryan,
G.; Tervoort, T.; Poulikakos, D.; Nelson, B.; Pané, S. Ultrasound-
Mediated Piezoelectric Differentiation of Neuron-Like Pc12 Cells on
Pvdf Membranes. Scientific Reports 2017, 7 (1), 4028.
(1171) Mushtaq, F.; Torlakcik, H.; Vallmajo-Martin, Q.; Siringil, E.
C.; Zhang, J.; Röhrig, C.; Shen, Y.; Yu, Y.; Chen, X.-Z.; Müller, R.;
et al. Magnetoelectric 3D Scaffolds for Enhanced Bone Cell
Proliferation. Applied Materials Today 2019, 16, 290−300.
(1172) Chen, X.-Z.; Liu, J.-H.; Dong, M.; Müller, L.;
Chatzipirpiridis, G.; Hu, C.; Terzopoulou, A.; Torlakcik, H.; Wang,
X.; Mushtaq, F.; et al. Magnetically Driven Piezoelectric Soft
Microswimmers for Neuron-Like Cell Delivery and Neuronal
Differentiation. Materials Horizons 2019, 6 (7), 1512−1516.
(1173) Chen, X.-Z.; Hoop, M.; Shamsudhin, N.; Huang, T.; Ozkale,
B.; Li, Q.; Siringil, E.; Mushtaq, F.; Di Tizio, L.; Nelson, B. J.; Pane, S.
Hybrid Magnetoelectric Nanowires for Nanorobotic Applications:
Fabrication, Magnetoelectric Coupling, and Magnetically Assisted in
Vitro Targeted Drug Delivery. Advanced Materials 2017, 29 (8),
1605458.
(1174) Mushtaq, F.; Torlakcik, H.; Hoop, M.; Jang, B.; Carlson, F.;
Grunow, T.; Laubli, N.; Ferreira, A.; Chen, X.-Z.; Nelson, B. J.; Pane,
S. Motile Piezoelectric Nanoeels for Targeted Drug Delivery.
Advanced Functional Materials 2019, 29 (12), 1808135.
(1175) Chen, X.-Z.; Shamsudhin, N.; Hoop, M.; Pieters, R.; Siringil,
E.; Sakar, M. S.; Nelson, B. J.; Pané, S. Magnetoelectric Micro-
machines with Wirelessly Controlled Navigation and Functionality.
Materials Horizons 2016, 3 (2), 113−118.
(1176) Ashkin, A.; Dziedzic, J. M.; Bjorkholm, J. E.; Chu, S.
Observation of a Single-Beam Gradient Force Optical Trap for
Dielectric Particles. Optics Letters 1986, 11 (5), 288−290.
(1177) Fan, D.; Zhu, F.; Cammarata, R.; Chien, C. Electric
Tweezers. Nano Today 2011, 6 (4), 339−354.
(1178) Grier, D. G. A Revolution in Optical Manipulation. Nature

2003, 424 (6950), 810−816.
(1179) Curtis, J. E.; Koss, B. A.; Grier, D. G. Dynamic Holographic
Optical Tweezers. Optics Communications 2002, 207 (1-6), 169−175.
(1180) Simon, P.; Dupuis, R.; Costentin, J. Thigmotaxis as an Index
of Anxiety in Mice. Influence of Dopaminergic Transmissions.
Behavioural Brain Research 1994, 61 (1), 59−64.
(1181) Treit, D.; Fundytus, M. Thigmotaxis as a Test for Anxiolytic
Activity in Rats. Pharmacol. Biochem. Behav. 1988, 31 (4), 959−962.
(1182) de la Asunción-Nadal, V.; Franco, C.; Veciana, A.; Ning, S.;
Terzopoulou, A.; Sevim, S.; Chen, X.-Z.; Gong, D.; Cai, J.; Wendel-
Garcia, P. D.; et al. MoSBOTS: Magnetically Driven Biotemplated
MoS2-Based Microrobots for Biomedical Applications. Small 2022,
18 (33), 2203821.
(1183) Ding, S.; O'Banion, C. P.; Welfare, J. G.; Lawrence, D. S.
Cellular Cyborgs: On the Precipice of a Drug Delivery Revolution.
Cell Chemical Biology 2018, 25 (6), 648−658.
(1184) Gao, S.; Hou, J.; Zeng, J.; Richardson, J. J.; Gu, Z.; Gao, X.;
Li, D.; Gao, M.; Wang, D.-W.; Chen, P.; et al. Superassembled
Biocatalytic Porous Framework Micromotors with Reversible and
Sensitive pH-Speed Regulation at Ultralow Physiological H2O2
Concentration. Advanced Functional Materials 2019, 29 (18),
1808900.
(1185) Tu, Y. F.; Peng, F.; Sui, X. F.; Men, Y. J.; White, P. B.; van
Hest, J. C. M.; Wilson, D. A. Self-Propelled Supramolecular
Nanomotors with Temperature-Responsive Speed Regulation. Nature
Chemistry 2017, 9 (5), 480−486.
(1186) Ma, X.; Wang, X.; Hahn, K.; Sánchez, S. Motion Control of
Urea-Powered Biocompatible Hollow Microcapsules. ACS Nano
2016, 10 (3), 3597−3605.
(1187) Singh, D. P.; Choudhury, U.; Fischer, P.; Mark, A. G. Non-
Equilibrium Assembly of Light-Activated Colloidal Mixtures.
Advanced Materials 2017, 29 (32), 1701328.
(1188) Yuan, S. R.; Lin, X. K.; He, Q. Reconfigurable Assembly of
Colloidal Motors Towards Interactive Soft Materials and Systems.
Journal of Colloid and Interface Science 2022, 612, 43−56.

(1189) Chen, M. L.; Lin, Z. H.; Xuan, M. J.; Lin, X. K.; Yang, M. C.;
Dai, L. R.; He, Q. Programmable Synamic Shapes with a Swarm of
Light-Powered Colloidal Motors. Angewandte Chemie International
Edition 2021, 60 (30), 16674−16679.
(1190) Wang, Q. Q.; Yang, L. D.; Wang, B.; Yu, E.; Yu, J. F.; Zhang,
L. Collective Behavior of Reconfigurable Magnetic Droplets via
Dynamic Self-Assembly. ACS Applied Materials � Interfaces 2019, 11
(1), 1630−1637.
(1191) Wang, Q. Q.; Yu, J. F.; Yuan, K.; Yang, L. D.; Jin, D. D.;
Zhang, L. Disassembly and Spreading of Magnetic Nanoparticle
Clusters on Uneven Surfaces. Applied Materials Today 2020, 18,
100489.
(1192) Zhang, S.; Scott, E. Y.; Singh, J.; Chen, Y.; Zhang, Y.;
Elsayed, M.; Chamberlain, M. D.; Shakiba, N.; Adams, K.; Yu, S.;
et al. The Optoelectronic Microrobot: A Versatile Toolbox for
Micromanipulation. Proceedings of the National Academy of Sciences
2019, 116 (30), 14823−14828.
(1193) Das, S. S.; Yossifon, G. Optoelectronic Trajectory
Reconfiguration and Directed Self-Assembly of Self-Propelling
Electrically Powered Active Particles. Advanced Science 2023, 10
(16), 2206183.
(1194) Wu, Z. G.; Lin, X. K.; Si, T. Y.; He, Q. Recent Progress on
Bioinspired Self-Propelled Micro/Nanomotors via Controlled Molec-
ular Self-Assembly. Small 2016, 12 (23), 3080−3093.
(1195) Zhang, Q. H.; Yan, Y. W.; Liu, J.; Wu, Y. J.; He, Q.
Supramolecular Colloidal Motors via Chemical Self-Assembly. Current
Opinion in Colloid � Interface Science 2022, 62, 101642.
(1196) Wu, Y.; Wu, Z.; Lin, X.; He, Q.; Li, J. Autonomous
Movement of Controllable Assembled Janus Capsule Motors. ACS
Nano 2012, 6 (12), 10910−10916.
(1197) Wu, Z. G.; Lin, X. K.; Wu, Y. J.; Si, T. Y.; Sun, J. M.; He, Q.
Near-Infrared Light-Triggered "on/Off" Motion of Polymer Multi
Layer Rockets. ACS Nano 2014, 8 (6), 6097−6105.
(1198) Wu, Y. J.; Si, T. Y.; Lin, X. K.; He, Q. Near Infrared-
Modulated Propulsion of Catalytic Janus Polymer Multilayer Capsule
Motors. Chemical Communications 2015, 51 (3), 511−514.
(1199) Lin, Z. H.; Wu, Z. G.; Lin, X. K.; He, Q. Catalytic Polymer
Multilayer Shell Motors for Separation of Organics. Chemistry-a
European Journal 2016, 22 (5), 1587−1591.
(1200) Wu, Y. J.; Si, T. Y.; Shao, J. X.; Wu, Z. G.; He, Q. Near-
Infrared Light-Driven Janus Capsule Motors: Fabrication, Propulsion,
and Simulation. Nano Research 2016, 9 (12), 3747−3756.
(1201) Ji, Y. X.; Lin, X. K.; Wang, D. L.; Zhou, C.; Wu, Y. J.; He, Q.
Continuously Variable Regulation of the Speed of Bubble-Propelled
Janus Microcapsule Motors Based on Salt-Responsive Polyelectrolyte
Brushes. Chemistry-an Asian Journal 2019, 14 (14), 2450−2455.
(1202) Si, T. Y.; Zou, X.; Wu, Z. G.; Li, T. L.; Wang, X.; Ivanovich,
K. I.; He, Q. A Bubble-Dragged Catalytic Polymer Microrocket.
Chemistry-an Asian Journal 2019, 14 (14), 2460−2464.
(1203) Wang, W.; Wu, Z. G.; Lin, X. K.; Si, T. Y.; He, Q. Gold-
Nanoshell-Functionalized Polymer Nanoswimmer for Photomechan-
ical Poration of Single-Cell Membrane. Journal of the American
Chemical Society 2019, 141 (16), 6601−6608.
(1204) Yuan, Y.; Gao, C. Y.; Wang, D. L.; Zhou, C.; Zhu, B. H.; He,
Q. Janus-Micromotor-Based on-Off Luminescence Sensor for Active
Tnt Detection. Beilstein Journal of Nanotechnology 2019, 10, 1324−
1331.
(1205) Gai, M. Y.; Frueh, J.; Hu, N. R. S.; Si, T. Y.; Sukhorukov, G.
B.; He, Q. Self-Propelled Two Dimensional Polymer Multilayer Plate
Micromotors. Physical Chemistry Chemical Physics 2016, 18 (5),
3397−3401.
(1206) Yang, S. H.; Ren, J. Y.; Wang, H. Injectable Micromotor@
Hydrogel System for Antibacterial Therapy. Chemistry-a European
Journal 2022, 28 (7), No. e202103867.
(1207) Ren, J.; Hu, P.; Ma, E.; Zhou, X.; Wang, W.; Zheng, S.;
Wang, H. Enzyme-Powered Nanomotors with Enhanced Cell Uptake
and Lysosomal Escape for Combined Therapy of Cancer. Applied
Materials Today 2022, 27, 101445.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.5c03911
ACS Nano 2025, 19, 24174−24334

24318



(1208) Jurado-Sánchez, B.; Escarpa, A.; Wang, J. Lighting up
Micromotors with Quantum Dots for Smart Chemical Sensing.
Chemical Communications 2015, 51 (74), 14088−14091.
(1209) Xuan, M.; Shao, J.; Lin, X.; Dai, L.; He, Q. Light-Activated
Janus Self-Assembled Capsule Micromotors. Colloids and Surfaces a-
Physicochemical and Engineering Aspects 2015, 482, 92−97.
(1210) Hu, N. R. S.; Sun, M. M.; Lin, X. K.; Gao, C. Y.; Zhang, B.;
Zheng, C.; Xie, H.; He, Q. Self-Propelled Rolled-up Polyelectrolyte
Multilayer Microrockets. Advanced Functional Materials 2018, 28
(25), 1705684.
(1211) Lin, X. K.; Wu, Z. G.; Wu, Y. J.; Xuan, M. J.; He, Q. Self-
Propelled Micro-/Nanomotors Based on Controlled Assembled
Architectures. Advanced Materials 2016, 28 (6), 1060−1072.
(1212) Wang, W.; Wu, Z. G.; Yang, L.; Si, T. Y.; He, Q. Rational
Design of Polymer Conical Nanoswimmers with Upstream Motility.
ACS Nano 2022, 16 (6), 9317−9328.
(1213) Itel, F.; Schattling, P. S.; Zhang, Y.; Städler, B. Enzymes as
Key Features in Therapeutic Cell Mimicry. Advanced Drug Delivery
Reviews 2017, 118, 94−108.
(1214) Shao, J. X.; Abdelghani, M.; Shen, G. Z.; Cao, S. P.; Williams,
D. S.; van Hest, J. C. M. Erythrocyte Membrane Modified Janus
Polymeric Motors for Thrombus Therapy. ACS Nano 2018, 12 (5),
4877−4885.
(1215) Wu, Z. G.; Lin, X. K.; Zou, X.; Sun, J. M.; He, Q.
Biodegradable Protein-Based Rockets for Drug Transportation and
Light-Triggered Release. ACS Applied Materials � Interfaces 2015, 7
(1), 250−255.
(1216) Liu, J.; Wu, Y. J.; Li, Y.; Yang, L.; Wu, H.; He, Q. Rotary
Biomolecular Motor-Powered Supramolecular Colloidal Motor.
Science Advances 2023, 9 (8), No. eabg3015.
(1217) Wilson, D. A.; Nolte, R. J. M.; van Hest, J. C. M.
Autonomous Movement of Platinum-Loaded Stomatocytes. Nature
Chemistry 2012, 4 (4), 268−274.
(1218) Peng, F.; Tu, Y. F.; van Hest, J. C. M.; Wilson, D. A. Self-
Guided Supramolecular Cargo-Loaded Nanomotors with Chemo-
tactic Behavior Towards Cells. Angewandte Chemie International
Edition 2015, 54 (40), 11662−11665.
(1219) Abdelmohsen, L.; Nijemeisland, M.; Pawar, G. M.; Janssen,
G. J. A.; Nolte, R. J. M.; van Hest, J. C. M.; Wilson, D. A. Dynamic
Loading and Unloading of Proteins in Polymeric Stomatocytes:
Formation of an Enzyme-Loaded Supramolecular Nanomotor. ACS
Nano 2016, 10 (2), 2652−2660.
(1220) Peng, F.; Tu, Y. F.; Men, Y. J.; van Hest, J. C. M.; Wilson, D.
A. Supramolecular Adaptive Nanomotors with Magnetotaxis Behav-
ior. Advanced Materials 2017, 29 (6), 1604996.
(1221) Tu, Y. F.; Peng, F.; André, A. A. M.; Men, Y. J.; Srinivas, M.;
Wilson, D. A. Biodegradable Hybrid Stomatocyte Nanomotors for
Drug Delivery. ACS Nano 2017, 11 (2), 1957−1963.
(1222) Sun, J. W.; Mathesh, M.; Li, W.; Wilson, D. A. Enzyme-
Powered Nanomotors with Controlled Size for Biomedical
Applications. ACS Nano 2019, 13 (9), 10191−10200.
(1223) Zhang, P.; Wu, G.; Zhao, C. M.; Zhou, L.; Wang, X. J.; Wei,
S. H. Magnetic Stomatocyte-Like Nanomotor as Photosensitizer
Carrier for Photodynamic Therapy Based Cancer Treatment. Colloids
and Surfaces B-Biointerfaces 2020, 194, 111204.
(1224) Tu, Y. F.; Peng, F.; Heuvelmans, J. M.; Liu, S. W.; Nolte, R. J.
M.; Wilson, D. A. Motion Control of Polymeric Nanomotors Based
on Host-Guest Interactions. Angewandte Chemie International Edition
2019, 58 (26), 8687−8691.
(1225) Shao, J. X.; Cao, S. P.; Williams, D. S.; Abdelmohsen, L.; van
Hest, J. C. M. Photoactivated Polymersome Nanomotors: Traversing
Biological Barriers. Angewandte Chemie International Edition 2020, 59
(39), 16918−16925.
(1226) Fu, J. Y.; Jiao, J. Q.; Ban, W. H.; Kong, Y. Q.; Gu, Z. Y.;
Song, H.; Huang, X. D.; Yang, Y. N.; Yu, C. Z. Large Scale Synthesis
of Self-Assembled Shuttlecock-Shaped Silica Nanoparticles with
Minimized Drag as Advanced Catalytic Nanomotors. Chemical
Engineering Journal 2021, 417, 127971.

(1227) Huang, H.; Li, J.; Yuan, M. G.; Yang, H. W.; Zhao, Y.; Ying,
Y. L.; Wang, S. Large-Scale Self-Assembly of Mofs Colloidosomes for
Bubble-Propelled Micromotors and Stirring-Free Environmental
Remediation. Angewandte Chemie International Edition 2022, 61
(46), No. e202211163.
(1228) Liu, M.; Liu, L. M.; Gao, W. L.; Su, M. D.; Ge, Y.; Shi, L. L.;
Zhang, H.; Dong, B.; Li, C. Y. A Micromotor Based on Polymer
Single Crystals and Nanoparticles: Toward Functional Versatility.
Nanoscale 2014, 6 (15), 8601−8605.
(1229) Ji, Y. X.; Lin, X. K.; Zhang, H. Y.; Wu, Y. J.; Li, J. B.; He, Q.
Thermoresponsive Polymer Brush Modulation on the Direction of
Motion of Phoretically Driven Janus Micromotors. Angewandte
Chemie International Edition 2019, 58 (13), 4184−4188.
(1230) Gao, C. Y.; Lin, Z. H.; Lin, X. K.; He, Q. Cell Membrane-
Camouflaged Colloid Motors for Biomedical Applications. Advanced
Therapeutics 2018, 1 (5), 1800056.
(1231) Hu, C. M. J.; Zhang, L.; Aryal, S.; Cheung, C.; Fang, R. H.;
Zhang, L. F. Erythrocyte Membrane-Camouflaged Polymeric Nano-
particles as a Biomimetic Delivery Platform. Proceedings of the
National Academy of Sciences 2011, 108 (27), 10980−10985.
(1232) Zhang, H. Y.; Li, Z. S.; He, Q. Medical Swimming Cellbots.
Advanced Nanobiomed Research 2022, 2 (10), 2200094.
(1233) Shao, J. X.; Xuan, M. J.; Zhang, H. Y.; Lin, X. K.; Wu, Z. G.;
He, Q. Chemotaxis-Guided Hybrid Neutrophil Micromotors for
Targeted Drug Transport. Angewandte Chemie International Edition
2017, 56 (42), 12935−12939.
(1234) Gao, C. Y.; Lin, Z. H.; Wang, D. L.; Wu, Z. G.; Xie, H.; He,
Q. Red Blood Cell-Mimicking Micromotor for Active Photodynamic
Cancer Therapy. ACS Applied Materials � Interfaces 2019, 11 (26),
23392−23400.
(1235) Zhang, F. Y.; Zhuang, J.; Esteban-Fernández de Ávila, B.;
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(1643) Esteban-Fernández de Ávila, B.; Zhao, M.; Campuzano, S.;
Ricci, F.; Pingarrón, J. M.; Mascini, M.; Wang, J. Rapid Micromotor-
Based Naked-Eye Immunoassay. Talanta 2017, 167, 651−657.
(1644) María-Hormigos, R.; Jurado-Sánchez, B.; Escarpa, A. Self-
Propelled Micromotors for Naked-Eye Detection of Phenylenedi-
amines Isomers. Analytical Chemistry 2018, 90 (16), 9830−9837.
(1645) María-Hormigos, R.; Molinero-Fernández, Á.; López, M. Á.;
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