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ABSTRACT: Over the past 15 years, the field of microrobotics has exploded with many
research groups from around the globe contributing to numerous innovations that have led to
exciting new capabilities and important applications, ranging from in vivo drug delivery, to
intracellular biosensing, environmental remediation, and nanoscale fabrication. Smart responsive
materials have had a profound impact on the field of microrobotics and have imparted small-
scale robots with new functionalities and distinct capabilities. We have identified four large
categories where the majority of future efforts must be allocated to push the frontiers of
microrobots and where smart materials can have a major impact on such future advances. These
four areas are the propulsion and biocompatibility of microrobots, the cooperation between
individual units and human operators, and finally, the intelligence of microrobots. In this
Review, we look critically at the latest developments in these four categories and discuss how
smart materials contribute to the progress in the exciting field of microrobotics and will set the
stage for the next generation of intelligent and programmable microrobots.
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1. INTRODUCTION TO SMALL SCALE ROBOTICS

Robots have been a transformative force to society by enhancing
our capabilities beyond biological limitations and by providing a
better life quality for the world population.1−3 For example, the
Da Vinci surgical system operates inside patients with more
precision than a freehand physician.4 Moreover, robots are
fundamental to the exploration of extreme environments such as
the current NASA Rover.5 While certain technological advances
in materials development have resulted in lightweight yet strong
macroscale structures with superior performance, the majority
of improvement has been on the software side. On the hardware
side, current robotic designs consist of an assembly of discrete
mechanical and electronic components with individually
prescribed functionalities. Such macroscale robots mainly rely
on operator inputs or artificial intelligence software to adapt to
their ever-changing environmental conditions. Nature, on the
other hand, programs adaptability and multifunctionality
directly in the constituent materials. For example, micro-
organisms contain the necessary tools to adapt to and function in
dynamically varying environments and replicate and synthesize
an assembly of molecules and cells.6−8 Inspired by micro-
organisms, we can learn from nature how to develop cell-sized

robots furnished with their own propulsion, intelligence,
programmability, and adaptability to the environment.
Microrobots are too small to host common electronic

circuitry. Therefore, the traditional view of robot programm-
ability using computational units and software at macroscale
cannot be translated to microscale. We need to look at this
challenge through a new lens and define a new paradigm for
addressing the challenge of programmability at the microscale
by directly embedding intelligence through reconfigurable
geometry and advanced materials. Smart materials are essential
for creating programmable actuators, valves, and active surfaces
of versatile microrobots. Hence, we must focus on the biological
and physicochemical aspects of such building block materials to
incorporate the desired behavior and functionality in micro-
robots.9−11

Smart materials offer visible and tangible reactions to changes
in their surroundings or to external stimuli. Such materials are
also called “intelligent” or “responsive” because of their unique
self-adaptability, self-sensing, or memory capabilities. Due to
these remarkable properties, smart materials are gaining
considerable importance in many industries and can have a
profound impact on the microrobot field. Major advances in
smart materials and their integration with innovative fabrication
techniques have already enabled the development of small-scale

Figure 1.Main areas where smart materials can advance the performance of microrobotics: propulsion, biocompatibility, cooperation, and intelligent
behavior.
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robots of only a few micrometers with novel capabilities. A new
paradigm of robot design has emerged in which we must
consolidate multiple functionalities, capabilities, and design
considerations within a small volume of carefully fabricated
microstructure to make a programmable and smart microrobot
that can explore their surroundings and respond to environ-
mental cues. While still a far-reaching goal under the current
state of material science and fabrication technology, recent
advances in the field promise a plethora of diverse building
materials for new generations of microrobots.12−14 Such use of
advanced smart responsive materials for imparting small-scale
robots with new distinct functionalities will greatly facilitate the
design of intelligent programmable microrobots and offer
unique future opportunities. The ability of smart materials to
respond to stimuli paves the way for the creation of
reconfigurable flexible microrobots with attractive new capa-
bilities and increased adaptability for complex operations. So far,
the field of microrobotics has seen a variety of initial proof-of-
concept applications supporting the potential use of these
devices in different fields, including medicine,15−19 environ-
mental remediation,20−22 and microfabrication.23−25 Moving
forward, beyond the developments of the past decade, we should
ask ourselves a set of key questions the answers to which lay the
foundation for the future directions of microrobotics:

• Can microrobots lead to significant technological
innovations?

• How can we make microrobots intelligent or program-
mable?

• How can we make microrobots biocompatible with
human health and the environment?

• How will microrobots work collectively in small or large
ensembles together toward accomplishing complex tasks?

• What are the possible communication channels and
designs between the microrobots and a human user, their

macroscale operators, and the microscale environment as
a whole?

• How can we integrate microrobots with our current
technology and society, and how can we create novel
perspectives on solving problems the world is facing?

In this Review, we take a critical look at the foundation of the
next generation of small-scale robots from a materials science
perspective. Existing technical difficulties and challenges require
a paradigm shift in the fabrication, powering, and collective
interactions of microrobots. To provide guidelines for future
developments, we elucidate four main areas where smart
materials will advance the frontiers of microrobotics: propulsion,
biocompatibility, cooperation, and intelligence (Figure 1 and
Table 1). Within the context of robotics, these categories
address the challenge of utilizing “smart materials” for
microscale robotics. Embedding of the operating code
responsible for microrobot behavior is accomplished by the
judicious selection of the constituent materials and fabrication of
innovative designs of reconfigurable structures with self-
sustaining power sources. We “program” microrobot instruc-
tions into its structure directly by selecting the constituent
materials with task-specific tailored chemical, physical, and
biological properties and functions. Through the concept of
“programmability of materials”, we will address such limitations
in the following sections.

2. PROPULSION

2.1. Material Requirements
Locomotion of small-scale objects through fluid environments is
a challenging and exciting field. While macroscopic robots
exploit bulk body inertia to pass through fluids, their microscale
counterparts encounter viscous surface forces that dominate the
inertial bulk effects. Thus, microscopic robots require non-
reciprocal motion mechanisms for overcoming the challenges of
propulsion at low Reynolds numbers and the effects of Brownian

Table 1. Ideal Features for the Next-Generation Programmable Microrobots
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motion. Such mechanisms require symmetry breaking in the
microrobot structure or surface activity by constantly applying
power source (as inertial effects are negligible), or deformation
of the swimmer in nonreciprocal dynamics, similar to the cilia
power stroke and recovery from microorganisms.26,27 In
addition, the small size limitation of microrobots does not
allow for on-board power capability. Within this context, we
define a “microengine” as a micro/nanostructure that harvests
energy from its surrounding environment and converts it into
mechanical energy, such as motion or physical actuation, while
defining a “microrobot” as a microstructure that performs a
predefined function while taking advantage of the above-
mentioned motion.28 Thus, according to our definition, a
microrobot is usually composed of a microengine along with
additional functional parts. The constituent materials of the
microengine depend on the type of microrobot’s power
sources29 which can be local (chemical reaction and biohybrid
designs), external (magnetic, ultrasound actuation, light,
electric) or a combination of both.30 Table 2 summarizes the

strengths, challenges, and opportunities for each type of
microrobotic propulsion mechanism. In the following sections
we will describe in detail different types of materials utilized as
engines, their function, and how they can be exploited to tailor
and tune the microrobot locomotion.
2.2. Autonomous Engines

2.2.1. Catalytic and Transient Materials for Chemical
Engines.A large group of locally poweredmicrorobots relies on
catalytic engines that harvest chemical energy from their
surrounding environment and convert it into motion (Figure
2). A variety of chemically active materials,31 including noble
metals (platinum, gold, silver),32−34 transient metals (iron,35,36

zinc,37−39 and magnesium40−42), reactive minerals (calcium
carbonate),43−45 alloys,46−48 semiconductors,49−51 and bio-
catalytic enzymes (urease,52−57 catalase,58−60 and glucose
oxidase61−63) are utilized. The integration of these catalytic
materials into distinct geometries and engine designs,64,65

coupled with a wide range of environmental fuels, result in
diverse propulsionmechanisms. The early generation of artificial

Table 2. Strengths, Challenges, and Opportunities of Current Types of Microrobot Powering Mechanisms

Figure 2. Catalytic materials for chemical propulsion. (a) Biocatalytic enzymatic-based propulsion of hollow silica microcapsules functionalized with
urease. Reprinted with permission from ref 55. Copyright 2019, Nature Publishing Group. (b) Steel hull propelled by CaCO3 decomposition into CO2
gas microbubbles. Reprinted with permission from ref 43. Copyright 2016, Nature Publishing Group. (c)Water-driven hydrogen-propelled Al−Ga/Ti
microengine. Reprinted with permission from ref 46. Copyright 2012, American Chemical Society. (d) Janus B-TiO2/Au engine power by
photocatalysis. Reprinted with permission from ref 51. Copyright 2017, American Chemical Society. (e) Transient bubble-propelled Mg-TiO2
microengine. Reprinted with permission from ref 41. Copyright 2020, American Association for the Advancement of Science. (f) Bubble propulsion of
hollow tubular PPY/Pt catalytic microrockets. Reprinted with permission from ref 80. Copyright 2012, American Chemical Society.
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catalytic engines were bimetallic nanowires (composed
primarily of gold and platinum segments) and immersed in
the hydrogen peroxide fuel solution to generate a self-
electrophoretic gradient over their surface that results in their
locomotion.66 The electrokinetic flow is generated due to the
asymmetric reduction and oxidation electrochemical half-
reactions occurring in each segment of the nanowires.67,68

Other designs included multicomponent segments of inert and
active materials.69,70 A limitation of these types of engines is that
environmental factors can hinder the propulsion mechanism.
For example, the velocity of self-electrophoretic microengines
depends on the thickness of the electric double layer around the
particle and thus they operate poorly in environments with high
salinity, limiting their use for practical environmental and
medical applications.71 Similarly, the decomposition of chemical
fuels on surfaces with asymmetric composition can result in self-
diffusiophoretic locomotion,72−74 where molecules involved in
the catalytic reaction move toward lower concentration, thus
producing flow field due to the solute gradients. Again, the
operation of self-diffusiophoretic micromotors depends on the
thickness of the interaction layer near the particle surface.
Another locally powered mechanism of chemical locomotion

consists of the continuous ejection of gas microbubbles
generated in internal cavities of the microrobot engine, akin to
rockets used to propel into space.75−78 To achieve directional
motion, the catalytic surface is enclosed by an inert material
(silicon,79 parylene,41 polypyrrole,80 graphene81), leaving an

opening for the fuel to enter and the chemical reaction to occur.
Typical engine designs include a hollow tube with a catalytic
interior and an inert exterior, and Janus microspheres with
diverse degrees of coverage (half coating or nearly complete
shell with a small opening).82,83 To increase the bubble
production and enhance themicroengine propulsion, composite
materials, surface roughness, and geometric design have been
integrated into the engine.84−89 A limitation of chemically
powered engines is that some of the common fuels, e.g.,
hydrogen peroxide,90−92 hydrazine,93,94 sodium borohy-
dride,95,96 are toxic, while other biocompatible microengines
(based on magnesium, zinc, calcium carbonate) have short
lifetimes. Moreover, the byproduct of the chemical reaction
might change the local pH environment or increase the
concentration of charged species.

2.2.2. Biological Materials for Chemical Engines. Living
microorganisms have been used as the engines for the
propulsion of biohybrid systems. The coupling of motile
microorganisms as the engine for small scale robotics with
synthetic structures offers unique capabilities.97−100 Micro-
organisms possess locomotion autonomy by harvesting energy
from their environment and have built-in systems for
modulating their propulsion. Developed and optimized over a
long time by evolution, microorganisms add enhanced features
and functionality to the microrobot. The coupling of a living
organism and synthetic components can be achieved through
diverse mechanisms, including covalent interactions, electro-

Figure 3. Externally powered microengines. Magnetically propelled microengines based on: (a) magnetically propelled microengine composed of Au/
Ag/Ni nanowires; the silver segment was flexible under etching conditions, and the nickel segments served for magnetic actuation under a rotating
magnetic field. Reprinted with permission from ref 126. Copyright 2010, American Chemical Society. (b) Rigid microhelices composed of SiO2 helices
coated with cobalt as magnetically responsive material. Reprinted with permission from ref 123. Copyright 2014, American Chemical Society. (c)
Rotating microwalker composed by coupling two Ni/SiO2 magnetic Janus microspheres. Reprinted with permission from ref 139. Copyright 2018,
Wiley-VCH. Ultrasound propelled microengines based on (d) standing wave powered asymmetric Au nanowire with a concave end and a nickel
segment for magnetic guidance. Reprinted with permission from ref 149. Copyright 2013, American Chemical Society. (e) Traveling wave induced
oscillation of a bubble trapped in a hydrophobic 3D printed microstructure. Reprinted with permission from ref 170. Copyright 2020, United States
National Academy of Sciences. (f) Focus ultrasound induced jet streaming of perfluorocarbon fuel emulsion loaded inside a graphene oxide/Au hollow
microcannon. Reprinted with permission from ref 172. Copyright 2012, Wiley-VCH.
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static interactions, and physical entrapment. In developing such
microcyborgs, material characteristics can be used to target
different adhesion sites. The key factors in selecting the
microorganism should consider the desired task and materials
for the artificial component. Most studies utilize small flagellated
microorganisms (∼1 μm) such as sperm,101−105 algae,106,107 or
E. coli,108−110 which are ideal for navigating through confined
spaces and already capable of diverse modification mechanisms
through external chemical functionalization or genetic engineer-
ing. In addition, recent studies have taken advantage of larger
ciliated organisms (>100 μm), such as rotifer111 or vorti-
cella.112,113 Such large microorganisms rely on their cilia beating
in a coordinated motion to inducemotion or generate large scale
fluid mixing. These larger biohybrid systems have been used for
potential environmental remediation and microfluidic mixing.
The widespread use of biohybrid engines will require improving
control mechanisms and developing immune compatibility with
other biosystems. More recently, advances in synthetic biology
have provided the opportunities to program genetically
engineered bacteria to produce functional components within
themselves, such as magnetic particles114,115 or gas-filled
microstructures.116,117

2.3. Responsive Engines

2.3.1. Flexible and Rigid Materials for Magnetic
Engines. Responsive or externally powered systems offer a
wide range of opportunities for powering micro/nanoengines
over prolonged periods.118 A microrobot containing magnetic
materials can respond to external magnetic fields which can
guide their directionality or generate their locomotive
force.119−122 The first microrobots used magnetic materials in
their design to reorient their axis to a magnetic field, commonly
generated by a permanent magnet or Helmholtz coil, that enable
them to achieve locomotion through predetermined paths.
Moreover, magnetic materials have been widely used as
responsive engines that convert an incident magnetic field into
mechanical actuation. For example, magnetic helical micro-
robots need to rotate about their principal axis to move forward
at low Reynolds flow and oscillating magnetic fields have been
used to apply the required torque. The resulting corkscrew
motion translates magnetic force to mechanical thrust and
power to the engineered microstructures.123 The key factor for
achieving locomotion relies on the integration of magnetic
components (iron, nickel, iron oxide) into the helical structure
of the microrobot main body and the careful magnetization
orientation. The external magnetic field can be finely tuned to
adjust the oscillation frequency, resulting in speed modulation.
A class of magnetically actuated microswimmers is a set of

flexible structures for which an oscillating magnetic field leads to
undulation of the flexible part and the propulsion of the whole
microstructure.124 For example, a magnetic microengine was
constructed by self-assembly of red blood cell attached to a
linear chain of one micrometer-sized magnetic microbeads.
These beads were coated with streptavidin and linked together
by biotinylated DNA strands.125 This resulting flexible structure
resembles an artificial flagellum powered by inducing a beating
pattern via an external oscillating magnetic field. Similarly, a
flexible magnetically actuated microengine was built by
integrating a rigid gold head, a flexible porous middle body
(obtained by selective silver etching), and a magnetic nickel
tail.126 The oscillating magnetic field induces the rotation of the
nickel end, which resulted in the rotation of the gold head on the
adjacent section. The phase and amplitude difference between

both ends generates the bending of the middle flexible silver
section, thus breaking the system symmetry and resulting in
locomotion (Figure 3a). The development of flexible hinges
with diverse joints has resulted in diverse types of “swimming”
behavior.127,128

Rigid helical microengines containing magnetic materials can
be actuated under the influence of an external oscillating
magnetic field (Figure 3b), leading to numerous propulsion
mechanisms, most notable corkscrew motion.123,129,130 These
types of rigid structures can have diverse arbitrary shapes that
function as cargo compartments,131,132 or as a template for cell
culture.133−137

In both scenarios of rigid microhelices and flexible micro-
structures, each microswimmer propels by actuated rotation or
oscillation rather than being dragged by the external magnetic
field. These magnetic microrobots swim suspended in solution.
On the other hand, tumblers or walker-based microrobots, roll
onto a surface to generate locomotion. This latter propulsion
mode offers unique opportunities, as it is one of the few types of
microrobots that are in constant interaction with a surface. One
potential application for such rollers is for scanning cancer cells
in blood vessels or decontaminating pollutants from surfaces
(Figure 3c).138−142 The main advantage of magnetically
propelled engines relies on its high degree of control and long-
lasting operation, although this method has limitations based on
the small domain of operation and requirement of specialized
equipment.143,144

Microengines with magnetic properties can be controlled and
directed by using uniform magnetic fields without necessarily
inducing motion.145,146 The magnetic field lines of the uniform
magnetic field apply magnetic torque to the magnetic segment
embedded in the microrobot, thus aligning and redirecting its
locomotion.

2.3.2. Material Density and Asymmetry Driven Ultra-
sound Engines.Another important class of externally powered
microengines relies on the use of ultrasound acoustic waves.147

Ultrasound is an attractive power source due to its
biocompatibility and tunability. Different powering mechanisms
can be achieved by the generation of standing waves, traveling
waves or focused ultrasound. The early generations of
ultrasound-powered microrobots consisted of asymmetric
metallic nanowires powered by the oscillation of the micro-
structure at the nodes of standing waves in fluid and the resulting
acoustic streaming (Figure 3d).148,149 These types of micro-
robots have been used in a wide range of biomedical applications
including intracellular delivery,150−154 preconcentration of
biological targets155 and transport of therapeutic payloads.149,156

Theoretical and experimental studies suggest that this type of
acoustic propulsion is influenced by the microstructure density
asymmetry in bimetallic systems, especially for geometrically
symmetric microstructures. Utilizing shape design and material
asymmetry we can break the microstructure symmetry in a
variety of ways and develop microrobots with distinct motion
modes.157−162 The operation of this propulsion mechanism is
restricted to the small domain at and in the vicinity of the
acoustic nodes.163 Another powering mechanic for micro-
engines is the use of traveling acoustic waves by the ultrasound-
induced beating of flexible bodies, similar to a fish tail or
bacterial flagella164−167 and the oscillation of bubbles trapped in
microstructures (Figure 3e).168−171 Finally, high intensity
focused ultrasound has been used to induce rapid vaporization
of chemical propellants (for example, perfluorocarbon emul-
sions) inside a combustion chamber (<5 μm) resulting in rapid
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firing of the microrobot in a bullet-like fashion, reaching the
mm/s speed range (Figure 3f).172−174

These types of engines have the potential to operate inside the
body due to the ability of traveling waves and focused ultrasound
to penetrate into a variety of tissues.175,176 The main material
consideration here is the use of materials with high-density
contrast relative to the surrounding fluid. For example, gas
microbubbles embedded inside engineered microstructures
have a density contrast with their medium, thus the application
of an acoustic field results in strong propulsion.177,178 Similarly, a
high relative density compared to fluid is required to actuate and
propel solid micro engines using a standing wave, as
experimental results indicate that polymeric micro engines
(with similar density with water) have negligible propulsion
when compared to metallic micro engines.179,180

2.3.3. Photothermal and Photocatalytic Materials for
Light Powered Engines. Light has also been used to power
microengines.181−184 Similar to solar cells, for microrobots a
diversity of materials can be viable candidates to harvest the
energy of different portions of the electromagnetic spectrum and
turn it into mechanical work.185 One class of these materials use
light to enhance or catalyze chemical reactions required for self-
propulsion (Figure 4a). Thus, light can be used to induce self-
electrophoretic,186−190 self-diffusiophoretic,191−193 and bubble
propulsion.194,195 The photoactive materials enhance photo-
chemical reactions such as the electrolysis of water or
breakdown of fuels like hydrogen peroxide. Titanium dioxide,
silicon dioxide, bismuth oxyiodide, and oxometallates196 are the
most commonly used materials for light-induced degradation or
breakdown of water. For example, exposure to ultraviolet light
provides the energy necessary to excite electrons from the

valence band to the conduction band and thus induce
electrophotochemical reactions depending on the microengines’
material.
Another class of candidate material to exploit light for

propulsion turns light energy to heat. The corresponding
microengines are designed to induce asymmetric preferential
absorption of near-infrared light.197 This leads to the formation
of a thermal gradient over the surface of the microengine and
thus a gradient in the properties of the solution encompassing
the particle. Thus, the particle can self-propel due to
thermophoresis (Figure 4b).198−204 More recently, interfacial
tension gradient-based light-driven trans/cis isomerization of
photochromic materials and the use of light-induced deforma-
tion of liquid crystal elastomers have also been proposed as light-
driven propulsion mechanism for small-scale robots.205,206 Light
powered microengines have a high degree of tunability and the
potential to use different portions of the electromagnetic
spectrum (such as ultraviolet, visible light, and infrared) for
self-propulsion in large scale operation outside the laboratory.207

Nevertheless, the current generation of light propelled micro-
engines faces diverse challenges as they are limited by light
penetration in biological samples and environments with high
ionic strength.

2.3.4. Polarizable Materials for Electrically Powered
Engines.The use of external electric fields has also led to a wide
range of propulsion and actuation mechanisms.121 This type of
propulsion was achieved by combining materials with distinct
electric susceptibility. For example, metallic materials are more
strongly polarizable than dielectric materials. The combination
of direct currents (DC) and alternating currents (AC) can
generate electrokinetic flow fields that guide themotion of small-

Figure 4. Light propulsion based on (a) photochemical motion of a bismuth oxyiodide (BiOI)-metal Janus microrobots under visible light. Reprinted
with permission from ref 186. Copyright 2017, American Chemical Society. (b) Photothermal actuation of mesoporous silica nanoparticles coated
with a gold cap under near-infrared actuation. Reprinted with permission from ref 203. Copyright 2016, American Chemical Society. Electric
propulsion based on (c) propulsion of semiconductor diode multicomponent nanowires (Cd/PPy and CdSe/Au/CdSe) under application of an
external AC electric field. Reprinted with permission from ref 209. Copyright 2010, Royal Society of Chemistry. (d) Use of DC electric field to generate
bipolar chemistry over the surface of a steel sphere. Reprinted with permission from ref 219. Copyright 2011, Nature Publishing Group.
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scale diodes (Figure 4c).208,209 Induced-charge-electrophoresis
is achieved by using AC fields to polarize a section of the
microrobotic engine210−214 leading to electroosmotic flows
(generated by the accumulation of counter charges in the
electric double layer around the surface of the particle) or by
applying an electric field between two conducting plates
generating an induced dipole on the surface of the microengine.
The use of DC fields has been used to generate spatially
separated redox reactions (bipolar reaction) that leads tomotion
by the asymmetric conversion of fuels over the engine of the
microrobot (Figure 4d).215−219 The applications of electrically
driven microrobots will be described in detail in Section 4,
Cooperation. The use of novel electroactive materials could
improve energy consumption and precision control. We note
that although both light and electrical engines involve chemical
reactions, they require an external energy source to obtain the
catalytic activity required for locomotion; thus, they are included
in the section of responsive and not autonomous engines.
2.4. Hybrid Power Sources

Use of a local power source is beneficial for performing tasks
such as autonomous cargo carrying and enhanced mixing, where
the direction of motion is determined by the microrobot and its
local environment. On the other hand, external actuation can
provide tunable and on-demand actuation for longer time
periods. Similar to recent trends in hybrid car engines,
microrobots with dual or multiple engines, capable of converting
both local or external power sources into locomotion, have been
developed to address the limitations of the individual power
sources.220−224 These include the combination of chemical and
magnetic engines containing a flexible magnetized tail with a
catalytic head. The two engines can work simultaneously in
parallel or in a sequential manner. For example, at first the
microengine moves through the solution using solely chemical
locomotion, but when the fuel is depleted an external field is
applied to power its motion by oscillating the flexible tail.225

Chemical/acoustic hybrid engines based on asymmetric
bimetallic nanowires have also been developed. Similarly, an
ultrasound field can be used to modulate the chemical
propulsion and act as the sole source of powering when the
fuel is depleted.226,227 A similar design approach has been used
for chemical/light hybrid engines.228 Finally, magnetoacoustic
engines have been developed using a microstructure composed
of helical structure coupled with a concave gold segment.229

Such a combination resulted in finely tunable locomotion and
swarming behavior. The use of dual power sources could offer
new possibilities and modes of motion (such as acceleration or
brake) that would not be possible by using a single engine type.
Other future combinations of different engine combinations
should offer new possibilities for microscale motion and
interaction in new environments.
2.5. Tunable Motion and Modulation of Speed

One approach to build smart microrobots is the use of
responsive materials that adapt their physicochemical properties
as a result of changes to their environment. This alteration can
be locally initiated or externally triggered.230−232 Each powering
source has unique advantages and challenges for fine-tuning
microrobot locomotion. Locally powered chemical microrobots
present an inherent actuation challenge. Unlike a macroscale
robot that carries its fuel supply and uses it on demand for an
internal combustion or jet propulsion rocket engine, chemically
powered microrobots are submerged and swim in their fuel, and
thus, there is always access of the fuel to the catalytic engine

portion. Therefore, controlling the amount of local fuel
consumption in microrobots and modulating their speed is a
challenge. To address this matter, different strategies have been
proposed for modulating the propulsion of chemically powered
microrobots by an integrated programmed behavior triggered by
distinct environmental cues. We note that engines which use
external power sources can be modulated easily by changing the
applied field; hence, we focus solely on chemical engines.

2.5.1. Temperature-Based Modulation. Temperature
can be used to modulate the performance of microengines
such as fuel consumption rate in chemically powered micro-
robots.233 For example, the movement of catalytic metallic
nanowire can be controlled and regulated on-demand by
applying an external on/off temperature switch and correspond-
ingly changing the catalytic rate of decomposition. A direct
speed−temperature dependence was observed. The micro-
robot’s speed is modulated by the temperature variation (Figure
5a) resulting in an alteration of the thermal activation of the fuel
redox processes and the viscosity of themedium surrounding the
microrobot. The thermal modulation of the movement holds
great promise for providing an on-demand (spatial and
temporal) activation of nanoscale transport systems. The
increase in temperature is also shown to change the mode of

Figure 5. Tunable motion of microengines. (a) Temperature induced
acceleration of gold platinum nanowires under spikes in temperature.
Reprinted with permission from ref 233. Copyright 2009, Wiley-VCH.
(b) Schematic representation of the reversible control over the speed of
PNIPAM-modified microengines by changing the temperature.
Reprinted with permission from ref 235. Copyright 2017, Nature
Publishing Group. (c) Schematic representation of the microrobots
with pH-responsive on/off motion of responsive ZIF-L particles.
Reprinted with permission from ref 240. Copyright 2019, Wiley-VCH.
(d) Schematic of the speed modulation by reversible catalyst inhibition
of urease enzyme in the presence of heavy metals in solution. Reprinted
with permission from ref 241. Copyright 2016, American Chemical
Society. (e) Use of acoustic fields to modulate bubble propulsion by
inducing bubble coalescence and aggregation under secondary Bjerknes
force. Reprinted with permission from ref 247. Copyright 2014,
American Chemical Society. (f) Reversible light-based speed
modulation based on the tuning of photochromic molecular motor’s
properties to hinder the bubble propulsion mechanism of a micro-
rocket. Reprinted with permission from ref 253. Copyright 2016,
American Chemical Society.
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motion from linear to circular trajectories and increase the speed
of chemically powered microengines.234

Temperature-responsive polymers have been also used to
regulate the response of microrobots. Chemically driven
microrobots with temperature-responsive valves composed of
poly(N-iso-propylacrylamide) (PNIPAM) have the ability to
reversibly actuate the valve and modulate the amount of fuel
reaching the microengine catalyst (Figure 5b).235 The use of
PNIPAM on Janus Au−Pt microrobots has been reported to
modulate the direction of motion by temperature fluctuations.
At room temperature, PNIPAM brushes on the Au side were
hydrophilic and swelled, allowing a self-electrophoretic motion
typical of Au−Pt bimetallic microrobots. However, above 32 °C,
the polymer collapsed, making the gold surface hydrophobic and
endowing the microrobot with an insulator−metal structure.
Under this condition, the motion is slowed, and the mechanism
of motion changes to self-diffusiophoresis akin to a Pt-SiO2
microrobot. The use of thermoresponsive material allows a
reversible switching between hydrophobic and hydrophilic or
conductive and nonconductive states; we can change the
material properties of a microrobot on-demand and hence alter
its locomotion.236 The properties of PNIPAM have also been
explored for making reversible shape-shifting microrobots made
of polymeric layers with a thin film of platinum as catalyst. The
flexibility and swelling capabilities of the polymer at room
temperature allow folding upon cooling and unfolding upon
warming of the polymeric layers. The Pt layer used for self-
propulsion is thus also folded and unfolded. Such temperature-
based actuation can modulate the curvature of the tubular-
shaped microrobot and affect the formation of bubbles and the
propulsion.237 Finally, a motile microrobot used wireless power
to enable locomotion via inductive coupling, resulting in the
tunable local heating of the catalyst engine and enabling
controlled speed.238

2.5.2. Chemically Tunable Motion. Programmable
catalytic surfaces can also be used for tuning the motion of
chemical microrobots. The propulsion of artificial biocatalytic
microswimmers, which rely on enzymes to convert energy into
motion, can be controlled by chemically inhibiting and
reactivating the enzymatic activity. For instance, the motion of
enzyme-powered biocompatible polymeric (PEDOT)/Au-
catalase tubular microrobot was controlled by toxin-induced
inhibition of the enzyme catalase.239 Reversible pH-responsive
on/off motility of microrobots was demonstrated using
succinylated β-lactoglobulin and catalase in porous framework
particles composed of zeolitic imidazolate framework-L (ZIF-
L). The permeability of β-lactoglobulin at pH 7 allowed fuel
permeability and microrobot propulsion. However, at pH 5, the
access to fuel into the microrobots was impeded (Figure 5c).240

Silica particles coated with urease for propulsion experience
modulation of their velocity by chemically inhibiting (using Ag+

or Hg2+ ions) and reactivating (using dithiothreitol) the
enzymatic activity of urease (Figure 5d).241

A similar principle has been applied using other synthetic
catalysts. For example, the speed of self-propelled microrobots
based on metal−organic frameworks (MOF) was reduced by
addition of suitable chelators as chemical “brakes”, which
sequester the catalytic metal ion of the MOF engine and
suppress its catalytic activity.242,243 Moreover, programmable
speed modulation has been achieved by using built-in delay-
activation materials, such as polymeric enteric coatings or metal
alloys. Enteric materials delay the propulsion activation based on
their coating thickness or ionic environment.244 On the other

hand, an inner Pt−Cu alloy in the catalytic area of the
microrobot allowed delayed microrobot activation via timed
dealloying.48 The preferential gradual corrosion of Cu initiated
the propulsion through delayed exposure of the catalytic Pt
surface. The microrobot activation time can thus be tailored by
controlling the composition of the Cu−Pt alloy layer and the
surrounding media, including the fuel and salt concentrations,
and local pH.48 The addition of microstructures has also been
used to guide the fluid flow around the microrobot structure,
thus modulating the microengine speed.245,246

The tunable capabilities demonstrated in previous studies
pave the way for the inclusion of new programmable materials
and new designs toward “built-in” activation mechanism that
could regulate propulsion via accelerating or braking, optimizing
the fuel consumption, and increasing the locomotion efficacy.

2.5.3. External Field Motion Modulation. Chemical
propulsion can also be externally modulated by sound, electric
field, or light stimuli. The use of external forces provides a
distinct signal that does not induce propulsion by itself because a
chemical engine is not affected by the low intensity of the field or
does not contain a responsive material; instead, the external field
works by increasing the reaction rate or inducing a physical force
over the microswimmer. For example, ultrasound was used to
stop and decelerate bubble-propelled PEDOT/Ni/Pt micro-
robots. Precise, reversible, and rapid speed increase/decrease at
low/high ultrasound powers was thus obtained within seconds
(Figure 5e).247 Ultrasound was also used to produce stop/go
motion of bubble-propelled microrobots via the mutual force
experienced between bubbles oscillating nearby each other.
Such force is generated by the interaction of the individual
bubbles with an acoustic node through the primary and
secondary radiation forces, which are responsible for generating
the oscillation of the bubbles.248,249 Such external manipulation
with sound waves allows control of the motion and
directionality.248 Blue light was used to modulate the speed of
supramolecular nanorobotic valves by regulating the access of
the peroxide fuel into the engine of the nanorobot through the
light-induced formation of inclusion complexes.250

The propulsion of microrobots has also been tuned through
illumination with a white-light source which suppresses the
microbubble generation in conical Ti/Cr/Pt catalytic micro-
structures.251 Both peroxide fuel and surfactant were degraded
at wavelengths between 450 and 700 nm light, being more rapid
at lower wavelengths, thus impeding themotion. The propulsion
of ZnO−Pt microrockets has been enhanced with light-
induction.252 Upon irradiation with ultraviolet (UV) light, the
photocatalytic properties of ZnO and Pt were enriched, allowing
increments of the microrobot speed. The light increases the
number of photoexcited electrons and holes in ZnO for gas
formation toward faster propulsion. Photochromic molecular
microrobots have been used to change the medium properties
toward modulating the speed of bubble-propelled microengines
(Figure 5f).253 Furthermore, AC voltage has been used for 2D
control of themotion of PS/Pt/Au spherical microrobots loaded
between ITO electrodes.254 The direction of the microrobots
could be regulated for one or multiple microrobots by
controlling the electroosmosic and dielectrophoretic forces in
the fluid flow. The use of AC and DC fields and a more complex
3D microelectrode setup were used for guiding and modulating
the propulsion of catalytic Au−Pt nanowires.255
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Figure 6. Prescribing biocompatibility. (a) Magnetic nanohelices with ferrite coatings offer controlled motion in blood. Reprinted with permission
from ref 261. Copyright 2014, American Chemical Society. (b) Perfluorocarbon-coated magnetic micropropellers toward operation in the eye.
Reprinted with permission from ref 262. Copyright 2018, American Association for the Advancement of Science. (c) Mg-based Janus microrobots
toward in vivo therapy of bacterial infection. Reprinted with permission from ref 268. Copyright 2017, Nature Publishing Group. (d) A microcapsule
enveloping Mg-based microrobots releases the loaded microrobots in the intestinal tract upon NIR irradiation for subsequent in vivo visualization by
PACT. Reprinted with permission from ref 269. Copyright 2016, American Association for the Advancement of Science. (e) Enteric coated Mg-based
tubular microrobots for precise positioning in the GI tract. Reprinted with permission from ref 244. Copyright 2016, American Chemical Society. (f)
Macrophage-Mg hybrid microrobots with rapid propulsion in water-based environments and biological functions provided by the live MΦ cell:
schematic and colored SEM image showing the attachment of the Mg-microrobot and the macrophage (in green and pink, respectively). Reprinted
with permission from ref 272. Copyright 2019, Wiley-VCH. (g) Magnetic helical nanorobots cloaked with the plasma membrane of human platelets,
display magnetic propulsion in whole blood while possessing inherent biological functions of platelets. Reprinted with permission from ref 277.
Copyright 2018, Wiley-VCH. (h) Biocompatible ferromagnetic FePt nanorobots. Reprinted with permission from ref 280. Copyright 2020, Wiley-
VCH.
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3. BIOCOMPATIBILITY

3.1. Material Requirements

Biocompatibility is critical for designing microrobots for
biomedical applications, as the material selection would require
proper attention regarding the safety, toxicology, and material
biocompatibility to minimize or eliminate harmful side
effects.256 Along this direction, research efforts have recently
aimed at integrating a diversity of materials for biocompatibility,
degradation, deformability, and reconfigurability at the individ-
ual microrobot level and self-assembly at the collective level. An
attractive approach to avoid accumulation in organs and blood
vessels, achieve a zero-waste profile, and eliminate the need for
retrieval, would be to design time-dependent decomposable
structures and soft microrobots.257,258 Moreover, the material
selection for engines and coatings needs to consider the
heterogeneous biological environments (gastric acid, blood
vessels, mucus) and how those environments could produce
biofouling or induce immune response in the body.259 Thus,
before considering the real implementation of microrobots in
human subjects, it is crucial to carefully study and address the
biocompatibility of such microrobotic systems, their potential
biodegradability in the body, and understand their interaction
with biological elements. In the following sections, we will focus
on describing the efforts made by the microrobotic community
toward this end.
3.2. Biocompatible Coatings

As introduced above, the fabrication of microrobots with
biocompatible materials is essential before considering their
practical in vivo application. In this context, during the past
decade we have observed a series of proof-of-concept
demonstrations aiming at addressing such biocompatibility
issues. Despite significant progress in microscale fabrication and
actuation, adapting these robotic systems into more complex
biological environments still suffers practical limitations, such as
the lifetime of the microrobots in corrosive environments,
viscosity of biofluids, and microrobot fouling inside complex
biological environments.260 New strategies have focused on
creating protective coatings such as fluorinated, enzymatic, or
ferrite coatings261−263 (Figure 6a) based on diverse materials
that provide stable actuation in a variety of complex biofluids.
These protective coatings have facilitated the movement of
microstructures in complex viscoelastic fluids, such as whole
blood or the vitreous of the eye (Figure 6b). The use of
advanced responsive materials for site-specific active delivery is
expected to result in effective active delivery systems to further
advance the fields of biomedicine and micromotors. Porous
microrobots used a coating of gated phenylboronic acid valves
for smart insulin delivery.264 The pH-responsive nanovalves
released insulin from a porous silica segment based on the
change of pH induced by decomposition of glucose by glucose
oxidase enzyme into gluconic acid, causing the protonation of
the phenylboronic acid valve and release of the loaded insulin.
Protective coatings based on biodegradable copolymers such as
poly(lactic-co-glycolic acid) (PLGA) and methacrylic acid
copolymers or biopolymers such as chitosan have also
demonstrated good biocompatibility in connection to different
cargo delivery strategies at the gastrointestinal tract (GI)
level.265,266 For example, a methacrylic acid polymer coating
was used as a pH-responsive layer to autonomously release an
encapsulated payload upon gastric acid neutralization by the
consumption of the engine Mg core of the microrobot.267

The first demonstration of in vivo therapy was reported using
Mg-based microrobots coated with an antibiotic-loaded PLGA
layer and an outer chitosan coating which ensured microrobot
adhesion to the stomach wall through electrostatic interactions
(Figure 6c). The PLGA-chitosan-based microrobots offered
prolongedmicrorobot retention in the stomach wall, leading to a
more efficient therapeutic treatment.268 Considerable efforts
have been devoted to controlling the activation of microrobots
and the delivery of the corresponding payloads in desired
destinations of the GI tract by protecting the microrobots with
enteric coatings that respond to different pH conditions.
Toward this end, the encapsulation of Mg-based microrobots
in enteric microcapsules was used to ensure the microrobot
activation in the intestinal tract under pH-triggered release
(Figure 6d).269 The intestinal fluid-activated microrobots were
visualized in real time in vivo by photoacoustic computed
tomography (PACT), demonstratingmigration from the enteric
capsule, efficient propulsion in the targeted area, and enhanced
tissue retention. The protection of individual microrobots with
enteric coatings was reported using tubular microrobots loaded
with Mg microparticles (Figure 6e).244 In this study, Mg-based
microrobots were protected with enteric coatings of different
thickness, demonstrating controllable position and activation in
desired sections of the GI tract. An in vivo toxicity study in mice
demonstrated the biocompatible and safe character of such
enteric-coated microrobots. Another type of microrobot
material, which has been widely used for cargo delivery
applications due to its biocompatibility and high surface area,
is mesoporous silica. For example, antibiotic-loaded mesopo-
rous silica microtube structures were integrated with Magneto-
sopirrillum gryphiswalense (MSR-1) magnetotactic bacteria,
resulting in a biohybrid microswimmer with antibiofilm
capabilities.270 Similarly, urease-powered mesoporous silica-
based microrobots gated with pH-responsive supramolecular
nanovalves have displayed effective cargo delivery intracellularly
without compromising the cell viability.271

Another approach for establishing biocompatibility is to
develop biohybrid microstructures, including cell-based micro-
robots consisting of synthetic structures attached to living
cells272−275 (Figure 6f) or synthetic microrobots coated with
natural cell membranes (Figure 6g).276−278 Combining micro-
robots with natural cell components improves the overall
biocompatibility of the microrobotic system, thus reducing
immune response. More importantly, combining the efficient
movement of synthetic microrobots with the natural biological
properties and functions of cellular components has resulted in
cell mimicking microrobots with inherent biological function-
ality, including toxin- and pathogen-removing capabilities,
which hold great promise toward therapeutic applications.
The use of cells (including cellular components or whole cells)
and natural proteins with the dynamic movement of micro-
robots has led to novel and specific isolation of pathogenic cells
and related toxins. For example, magnetically propelled
microrobots were coated with the membrane of natural platelets
(PL), demonstrating strong and selective binding to Shiga toxin
and Staphylococcus aureus (Figure 6g).277 Acoustically propelled
microrobots have also been coated with biological cell
membranes, consisting of dual red blood cell@PL, thus offering
the biological capabilities of both cellular components.279

Recently, a new design of magnetic nanopropeller consisting
of the codeposition of iron and platinum were tested toward
intracellular plasmid delivery, demonstrating noncytotoxicity
and excellent biocompatibility (Figure 6h).280 In addition, the
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interaction dynamics between the structural design parameters

of microswimmers and the immune systemwas studied recently,

exploring the interaction between magnetically propelled helical

microswimmers and mouse macrophages and splenocytes.

Overall, the above studies suggested that structural design

optimizations of the microrobot directly affect their locomotion

performance in biological fluids and have profound implications

in conferring microrobots of immunogenicity.281

3.3. Biodegradable Materials

Biocompatibility is an essential but not exhaustive requirement
when searching for the practical microrobots for medical
applications. The behavior of the constituent biocompatible
materials should assist the functionality of the microrobot. New
smart materials are highly desired to offer triggered autonomous
actuation and degradability, thus avoiding potential toxicity
issues when applied to in vivo systems. Having biodegradable
materials that autonomously decompose into harmless ionic
species or smaller polymer fragments is highly desirable for in

Figure 7. Prescribing biodegradability. (a) Biodegradable transient Mg/ZnO Janus microrobots. Reprinted with permission from ref 284. Copyright
2016, American Chemical Society. (b) Biodegradable protein-basedmicrorockets. Reprinted with permission from ref 289. Copyright 2015, American
Chemical Society. (c) S. planteis/Fe3O4 NP-based magnetic microrobots. Reprinted with permission from ref 293. Copyright 2017, American
Association for the Advancement of Science. (d) Biodegradable helical microrobots with collagenase induced degradation. Reprinted with permission
from ref 295. Copyright 2018, Wiley-VCH. (e) Magnetically powered hydrogel microswimmer with matrix metalloproteinase-2 (MMP-2)-based
enzymatic degradation. Reprinted with permission from ref 296. Copyright 2018, American Chemical Society. (f) Degradable drug-loaded hybrid
stomatocyte. Reprinted with permission from ref 299. Copyright 2017, American Chemical Society. (g) Urease-powered Janus platelet cell
microrobot. Reprinted with permission from ref 300. Copyright 2017, American Association for the Advancement of Science.
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vivo applications.44,282,283 For example, fully autonomous
chemically propelled degradable microrobots, which are
powered by the consumption of a transient metal propellant
with water/acid reactions, have exhibited efficient motion and
degradation in biological environments. Different transient
metal propellants can be used such as magnesium (Figure
7a),40,284,285 zinc,37,286 or iron.35,36 In these cases, the biofluid
fully degrades the corresponding propellant leaving a minimal
inert residue. Such biodegradable metal-based microrobots
represent a good alternative to the use of peroxide-dependent
microrobots and pave the way for operation in diverse biological
environments. Different designs of self-destroyed Janus micro-
robots, including Mg/ZnO microrobots, have reported the
ability to propel in different biofluids and autonomously
disappear without leaving any residues (Figure 7a). The
materials of such transient microrobots can dissolve at a
predictable rate into nontoxic products284 and be programmed

to present different behaviors based on the use of hydrophilic
and hydrophobic coatings.41

Layer-by-layer fabrication with functional proteins presents
another attractive approach for preparing self-propelled micro-
robots with degradable properties.287,288 These biological
materials not only enhance the biocompatibility of the
microstructure, but can be utilized as a biodegradable support
structure into which catalytic compounds can be loaded to
initiate and sustain the propulsion reaction (Figure 7b).289−292

Microrobots actuated from externally controlled fields are
designed with this consideration in mind. Using biological
templates such as Spirulina microalgae (Figure 7c)293,294 or 3D
microfabricated biodegradable microswimmers (Figure 7d)295

offers triggering degradation by external stimuli296 or a built-in
response to pathological markers (Figure 7e).297,298 Despite the
major advantages of the previously discussed transient materials
and biodegradable microrobots, the size of the majority of such
microrobots still constitutes a limitation for their implementa-

Figure 8. Prescribing deformability. (a) Soft RBC-based bacterial microswimmers. Reprinted with permission from ref 305. Copyright 2018, American
Association for the Advancement of Science. (b) Self-folding grippers for single cell capturing. Reprinted with permission from ref 308. Copyright
2014, American Chemical Society. (c) Shape-morphing microrobots based on spatially resolved magnetic proprieties. Reprinted with permission from
ref 310. Copyright 2019, Nature Publishing Group. (d) Photoresponsive soft microrobot consisting of photoactive liquid-crystal elastomers showing
the deformation of an anchored cylindrical microrobot under a periodic light pattern. Reprinted with permission from ref 206. Copyright 2016, Nature
PublishingGroup. (e) Thermoresponsive polymericmicrotubes for remote-controlled release of single sperm cells. Reprinted with permission from ref
314. Copyright 2016,Wiley-VCH. (f) Scallop-like microswimmer displaying opening and closing shape change when actuated by an external magnetic
field. Reprinted with permission from ref 315. Copyright 2014, Nature Publishing Group.
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tion in biomedical applications that requires systemic admin-
istration. In this direction, stomatocyte-based nanoscale micro-
robots with biodegradable behavior, made of soft self-assembled
block copolymers (poly(ethylene glycol)-b-polystyrene (PEG-
b-PS) and poly(ethylene glycol)-b-poly(ε-caprolactone) (PEG-
b-PCL), were reported (Figure 7f).299 PCL is a polymer of slow
biodegradability, high biocompatibility, and good drug perme-
ability, which has allowed its combination with microrobots for
sustained delivery applications. During the degradation of PCL,
large pores were formed onto the stomatocyte microrobots, thus
leading to sustained DOX cargo release. Still, the requirement of
hydrogen peroxide fuel in the previously discussed microrobot
design compromised the biocompatibility of the system toward
practical applications. A recent study has demonstrated a totally
biocompatible and biodegradable cell-based microrobot based
on the asymmetric modification of natural platelet cells with the
enzyme urease (Figure 7g).300 Such enzyme-modified cell
microrobots, based on fully biocompatible and biodegradable
materials, are capable of movement in the presence of the
bioavailable fuel, urea, and can be loaded with therapeutic and
imaging payloads for in vivo applications without carrying any
toxicity risks.
3.4. Deformability

Most early generation microrobot structures relied on rigid
materials, including hardmetallic or oxide structures with simple
geometries such as spheres, rods and helices. To develop
microrobots capable of navigating through narrow channels
while avoiding blockage or damage, soft, deformable, or
reconfigurable materials will be needed.301 This requirement
necessitates the use of materials with Young’s modulus close to
that of cellular materials, which is orders of magnitude lower
than metals or oxides. Additionally, for practical use,
deformability must be controllable and reversible. Here,
materials, such as hydrogels, which are soft and easily
functionalized, come to mind. Another subset of materials are
rubbery elastomers that possess high creep resistance and large
stretchability.296,297 Deformable microrobots would allow shape
morphing tailored for specific tasks as well as safer interaction
with the surrounding objects and surfaces in dynamic environ-
ments. Therefore, motile bacteria and human cells have served
as viable candidates owing to their deformability, dynamic
reshaping under stress, and autonomy.304 For instance,
microorganisms loaded with therapeutic cargo can withstand
active deformation while passing through confined channels and
preserve their integrity and motility (Figure 8a).305 Micro-
organisms pose remarkable plasticity and adaptability to varying
physical and chemical environmental conditions. Additionally,
other motile cells, such as sperm, can act as attractive deformable
mobile platforms.101,104

In terms of deformability and control in artificial systems,
millimeter-scale robot designs are more advanced than micro-
robots.306 However, recent developments have enabled the
translation of these design principles toward miniaturization,
into structures of a few micrometers in size. Microrobots
composed of deformable materials offer broad versatility in
terms of functionality, softness and recoverable strain.307 For
example, this is done by careful and precise control over
magnetization and the use of hinges298−310 (Figure 8b and 8c)
to implement programming responsiveness to the external field
and provide deformability for adaptive locomotion.145,311−313

Light, as an external stimulus or external energy source, can also
be exploited to induce programmable responsiveness and

deformation for gripper actuation (Figure 8d).206,313 Deform-
able biohybrid microrobots based on the use of thermores-
ponsive PNIPAM microtubes have been presented for the
capture, transport and release of sperm cells (Figure 8e).314

Scallop-shape microrobots consisting on single-hinge micro-
swimmers which are propelled by periodic body-shape changes
have also been reported (Figure 8f).315 Prescribing biocompat-
ibility, biodegradability, and deformability inmicrorobot designs
is among the fundamental characteristics essential for ensuring
that these motile microstructures are safe to use in medical
applications.

4. COOPERATION

4.1. Material Requirements

Despite the many attractive capabilities of small scale micro-
robots, a single microrobot will hardly be able to make an impact
on a macroscale system. Thus, we need to ensure that many of
these microrobots can be used simultaneously to accomplish
tasks.316−318 In macroscopic robotics, communication and
cooperation between individual robots and swarming has been
a topic of interest and a source of numerous research
opportunities. In such systems, collective dynamics are enabled
through coding and computer language embedded into the
processing units of the robot.319,320 Translating the same
technology to microscale robots is not a viable path, at least at
the current state of art, because it is not possible to embed
complicated electronics into a microstructure. We need to think
about a new paradigm of programmability, communication, and
processing units to develop microrobots with desired collective
behavior. The main key to navigating this paradigm is building
microstructures with smart and responsive materials and
designing communication strategies through physical or
chemical signaling.321−323 For example, microrobots can feel
their surroundings or the presence of their neighbors through
physiochemical interactions. Highly sensitive catalysts can serve
as candidates for such purpose as they can quickly and efficiently
convert fuel or target substances to products that augment their
chemical surroundings.324,325 Materials that can be easily
polarized or whose charge can be neutralized or enhanced can
be used to exploit electrostatic interactions. Additionally, van
der Waals and short-range hydrophobic interactions between
larger biomolecules or other organic materials can form the basis
for communication between neighboring microrobots.326

Moreover, external fields can induce interactions, depending
on the field characteristics such as its nature, strength, and
possible frequency. For example, magnetic fields can be used to
tune the interaction of microrobots that contain of ferro- or
paramagnetic materials. Magnetic materials offer many capa-
bilities, such as attractive and repulsive interactions, which can
be modulated with high precision by application of a multicoil
apparatus. For electrical field stimulation, semiconducting and
metallic particles can be controlled by two or four electrode
setups and thus share the behavior control and precision with
magnetic fields. Light-sensitive materials, such as structure
changing photochromic spiropyrans or azobenzenes, can be
used to initiate conformal changes. Finally, selecting materials
with different densities and arranging them in various
configurations can yield structures that are sensitive to acoustic
forces and promote swarming or active behavior. To conclude,
selecting the right materials is a critical step to endow
microrobots with abilities to communicate between themselves
and form desired swarm dynamics.327
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4.2. Robot−Robot Interactions
An important feature to develop in the field of microrobotics is
establishing communication and signaling between individual
micromachines. The ability to communicate is fundamental to
design complex emergent behavior, collective dynamics, and
smart swarming. Similar to powering and programmability, a
change from macroscale to microscale requires a new paradigm
for communication. While macroscopic robots can communi-
cate through wires or wireless networks using electronic senders
and receivers, microrobots are too small to host such elements.
We need to exploit physical, chemical, and hydrodynamic
interactions as means to relay information to a microrobot about
its surrounding environment. For example, chemically self-
propelled microrobots can communicate with each other using
particle−particle interactions that can be attractive or repulsive.
One such type of communication is based on the release of
chemical compounds from a microswimmer, which could result
in acceleration or braking of surrounding microswim-
mers.328−334

The redox nature of silver was employed to accelerate a
microrobot due to close range chemical interactions between

particles (Figure 9a);335 activator microrobots release Ag+ ions
due to H2O2 oxidation. When SiO2/Pt microrobots pass by, Ag
is reduced on the Pt surface, generating a highly catalytic alloy
which accelerates its speed due to communication with the
activator microrobot. Moreover, light illumination may induce
further decomposition reactions which affect the flow of ionic
species and thus the diffusiophoretic dynamics in solution. AgCl
crystals which release a multitude of ions under UV illumination
produce a net electric field around the particle and propel it by
phoretic forces have also been reported (Figure 9b).336 Ag is
reduced on the surface, passivating the AgCl surface until small
amounts of H2O2 are added, which regenerate the AgCl coating,
causing an oscillation in the particle population and dynamics.
Light irradiation can be used to cause attractions between the

active and passive particles, leading to the formation of
dimers337 or resulting in wrinkle structures which induce
interactions between the microstructures (Figure 9c).338 Au
nanoparticles have thus been embedded in thermoresponsive gel
disks that wrinkle upon illuminating to white light. The
associated capillary force causes wrinkled disks to attract each
other if both are illuminated or repel if only one is wrinkled. The

Figure 9. Interactions between individual microrobots. (a) Chemical communication between an activator microrobot (teal) releasing Ag+ and the
activated SiO2/Pt microrobot (gray) which accelerates due to formation of Ag/Pt on the surface. Reprinted with permission from ref 335. Copyright
2018, Wiley-VCH. (b) Change in surface coverage from AgCl to Ag and back to AgCl due to UV-based decomposition in water and H2O2. Reprinted
with permission from ref 336. Copyright 2010, American Chemical Society. (c) Capillary force induced attraction (left) and repulsion (right) of
hydrogel disks at the air−water interface due to light-based wrinkling. Reprinted with permission from ref 338. Copyright 2019, Wiley-VCH. (d)
Interactions between spinning Au/Ru rods in a standing wave acoustic field to produce head-to-tail alignment in chain and ring formations. Reprinted
with permission from ref 148. Copyright 2012, American Chemical Society. (e) Contactless interaction between SiO2/Ni/Pt Janus microrobots,
demonstrating long-range chemical propulsion followed by magnetic interaction and mutual orbiting at close range and finally separation due to
dipole−dipole repulsion. Reprinted with permission from ref 339. Copyright 2017,Wiley-VCH. (f)Meniscus-climbing interactions between Ti/Cr/Pt
tubular microrobots which generate large-scale assembly. Reprinted with permission from ref 340. Copyright 2010, Wiley-VCH.
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ability to tune interparticle interactions by illumination serves as
signals by which the particles communicate to form different
collective dynamics.
Other physical properties can be used for particle

communication. Acoustic standing waves is used to force Au/

Ru nanorods into a variety of configurations, such as chains or
rings (Figure 9d).148 While the nanorods constantly spin around
their long axis doublets with head-to-tail attachments are
dominant and head-to-head configurations are rarely observed.
Such rudimentary form of communication and pairing between

Figure 10. Material configurations which transform microrobots into information probes. (a) Small-scale swimmer relays information about the
environment through multistimuli responsive color changes. Reprinted with permission from ref 341. Copyright 2018, American Chemical Society.
(b) 3D printed helical microrobot with columnar pattern on the head which produces structural coloration with angle-dependent behavior. Reprinted
with permission from ref 342. Copyright 2020, Wiley-VCH. (c) Au/Pt alkanethiol-modified microrobots seek and collect at cracks and restore the
conductivity of an electrical circuit. Reprinted with permission from ref 343. Copyright 2015, American Chemical Society. (d) WS2 NP@PANI/Pt
microrobots acting as micro-supercapacitors by attaching to an existing electronic circuit and augmenting its capacitive behavior. Reprinted with
permission from ref 344. Copyright 2016, Wiley-VCH. (e) Pt/PEDOT/Au tubular microrobots, loaded with radioactive NaI, and used as contrast
agents in PET-CT imaging, demonstrating that the microrobots’ position can be tracked with time. Reprinted with permission from ref 348. Copyright
2018, American Chemical Society. (f) SPECT images of PEGDA/NIPAM−AAm-PEGDA-MNP microrobots with embedded 99 mTc nanocolloid
demonstrating stronger signal in the folded configuration both in vitro and ex vivo in amousemodel. Reprinted with permission from ref 350. Copyright
2019, Wiley-VCH.
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individual microrobots enables the formation of larger
structures. Other physical properties can be used for contactless
particle−particle interactions that lead to long-range attraction,
short-range repulsion, and mutual alignment between adjacent
swimmers. SiO2/Ni/Pt microrobots based on magnetic dipole−
dipole interaction demonstrate such behavior (Figure 9e).339

The microrobots are able to feel each other and even lock into
spinning doublets and triplets before disassembling. This
behavior was used to push cargo or form larger assemblies. An
external object can also induce interactions between micro-
robots, leading to the formation of larger structured aggregates.
For instance, meniscus-climbing interactions between Ti/Cr/Pt
microtubes and their bubble tails due to the H2O2 decom-
position reaction were used to form large assemblies (Figure
9f).340 By varying the surface tension via surfactant concen-
tration and bubble production via number of microtubes in
solution the assembly dynamics can be controlled. The
integration of short-range (e.g., magnetic, hydrodynamic, and
van der Waals forces) and long-range (e.g., electromagnetic
fields) interactions could enable microscale robots to
communicate and interact with each other to form more
complex structures or perform tasks at the macroscale, as will be
described in the following sections.
4.3. Robot−User Interactions
Microscale robots can communicate with each other and
interact based on short-range and long-range interactions to
form more complex structures or perform tasks. However, as
human operators, we desire to understand and translate
microscopic interactions that the microrobots experience into
easy to interpret signals at the macroscale. To fully take
advantage of small-scale robotics we need interfaces that
communicate information to macroscale counterparts, such as
a human users or computers. In this regard, researchers have
used diverse responsive materials that serve as probes to signal
information to the macroworld. The ability of microrobots to
transmit optical signals through the use of smart materials could
improve the visualization and identification of motile small-scale
robots. One such example is the use of a microfish robot capable
of color changing in response to a variety of environmental
stimuli and thus communicating its state to an external observer
(Figure 10a).341 This communication approach focuses on the
use of microrobot swimmers which probe and report their
environment information through reversible color change of
multifunctional strips embedded on the robot surface.
Combinations of different responsive materials were used to
provide multiplexing signals, including the use of thermochro-
mic or halochromic dyes to indicate change of temperature or
pH, respectively. Moreover, other reported designs included the
addition of a strontium aluminate phosphorescent pigment strip
to provide phosphorescence in dark environments, allowing
location of the swimmer at night or in a dark environment. Such
capabilities aim to simulate aquatic species that use bio-
luminescence for signaling, camouflage, or communication.
Optical signals based on structural coloration have been

explored by taking inspiration from the nanostructures in
butterflies and beetles to obtain their vivid color patterns (Figure
10b).342 Helical microrobot are fabricated by printing out of
photoresist with a head section which features nanosized
patterns of pillars. Then, thin layers of Ni and Ge are used for
magnetic navigation and structural coloration. Depending on
the angle of the head to the viewer a different color can be
observed, and a suitable tracking algorithm can be devised

describing not only the microrobot’s position but orientation in
three-dimensional space.
While microrobots are unable to use electronic components

due to their size, they can serve as parts of electrical circuits and
augment macroscopic systems. For example, the use of self-
propelled microrobots to autonomously seek and localize at
cracks in broken electrodes and restore their electrical
conductivity has been explored in recent years (Figure
10c).343 The Au/Pt microrobots move toward and accumulate
inside the electrode crack. To prevent dissipation of the
accumulated microrobots away from the crack the Au surfaces
of the Janus structures were functionalized with hydrophobic
monolayers to stick to the underlying glass surface. In another
case, the use of WS2 nanopoarticles@PANI/Pt microrockets
that act as a supercapacitor was explored (Figure 10d).344 The
microrobots swim toward an electric circuit and augment its
behavior once they attach to it. Performing electrical character-
ization of the augmented circuit reveals a much larger capacitive
behavior compared to a bare electrode demonstrating the ability
to enhance electrical components with actively propelled
microrobots. Liquid metal microrobots composed of Galinstan
(GaInSn alloy) were also used as welding filler in electrodes
made from a Ag nanowire network.345 The alloy microrobots
actively move along the Ag wires and accumulate at the contact
junctions, fusing with the network at room temperature by
reacting with acid vapor. This addition results in lowering the
contact resistance and demonstrates the ability of the micro-
robots to form strong electrical connections and enhance
conductivity of the circuit.
As mentioned in the biocompatibility section, microrobots

offer considerable potential for in vivo applications of drug
delivery, isolation of toxic materials and interactions with live
cells. However, in majority of cases these microrobots are
released into the body and any subsequent communication with
them is lost until they are recovered through secondary
processes. Recently, a strong effort has been aimed to directly
visualize their location and utilize them as motile imaging
probes.346,347 For example, Pt/PEDOT/Au microtubes were
incubated with radioactive NaI and used as the imaging agent for
positron emission tomography with computerized tomography
(PET-CT) (Figure 10e).348 The microrobots reported excellent
contrast and were easy to detect in phantom samples.
Additionally, their motion and location can be accurately
tracked over time compared to a static sample. This imaging
platform was used to monitor the collective behavior of urease
powered microrobots inside living animals.349 A soft hydrogel
matrix microrobot capable of magnetically actuated motion and
temperature-responsive morphological change as an imaging
agent has been realized recently (Figure 10f).350 The hydrogel
body was prepared via lithographic approaches and filled with
magnetic nanoparticles and 99mTc[Tc] colloids. The colloids are
stable and highly contrasting in single-photon emission
computed tomography (SPECT) imaging and provide visual-
ization from multiple angles in vitro and in vivo in a mouse
model. Once positioned by magnetic actuation the microrobots
are actuated via irradiation with near-infrared light to unfold
them and anchor them in the desired location. Thus, the
incorporation of stimuli-responsive, electrically active, and
radioactive materials can greatly enhance the communication
capabilities of microrobots as active information probes.
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4.4. Assembly

Interactions between individual microrobots are important for
studying emergent behavior. However, controlling these
interactions leads to sophisticated and programmable behavior
which takes advantage of a multitude of microrobots assembled
into various structures.313,351

Plasmonic materials can be used to induce interactions
betweenmicrostructures. For instance, magnetic coils decorated
with silver nanoparticles served as optical tweezers under optical
illumination.352,353 Another case of microrobotic assembly are
hematite cube/polymer bead composites. Under UV light

illumination the hematite cube decomposes the H2O2 fuel,
causing a phoretic force to attract and assemble the microrobots
in a symmetric pattern (Figure 11a).354 A gear assembly made of
a group of seven microrobot−microrobots then proceeds to
rotate. Even superassemblies occur when multiple gears
assemble and complement or interfere with each other.
Spiropyran coated SiO2−Pt microrobots presented dynamic
assembly based on surface electrostatic attractions induced by
UV light irradiation.355 Similarly, E. coli and microbeads,
functionalized with proteins PhyB and PIF6, demonstrated
reversible assembly. Such processes relied on the binding

Figure 11. Assembly of microrobots. (a) Microrobots composed of a polymer bead and a hematite cube assemble into self-spinning rotors due to the
decomposition of H2O2 under UV light. Reprinted with permission from ref 354. Copyright 2018, Nature Publishing Group. (b) Different
configurational assembly of SiO2/Pt Janus microrobots due to alkanethiol functionalization and subsequent hydrophobic interactions. Reprinted with
permission from ref 357. Copyright 2013, American Chemical Society. (c) SiO2/Pt microrobots propel, approach, attach, and rotate a microgear in the
presence of H2O2. Reprinted with permission from ref 358. Copyright 2016, Wiley-VCH. (d) Different configurations of magnetic-based assembly of
functional cubes leading to clam-like opening and closing (top) or wrapping and unwrapping (bottom). Reprinted with permission from ref 359.
Copyright 2017, American Association for the Advancement of Science. (e) Different assembly configurations of SiO2/Ti/SiO2 particles with varying
frequency of the electric field forming from top left to bottom right: gaseous clouds, swarms, chains, and clusters. Reprinted with permission from ref
210. Copyright 2016, Nature Publishing Group. (f) Assembly of the wheels (superparamagnetic polystyrene particles) onto the chassis via a DEP force
(top) and the subsequent motion of the whole “car” by rotational magnetic fields (bottom). Reprinted with permission from ref 360. Copyright 2019,
Nature Publishing Group.
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between these proteins under red light and their dissociation
from each other under far-red light.356 Assemblies of Janus
particles are common due to direct molecular interactions as
well. SiO2/Pt microrobots functionalized with an alkanosilane
compound exhibit assembly behavior (Figure 11b).357 The long
oily chains on the SiO2 side interact via hydrophobic
interactions to join otherwise actively propelling Janus particles.
A multitude of possible configurations emerge from dimers that
attached head-to-head or side-to-side, as well as trimers and even
heptamers. These interactions were much more permanent
compared to the UV light induced interactions of Figure 11a.
Self-propelled microrobots can assemble equally well with

inert components. SiO2/Pt Janus microrobot and a litho-
graphically prepared gear wheel demonstrate this concept clearly
(Figure 11c).358 The freely moving microrobots approach the
edges of the gear and slide into position to begin spinning the
wheel. Depending on the dimension of the gear and the
microrobots, the chance of misalignment with respect to the
edge varies which ultimately leads to a change in the speed of
rotation. Thus, microrobots can assemble to perform mechan-
ical work utilizing a chemical fuel (H2O2) reminiscent of
macroscale engines.

Interaction of external fields, such as magnetic fields, with
responsive materials can also generate assembled structures.
One such instance is photoresist cubes covered by a cobalt
magnetic layers (Figure 11d).359 After magnetization, the cubes
assemble side-to-side (AA) or edge-to-edge (AB). Further, these
structures can assemble again forming ABBA or BBAA
configurations which can be actuated in a variety of ways
under a magnetic field forming an open, closed, or wrapping
conformation. Assembly of polarizable SiO2/Ti/SiO2 Janus
microrobots was accomplished by varying the frequency and
amplitude of the applied vertical electric field (Figure 11e).210

The established potential difference coupled with the imbalance
of polarizability on the two halves of the Janus structure causes
an induced-charge electrophoresis (ICEP) force which together
with dipole−dipole interactions of individual microrobot leads
to their assembly. Depending on the switching speed of the AC
field, the assemblies can take the form of a gaseous cloud,
swarms, chains, or clusters. Going one step further by combining
both magnetic and electrical fields, microrobots can assemble
onto a microcar and power it (Figure 11f).360 The car is
constructed bymovement of the superparamagnetic polystyrene
wheels into the appropriate locations via a dielectrophoretic

Figure 12. Swarming behavior of microrobots. (a) Reversible swarm formation of Au microparticles in a solution of N2H4 and H2O2. Reprinted with
permission from ref 378. Copyright 2011, American Chemical Society. (b) Reversible clustering of SiO2/TiO2 Janus microrobots and subsequent
dispersal upon application of UV light in deionized water. Reprinted with permission from ref 379. Copyright 2010, Wiley-VCH. (c) Reversible
localization of chemically propelled Au/Pt rods to the low pressure nodes due to acoustic radiative forces. Reprinted with permission from ref 380.
Copyright 2015, American Chemical Society. (d) Transformation of hematite peanut-shaped particles into oscillating (liquidlike), rolling (chainlike),
spinning (vortexlike), and tumbling (ribbonlike) states by applying different magnetic fields. Reprinted with permission from ref 391. Copyright 2019,
American Association for the Advancement of Science. (e) Direct control of a swarm of magnetically controlled NdFeB/resin disks, including
formation of the swarm, trapping, and transportation of the object and dispersion of the swarm. Reprinted with permission from ref 385. Copyright
2020, SAGE Publishing.
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force (DEP). This force is based on thematerial properties of the
wheels, the 3D printed chassis, and the design of the wheel
openings. Next, using rotating magnetic fields to which the
wheels are highly responsive the whole car can be navigated and
operated by a human user. While magnetic fields and close range
chemical interactions are the most common assembly
mechanisms, acoustic fields can also generate the assembly of
microscopic structures.361,362 At the same time, active−passive
interactions have also found uses in cargo delivery,363−365

highlighting the large material and stimuli library we possess to
produce sophisticated assembly behavior at the microscale.
4.5. Swarming

Still, many real applications would require hundreds if not
thousands of these tiny microrobots to complete a task with
macroscopic results. The stochastic dynamics at the microscale
can have significant influence on the active propulsion dynamics
and affect the microrobot dispersal.366,367 For example, the
coupling of Brownian noise and active rotation results in
emergent phenomena such as chiral368 and spiral369 diffusion of
rotary microrobots. Moreover, for targeted motion in traveling a
distance from point A to point B, a fraction of microswimmers

fail to accomplish the task and leave the population during the
trip because of the effect of Brownianmotion and random noises
in the system. Thus, cooperation between a large number of
active structures is crucial, especially if we can tune their
interactions such that they can stay together for a desirable
amount of time. One approach for assembling and managing
populations of microrobot relies on using chemical interactions
and signaling. For example, the chemical gradients resulting
from self-propulsion chemical reactions may cause collective
attractive motion and formation of large swarms.191,326,370−377

For instance, one of the simplest methods to assemble a swarm
of microparticles is based on the formation of byproducts from
chemical reaction. This approach was demonstrated using Au
microparticles in a solution of hydrazine (N2H4) and H2O2
(Figure 12a).378 Here, the gold surface acts as a catalyst,
enabling a cascade of redox reactions resulting in fast local
formation of H+ ions. This in turn establishes strong electric and
electroosmotic forces which bring the particles together until the
N2H4 supply is depleted.
As we have seen so far, chemical reactions can be further

modulated by a variety of physical methods. Ultraviolet light as a

Figure 13. Environmental taxis. (a) Cargo-loaded spermatozoa exhibit taxis due to a chemical attractant released by the egg. Reprinted with permission
from ref 391. Copyright 2018, Wiley-VCH. (b) Neutrophil engineered by drug-loaded bacterial membrane coated SiO2 nanoparticle for targeted drug
delivery. Reprinted with permission from ref 392. Copyright 2019, Wiley-VCH. (c) Janus TiO2/Si nanotrees move toward and away from UV
illumination. Reprinted with permission from ref 50. Copyright 2016, Nature Publishing Group. (d) TiO2 coated SiO2 Janus microrobot with
controllable photogravitactic behavior by tuning the UV light intensity. Reprinted with permission from ref 397. Copyright 2018, Wiley-VCH.
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knob to control the aggregation of functional microparticles was
also explored (Figure 12b).379 In pure water Janus microrobots
comprised of TiO2 and SiO2 tend to aggregate with each other
due to attractive surface interactions. However, when irradiated
with UV light the clusters disperse within 30 s due to the
disbalance in chemo- and osmophoretic forces associated with
the formation of radicals and hydrogen molecules from the TiO2
surface. A useful method to localize and aggregate a large
number of self-propellingmicrorobots has been realized. (Figure
12c).380 While utilizing commonly used Au/Pt self-propelling
rods, the authors took advantage of the density mismatch of the
two constituent materials. In a closed chamber a standing wave
can be established by an acoustic field resulting in low-pressure
nodes where the microrobots are localized. The advantage here
is that by changing the parameters of the ultrasound field, the
aspects of the chamber such as size and height, and the density of
the microrobots, the swarm’s size and position can be varied, not
to mention that swarms can be instantaneously dissolved. The
flexibility in manipulating the swarm can lead to designing
programmable behavior. In terms of complexity of swarm
behavior, however, magnetic interactions show the most
potential, demonstrating not only aggregation but also a
multifaceted programmable behavior (Figure 12d).381 With a
combination of oscillating and rotating magnetic fields a variety
of behaviors can be extracted from the peanut-shaped hematite
colloids. Starting from a liquid-like state, swarms can be formed
in the form of chains, vortices, and ribbons due to rolling,
spinning, and tumbling associated movement, producing
exciting new capabilities from otherwise inert particles.382−384

The concept was taken one step further by producing
Nd2Fe12B/resin disks which float on the surface of water and
are controlled by an array of external magnets underneath
(Figure 12e).385 With control over the coupling of the driving
external magnets and the magnetization of the disks, complex
behavior is attained in the form of swarms, caging and
transporting cargo and finally of dispersing the cluster. Thus,
by controlling the fundamental forces and interactions at the
microscale, such as chemical reactions, electrostatic balance and
long-range field effects, swarm-like cooperation can be
established between individual microrobots enabling them to
perform tasks that a single one cannot achieve.

5. INTELLIGENCE

5.1. Material Requirements

On the question of how we make microrobots intelligent, we
need first to define intelligence within the context of microscale
microrobots. Self-locomotion, by itself, is not a sign of
intelligence, but rather an intelligent microrobot should be
capable to perform a specific task it has been programmed to or
take cues from the environment influencing it in the way it
accomplishes this task. The unique challenges of establishing
artificially intelligent microrobot would require developments
beyond simply motile active matter. Based on the context of this
Review, we consider that a microrobot is intelligent if it can
make decisions based on processing information available in its
surrounding environment. For example, locally powered
microrobots can follow chemical gradients resulting in a motile
platform that “chooses where to go” based on fuel availability. In
another case, a micromotor can have selective surfaces that can
distinguish between the substances in a heterogeneous solution
and bind selectively to a specific target, thus serving as sensors on
the move. Finally, the intelligence of the microrobot can rely on

its ability to follow instructions from an algorithm or external
force, similarly to how macroscale robots in assembly lines
follow a set of preprogrammed instructions.
5.2. Environmental Taxis

Nature provides straightforward approaches to guidance and
intelligence in the microworld.386 For example, microorganisms
have complex communication mechanisms based on chemical
clues, and such chemotactic behavior significantly affects many
biofunctions, such as immune response, tissue repair, and
fertilization.387−389 Chemotactic microorganisms have been
combined with synthetic components toward creating biohybrid
microrobots capable of responding to chemical cues from the
environment. For example, S. marcescens-based biohybrid
microrobots coated with fluorescent polyester beads reported
navigating toward L-serine gradient.390 Sperm functionalized
with doxorubicin and quantum dots moved toward specific
chemical attractant and release payloads in various biological
media (Figure 13a).391 Another approach used neutrophils with
drug-loaded mesoporous silica nanoparticles camouflaged by
bacteria membrane toward self-guided targeted drug delivery
(Figure 13b).392 Asymmetric enzyme-coated polymersomes
have shown chemotactic capabilities. The microrobot used
glucose oxidase and catalase biocatalytic enzymes to direct the
microstructure up a glucose gradient.321 Besides the motion
toward higher chemical concentrations (positive chemotaxis),
negative chemotaxis is observed by tuning the enzyme and
substrates. By adding the phosphate ion (Pi), the ATPase-bound
liposome exhibited negative chemotactic behavior, whereas the
microrobot displayed positive chemotaxis in the absence of
Pi.393

Phototaxis describes the phenomenon that microorganisms
swim toward (positive phototaxis) or away from (negative
phototaxis) the light. This behavior is seen in some motile
microorganisms such as green algae. The behavior of the
photoactive microrobots can be similarly affected by the
incident optical field, and these phenomena can be used for a
wide range of applications including navigation to a specific
place or sensing the environment. Phototactic microrobots are
made of photocatalytic materials which can generate electron
and hole pairs under light, and actuate the propulsion. Isotropic
semiconductor microrobots composed solely of TiO2 demon-
strate the ability to swim and tunable locomotion based on the
light source location due to the induced asymmetrical surface
chemical reactions.394

Janus TiO2/Si nanotree structures perform phototactic
behavior and light-induced propulsion by self-electrophoresis
under UV illumination. The nanotree robot exhibited positive
phototaxis by positive charge modification of the TiO2 ends. On
the contrary, the microrobot moved away from the light and
exhibited negative phototaxis under negative charge modifica-
tion (Figure 13c).50 An extension of this work demonstrated the
ability to encode a distinct spectral response by loading the
microrobot surface with different dyes, enabling to individually
control each structure from within a large group.395 Carbon-
nitride decorated microrobots show both positive and chemo-
taxis using water as the fuel under irradiation of white light.396

TiO2 /SiO2 microrobots can swim against gravity under
photochemical stimulation. The application of large light
intensity at the surface resulted in the microrobot lift-off away
from the light source (Figure 13d).397 A microrobot consisting
of a multilayer onion inspired structure, was developed as a
motile microtrap for attraction, trapping, and destruction of
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biological threats by controlled chemoattractant and therapeutic
agent release. The micromotor onion structure contained a
magnesium engine core and inner chemoattractant and
therapeutic layers. The depletion of the magnesium engine
resulted in the sequential dissolution of the inner layer releasing
serine chemoattractant that attracted nearby motile micro-
organisms and capture them within the trap structures followed
by the internal release of silver ions for killing the pathogen
accumulated within the microtrap cavity.398 Such integration of
smart materials to perform autonomous task illustrate the

concept of directly embedding intelligence through material
selection.
5.3. Sensing

Beyond the taxis properties, furnishingmicrorobots with sensing
capabilities is crucial to construct a microsystem that interact
intelligently with its environment. Surface functionalization
endows microrobots with the ability to sense their surroundings
and fulfill many tasks including toxin detection and removal,
biological target isolation, and intracellular delivery. Several
examples based on different sensing mechanisms are discussed

Figure 14. Motion- and fluorescence-based sensing. (a) Speed-enhanced Ag nanoparticle decorated Au−Pt microrobots for DNA detection.
Reprinted with permission from ref 399. Copyright 2010, Nature Publishing Group. (b) Cellphone diagnosis of HIV by motion decrease of DNA
modified catalytic microrobot. Reprinted with permission from ref 408. Copyright 2020, Nature Publishing Group. (c) Speed inhibition of catalase-
powered tubular microrobot due to heavy metal ion induced toxic effect on the catalytic activity of enzyme. Reprinted with permission from ref 239.
Copyright 2013, American Chemical Society. (d) Responsive motion behavior of Pt nanoparticle encapsulated gelatin microrobot at different pH.
Reprinted with permission from ref 412. Copyright 2016, American Chemical Society. (e) Fluorescent probe functionalized Janus Pt microrobot with
fluorescence quenching effect after exposure to endotoxin. Reprinted with permission from ref 415. Copyright 2017, Wiley-VCH. (f) Magnetic
nanoparticle modified spore for toxin detection in patients’ stool. Reprinted with permission from ref 419. Copyright 2019, American Association for
the Advancement of Science. (g) Intracellular delivered dye-labeled DNA/graphene oxide anchored Au nanowires for sensing the miRNA expression.
Reprinted with permission from ref 424. Copyright 2015, American Chemical Society. (h) pH-responsive DNA nanoswitch functionalized urease-
powered microrobot for pH sensing based on monitoring FRET efficiency. Reprinted with permission from ref 426. Copyright 2019, American
Chemical Society.
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in Figure 14. The change of microrobots speeds upon their
interaction with analytes has been used as a sensing platform. A
motion-driven DNA biosensor microrobot was reported where
the binding of DNA strands decorated with silver nanoparticles
resulted in a speed change of Au−Pt catalytic microrobots
(Figure 14a).399 Such DNA detection was further developed
with different types of motion, such as Mg-based,400 catalase-
based,401 and tubular microrobot.402 A variety of biorecognition
tags has also been modified onto the surface of microrobots to
fulfill specific capture and isolation of biomolecules,403−405

cancer cells,406 and bacteria.407 Recently, the motion-based
cellphone diagnostics demonstrated great specificity and high
sensitivity toward efficient detection of HIV-1 and Zika virus.
Such assay has the potential to broaden the smart microrobot
application into rapid, low-cost, and early diagnosis of various
diseases (Figure 14b).408,409 Besides their use in biomedical
applications, self-powered microrobots capable of motion
changes are of interest for monitoring water quality to detect
heavy metal ions and nerve agent vapors. The speed decrease of
catalase-powered microrobot is due to the toxin-induced losses
in the catalytic activity of the enzyme (Figure 14c).239,410,411

Speed-dependent motion behavior has been reported for pH
sensing, for instance, by incorporating Pt onto pH-sensitive
materials. The speed change phenomenon is ascribed to the pH-

dependent catalytic activity and effect of pH responsive gelatin
material leading to an indirect pH sensor (Figure 14d).412

A second type of microrobot sensing utilizes changes in
fluorescent signals (i.e., on/off or off/on) for detection of
chemical compounds and biological markers.413,414 One
example is the use of catalytic Janus microrobot for endotoxin
detection. In this design, highly fluorescent phenylboronic acid
(PABA) modified graphene quantum dots (GQDs) were
encapsulated into a Pt-propelled microrobot. Fluorescence
quenching was observed when PABA tagged GQDs specifically
reacted with endotoxins (Figure 14e).415 Similarly, many other
toxins, heavy metals and nerve agents can be detected in such
platform.182,416−418 Furthermore, microrobots have been used
for the remote detection of toxins secreted by Clostridium
dif f icile in patients’ stool. The fabricated magnetic spore
microrobot encapsulating fluorescent probes performed real-
time measurements upon mixing of the microrobot with
bacteria, causing the on-site fluorescence quenching (Figure
14f).419

Another key application of fluorescence-based sensing was
displayed in intracellular delivery.420−423 For example, fluo-
rescence quenched Au nanowires have been used as an
intracellular sensor due to their ability to internalized cells.
After internalization, dye-labeled single-strand DNA can be

Figure 15.Off-board intelligence of microrobots. (a) Magnetically driven path planning navigation of microrobot in a maze structure. Reprinted with
permission from ref 434. Copyright 2017, American Chemical Society. (b) Magnetic microrobot controlled by an external magnetic field toward
simulating a bacteria and measure macrophage physical forces. Reprinted with permission from ref 439. Copyright 2017, American Association for the
Advancement of Science. (c) Topographical manipulation of microrobots through a maze using acoustic microstreaming generated at the edges of the
microstructure. Reprinted with permission from ref 446. Copyright 2017, American Chemical Society. (d) Interface acoustic microstreaming
manipulation with keyboard and piano keys. Reprinted with permission from ref 444. Copyright 2019, American Chemical Society. (e) Use of
topographical features for guiding microrobot directionality. Reprinted with permission from ref 455. Copyright 2016, Nature Publishing Group. (f)
Induced directional flow of microrobots through alignment with micropatterned ratchets. Reprinted with permission from ref 457. Copyright 2018,
American Chemical Society.
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displaced from the graphene oxide surface of the microrobot
upon interaction with the target miRNA, leading to fluorescence
recovery (Figure 14g).424 Additionally, a DNA nanoswitch
functionalized urease-powered microrobot was synthesized to
sense the local pH change by comparing fluorescence resonance
energy transfer (FRET) efficiency at different pH (Figure
14h).425,426 Surface-enhanced Raman spectroscopy427,428 has
also been used in combination with microrobots as sensing
tools. Moreover, microrobots have been used to measure the
physical properties of the swimming medium. For instance, the
change in locomotion can be used tomeasure the viscosity of the
swimming medium,429,430 various biofluids,431 and even inside
living cells.304

Overall, surface modification of microrobots provides new
opportunities to enhance the useful functions such as sensing
and detecting changes in the surrounding medium.
5.4. Off-Board Intelligence

As discussed before, when comparing the use of autonomous vs
responsive materials for microrobot engines, a similar dynamic
arises for intelligence. There is a physical limitation on the
degree of intelligence that can be embedded directly into the
microrobot material. Therefore, there is a need to study
responsive materials that can receive and execute wireless
commands. The top priority requires a well-developed feedback
behavior, thus allowing for self-correcting behavior in real-time.
The use of externally-based intelligence is particularly promising
in guiding microrobots along predetermined paths. The ability
to automate the locomotion and decisionmaking ofmicrorobots
could have far-reaching applications in medicine and nano-
manufacturing. The interfacing of magnetic controllers and
computer vision algorithms would be a key feature toward
providing real-time microforce feedback on groups of micro-
robots, allowing the processing and complexity to be absorbed
by a piece of external equipment, while the microrobot smart
materials can receive and interpret the external signals into a
practical task.
To achieve such, closed-loop microrobots should be able to

communicate their spatiotemporal position. When we consider
the great impact that satellite localization has brought to our
everyday life, an analogous technology is required at small scales
too.432,433 A thorough example of the off-board intelligence was
further demonstrated through autonomous and collision-free
navigation using a combination of vision, artificial intelligence-
based motion planning, and a magnetic field generator. This
model demonstrated the ability to navigate autonomously
through complex mazes and avoid colliding moving objects
(Figure 15a).434 More recently, the use of vision-guided
microrobots has been reported toward targeted intracellular
delivery. Magnetic navigation was combined with a path
planning algorithm to selectively target cells and intracellular
navigation, which could be further expanded toward intracellular
mechanical probing.435−438 In another case, a magnetic
microrobot was used to simulate the interaction between a
macrophage and a trapped bacteria, allowing the scientists to
observe in detail how the macrophage responds to particular
motions and force pulses from bacteria. This would not be
possible to study using a bacteria model itself, due to their
stochastic locomotion (Figure 15b).439 Therefore, micro-
robotics have much potential to study physics at the subcellular
level.
Another off-board intelligence example consists of the use of

electrical and light fields to control of the locomotion and

actuation of microrobots.440−442 By the judicious selection of
the semiconductor materials, microrobot behavior can be finely
tuned to actively propel or induce interactions between multiple
microrobots.443 Moreover, ultrasound has been used to generate
microassembly lines, where localized acoustically generated
microstreaming forces generated around the edges of
engineered topological microstructures. This results in the
capability to trap and guide microrobots along a predetermined
trajectory based on the topographic microstructure features
(Figure 15c).444−446 These forces allowed manipulating single
and groups of microrobots synchronously along a determined
trajectory based on applied acoustic field and the local
topographic features.444−446 This ultrasound-based automated
guidance protocol has recently been interfaced with keyboards
and pianos keys toward making the control of microrobots more
user-friendly (Figure 15d).444

Finally, we should consider topological patterns in the
substrate as another option to provide intelligence to untethered
motile microrobots. By designing a specific track or topological
environment, the microrobot’s behavior can be guided and
programmed without changing the engine. For example, the use
of boundaries is reported to guide the motion of self-propelled
microorganisms.447−451 This design principle served as an
inspiration to guide the locomotion of synthetic microrobots, by
using topographical features (Figure 15e)452−455 or background
potential such as acoustic tweezers456 to dock and guide motile
microrobots along its edge. This guiding mechanism has been
expanded to induced directionality of multiple microrobots
trapped inside a microfluidic chip through alignment with
micropatterned ratchets (Figure 15f).457

6. OUTLOOK: WHAT’S NEXT?

6.1. Summary

In summary, we have critically discussed the material foundation
of small-scale robots from a materials science perspective. We
have identified four main areas where the use of smart materials
can advance the operation of microrobots: propulsion,
biocompatibility, cooperation, and intelligence. We discussed
the role of such materials in these areas and how the judicious
choice of the constituent materials can greatly enhance these
microrobotic functions. For example, autonomous and
responsive materials have been used as the engines of
microrobots, enabling a high degree of tunability and control.
The biocompatibility of microrobots has been achieved by using
smart coatings, flexible designs, and degradable materials,
ensuring their safety in the short and long term. Overall, the
examples presented in this Review illustrate how the use of smart
responsive materials imparts robots with new distinct function-
alities that lead to intelligent programmable microrobots with
distinct capabilities, capable of addressing future challenges and
meeting emerging opportunities of small-scale robots. Further
material selection should consider predetermined breakdown of
the material into safe components to ensure biocompatibility
with biomedical applications. Moreover, the materials could
have prescribed disintegration for the desired application, such
as releasing drugs or shielding as protective barriers against
antibiofouling. We have also described how microrobots can
communicate between themselves and with an external user,
ultimately working together in large numbers to accomplish a
common objective, and that microrobots can show intelligence,
namely that they are able to make decisions based on processing
information available in their surrounding environment.
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6.2. Ideal Features of the Microrobot of the Future

During the past decade, microrobotic research has been based
on the principle of simplicity in design, powering, and
fabrication of autonomous robotic systems. This choice in the
design was required, as typical macroscale robotic strategies
present a particular challenge to adapt to small scales. Therefore,
it is necessary to define at this stage the expectations from the
next generation of microrobots and create a roadmap that guides
future research for realizing this vision.458−460

First, research should transition away from the current
standards of microrobots based on simple geometries (spheres,
wires, and hollow tubes) and rigid homogeneous materials into
modular designs embedded with hybrid and soft material
compositions. The microrobots will not only be built from
building blocks present in the environment or transported by
them, but they will also be able to do this collectively by
communicating and even joining together to form complex
assemblies. It is easy to see the appeal and capabilities of such
structures in examples such as the nanorobots featured in the
movie Big Hero 6461 or Michael Crichton’s novel Prey.462 Not
only can we create more novel and diverse geometries due to the
latest advances in additive manufacturing techniques,463 but we
can also exploit the smooth gradient transition in materials,464

analogous to what is seen in the animal kingdom.
Such tools create a problem of having infinite possibilities of

design and complexity which requires a deterministic structure
where the whole unit is needed to be designed before
fabrication, resulting in rigid and slow prototyping develop-
ments while still requiring specialized machinery and code
instructions. For example, different parts of the microrobot
should be responsible for different parts of its behavior (Figure
16). The engine is responsible for motion, while a sensing center
is responsible for probing its environment. Coupled to this
center is the decision making “brain”. Thus, the development of
organs or in robotic terms “modules” will become paramount.

So, at the end of this Review, as we look forward to the future, we
introduce the most vital modules which must be developed for
the next generation of intelligent microrobots.
First, a portion of any suchmicrorobotmust have a propulsion

capability. As was mentioned earlier, this could be based on a
reaction between a fuel and catalyst or direct decomposition, or
instead converting electromagnetic energy into mechanical
energy. As stated before, chemically powered microengines
commonly use fuel in the environment and catalyze its
decomposition to propel themselves, but recent efforts have
shown the ability to design microrobots which carry their own
fuel might show the way forward.465 Once this portion of the
structure is achieved, we have to ensure that the microrobot can
probe its environment. One way to do this is by utilizing the
large surface to volume ratio of our structures. Having a large
surface allows functionalization with a wide variety of chemical
moieties that can bind to markers or sense foreign agents in the
surrounding solution to affect the propulsion. Moreover, the
ability to selectively control and give instructions to individual
microrobots could enhance the microrobot utility by combining
myriads of diverse populations of microrobots that respond to
specific stimuli.466,467

Additionally, sensing can happen by a mechanical signal due
to a gripper or soft and deformable extensions. Loading and
unloading cargo is of great importance for any task driven
microrobot.468 Being able to communicate to a microscopic
robot which cargo to pick up, navigate and drop it off at a
targeted location with high temporal accuracy is crucial for the
future. Now that our ideal microrobot can move and sense its
environment, it is important to make sure it can communicate
and cooperate with its fellow active partners. Again, whether
through chemical cues or electromagnetic/sound wave inter-
actions, microscopic robots can “talk” to each other in a variety
of ways to form simple swarms or change their behavior to
perform specific tasks that a single microrobot cannot do.
Integrating smart materials gradients in the microrobot

Figure 16. Visualization of ideal features of next-generation programmable nano/microrobots.
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composition and design could introduce time delay and
dynamic behavior that induce oscillating behaviors.469 Finally,
we envision these structures will get closer and closer to their
living analogues. Thus, we see that putting on-board synthesis
micro factories as an absolute necessity. Then, our micro/
nanorobots could process fuels or reagents into useful molecules
and more building blocks, whether making in situ adhesive, such
asmollusks or DNA kill sequences, to just name a few.With such
complex synthesis and assembly capabilities microrobots might
become closer to animal counterparts with different parent and
child types of microrobots or even one generation releasing
another or even making replicas of itself.470

While microrobots are too small to host on-board electronic
components, a recent study published just before the submission
of this Review illustrated electronically integrated microrobots
based on the combination of electronic components made of
silicon photovoltaics with four moving legs relying on voltage-
controlled electrochemical actuators.423 By taking a substantial
step toward silicon-based functional robotic systems and
incorporating computational power into microscopic robots,
this approach would allow the mass production of a million
robots per four-inch wafer and will open the door to exciting new
opportunities.
Throughout this Review, we have provided insights into the

diverse applications of microrobotics, ranging from therapeutic
delivery, sensing, microfabrication, and environmental remedia-
tion. However, before actual marketplace translation can take
place, we need to assess and address the most pertinent
challenges:

(i) The mass fabrication of microrobots with a high degree of
design flexibility and reproducibility will be paramount as
currently most microrobotic research is focused on
creating batches using laboratory protocols. Standardiza-
tion on the reporting of microrobotic fabrication and
testing is also of considerable importance, as the different
propulsion mechanisms, sizes, and material properties
make it hard to compare the potential of each microrobot
design. Relevant standardization parameters should also
include degradation time/recovery methods, storage
lifetime, and locomotion lifetime, among others.471

(ii) Identification of commercially viable proof of concept
applications to demonstrate the value proposition of
microrobots.472 Most of the current research in micro-
robotics is focused on biomedical applications; thus,
initial research should focus on offering microrobots as
complementary tools to targeted drug delivery or surgical
applications. For instance, microrobots could be inte-
grated with catheters to reach smaller vessels that are
currently not accessible by traditional medical tools. The
use of microrobots inside human patients still has a long
road ahead, as regulating bodies require thorough testing
that requires long approval times and a major financial
investment. Thus, the use of microrobots in in vitro
sensing assays and biochips or their use in micro-
fabrication could offer a faster route for reaching the
marketplace due to less stringent regulatory processes.

(iii) Integration with macroscale systems. At this point,
microrobotic research has begun to take advantage of
the opportunities of artificial intelligence and machine
learning. Future microrobotic research should focus on
creating a simple user interface to guide, locate, and obtain
information from microrobots.473 It is also important to

develop novel ways to analyze the microrobots without
requiring a sophisticated microscope or even a human
user.

We should also consider that the next decade is essential for
the future of microrobotics. Currently, most efforts are focused
on very narrow research. It is clear that realizing the vision of
intelligent microrobots and expanding their scope require the
close collaboration of researchers in diverse fields ranging from
materials science, robotics, chemistry, and artificial intelligence.
Commercialization will help to drive the research. Thus,
researchers should consider problem selection, aim at tackling
unmet needs, and think outside the box. It is impossible to
imagine how microscopic robots will look in the next few years,
but just like the development of microprocessors, miniatur-
ization of everyday tools could have a profound impact on future
technological revolutions.
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(21) Soler, L.; Sańchez, S. Catalytic Nanomotors for Environmental
Monitoring and Water Remediation. Nanoscale 2014, 6, 7175−7182.
(22) Orozco, J.; Mercante, L. A.; Pol, R.; Merkoci, A. Graphene-Based
Janus Micromotors for the Dynamic Removal of Pollutants. J. Mater.
Chem. A 2016, 4, 3371−3378.
(23) Chang, X.; Chen, C.; Li, J.; Lu, X.; Liang, Y.; Zhou, D.; Wang, H.;
Zhang, G.; Li, T.; Wang, J.; Li, L. Motile Micropump Based on
Synthetic Micromotors for Dynamic Micropatterning. ACS Appl.
Mater. Interfaces 2019, 11, 28507−28514.
(24) Li, J.; Gao, W.; Dong, R.; Pei, A.; Sattayasamitsathit, S.; Wang, J.
Nanomotor Lithography. Nat. Commun. 2014, 5, 1−7.
(25) Cappelleri, D.; Efthymiou, D.; Goswami, A.; Vitoroulis, N.;
Zavlanos, M. Towards Mobile Microrobot Swarms for Additive
Micromanufacturing. Int. J. Adv. Robot. Syst. 2014, 11, 150.
(26) Sanhai, W. R.; Sakamoto, J. H.; Canady, R.; Ferrari, M. Seven
Challenges for Nanomedicine. Nat. Nanotechnol. 2008, 3, 242−244.
(27) Purcell, E. M. Life at Low Reynolds Number. Am. J. Phys. 1977,
45, 3−11.
(28) Wang, J. Nanomachines: Fundamentals and Applications; Wiley-
VCH, 2013.
(29) Ning, H.; Zhang, Y.; Zhu, H.; Ingham, A.; Huang, G.; Mei, Y.;
Solovev, A. Geometry Design, Principles and Assembly of Micro-
motors. Micromachines 2018, 9, 75.
(30) Chen, C.; Soto, F.; Karshalev, E.; Li, J.; Wang, J. Hybrid
Nanovehicles: One Machine, Two Engines. Adv. Funct. Mater. 2019,
29, 1806290.
(31) Liu, W.; Chen, X.; Lu, X.; Wang, J.; Zhang, Y.; Gu, Z. From
Passive InorganicOxides to ActiveMatters ofMicro/Nanomotors.Adv.
Funct. Mater. 2020, 30, 2003195.
(32) Soler, L.; Magdanz, V.; Fomin, V.M.; Sanchez, S.; Schmidt, O. G.
Self-Propelled Micromotors for Cleaning Polluted Water. ACS Nano
2013, 7, 9611−9620.
(33) Li, J.; Rozen, I.; Wang, J. Rocket Science at the Nanoscale. ACS
Nano 2016, 10, 5619−5634.
(34) Teo, W. Z.; Wang, H.; Pumera, M. Beyond Platinum: Silver-
Catalyst Based Bubble-Propelled Tubular Micromotors. Chem.
Commun. 2016, 52, 4333−4336.
(35) Alcan̂tara, C. C. J.; Kim, S.; Lee, S.; Jang, B.; Thakolkaran, P.;
Kim, J.; Choi, H.; Nelson, B. J.; Pané, S. 3D Fabrication of Fully Iron
Magnetic Microrobots. Small 2019, 15, 1805006.
(36) Karshalev, E.; Chen, C.; Marolt, G.; Martín, A.; Campos, I.;
Castillo, R.; Wu, T.; Wang, J. Utilizing Iron’s Attractive Chemical and
Magnetic Properties in Microrocket Design, Extended Motion, and
Unique Performance. Small 2017, 13, 1700035.
(37) Sattayasamitsathit, S.; Kou, H.; Gao, W.; Thavarajah, W.;
Kaufmann, K.; Zhang, L.; Wang, J. Fully Loaded Micromotors for
Combinatorial Delivery and Autonomous Release of Cargoes. Small
2014, 10, 2830−2833.
(38) Gao, W.; Uygun, A.; Wang, J. Hydrogen-Bubble-Propelled Zinc-
Based Microrockets in Strongly Acidic Media. J. Am. Chem. Soc. 2012,
134, 897−900.
(39) Zhou, M.; Hou, T.; Li, J.; Yu, S.; Xu, Z.; Yin, M.; Wang, J.; Wang,
X. Self-Propelled and Targeted Drug Delivery of Poly(Aspartic Acid)/
Iron-Zinc Microrocket in the Stomach. ACS Nano 2019, 13, 1324−
1332.
(40) Mou, F.; Chen, C.; Zhong, Q.; Yin, Y.; Ma, H.; Guan, J.
Autonomous Motion and Temperature-Controlled Drug Delivery of
Mg/Pt-Poly(n -Isopropylacrylamide) Janus Micromotors Driven by
Simulated Body Fluid and Blood Plasma. ACS Appl. Mater. Interfaces
2014, 6, 9897−9903.
(41) Nourhani, A.; Karshalev, E.; Soto, F.; Wang, J. Multigear Bubble
Propulsion of Transient Micromotors. Research 2020, 2020, 7823615.
(42)Gao,W.; Feng, X.; Pei, A.; Gu, Y.; Li, J.;Wang, J. Seawater-Driven
Magnesium Based JanusMicromotors for Environmental Remediation.
Nanoscale 2013, 5, 4696−4700.
(43) Guix, M.; Meyer, A. K.; Koch, B.; Schmidt, O. G. Carbonate-
Based Janus Micromotors Moving in Ultra-Light Acidic Environment
Generated by HeLa Cells in Situ. Sci. Rep. 2016, 6, 1−7.

(44) Baylis, J. R.; Yeon, J. H.; Thomson, M. H.; Kazerooni, A.; Wang,
X.; St. John, A. E.; Lim, E. B.; Chien, D.; Lee, A.; Zhang, J. Q.; Piret, J.
M.; Machan, L. S.; Burke, T. F.; White, N. J.; Kastrup, C. J. Self-
Propelled Particles That Transport Cargo through Flowing Blood and
Halt Hemorrhage. Sci. Adv. 2015, 1, No. e1500379.
(45) Baylis, J. R.; St. John, A. E.; Wang, X.; Lim, E. B.; Statz, M. L.;
Chien, D.; Simonson, E.; Stern, S. A.; Liggins, R. T.; White, N. J.;
Kastrup, C. J. Self-Propelled Dressings Containing Thrombin and
Tranexamic Acid Improve Short-Term Survival in a Swine Model of
Lethal Junctional Hemorrhage. Shock 2016, 46, 123−128.
(46) Gao,W.; Pei, A.;Wang, J.Water-DrivenMicromotors.ACSNano
2012, 6, 8432−8438.
(47) Liu, R.; Sen, A. Autonomous Nanomotor Based on Copper-
Platinum Segmented Nanobattery. J. Am. Chem. Soc. 2011, 133,
20064−20067.
(48) Jodra, A.; Soto, F.; Lopez-Ramirez, M. A.; Escarpa, A.; Wang, J.
Delayed Ignition and Propulsion of Catalytic Microrockets Based on
Fuel-Induced Chemical Dealloying of the Inner Alloy Layer. Chem.
Commun. 2016, 52, 11838−11841.
(49) Li, J.; Singh, V. V.; Sattayasamitsathit, S.; Orozco, J.; Kaufmann,
K.; Dong, R.; Gao,W.; Jurado-Sanchez, B.; Fedorak, Y.;Wang, J. Water-
Driven Micromotors for Rapid Photocatalytic Degradation of Bio-
logical and Chemical Warfare Agents. ACS Nano 2014, 8, 11118−
11125.
(50) Dai, B.; Wang, J.; Xiong, Z.; Zhan, X.; Dai, W.; Li, C. C.; Feng, S.
P.; Tang, J. Programmable Artificial Phototactic Microswimmer. Nat.
Nanotechnol. 2016, 11, 1087−1092.
(51) Jang, B.; Hong, A.; Kang, H. E.; Alcantara, C.; Charreyron, S.;
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Schaf̈fer, E.; Ricci, F.; Sańchez, S. Self-Sensing Enzyme-Powered
Micromotors Equipped with pH-Responsive DNA Nanoswitches.
Nano Lett. 2019, 19, 3440−3447.
(427) Fan, X.; Hao, Q.; Li, M.; Zhang, X.; Yang, X.; Mei, Y.; Qiu, T.
Hotspots on the Move: Active Molecular Enrichment by Hierarchically
Structured Micromotors for Ultrasensitive SERS Sensing. ACS Appl.
Mater. Interfaces 2020, 12, 28783−28791.
(428) Han, D.; Fang, Y.; Du, D.; Huang, G.; Qiu, T.; Mei, Y.
AutomaticMolecular Collection andDetection by Using Fuel-Powered
Microengines. Nanoscale 2016, 8, 9141−9145.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00999
Chem. Rev. 2022, 122, 5365−5403

5401

https://dx.doi.org/10.1038/s41565-019-0578-8
https://dx.doi.org/10.1002/adma.201603374
https://dx.doi.org/10.1002/adma.201603374
https://dx.doi.org/10.1038/s41467-017-01778-9
https://dx.doi.org/10.1038/s41467-017-01778-9
https://dx.doi.org/10.1039/C7NR05896A
https://dx.doi.org/10.1039/C7NR05896A
https://dx.doi.org/10.1039/C7NR05896A
https://dx.doi.org/10.1002/adfm.201706660
https://dx.doi.org/10.1002/anie.201913872
https://dx.doi.org/10.1002/anie.201913872
https://dx.doi.org/10.1002/anie.201913872
https://dx.doi.org/10.1038/ncomms1035
https://dx.doi.org/10.1038/ncomms1035
https://dx.doi.org/10.1021/acsami.9b00605
https://dx.doi.org/10.1021/acsami.9b00605
https://dx.doi.org/10.1016/j.bios.2016.07.104
https://dx.doi.org/10.1016/j.bios.2016.07.104
https://dx.doi.org/10.1039/C4CC10250A
https://dx.doi.org/10.1039/C4CC10250A
https://dx.doi.org/10.1039/C4CC10250A
https://dx.doi.org/10.1021/nl2005687
https://dx.doi.org/10.1021/nl2005687
https://dx.doi.org/10.1021/ac202029k
https://dx.doi.org/10.1021/ac202029k
https://dx.doi.org/10.1021/ja306080t
https://dx.doi.org/10.1021/ja306080t
https://dx.doi.org/10.1021/ja306080t
https://dx.doi.org/10.1002/anie.201100115
https://dx.doi.org/10.1002/anie.201100115
https://dx.doi.org/10.1021/nl203717q
https://dx.doi.org/10.1021/nl203717q
https://dx.doi.org/10.1038/s41467-018-06727-8
https://dx.doi.org/10.1038/s41467-018-06727-8
https://dx.doi.org/10.1021/acsnano.8b01515
https://dx.doi.org/10.1021/acsnano.8b01515
https://dx.doi.org/10.1002/chem.201304804
https://dx.doi.org/10.1002/chem.201304804
https://dx.doi.org/10.1002/chem.201304804
https://dx.doi.org/10.1039/C5CC10670B
https://dx.doi.org/10.1039/C5CC10670B
https://dx.doi.org/10.1021/acsami.6b00012
https://dx.doi.org/10.1021/acsami.6b00012
https://dx.doi.org/10.1021/acs.analchem.0c01541
https://dx.doi.org/10.1021/acs.analchem.0c01541
https://dx.doi.org/10.1021/acssensors.9b02515
https://dx.doi.org/10.1021/acssensors.9b02515
https://dx.doi.org/10.1021/acssensors.9b02515
https://dx.doi.org/10.1002/anie.201701396
https://dx.doi.org/10.1002/anie.201701396
https://dx.doi.org/10.1021/acssensors.5b00300
https://dx.doi.org/10.1021/acssensors.5b00300
https://dx.doi.org/10.1021/acssensors.5b00300
https://dx.doi.org/10.1021/acs.analchem.7b05209
https://dx.doi.org/10.1021/acs.analchem.7b05209
https://dx.doi.org/10.1021/acs.analchem.7b05209
https://dx.doi.org/10.1039/C5CC04120A
https://dx.doi.org/10.1039/C5CC04120A
https://dx.doi.org/10.1126/sciadv.aau9650
https://dx.doi.org/10.1126/sciadv.aau9650
https://dx.doi.org/10.1021/acsnano.6b01415
https://dx.doi.org/10.1021/acsnano.6b01415
https://dx.doi.org/10.1021/acsnano.7b01926
https://dx.doi.org/10.1021/acsnano.7b01926
https://dx.doi.org/10.1021/acsnano.7b01926
https://dx.doi.org/10.1002/ange.201713082
https://dx.doi.org/10.1002/ange.201713082
https://dx.doi.org/10.1021/acsnano.9b06127
https://dx.doi.org/10.1021/acsnano.9b06127
https://dx.doi.org/10.1021/acsnano.5b02807
https://dx.doi.org/10.1021/acsnano.5b02807
https://dx.doi.org/10.1002/smll.201101593
https://dx.doi.org/10.1002/smll.201101593
https://dx.doi.org/10.1021/acs.nanolett.8b04794
https://dx.doi.org/10.1021/acs.nanolett.8b04794
https://dx.doi.org/10.1021/acsami.0c05371
https://dx.doi.org/10.1021/acsami.0c05371
https://dx.doi.org/10.1039/C6NR00117C
https://dx.doi.org/10.1039/C6NR00117C
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00999?ref=pdf


(429) Ghosh, A.; Dasgupta, D.; Pal, M.; Morozov, K. I.; Leshansky, A.
M.; Ghosh, A. Helical Nanomachines as Mobile Viscometers. Adv.
Funct. Mater. 2018, 28, 1705687.
(430) Wang, L.; Li, T.; Li, L.; Wang, J.; Song, W.; Zhang, G.
Microrocket Based Viscometer. ECS J. Solid State Sci. Technol. 2015, 4,
S3020−S3023.
(431) Jeong, H. H.; Mark, A. G.; Lee, T. C.; Alarcón-Correa, M.;
Eslami, S.; Qiu, T.; Gibbs, J. G.; Fischer, P. Active Nanorheology with
Plasmonics. Nano Lett. 2016, 16, 4887−4894.
(432)Muiños-Landin, S.; Ghazi-Zahedi, K.; Cichos, F. Reinforcement
Learning of Artificial Microswimmers. 2018 . arXiv pre-
print:1803.06425.
(433) Shang, W.; Lu, H.; Wan, W.; Fukuda, T.; Shen, Y. Vision-Based
Nano Robotic System for High-Throughput Non-Embedded Cell
Cutting. Sci. Rep. 2016, 6, 1−14.
(434) Li, T.; Chang, X.; Wu, Z.; Li, J.; Shao, G.; Deng, X.; Qiu, J.; Guo,
B.; Zhang, G.; He, Q.; Li, L.; Wang, J. Autonomous Collision-Free
Navigation of Microvehicles in Complex and Dynamically Changing
Environments. ACS Nano 2017, 11, 9268−9275.
(435) Pal, M.; Somalwar, N.; Singh, A.; Bhat, R.; Eswarappa, S. M.;
Saini, D. K.; Ghosh, A. Maneuverability of Magnetic Nanomotors
Inside Living Cells. Adv. Mater. 2018, 30, 1800429.
(436) Pal, M.; Dasgupta, D.; Somalwar, N.; Vr, R.; Tiwari, M.; Teja,
D.; Narayana, S. M.; Katke, A.; Rs, J.; Bhat, R.; Saini, D. K.; Ghosh, A.
Helical Nanobots as Mechanical Probes of Intra- and Extracellular
Environments. J. Phys.: Condens. Matter 2020, 32, 224001.
(437) Sun, M.; Liu, Q.; Fan, X.; Wang, Y.; Chen, W.; Tian, C.; Sun, L.;
Xie, H. Autonomous Biohybrid Urchin-Like Microperforator for
Intracellular Payload Delivery. Small 2020, 16, 1906701.
(438) Lin, Z.; Fan, X.; Sun, M.; Gao, C.; He, Q.; Xie, H. Magnetically
Actuated Peanut Colloid Motors for Cell Manipulation and Patterning.
ACS Nano 2018, 12, 2539−2545.
(439) Schuerle, S.; Vizcarra, I. A.; Moeller, J.; Sakar, M. S.; Özkale, B.;
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