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A review on microrobots driven by optical and
magnetic fields

Microrobotics technologies have developed rapidly in

recent years. This review article comprehensively

introduces the working mechanisms, recent progress, and
state-of-the-art applications of microrobots driven by optical
and magnetic fields.
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A review on microrobots driven by optical and
magnetic fields

Yaozhen Hou,?® Huaping Wang, @ *®< Rongxin Fu, @9 Xian Wang,® Jiangfan Yu,"
Shuailong Zhang, @ *2°° Qiang Huang,®° Yu Sun™ and Toshio Fukuda®

Due to their small sizes, microrobots are advantageous for accessing hard-to-reach spaces for delivery and
measurement. However, their small sizes also bring challenges in on-board powering, thus usually
requiring actuation by external energy. Microrobots actuated by external energy have been applied to the
fields of physics, biology, medical science, and engineering. Among these actuation sources, light and
magnetic fields show advantages in high precision and high biocompatibility. This paper reviews the recent
advances in the design, actuation, and applications of microrobots driven by light and magnetic fields. For
light-driven microrobots, we summarized the uses of optical tweezers, optoelectronic tweezers, and heat-
mediated optical manipulation techniques. For magnetically driven microrobots, we summarized the uses
of torque-driven microrobots, force-driven microrobots, and shape-deformable microrobots. Then, we
compared the two types of field-driven microrobots and reviewed their advantages and disadvantages. The
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Introduction

Microrobotics is an interdisciplinary field that focuses on the
design, fabrication and applications of robotic agents with
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paper concludes with an outlook for the joint use of optical and magnetic field actuation in microrobots.

dimensions in the range between 1 pum and 1000 um.'™®
Microrobots can be made to do mechanical work and can be
classified based on the external fields that drive them,
including magnetic,”** electric,"*"” acoustic,"®>" and optical
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fields.”>®® Electric field actuation relies on the effective
conversion of a system's electric energy into a target's
mechanical energy through the interaction of the applied
electric field with the target. By controlling the applied
electric field, the manipulation force can be effectively
exerted on the target to control its movement and position.
Acoustic field actuation is another useful method for
micromanipulation. The method can be used to control
multiple targets simultaneously and accumulate them in
desired sites. Acoustic actuation normally requires complex
hardware and has limited capability to address targets
individually in a crowded environment. Optical field
actuation uses optical gradient/pressure forces or other light-
induced forces to control the motion of micro-objects. The
optical field can be easily modulated to exert manipulation
force with high degrees of freedom. Magnetic field actuation
relies on the interaction of magnetic-responsive objects with
the magnetic field. Magnetic field actuation is highly
penetrative and relatively safe to biological samples. Both
optical and magnetic fields enable versatile, precise and
reliable control of microrobots, which are promising for
applications in physics, chemistry, biomedical engineering
and other interdisciplinary research. Moreover, the
complementarity of optical actuation and magnetic actuation
makes their joint use attractive and of great interest to many
scientific fields. Therefore, actuation methods and
applications of optical and magnetic field-driven microrobots
are mainly reviewed in this work.

Optical field-driven microrobots rely on the use of optical
micromanipulation technologies, in which optical forces or
optically induced forces (dielectrophoretic, thermophoretic,
etc.) are used to power the microrobots and control their
motions. The most widely used optical micromanipulation
technology for driving microrobots is optical tweezers
(OT),>”*° which leverage the forces arising from focusing
light with strong intensity gradients. OT allow fine and 3D
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manipulation of the microrobots, but the optical force
generated by OT is generally small, in the range of several to
several tens of piconewtons (107> N), which limits the
design, fabrication and applications of the microrobots. In
addition, it is difficult to perform in vivo control and
actuation of microrobots using light. Magnetic field-driven
microrobots rely on the application of an external magnetic
field to impose torque or force on the microrobots, which are
made of magnetic-responsive materials and can be made to
perform mechanical jobs.””®'**°> Duye to a wider range of
force magnitudes generated by an external magnetic field,
magnetic microrobots normally have a wider size range and
more flexible physical layouts compared with optical
microrobots. To work in a magnetic field, magnetic
microrobots must have magnetically responsive materials
coated outside or embedded inside the microrobot's
mechanical structure. This requirement sets certain
limitations on the materials, fabrication and applications of
magnetic microrobots. Compared with an optical field, a
magnetic field has a better performance to penetrate through
the human body, allowing magnetic microrobots to be more
easily used for in vivo applications such as disease diagnosis
and drug delivery.”**"*® Magnetic and optical microrobots
also share many similarities. For example, both magnetic
and optical fields enable long-range, precise, dexterous and
robust control of microrobots.?>>3%%3* In addition, both
optical and magnetic microrobots can move in different
modes, such as rolling and rotating, to accomplish different
tasks  in  diverse 78227243031 gome
microfabrication techniques, such as photolithography,
metallization and two-photon polymerization, can be used to
fabricate both optical and magnetic
7:12,22726,30,31,33 Thege similarities as well as the

environments.

microrobots.

aforementioned complementarities also promote the joint
use of optical and magnetic microrobots for a variety of
applications in recent years.
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This review covers the state of the art of optical and
magnetic field-driven microrobots and their related
applications, as summarized in Fig. 1. We start by
introducing the Dbasic concepts, mechanisms and
applications of optical field-driven microrobots, followed by
the introduction of the working mechanisms and
applications of magnetic field-driven microrobots. Then, we
compared and discussed the similarities and differences as
well as the pros and cons of the optical and magnetic field-
driven microrobots. Finally, we present the recent progress
on the joint use of the optical and magnetic field-driven
microrobots and discuss the future development of the field.

Recent advances in light-driven and
magnetic-driven microrobotics
Optical field-driven microrobot

Light, as an external energy source, is capable of driving the
motion of microrobots with the advantages of dynamic
programmable, wireless and remote manipulation on
demand with high spatial and temporal resolution. Light-
driven microrobots can be sub-classified into three categories
based on their operating principles. The first category, known
as optical field-driven microrobots, relies on the use of
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optical micromanipulation technologies that can control and
modulate an optical field or other physical fields to impose
actuation force on microrobots.>”*® The second category,
known as opto-soft microrobots, relies on the interaction
between light and artificial muscle made of photosensitive,
mechanically responsive soft materials such as liquid crystal
polymers (LCPs).””** The third category, opto-chemical
microrobots, relies on photochemical reactions to generate
propulsion forces, thus converting chemical energy into
mechanical movement.**** Opto-soft microrobots and opto-
chemical microrobots have been comprehensively overviewed
in previous review articles*’** and we will mainly introduce
the optical field-driven microrobots in this work.

Microrobots driven by optical tweezes. OT are a
revolutionary micromanipulation technology invented by
Arthur Ashkin in 1980s, which brought him one half of the
Nobel Prize in Physics in 2018. OT has continuously evolved
and helped revolutionize scientific research by providing
non-contact, non-invasive and precise manipulation of
micro-/nano-sized objects. To date, OT has been used in
many fields of natural science, ranging from cell/virus
manipulation,”™*” characterization of biomolecules and
biosystems,*®** micro-/nano-assembly,’®>*" to trapping and
cooling atoms.”>** In recent years, several groups have
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Fig. 1 Schematic illustration of optical and magnetic field-driven microrobots and their related applications. Reproduced with permission from
ref. 68. Copyright 2017, John Wiley & Sons, Inc. Reproduced with permission from ref. 73. Copyright 2014, Springer Nature Limited. Reproduced
with permission from ref. 83. Copyright 2021, Springer Nature Limited. Reproduced with permission from ref. 84. Copyright 2017, John Wiley &
Sons, Inc. Reproduced with permission from ref. 96. Copyright 2019, John Wiley & Sons, Inc. Reproduced with permission from ref. 100. Copyright
2015, Springer Nature Limited. Reproduced with permission from ref. 107 Copyright 2020, American Association for the Advancement of Science.
Reproduced with permission from ref. 112. Copyright 2018, American Chemical Society. Reproduced with permission from ref. 119. Copyright
2014, Royal Society of Chemistry. Reproduced with permission from ref. 137. Copyright 2014, John Wiley & Sons, Inc. reproduced with permission
from ref. 138. Copyright 2021, Nature Publishing Group. Reproduced with permission from ref. 150. Copyright 2016, John Wiley & Sons, Inc.
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started to investigate the wuse of OT to control
micromechanical structures for different applications,
leading to the invention and fast development of optical
microrobots. OT relies on the transfer of momentum from a
photon to a particle when laser light interacts with the object,
which can be trapped near the beam focus due to the
intensity gradient force. In addition, optical radiation
pressure force, resulting from the absorption and scattering
of light by the object, also plays an important role. By
carefully balancing the optical gradient force and optical
radiation pressure force in OT, the position of the sample
can be controlled in three-dimensional space,” as shown in
Fig. 2(a). Light also carries angular momentum. For example,
in a circularly polarized optical field, the electric field vector
is rotating in a plane perpendicular to the moving direction
of the wave. If the object can change the polarization state of
the light (from circularly polarized to linearly polarized),> a
torque will be exerted on the object and make it spin due to
the conservation of momentum. The hardware of the OT
system normally consists of a laser source, an optical
microscope and lenses that can collimate the laser beam.
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Fig. 2 Working mechanisms of OT. (a) Schematics illustrating the
working mechanisms of OT, in which a dielectric particle experiences
optical gradient force and optical radiation pressure force (reproduced
with permission from ref. 54. Copyright 2015, John Wiley & Sons, Inc.).
(b) Transfer of optical angular momentum to an object, leading it to
spin (reproduced with permission from ref. 55. Copyright 2018, Wiley-
VCH GmbH). (c) Schematic experimental setup for holographic OT,
which can trap multiple targets simultaneously (reproduced with
permission from ref. 56. Copyright 2006, Optica Publishing Group).
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The laser is normally linearly polarized but can be converted
into a circularly polarized state carrying angular momentum
using a quarter-wave plate. For the manipulation of
microrobots, holographic OT that can generate multiple
Gaussian light beams are widely used,”®”” as shown in
Fig. 2(c). Holographic OT allow the control and manipulation
of multiple microrobots simultaneously and enables the
stable control of microrobots by providing a holding force at
multiple points.

Presented in Fig. 3 are examples of OT-actuated microrobots
with different designs, mechanical structures and functions.
These microrobots have small feature sizes (a few microns to a
few tens of microns) and were mostly fabricated using
microfabrication  techniques such as electron-beam
lithography, wet or dry etching, and two-photon photo-
polymerization (2PP). Shown in Fig. 3(a) is a schematic of an
OT-actuated birefringent microrobot.>® Its detailed mechanical
structure is illustrated in Fig. 3(b), which resembles a
microgear but consists of nano-sized trenches in the middle.
On applying a circularly polarized light beam, the microrobot
is capable of rotating at a controllable rate by functioning as a
half-wave retardation plate to harvest angular momentum from
the light beam. Similar results were reported for other
birefringent micromotors, as shown in Fig. 3(c) and (d). By
placing the spinning micromotor close to the growth cone of
the nerve fiber, the localized microfluidic flow generated by the
spinning micromotor can exert fluidic shear force on the nerve
fiber and influence its growth direction.”® By changing the
rotation direction and position of the spinning micromotor,
the direction of nerve fiber growth can be precisely
manipulated and guided. Microfluidic flow generated by light-
driven micromotors was also used to disrupt and break apart
aggregates of microparticles and cells, as shown in Fig. 3(e). In
this work, spinning micromotors consisting of living cells are
used to generate a localized microfluidic flow to break apart
Si0, particle aggregates and blood clots.®® Transmission of
torque at the nanoscale is made possible by a light-driven disc-
like colloidal assembly, as shown in Fig. 3(f) and (g). Twenty-
seven microparticles in optical traps are translated on a circular
path to form a rotating boundary, which can transmit torque to
additional microparticles in the middle.®" It is found that the
transmission behaviour is predominantly governed by the
rotation rate of the boundary and the density of the confined
system. It is worth mentioning that there are many examples of
spinning microrobots actuated by OT, which were used to
generate micro-vortex and exert hydrodynamic forces to
manipulate or influence surrounding objects.®*®> To enhance
the conversion efficiency of optical energy to rotational
movement, microrobots with beam-shaping structures that can
reroute the input light beam and efficiently harvest the optical
momentum were also designed, fabricated and demonstrated
for various studies.®*®” The use of OT-actuated rotatable
microrobots to induce hydrodynamic forces for indirect optical
manipulation is an interesting topic that has attracted much
research interest in recent years. This approach expands the
capabilities of OT technology for the manipulation of fragile

Lab Chip, 2023, 23, 848-868 | 851
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Fiber tip

Fig. 3 OT-actuated microrobots. (a) Schematic model of birefringent microrobot. (b) Scanning electron microscopy (SEM) image of the fabricated
birefringent microrobot (reproduced with permission from ref. 58. Copyright 2005, Nature Publishing Group). (c) and (d) Time-lapse images
showing the use of a birefringent rotating micromotor to control the direction of growth of nerve fibers (dashed arrow) (reproduced with
permission from ref. 59. Copyright 2012, Nature Publishing Group). (e) Time-lapse images showing the use of two rotating cell-based micromotors
to break apart SiO, particle aggregate (reproduced with permission from ref. 60. Copyright 2020, American Chemical Society). (f) and (g)
Schematic and microscope image of the nano-clutch. Red cones represent optical traps translating 27 microparticles on a circular path (counter-
clockwise rotation) (reproduced with permission from ref. 61. Copyright 2016, Nature Publishing Group). (h) Schematic of an articulated
microrobot. (i) and (j) Out-of-plane rotation of the mobile head of the articulated microrobot with respect to various angles (reproduced with
permission from ref. 68. Copyright 2016, Wiley-VCH GmbH). (k) Time-lapse images showing the process of loading cargo into the microrobot
(reproduced with permission from ref. 70. Copyright 2016, Nature Publishing Group). () SEM image of a microdrone with four nanomotors. (m)
Schematic of using light beams with different wavelengths and polarization states to drive the microdrones (reproduced with permission from ref.
71. Copyright 2022, Nature Publishing Group). (n) Microscope image showing the light-actuated bio-magnifier that can image a nanopatterned
letter (reproduced with permission from ref. 72. Copyright 2019, Nature Publishing Group). (o) SEM image of a surface scanning probe and (p)
optical image of the probe as it scans the surface of a sample (reproduced with permission from ref. 73. Copyright 2014, Nature Publishing Group).

and light-sensitive biological samples that are difficult to
manipulate by OT directly.®

OT can also be used to drive microrobots in 3D to perform
out-of-plane movements. As shown in Fig. 3(h), an articulated
microrobot is fabricated using the 2PP technique, which
consists of a fixed base and a mobile head.®® OT allows
robust and out-of-plane control of the robot's mobile head
with respect to various angles, as shown in Fig. 3(i) and (j).
Similar results were also demonstrated for a screw-wrench
structure.®® Another application of OT-actuated microrobots
is cargo transport and delivery.”® Fig. 3(k) demonstrates a
microrobot equipped with a syringe function. This
microrobot has a hollow body with four spheroidal handles,
which were fabricated using the 2PP technique. The body of
the microrobot has two openings; one serves as the spout
where cargo can be loaded and ejected, and the other one is

852 | Lab Chip, 2023, 23, 848-868

located on top of the microrobot, allowing for the generation
of photothermally induced convection currents within the
body of the microrobot. This OT-actuated microrobot is
capable of loading, transporting and unloading cargo such as
dielectric microbeads. For this microrobot, laser beams were
used to provide actuation force and to generate
photothermally induced convection currents for unloading
cargo. More recently, light-driven microdrones were also
developed, which can be maneuvered in two dimensions in
all three independent degrees of freedom using two laser
beams with different wavelengths and circular polarization
states.”" Fig. 3(1) shows the SEM image of the microdrone,
which consists of individually addressable chiral plasmonic
nano-antennas acting as nanomotors. These nanomotors can
resonantly scatter the driving light into well-defined
directions and produce optical recoil forces to drive the

This journal is © The Royal Society of Chemistry 2023
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microdrone, as shown in Fig. 3(m). Therefore, the
microdrones can be maneuvered by adjusting the optical
power for each nanomotor, and this actuation concept
resembles that of macroscopic multirotor drones. Fig. 3(n)
shows an OT-actuated cell-based microrobot, which was
trapped on a fiber tip.”> Due to the spherical structure, the
cell can act as a bio-magnifier to overcome the optical
diffraction limit and probe nanostructures with a resolution
of 100 nm. In addition, the focus of the bio-magnifier forms
a nano-optical trap that allows precise manipulation of
individual nanoparticles with a radius of 50 nm. Therefore,
this cell-based OT-actuated bio-magnifier is a useful tool for
both optical imaging and assembly of nanomaterials. Shown
in Fig. 3(0) is an OT-actuated surface scanning probe.”> By
using two laser beams to control and manipulate the probe
[Fig. 3(p)], it can be applied for surface topography
reconstruction with sub-micron resolution. Another surface
scanning probe capable of manipulating a light field was also
developed.” Different tip structures of the probe can be
fabricated to modulate the light field and generate light
beams with different profiles, helping to break through the
optical diffraction limit for ultra-sensitive optical detection
and sensing applications. The fast development of OT and
the microfabrication technologies provide a solid technical
foundation for these optical microrobots, allowing
fabrication of microrobots with different designs and
functions for many useful applications.

Microrobots  driven by  optoelectronic  tweezers.
Microrobots actuated by OT have been demonstrated for
many impressive applications as introduced above, but there
still exist some limitations for this type of system. First, OT
are capable of actuating only small objects as the optical
force is typically on the order of piconewtons (10™*? N). This
restricts the design, structure, materials and tools used to
fabricate the microrobots and sets limits on their
applications. Second, while it is possible to manipulate
multiple microrobots in parallel with OT, this functionality
requires dramatic increases in complexity, as it necessitates
specialized and expensive beam-modulation hardware and
control software. To overcome these limitations, substantial
efforts have been devoted to the development of other optical
micromanipulation technologies, such as optoelectronic
tweezers (OET).

OET is a powerful optical micromanipulation technology
invented by Ming C. Wu and co-workers in 2005.”> Based on
light-induced dielectrophoresis (DEP) force, OET combines
the merits of optics and electronics and offers a user-friendly
approach that enables programmable, touch-free and reliable
manipulation of micro-/nano-sized objects.”® Different from
OT which require a coherent laser light source with high
optical intensities, the optical source in an OET system can
be a digital micromirror device (DMD) with a LED,”””® which
is used to project animated light patterns onto a
photoconductive substrate [in most cases, hydrogenated
amorphous silicon (a-Si:H)]. OET relies on the unique
features of the photoconductive substrate: in the dark, the

This journal is © The Royal Society of Chemistry 2023

View Article Online

Critical review

impedance of the photoconductive substrate is high and it
behaves like a resistor; when the photoconductive substrate
is illuminated with light, its impedance is reduced
significantly and the photoconductive substrate behaves like
a conductor. Therefore, by creating bright and dark regions
on the photoconductive substrate, “virtual electrodes” are
formed, which can induce a non-uniform electric field in the
liquid medium above the photoconductive substrate, as
shown in Fig. 4(a). This non-uniform electric field interacts
with the samples in the liquid medium, producing a DEP
force that can control their positions.”” Compared with OT,
OET is capable of exerting a stronger manipulation force
(nanonewtons, 10~° N) to actuate larger objects (sizes over
100 microns) and, in addition, well suited for parallel
manipulation (e.g. creating 10000 traps at the same time).
These features make OET an ideal optical tool to control
multiple microrobots in parallel and also microrobots with
large feature sizes. Presented in Fig. 4(b) is an example of an
OET-actuated  “cogwheel™shaped  microrobot.®”  The
microrobot is more than 200 um and can be massively
fabricated using UV-curable polymer materials and standard
photolithography technique. By using a light pattern that
forms a negative relief of the perimeter of the microrobot,
negative DEP force is produced, causing the microrobot to be
trapped in the “dark” central region of the projected light
pattern. By moving the light pattern, the “cogwheel”-shaped
microrobot can be programmed to move, rotate and carry out
sophisticated, multi-axis operations. One particularly useful
program demonstrated here [Fig. 4(c) and (d)] is a serial
combination of “load”, “transport,” and “deliver,” which can
be applied to manipulate micron-dimension payloads such
as mammalian cells. It has been demonstrated that the
microrobot programmed in this manner can cause less stress
on fragile biological samples than directly using the OET
technique. Besides, a key feature of this OET-actuated
microrobotic system is the capability to manipulate multiple
microrobots simultaneously, allowing for independent and
parallel control. This OET-actuated microrobot is also multi-
functional, with applications demonstrated for single-cell
isolation, clonal expansion, RNA sequencing, cell-cell fusion,
and isolating precious microtissues from heterogeneous
mixtures. Presented in Fig. 4(e) is a schematic of a
“cogwheel™-shaped micromotor relying on OET.* This
micromotor can be precisely rotated to generate localized
hydrodynamic forces to control the motion of micro-objects
in their vicinity, as shown in Fig. 4(f). In an advance relative
to the state of the art, multiple micromotors can be made to
work together as micromachines. For example, two rotating
micromotors can be used as a touchless microfeed roller to
control microparticle movement in 3D. In addition, the
motions of multiple micromotors can be effectively coupled
together to form a variety of micromechanical systems.
Fig. 4(g) shows a micro-gear train consisting of an active
micromotor and a passive micromotor. This micro-gear train
works by driving the rotation of one micromotor with OET
and then using the torque generated by this active process to
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Fig. 4 OET-actuated microrobots. (a) Schematic of OET. (b) SEM image of a “cogwheel”’-shaped microrobot. (c) Schematic process of loading,
transporting, and delivery of payloads using OET-actuated microrobots. (d) Microscope image showing the use of light pattern to move a
“cogwheel”-shaped microrobot at 150 um s, which carries a cell (reproduced with permission from ref. 82. Copyright 2019, Nature Publishing
Group). (e) Schematic of a rotating micro-gear and its influence on a nearby particle. (f) Microscope image of a rotating micromotor on nearby 15
um-diameter polystyrene microbeads. (g) Microscope image of a micro-gear-train driven by one active micro-gear comprising two micro-gears.
(h) The micro-gear train formed from small (150 um diameter) and large micro-gears (300 um diameter). The small micro-gear drives the system.
(i) A micro-rack-and-pinion system in operation, in which rotating the pinion counterclockwise can make the rack translate to the left (reproduced
with permission from ref. 83. Copyright 2021, Nature Publishing Group). (j) Schematic illustration of the hydrogel fabrication and OET manipulation
system. The system consists of two major components: a DMD-based hydrogel fabrication system and an OET-based manipulation and assembly
system. (k) and () Assembly of Tetris hydrogel microrobots with OET. Scale bar: 50 um. (m) Fluorescence microscope image showing the assembly
of cell-encapsulating Tetris hydrogel microrobots. L929 fibroblast cells were stained green and HEK-293 cells were stained blue. Scale bar: 100
um (reproduced with permission from ref. 84. Copyright 2017, John Wiley & Sons, Inc.).

drive the rotation of another passive micromotor. Therefore,
mechanical momentum can be transferred from one
micromotor to another. To test the capacity to form torque
multipliers with mechanical advantage (MA) >1,
micromotors with varying sizes were formed and assembled
into a micro-gear train, as shown in Fig. 4(h). In this case,
MA = 2 and the micro-gear train amplifies the input torque
twofold. OET-driven micro-gear train system is also
reconfigurable, allowing users to adjust the number of active
and passive micromotors in the system and the layouts as
well as the MA of the system. In addition to micro-gear train
that can convert rotation to rotation, micro-rack-and-pinion
that can convert rotation to linear movement was also
developed, as shown in Fig. 4(i). In combination with
microfluidic structures, the micro-rack-and-pinion can be
used as a valve to control the flow within microfluidic
channels. These sophisticated micromechanical systems are
unique to what have been reported previously and suggest
great potential for building complex microrobotic systems in
the future for applications in micromanipulation,
microfluidics, and beyond.

In addition to polymer-based microrobots, shown in
Fig. 4(j)-(m) are examples of hydrogel microrobots with Tetris
structures, which were manipulated and assembled by OET.**
Using a DMD-based UV curable system [Fig. 4(j)],***
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microrobots made of UV-curable hydrogel can be fabricated
into different Tetris structures by projecting UV light patterns
to the hydrogel. After the fabrication, the hydrogel
microrobots can be assembled to form desired combinations
using OET, as shown in Fig. 4(k) and (1). The hydrogel
microrobots have high biocompatibility and can encapsulate
cells with different species. Therefore, hydrogel microrobots
containing different cells can be assembled to form the
desired geometry with a specific shape and size, as shown by
the fluorescence microscope images in Fig. 4(h). These
hydrogel microrobots are useful for a variety of applications
such as microscale tissue engineering, drug screening and
studying cell-cell interactions.

The commercialization of OET technology started in
2011.%° Ming Wu, the inventor of OET, founded Berkeley
Lights Inc. together with Igor Khandros and William
Davidow.”® This California-based company has successfully
commercialized fully automated OET instruments to enable
the functional screening and selection of individual cells for
antibody discovery,®”®® cell line development,®*°
therapy development® and synthetic biology.””

Microrobots driven by heat-mediated optical manipulation
techniques. Apart from OT and OET, optical
micromanipulation techniques based on an optically induced
temperature gradient can also be used to control and

cell
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manipulate microrobots. Through rational design of the light-
generated temperature gradient and exploring the mechanical
response of microrobots to the temperature gradient, a variety
of  microrobots were developed and used for
micromanipulation and micro-assembly applications.”*%*
Shown in Fig. 5(a) is a microrobot with a rocket-like triple-tube
structure. When near-infrared (NIR) laser excites the
microrobot, its tail's temperature is significantly higher than
that of the head, resulting in an asymmetric temperature
gradient and the thermophoretic force that pushes the micro-
robot forward.”> Owing to the increasing quantity of the
propulsion channel and the light-excitation interfacial area, the
rocket-like microrobot can reach a moving speed of 2.8 mm s
under NIR actuation in a blood-mimicking viscous glycerol
solution. This microrobot could also be applied in vivo, such as
the ear of a mouse, where it could be tracked via photoacoustic
imaging. Other microrobot examples based on an optothermal
actuation mechanism are shown in Fig. 5(b)-(f). In this
work,”®” a laser focus on a photothermal substrate creates a
surface bubble, which can be used as a microrobot to translate,
rotate, lift, and drop micro-parts and assemble them into an
interconnected entity. By controlling the power and the
position of the laser beam, the generation, growth rate and
motion of the bubble microrobot can be well controlled. In
addition, the bubble microrobot can be used to move and
assemble microgel blocks consisting of living cells, with
applications demonstrated for microtissue fabrication and
studying cancer metastasis.”®’° Fig. 5(g) shows an asymmetric
microrobot structure, which was coated with a layer of light-
absorbing material and sitting on a liquid-air interface."® By
illuminating the microrobot with incoherent light, it can
efficiently convert absorbed light into rotational motion

( b >3D rotation of microstructure
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through thermocapillary convection (also known as Marangoni
convection), as shown in Fig. 5(h). It is worth mentioning that
there are many other reports of using heat-medicated optical
micromanipulation techniques to drive microrobots in fluidic
environments.”> We believe that with the development and
further improvement of different optical micromanipulation
technologies, more types of microrobots will be invented and
various applications will be explored. It is expected that field-
driven microrobots based on optical micromanipulation
technologies and tailored physical fields will continue to thrive
and play important roles in a wide range of applications in
physics, engineering, biomedical science and beyond.

Magnetic field-driven microrobots

Microrobots driven by a rotating magnetic field. Magnetic
actuation relies on the use of magnetic force and torque to
manipulate magnetized micro-object.'®® A magnetized object
in a rotating magnetic field experiences a torque Ty, [N m]
that is determined by the cross product of magnetization M
[A m'] and the external field B [T], which can be expressed as

Ty, = VMB 1)

in which v [m?] represents the volume of the magnetic object.
When a microrobot is placed in a rotating magnetic field, it can
rotate in response to the magnetic torque induced by the
rotating magnetic field and generate propulsion force in due
course. Compared with microrobots actuated by magnetic field
gradients and oscillating magnetic fields, the microrobots
driven by rotating magnetic fields show superior performance
in maneuverability and precise locomotion and can work with
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Fig. 5 Microrobots actuated by heat-mediated optical micromanipulation techniques. (a) The top view and side view of the energy-dispersive
X-ray spectrum (EDS) mapping of a micro-rocket (reproduced with permission from ref. 95. Copyright 2020, Nature Publishing Group). (b)
Schematic setup to generate a bubble microrobot using a laser beam. (c) and (d) The rotation of a convex structure using a bubble microrobot
(reproduced with permission from ref. 96. Copyright 2019, John Wiley & Sons, Inc.). (e) Assembly of micromechanical parts using bubble
microrobots. (f) Assembly of the vehicle structure using bubble microrobots (reproduced with permission from ref. 97. Copyright 2020, American
Chemical Society). (g) SEM image of a micromotor with an asymmetric shape. (h) Rotational and translational trajectories of the micromotor for a
total time interval of 5 seconds (reproduced with permission from ref. 100. Copyright 2015, American Chemical Society).
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magnetic fields with limited field strength. For a rotating
magnetic field, it can be characterized by a field vector rotating
continuously around an axis,'*® as shown in Fig. 6(a).

For microrobots actuated by a rotating magnetic field,
their design and fabrication process are important for their
moving performance and practical applications. Helical-
structured microrobots are the most widely used ones to
work with rotating magnetic fields. For such microrobots,
they rotate around the helical axis and move forward in the
direction perpendicular to the rotation plane of the
microrobot. Similar to helical microrobots, magnetized
spherical microrobots can also be easily actuated by rotating
magnetic fields,'® as shown in Fig. 6(b). To fabricate the
microrobots  driven by rotating magnetic fields,
microfabrication methods such as self-scrolling, direct laser
writing (DLW) and bio-templating synthesis'®*™% are widely
used to endow the microrobots with good biocompatibility
and suitability for locomotion and carrying payloads.

Shown in Fig. 7(a)-(e) are examples of microrobots with
different designs and functions actuated by rotating magnetic
fields. The prototype of the magnetic helical microrobot was
first proposed by Honda et al. in 1996,'°° which is made of a
cubic magnet attached to a spiral copper wire. The helical
microrobot is an ideal model to investigate the swimming
behaviors of microrobots in a liquid environment with low
Reynolds numbers. Since then, many useful applications
have been developed based on helical microrobots, such as
drug delivery,"” "% cargo transportation,''**** cell co-
culture,""*'"* and micro-object assembly."”*™"'” Fig. 7(a)
shows an artificial sperm-hybrid microrobot''> consisting of
a motile sperm cell and a 3D-printed magnetic “tetrapod”.
The sperm cell provides the propulsion source and serves as
a drug carrier, while the 3D-printed “tetrapod” can experience
magnetic force and guide the movement of the hybrid
microrobot. In an in vitro experiment, the sperm-hybrid
microrobot was guided to move toward HeLa cells using a
rotating magnetic field. When the microrobot physically
touches the HeLa cell surface, it experiences a shape change
and the sperm cell carrying the drug is separated from the
“tetrapod” head and released into the surrounding
environment. Then, the swimming sperm cell can physically

Torque driven

@ & O
magnetic

, < Helix Sphere
B, & ficds B
M M’
333
Y
: rotating B
Y .....

direction

Fig. 6 (a) Schematic of rotating magnetic field actuation. The
magnetic fields can rotate around three axes of the coordinate to
achieve 3D actuation. (b) There are two typical models, helix and
sphere, which show different motion modes under the rotating
magnetic fields.
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interact with the HeLa cells and deliver the drug precisely.
Compared to conventional drug delivery methods, this new
method based on sperm-hybrid microrobots exhibits superior
performance in drug delivery and killing targeted cancer
cells. Although this drug delivery method based on sperm-
hybrid microrobots is challenging to apply for in vivo
environments, it is expected that this method would be of
great use for many in vitro biomedical applications such as
disease diagnosis and biochemical analysis.

Rotating magnetic field-driven microrobots can also be
used to do different mechanical jobs, such as gathering,
releasing, detecting and assembling."*®"*' Fig. 7(b) shows a
helical microswimmer with a half-cylindrical head and a
helical tail."*®* The microrobot was fabricated by two-photon
photolithography (TPP) and coated with thin layers of nickel
(Ni) and germanium (Ge) by electron beam evaporation. After
the deposition of the Ni layer, the microrobot becomes
magnetically responsive and can be effectively manipulated
by a magnetic field. The flat surface of the microswimmer's
head has nanostructures. When integrated with a thin layer
of Ge, the flat surface can express strong light reflection with
different colours for easy observation. The periodic
arrangement of the nanostructures plays an important role in
the colour expression of the reflected light. This approach
increases the visibility of the microrobots, providing a useful
solution for real-time tracking of the microrobot with
potential applications for biolabeling, biosensing and
medical therapy. Another type of helical microrobot is shown
in Fig. 7(c). These microrobots were fabricated using 3D
direct laser writing (DLW) and deposited with a thin layer of
Ni and Ti via electron beam evaporation.'*® The helical
microcarrier has ring-shaped microstructures, which
increases the contact area between the microrobot and the
surface, allowing it to move smoothly without wobbling. For
cargo transportation and object assembly, multiple
microrobots can work together to reliably load and unload
target objects through generating pushing forces or rotation-
induced frictional forces. This work provides an insightful
solution for parallel control of multiple microrobots to
achieve multi-DOF manipulation of arbitrarily shaped micro-
objects in 3D, which are useful for micro-assembly and target
delivery tasks. Fig. 7(d) shows a piston-like microrobot with a
shaft that can actively rotate to generate a fluidic vortex and
load particles into the cylinder cavity via hydrodynamic
force."*® The whole body of the microrobot was fabricated
using 3D laser writing and the shaft was coated with an
additional layer of Ni/Ti. This piston-like microrobot can load
and release a lot of micro-objects into the cylinder cavity
simultaneously and was demonstrated to be useful for
transporting micro-particles, cells and microtissues. By
optimizing mechanical structures, functionalizing the surface
and using soft bio-compatible materials, it is expected that
this microrobot can be further improved for in vivo targeted
drug delivery or performing complex tasks in the microscopic
world such as mechanical removal of occlusions, collection
of biological samples and generation of a localized fluidic
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Fig. 7 Applications of rotating magnetic field-driven microrobots. (a) Schematic of an artificial sperm-hybrid microrobot that carries drug
(reproduced with permission from ref. 112. Copyright 2018, American Chemical Society). (b) Schematic and microscope images of a helical
microrobot with nanostructures for easy observation (reproduced with permission from ref. 118. Copyright 2020, John Wiley & Sons, Inc.). (c)
Schematic illustration of multiple manipulation modes performed by a microswimmer, which can be used as a manipulator to push and move
objects (reproduced with permission from ref. 119. Copyright 2014, Royal Society of Chemistry). (d) Schematic and microscope images of particle
transportation achieved by a syringe-like microrobot (reproduced with permission from ref. 120. Copyright 2015, John Wiley & Sons, Inc.). (e)
Schematic of object transportation performed by a swarm of spherical microrobots (reproduced with permission from ref. 124. Copyright 2019,

American Association for the Advancement of Science).

field. Apart from individual microrobots, a rotating magnetic
field can also be used to control and actuate a microrobot
swarm.'*'%* As shown in Fig. 7(e),"** peanut-shaped
microrobots were developed, which are made of
3-methacryloxypropyl trimethoxysilane (TPM) and hematite
cubes. When placed in a rotating magnetic field, the
magnetic microrobot swarm can change its shape and
mechanical layout on demand to pass through narrow
channels and actuate large payloads. The microrobot swarm
is capable of transforming and reshaping mechanical
structures, which are useful for multitasking 