iriried applied
L sciences

Review
Advanced Micro-Actuator/Robot Fabrication Using
Ultrafast Laser Direct Writing and Its Remote Control

Sangmo Koo

Department of Mechanical Engineering, Incheon National University, Incheon 22012, Korea; skoo@inu.ac.kr;
Tel.: +82-32-835-8036

Received: 8 November 2020; Accepted: 26 November 2020; Published: 30 November 2020 f‘r:)e(fgtz)g

Abstract: Two-photon polymerization (TPP) based on the femtosecond laser (fs laser) direct writing
technique in the realization of high-resolution three-dimensional (3D) shapes is spotlighted as a
unique and promising processing technique. It is also interesting that TPP can be applied to various
applications in not only optics, chemistry, physics, biomedical engineering, and microfluidics but also
micro-robotics systems. Effort has been made to design innovative microscale actuators, and research
on how to remotely manipulate actuators is also constantly being conducted. Various manipulation
methods have been devised including the magnetic, optical, and acoustic control of microscale
actuators, demonstrating the great potential for non-contact and non-invasive control. However,
research related to the precise control of microscale actuators is still in the early stages, and in-depth
research is needed for the efficient control and diversification of a range of applications. In the future,
the combination of the fs laser-based fabrication technique for the precise fabrication of microscale
actuators/robots and their manipulation can be established as a next-generation processing method
by presenting the possibility of applications to various areas.
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1. Introduction

Motion is an essential element in maintaining the life of living organisms, and life has evolved
to induce efficient movement for a long time. Scientists have been steadily making efforts to
develop microscale actuators inspired by the mechanisms of the movement organs of life forms.
Micro-actuators are small in size and capable of non-contact/non-invasive manipulation, and they
can be used in various applications such as targeted drug delivery [1,2], non-invasive surgery,
and cell manipulation [3] with additional functionalization. Moreover, unlike conventional macroscale
actuators, interest is increasing in micro-actuators that can precisely operate in harsh conditions such
as narrow passages, enclosed conditions, and high viscosity environments. In particular, research into
bio/medical technology advancement has been accelerated due to the promise of control under
in vivo-like conditions.

Conventional microscale actuators have been fabricated using various techniques such as
photolithography [4], 3D printing [5], shape memory [6], and soft lithography [7]. A fabricated
micro-actuator can be manipulated by various energy sources. A commonly used propulsion mechanism
is a chemical-based actuation mechanism that is based on the conversion of chemical energy into
propulsion [8,9]. In this process, the actuator’s driving force can be obtained from the concentration
gradient of molecules or the microbubble generation during chemical decomposition. Actuation through
direct chemical decomposition is easy to fabricate and induce, but biocompatibility issues can arise
when chemical substances remain due to incomplete chemical degradation [10]. To overcome these
limitations, actuation can be induced using biocompatible chemicals such as enzymes [11] and urea [12].
Moreover, several types of methods such as magnetic [13,14], optical [15], and acoustic [16] can be used
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to create a microscale actuator’s remote control. The advantages of a long lifespan, on-demand motion
control, and excellent biocompatibility have shown great potential for in vivo research. Nonetheless,
most work remains in the early stages, and related technologies are being developed through the
efforts of many researchers. As the demand for three-dimensional (3D) complexes with high-precision
micro-actuators increases, new fabrication methods are being required. As a solution to this, two-photon
polymerization (TPP) based on the two-photon absorption (TPA) principle was devised to fabricate
precise 3D micro-structures without the use of photomasks or iterative processes [17-20]. However,
due to the lack of mechanical strength, electrical conductivity, and magnetic and optical properties of
structures fabricated by TPP [21], additional processes are required for the remote manipulation or
driving of actuators by magnetic, optical, and acoustic control.

In this review, we explore the driving/control methods of micro-actuators fabricated based on
the TPP technique. We summarize the progress of the remote control of 3D micro-actuators/robots
concerning the fabrication processes, actuation mechanisms, limitations, and reviews of the potential
applications and challenges to be solved.

2. Micro-Actuator Fabrication

Principle of Two-Photon Polymerization

TPP can be explained by the non-linear optical property of TPA described by Maria Goeppert-Mayer
in 1931 [22]. TPA is the interaction between a single atom/molecule and multiple photons during a
single quantum event, which occurs in the photo-excitation process from a lower quantum state to an
excited quantum state of an atom (or molecule). When a single photon has energy above the bandgap
of the material, photon energy is absorbed by the excitation of electrons from the valence band (VB) to
the conduction band (CB) by single-photon absorption. However, even if the photon energy is less than
the bandgap, electrons can be excited by multiple photons through a virtual state when a very high
photon density is provided to a material. Therefore, the simultaneous/sequential action of two photons
provides enough energy to induce this transition during the TPA process [23]. Since TPA requires very
high energy, it can be induced by using femtosecond (fs) laser with a short pulse duration, which makes
it possible to obtain a sufficient optical electric field for TPA to be feasible. TPA can be explained by two
mechanisms: sequential TPA and simultaneous TPA (Figure 1a). Sequential excitation is an electronic
transition to an excited energy state via an intermediate state. The absorbed species are transferred
to the actual intermediate state by first photon absorption, and this species is transformed into an
excited state by the subsequent absorption of the second photon [23]. The excited electrons in the
intermediate state are excited to a higher quantum state by absorbing a second photon with the same
energy. In contrast, electrons are excited to a higher state by simultaneously absorbing two photons
in one quantum state without the excited intermediate state in simultaneous TPA. The absorption
process is considered the initial interaction of atoms/molecules and photons, and it form a temporary
virtual energy state above the ground state. When the second photon arrives before the decay of the
photon in the virtual state within a short time period, the two photons can be absorbed at the same
time, thereby becoming exited to the higher state and transcending the energy bandgap.
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Figure 1. The principle of the two-photon polymerization (TPP) and experimental setup. (a) Schematic
diagram of two-photon absorption (TPA)—sequential and simultaneous TPA; (b) schematic diagram of
photopolymerization by the transformation process of photon energy; (c) schematic of the two-photon
polymerization process (S: photosensitizer; S*: excited states of the photosensitizer; hv: Planck’s
equation energy for each adsorbed photon; I: photoinitiator (PI); I*: excited states of the PI; R: radical;
and M: monomer); and (d) schematic illustration of a typical TPP experimental configuration: galvano
mode (left) and piezo mode (right).

When the TPA process takes place on photocurable resin materials, photo-induced polymerization
reactions occur, which allow for 3D micro/nanoscale structure fabrication. For TPA polymerization,
two photons are simultaneously absorbed within a tightly focused small focal volume using a high
numerical aperture (N.A.) objective lens in a photocurable resin, which causes a chemical reaction
between the photo-initiator molecule and the monomers by femtosecond pulses with an ultrahigh-peak
intensity and a very short pulse duration [24,25].

A general photocurable resin is composed of a photoinitiator (PI) for radical generation, a monomer
or oligomer to form the bonding between molecules, crosslinkers, photosensitizers, quenchers,
and solvents for dilution [26]. Looking at the properties of the photocurable resin’s components in
detail, the PI can be classified into two types—radical and cationic, depending on what material needs
to be generated. The monomers or oligomers, constituent units of the polymer network, determine the
physical/chemical and mechanical properties of the photo-polymerized structure. The solvent can
control the viscosity of the photocurable resin, which is an important component for the stability of a
photo-polymerized structure. By using photocurable resin with a high viscosity, the photo-polymerized
structure can be stably maintained, but it takes a long time in the development process. In contrast,
the mechanical stability of a photo-polymerized structure is not guaranteed, but the development
process can be completed in a short time with a low-viscosity photocurable resin. To achieve an
efficient fabrication process, it is necessary to consider the factors required for each component. The PI
and monomer or oligomer should not be thermally damaged or ablated during the TPP process,
and photocurable resin should be transparent at the TPA wavelength. At the same time, the PI must
not only absorb the two-photon wavelength but must also satisfy high active moieties and radical
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generation. In Malinauskas’s research, a photo-polymerization process using material without a PI
was reported, and the highest resolution of the 3D structure with the sub-100 nm resolution was
experimentally achieved in a non-photosensitive resist [27]. However, the widest processing window
was observed for photo-sensitized resists, not non-photosensitive resists.

During the irradiation of the tightly focused femtosecond laser beam into the photocurable resin,
avalanche ionization plays an important role in chemical bond breaking and polymerization [28].
Valence electrons in a PI are excited via the fluorescence induced by a photosensitizer. These excited
PIs are partitioned into three types of transformations such as the decay back to an initial state
of a PI with light or heat emissions, quenching with oxygen or quenching agents, and a chemical
reaction yielding an initiator species (e.g., radical) for polymerization (Figure 1b). In the initiation
step, the reactive initiating species such as radicals are generated by absorbing the excitation energy.
These reactive free radicals attack the C=C bonds of monomers and form monomers containing free
electrons. Additionally, the generated radicals react with monomers or oligomers to generate monomer
radicals, and the resulting monomer radicals are polymerized into high-molecular-weight materials by
continuing the propagation process until they are terminated with other types of radicals. This process
refers to the propagation step. In the termination step, two radicals meet and the reaction stops [29]
(Figure 1c).

Generally, a TPP fabrication system consists of an ultrafast (femtosecond) laser source and a
moving part (piezo mode [30] or galvano mode [31]) that controls the scanning of the focused laser
beam within a photocurable resin (Figure 1d). The photopolymerization process is also possible
even with low-cost lasers that emit picosecond [32,33] or nanosecond [34] pulses and continuous
waves (CWs) [35] if appropriate exposure energy is delivered to the photopolymerization material.
Considering its short pulse duration and high peak power, however, a Ti:sapphire near-infrared
fs-laser [36-38] or Er-doped femtosecond fiber laser [39,40] system is used as a light source for an
efficient TPA process. The beam expander reduces the divergence angle of the laser beam, and this
expanded beam can be tightly focused into the photocurable resin using a high N.A. objective lens.
The exposure time is controlled by a mechanical shutter, and the processes are real-time monitored by
a CMOS (complementary metal-oxide semiconductor)/CCD (charge-coupled device) camera.

For the moving part, polymerization through the movement of a laser beam inside a photocurable
resin can be realized in two ways. In the piezo mode, the sample is placed on a 3D piezoelectric
stage and moves along the x—y-z-axis according to the machining geometry, so the structure is
fabricated according to the laser trajectory. It is possible to further reduce the focal volume using a high
N.A. oil immersion objective lens, resulting in a precise structure with a high resolution. However,
the maximum height of a fabricated feature is limited by the working distance of an objective lens.
To overcome this limitation, dip-in direct laser writing (dip-in DLW) has been developed [41]. In the
galvano mode, scanning is performed in the x and y directions using a focused 2D galvanometer
scanner, and the focus position is changed in the z-direction using a 1D piezoelectric stage. This method
is superior to other methods in that it is capable of high-throughput processing and it is possible to
fabricate a 3D structure with a high height by moving the piezoelectric stage in the z-direction.

3D models can be generated using computer-aided design (CAD) programs such as SolidWorks,
AutoCAD, 3DS Max, and Fusion360, which can be converted into the Standard Tessellation Language
(STL) file format which stores information about the surface of the 3D model in the form of triangulated
sections [20]. To fabricate a structure with nanoscale features, more precise position information
defining a surface is required, and this can be obtained by increasing the number of triangulated
sections. After a 3D structure is divided into a sequence of 2D horizontal cross-sections in the depth
direction and continuous processing is performed for each divided layer, a nanoscale 3D structure
with a high resolution can be fabricated.

Photocurable resins have been developed with a wide variety of materials including popular
UV lithographic photoresists (e.g., SU-8), various hybrid sol-gel materials (e.g., ORMOCER® [40],
ORMOCOMP® [42], and SZ2080 [43,44]), and biomaterials [45]. A commercial material such as SU-8
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is inferior in that it is difficult to modify the material’s properties as desired. Therefore, to use a
commercial material for specific purposes requires additional functionalization. Research has been
conducted to develop new candidate materials for an effective TPP process. For example, components
such as nanomaterials (e.g., nanoparticles and nanowires) have been applied as active components
to induce customized additional functions in recent years [46—49]. For the efficient fabrication and
motion control of an actuator, the appropriate modification and synthesis of photocurable resin is an
important issue.

3. Manipulation of Micro Actuator

The fabrication of micro-actuators/robots by TPP has attracted attention due to its specific strength
in that a variety of materials can be printed and integrated within a 3D micro actuator/robot for
the functionalization of the remote control of the actuator. Though high-resolution, complex 3D
structure fabrication is possible, a polymeric structure that is fabricated using only photocurable
resins intrinsically lacks mechanical strength, electrical conductivity, and magnetic and optical
properties. Hence, new approaches are needed to achieve efficient actuation and remote manipulation.
Various methods have been developed for efficient actuation and control, and they can be classified
into two categories: material-based and structural-based treatments. A material-based treatment
is a modification of the photocurable resin itself; on the contrary, a structural-based treatment is a
method of imparting function to a fabricated structure. For example, mixing nanomaterials into a
photocurable resin for functionalization is a material-based treatment [46], and surface coatings on
the outer surface of a fabricated structure via diverse deposition methods such as chemical vapor
deposition (CVD), electron beam (e-beam) deposition, physical vapor deposition (PVD), and sputtering
are structural-based treatments [50].

For reciprocal motions, it is difficult to avoid zero net movements. This could be solved by
non-reciprocal movements such as bionic scallop and corkscrew motions [51]. Moreover, rotational motion
could be converted into a translational motion using a helical structure that mimics the swimming
of bacterium by rotating the bacterial flagella [52]. Considering the environment in which a
micro-actuator/robot operates where viscosity is dominant, it is more efficient to move an actuator using
different and diverse methods such as chemical, magnetic, optical, and acoustic force rather than a load
for efficient non-contact/non-invasive movement and manipulation to a targeted location [53].

3.1. Catalytically Manipulated Micro-Actuator/Robot

Many studies on the actuation of tubular structures fabricated by photolithography techniques
have been performed. A catalytic micro-tubular actuator was fabricated using a rolled-up method
and template-assisted electrochemical deposition [8,9,54-57]. A catalytic micro-tubular actuator
converts chemical energy into mechanical energy. It generates and emits oxygen bubbles from catalytic
microtubular cavities through the decomposition of hydrogen peroxide (H,0O;), and this propels the
micro-tubular actuator. However, it is difficult to use the rolled-up method to fabricate an asymmetric
micro-tubular structure, and TPP is considered an appropriate technique for performing this.

Chen et al. fabricated highly efficient catalytic microtubular motors using TPP and investigated
motion behavior under different conditions [58]. Their micro-tubular structure was coated with a
metallic layer as a catalyst by evaporation and was able to induce actuation in an HyO; solution.
The oxygen bubble ejection frequency, which depended on the geometry of the microtubular motors and
the concentration of aqueous H,O,, was investigated using a fixed micro-tubular cavity on a substrate.
The high-efficiency propulsion through the catalytic decomposition of H,O, improved the speed of
the microtubular motor, and the speed of the microtubular motor was enhanced as the H,O, solution
concentration and cavity length increased. The authors also fabricated a rocket-shaped microtubular
motor by taking advantage of TPP, which allowed for the precise machining of 3D arbitrary shapes.
A rocket-shape microtubular motor booster showed a much higher average moving speed compared
to the single microtubular motors. However, there is a limitation to this method in that an actuator
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using a high concentration of H,Oj is not suitable for use in an in vivo environment due to biological
instability. Therefore, the TPP technique is expected to contribute to the processing of the microtubular
actuators of complex 3D shapes with high-speed motion even at low concentrations of H,O, for diverse
in vivo applications. Li et al. fabricated a pH-responsive micro-actuator consisting of a bendable
hydrogel microtube using a density-distribution-controllable, femtosecond Bessel beam. This beam
was generated by locally compressing the phase modulation depth of the hologram. This method has
the advantage of being a facile, one-step, and single material technique. Diverse shapes (e.g., S-shaped,
C-shaped, multi-segment microtubes, and multivalve torsional chiral structures) with tremendous
deformation capacities were fabricated using dynamic holographic fabrication and splicing processes.
A multi-finger responsive microgripper was fabricated and operated to capture small-sized features
(e.g., polystyrene microparticles and neural stem cells) under pH changes [59].

3.2. Magnetically Manipulated Micro-Actuator/Robot

The fabrication of various magnetic-responsive micromachines (e.g., actuators, rotors, and turbines)
has been achieved by TPP, and diverse remote/precise manipulation methods have been devised.
Since photocurable resin itself does not have ferromagnetic properties, additional modification is
required to impart ferromagnetic properties to micro-actuators/robots. In order to introduce magnetism
to a structure, Fe;O, ferromagnetic nanoparticles can be mixed with the photocurable resin [60-62],
or magnetic materials can be coated onto the surface of a pre-fabricated structure [63-65].

For example, for the magnetic manipulation of micro-actuator/robot fabricated using ferromagnetic
photocurable resin, an artificial bacterial flagella (ABF) micro-swimmer with a magnetically self-driven
helical structure was fabricated [66]. In a different form, a micro-swimmer based on the corkscrew motion
was fabricated using magnetic hydrogel [60] (Figure 2a,b). Peter et al. synthesized photopolymerizable
ferromagnetic polyethylene glycol-diacrylate (PEG-DA) and trimethylolpropane ethoxylate triacrylate
(TMPE-TA) with an acrylate group at the end by mixing them with superparamagnetic Fe3Oy
nanoparticles [67]. Using this material, a hemocompatible micro-swimmer that could be driven
by an external magnetic force and absorb/release drugs was fabricated. Moreover, they developed
a new method to align doped magnetic nanoparticles along a magnetic field before TPP processing,
and an ABF structure that exhibited a wobble-free motion was fabricated. The preparation of a magnetic
photocurable resin by mixing magnetic particles has been extended to commercial materials such as
SU-8. Suter et al. prepared this by adding Fe;O4 nanoparticles to a solvent of SU-8 and then diluting the
mixture with y-butyrolactone to meet the required viscosity for spin coating and ABF fabrication [68].
This ABF was not only able to be accurately manipulated by an external magnetic field—it also exhibited
biocompatibility with a WST-1 proliferation assay.
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Figure 2. Magnetically manipulated micro-actuators/robots. (a) Fabrication of superparamagnetic
hydrogel micro-robots by TPP [60]; (b) SEM image of helical micro-swimmer robot [60] (reproduced
from [60] with permission from John Wiley & Sons, Inc.); (c) procedures of remotely controllable
micro-turbine fabrication [61]; (d) optical microscopy images of the micro-turbine in a circumgyration
cycle [61] (reproduced from [61] with permission from John Wiley & Sons, Inc.); (e) ciliary micro-robots
fabrication process [63]; (f) SEM images of fabricated ciliary micro-robots with and without a mask
structure (scale bar: 100 pum) [63]; (g) time-lapse images of the cilia micro-robot manipulation
(translational motion and rotational motion) [63]; (h) schematics of magnetic actuation for the ciliary
micro-robot with power stroke (Tp) and recovery stroke (Tr) [63] (reproduced from [63] with permission
from Springer Nature); (i) electroless magnetite plating of a polymeric micro-rotor fabricated by
TPP [69]; (j) subsequent frames recorded at 50 fps with different rotation speeds (200 and 400 rpm) [69]
(reproduced from [69] with permission from MDPI); (k) fabrication process of 3D magnetically driven
micromachine [70]; and (1) SEM image of polymeric micromachine with an electroless magnetic
nickel-phosphorus layer [70] (reproduced from [70] with permission from American Chemical Society).

The shape of the fabricated structure was not only helical (e.g., ABF) but also a more complex 3D
shape to satisfy various purposes. From Tian’s research, it was found that a ferrofluidic photoresist
by doping the synthesized Fe;O, magnetic nanoparticles into an original photoresist could be,
and 6-(methacryloyloxy) hexanoic acid was used for the homogeneous dispersion of magnetic
nanoparticles [71]. To examine the effectiveness of a ferrofluidic photoresist, a magnetic micro-spring
structure was fabricated, and the performance was confirmed by changing the shape of the spring
(e.g., elongation and bending) according to the change of the external magnetic force. Wang et al.
also fabricated micro-springs that were connected on one end to a sphere and on the other end to a
substrate with an anchor after doping a photoresist with surface-modified Fe3O4 nanoparticles [62].
Various motions such as bending, swinging, and stretching were achieved by applying magnetic
gradients to this structure using an external ferromagnet. A rotor-shaped structure was fabricated
using ferrofluidic resin composed of methacrylate and Fe;O4 nanoparticles [61] (Figure 2¢,d). Since the
homogeneous dispersion of nanoparticles is a critical factor for successful rotor rotation in a strong
magnetic field, 3-(trimethoxysilyl) propyl methacrylate (MPS) was used for the uniform dispersion
of nanoparticles. Two micro-rotors were easily operated using external magnets, which provided
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a breakthrough for the fabrication and remote control of components inside microchannels for
microfluidic applications.

However, this process may cause complexity in the synthesis of a ferromagnetic photocurable
resin or may cause extra issues during the polymerization. As a magnetic nanoparticle could not be
maintained for a long fabrication time, the stability and homogeneous dispersion of nanoparticles
in a photocurable resin should be considered for material preparation. In addition, the surfaces of
structures manufactured using ferromagnetic photocurable resins have a relatively higher roughness
than structures processed with photocurable resins without magnetic particles. This can cause low
resolution and unexpected disturbances under external forces. By using an appropriate solvent, it is
possible to overcome these limitations through the uniform dispersion and stabilization of nanoparticles.

Instead of preparing a ferrofluidic photocurable resin by mixing magnetic materials into a
photocurable resin, there is another method of imparting a magnetic function: magnetically coating
the outer surface after the 3D structure’s fabrication using a deposition method. In the initial form
of a magnetic-driven actuator, a simple porous structure can be coated with a nickel/titanium (Ni/Ti)
bimetallic layer as a magnetic material to induce actuation in a magnetic field for a targeted cell
transportation system or a drug delivery system [65]. Cylindrical and hexahedral micro-robots can
be manipulated by an external magnetic field gradient in the x-direction when they are aligned with
the z-axis. This simple porous structure can be expanded into a complicated 3D shape like, a helical
structure. Ding et al. coated an Ni/Ti bimetallic layer onto an ABF structure using e-beam evaporation,
thereby giving magnetic properties to a structure for remote control [64]. They encapsulated an ABF
inside a droplet using a flow-focused droplet generator, and they remotely manipulated the cells
and droplets within the microfluidic system with an external magnetic field, thereby suggesting the
possibility of expansion to microfluidic system applications. The effect of an anisotropic magnetic
shape on ABF structures under magnetic fields has been studied [50,66]. It has been found that as the
helix angle of a structure becomes smaller, the angle between the external magnetic field and the axis of
the ABF structure tends to decrease, and a higher magnetic field frequency allows for a smaller angle
between the axes of the ABF and rotation. To impart magnetic properties to a limited region, an Ni/Ti
bimetallic layer can be coated only onto a desired region using a sacrificial mask. Kim et al. fabricated
a cilia-inspired micro-robot in which only the cilia parts were coated with an Ni/Ti bilayer, with the
other parts remaining uncoated via the use of a sacrificial mask that blocked the coating and was
removed after the end of the coating process [63] (Figure 2e-h). By mimicking a Paramecium, the cilia
parts are actuated using non-reciprocal motion by applying an external magnetic field and generating
a net propulsive force that enables the precise actuation of a cilia-inspired microactuator.

Considering the strength of TPP, the fabrication of complex functional microstructures with
functions other than actuation by magnetic field is possible. There is no need for an additional assembly
process to bond functional and actuation parts when using TPP and selective magnetic deposition for
the targeted and triggered delivery of materials. A syringe-shaped micro-transporter was devised for
the efficient delivery of drugs and therapeutic agents via a corkscrew motion [72]. This transporter is
different from other actuators in that various tasks such as the loading, releasing, and transporting
of agents can be achieved. A pumping mechanism based on Archimedes screw-pump was designed
to load and unload materials according to capacity. Other passive and active suspensions could
be transported inside a selective microfluidic system using this method. If this unique structure
is used for bio-related applications, it is expected that it will be possible to reach a specific remote
region (e.g., gastrointestinal tract) and deliver drugs to said target. It also able to perform more
complicated tasks such as occlusions removal, the sampling of cells or tissues for diagnostic analysis,
and local fluid flow generation for mixing. A micro-rotor that used Pd for catalyst absorption and
Fe304 for deposition was utilized to treat acrylic-based structures was proposed [69] (Figure 2ij).
By grafting different types of materials, the fabrication of hybrid microactuators that can be driven
by magnetic force and equipped with functionality can be achieved. A hybrid artificial bacterial
flagellum (h-ABF) consisting of a ferromagnetic alloy head and a spiral polymer tail was fabricated,
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and it was found to have many advantages over all-metal structures. Because an h-ABF replaces metal
parts with polypyrrole (PPy), it is lightweight and sedimentation reduction, navigation enhancement,
and biocompatibility improvements [73]. A 3D cavity part can be filled with magnetic cobalt/nickel
(Co/Ni) and biocompatible PPy by electrodeposition. An h-ABF is physically stable in an aqueous
environment with a rigid connection between the metallic and polymeric segments. Swarm control can
be performed by the wireless manipulation of the h-ABF with a rotating magnetic field. A capsule-type
micro-robot consisting of a cap and a plunger was fabricated to deliver drugs or cells to a targeted
region [3]. Only the plunger part was magnetic, and it was confirmed that actuation was possible
under an external magnetic field. Drugs or cells can be encapsulated in a container before being
transported to a target location in vitro via corkscrewing and “pick-and-drop” (P and D) motions.
Porous-shaped actuators with bigger capacities and porous niche-shaped structures have also been
proposed. Cylindrical and hexahedral-shaped 3D micro-niche actuators were fabricated and then
coated with Ni/Ti bilayers for the culture and transportation of cells to a targeted position under
magnetic field gradients [65]. The cylindrical-shaped micromachine showed a higher moving speed
compared to that of the hexahedral-shaped actuator. As a biocompatible magnetic-driven actuator,
hydrogel-based biodegradable micro-swimmers have been fabricated by TPP [74]. This structure
can facilitate promising biomedical applications in fields such as biology, medicine, drug delivery,
and diagnostics. The micro-swimmer, which is composed of four rigid segments that are each connected
to the next segment by springs, was found to be able to return to its initial state after disturbance,
thereby maintaining strong structural robustness. This micro-swimmer was able to achieve undulatory
locomotion along with the directions guided by an external magnetic field in a low Reynolds number
regime, and the swimming direction of the micro-swimmer was well-controlled.

In addition, when fabricating a magnetic-driven actuator/robot for remote control, it is possible
to produce an actuator capable of real-time tracking. A micro-actuator can colored after printing
for tracking purposes, but multiple functionalization steps are required using the general method,
and there is are limitation factors such as quenching that cause the color to decrease over time [75]. It is
possible to fabricate a one-step, magnetic-driven, helical micro-actuator using TPP, and this structure
can include structural colors by adding arrays of blocks with dimensions of approximately 1 pm
or less on the flat surface of the head part [76]. A metallic or dielectric material is coated onto a
patterned surface for a distinct color response under visible light, and it provides a permanent and
qualitative method for visually locating and identifying actuators when driven under a magnetic
field. The real-time tracking of a rotating helical actuator at a low frequency is possible based on
a color change with an angular orientation with respect to a light source, and rotational angular
changes in horizontal and vertical planes can be detected and quantitatively identified by observing
the expressed colors.

Despite its various strengths, magnetically-manipulated fabrication has many requirements that
must be considered in order to make efficient structures. The consideration of mechanical strength
is essential in fabricating 3D magnetic structures using ferrofluidic photoresists [68]. A structure
with a low mechanical strength cannot achieve a desired performance in harsh environments such as
viscous and narrow-gap conditions. Hybrid micro-actuators/robots have shown excellent performance
in remote operation while maintaining high mechanical performance. A nickel and phosphorus
(Ni-P) alloy has the advantages of a high hardness, wear/corrosion resistance, and good magnetic
sensitivity [70] (Figure 2k,1). An Ni-P composite was introduced into a micro-actuator/robot using
an electroless plating process, and it not only allowed for the movement of the robot to be remotely
controlled but also gave a favorable mechanical performance. In addition, a modification to structural
strength and recovery can be induced through the diversification of coatings method, resulting in the
expansion of the functionalization of the structure. A hybrid structure with a thin alumina layer on
the outer surface by atomic layer deposition (ALD) was shown to have better mechanical strength
and recoverability than that without alumna coating [77]. By removing the backbone of the polymer
after the ALD process, a hollow metallic structure with high strength and ductility but small size and
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weight can be obtained [78]. As the intensity of the magnetic field is considered relatively low and
biologically harmless, the remote control of a micro-actuator using a magnetic field has been regarded
as a good candidate in bio-related fields among various actuation methods. However, regarding Ni/Ti
bilayer coatings, Ni is harmful heavy metal to living organisms, and biocompatibility issues may
arise. Therefore, the treatment of biocompatible alternatives (e.g., ones that are biodegradable or
bioresorbable) is still in demand for in vivo applications.

3.3. Optically Manipulated Micro-Actuator/Robot

In addition to micro-actuator/robot actuation by an external chemical environment and magnetic
field, the optical manipulation of micro-actuators/robots has been studied (Table 1). As a focused laser
beam is irradiated onto an object, an optical force is generated in the momentum exchange between
light and matter by the law of momentum conservation [79]. By making use of the light-matter
interaction, optical forces can be used to trap, move, and rotate microstructures [80], and they have
been successfully used in a variety of applications in physics, chemistry, and biology [81]. As the
representative optical manipulation of micro-actuators/robots, optical tweezers are created from an
electric field gradient provided by a highly focused laser beam, which allows objects of various sizes
ranging from several nanometers to tens of micrometers to be moved and controlled in a non-contact,
frictionless, and precise manner. For single-beam trapping, optical trapping regimes depend on the
particle’s size, thus affecting light wavelength. If an object is much smaller than the wavelength of
the laser beam, it is usually called the Rayleigh regime, and an electromagnetic model could be used
to better understand the trapping mechanism. This regime is regarded as a point dipole to satisfy
Rayleigh scattering. In contrast, if an object is larger than the wavelength of the laser, it is referred
to as Ray optics or geometric optics regimes. In this case, trapping force is independent of particle
size. If the object size is compatible with the wavelength of the laser, the Mie scattering theory helps to
bridge the gap between the two regions [82-84].

Table 1. Characteristics of actuation method of micro-actuator/robot.

Catalytic

Magnetic

Optical

Acoustic

Conversion of

Control of magnetized structures by

Control of transparent
structures using optical

Acoustic streaming flow

Principl hemical i . . i
rnciple chemical energy into external magnetic force. force by light-matter ggnerat1onb Y
mechanical energy. . . acoustically oscillation.
interaction.
Speed control.
Simple fabrication. Speed control. Direction control.
Speed control. Direction control. Precise manipulation. Simple fabrication.
High speed motility. Applicability in vivo. Various movements. ! Speed control.
Strength . ; . . o
No need for Precise manipulation. Remote control High speed motility.
complex/bulky Various movements. ! hard-to-reach areas. 2 Applicability in vivo.
devices. Real-time tracking. Biocompatibility.
Real-time tracking.
Limitation of materials. 3
I 4
. Low st}ab‘ll'lty.m fabrlﬁat%on. . Difficulty in applicability = Low directional control.
Biocompatibility issue (Ni/Ti coating). A
X in vivo due to lower Weak performance that
S Low mechanical strength. .
s Low directional - optical transparency. comes from the TPP
Limitation Requirements:

control.

and Requirement Low biocompeatibility.

homogeneous
dispersion of the
material and
bulky operating
system.

Requirements:
optical transparency and
complicate optical
systems.

characteristic. °
Requirements:
complicated
acoustic system.

Applications

Material transport [58].

Material transport [60,63,72].
Micro-turbine [69], rotor [70], etc.

Micro-turbine, rotor,
and actuator [85-90].

Actuator [91].

I Components translation, rotation, sliding, and swing; > Combination of micro-optics and actuating part;
3 Complexity in the synthesis of ferromagnetic photocurable resin; * Scattering due to mixed ferromagnetic
material; > Weak mechanical connection between voxels of TPP structures under an acoustic field.

Kawata et al. used laser trapping force to realize the sophisticated operation of micro-oscillators
such as the capture of beads, spring pulling, and displacement release [88]. Optical trapping provides
an opportunity for the ultra-precise manipulation of micro-actuators/robots fabricated by TPP [92,93].
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When an object trapped in a laser beam has a distinctive shape such as helical, the object tends to rotate
due to optical torque derived from the light itself. The light carries both linear and angular momentum,
and trapped objects can rotate through interaction with light due to the transmission of angular
momentum. It has been proven through many studies that various movements (e.g., translation,
rotation, sliding, and swing) of micro-actuators/robots are possible using optical tweezers [85-88,94].
For example, a micro-rotor was fabricated through TPP, and it could be optically manipulated using
optical tweezers. The optical tweezers exerted flux for rotation, as well as a collecting force to trap the
micro-rotor. In Maruo’s research, a micro-gear was kept untethered after fabrication, while the shaft
was connected to the substrate, and a continuous laser was not required to keep the structure to a fixed
position [95]. The rotational motion of the gear was achieved by trapping a tooth of the micro-gear
with optical tweezers and making the laser beam have a controllable circular path. A microstructure
with a metalized surface using electroless plating was driven with ultralow-power due to ablation
and repulsive force with the substrate [86] (Figure 3b—d). The net repulsive force exerted on a metallic
surface of micro-rotor blades is larger than the attractive force applied to a dielectric micro-rotor.
A metalized micro-rotor can be driven efficiently by optimizing the radiation pressure exerted on
the tilted blade and topology of the blades. This micro-rotor is expected to have a wide range of
applications due to its low energy consumption, high performance, and ability to be grafted to a
lab-on-a-chip. Galajda and Ormos succeeded in tweezing and rotating a micro-rotor using an optical
tweezer [96]. They found that the amount of rotational momentum depended on where the micro-rotor
was focused, and the rotational speed depended on the light scattering. In addition, the shape of the
micro-rotor affected efficiency, and the efficiency of the sprinkler-shaped micromachine exceeded that
of helical and propeller-shaped micro-rotors. A turbine-like symmetrical micro-rotor was driven using
a spiral phase plate (SPP) [87] (Figure 3e,f). Using an SPP, a plane wave was converted into a helical
wave that carried orbital angular momentum while giving the SPP an inverse angular momentum
that could exert a torque to actuate a rotation of the SPP and induce symmetrical micro-rotor rotation.
Under an optical tweezer system, a micro-actuator/robot not only stabilizes to a fixed position but also
generates high torque when non-absorbing and non-spherical micro-actuators/robots are incorporated
by the orbital angular momentum into a Gaussian laser beam. By integrating the TPP technique with
temperature-responsive materials, the fabrication of a structure that responds to stimuli differently
depending on the amount of light is possible. Hippler et al. fabricated a 3D hetero-microstructure
using poly(N-isopropyl acrylamide) (pNIPAM) that exhibited a substantial response to changes
in temperature close to its low critical solution temperature [97]. During the laser direct writing
process, it was found that the material parameters could be changed on-demand in a single resist
formulation through the variation of the local exposure dose, and a sophisticated 3D architecture
with a large amplitude and complex response under light exposure was fabricated. Zheng et al.
successfully fabricated a 3D Near-infrared (NIR) light-driven hydrogel micro-actuator with a fast
response using TPP and macroscopic pNIPAM/nano-Fe304 hydrogels. This micro-actuator showed
fast (response time = 0.033 s) and reversible responses that could “close” or “open” in response to light.
By changing the laser focus and power, the distance between the two arms of the micro-actuator could
also be controlled. Moreover, photoreactive hydrogel micro-actuators can have numerous potential
uses in biomedical applications due to their biocompatibility. Considering that Fe3O4 nanoparticles
can also work magnetically, this actuator can be expected to operate under optical and magnetic control
systems [98].
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Figure 3. Optically manipulated micro-actuators/robots. (a) SEM image of the lobed micropump and
images of optically driven micro-pump [85] (reproduced from [85] with permission from American
Institute of Physics (AIP) Publishing); (b) schematic of optical driving of a metallized micro-rotor [86];
(c) sequential optical images of a rotating micro-rotor (scale bar: 10 um) [86]; (d) schematic of driving
mechanism of a metallized micro-rotor with repulsive force [86] (reproduced from [86] with permission
from Japan Laser Processing Society); (e) schematic of mechanism of a spiral phase plate (SPP) converting
a plane wave into a helical wave [87]; (f) design of a turbine-like micro-rotor [87] (reproduced from [87]
with permission from AIP Publishing).

PomtB

Microstructures of various shapes can be used in microfluidic applications such as microscale
pumps and mixers. A micro-pump was fabricated based on the generation of net flow using two-lobed
micro-rotors and dual optical tweezers [85] (Figure 3a). The net flow rate is proportional to the
rotational speed of a micro-rotor, and this proportion was utilized through a micro-pump by trapping
a micro-screw using optical tweezers and rotating a blade connected to a micro-screw, which served
as a microscale mixer [94]. The screws with smaller pitches and thinner blades, as well as optical
tweezers with larger numerical apertures, contributed to the increase in rotational speed. Two chiral
propellers were fabricated, and these counter-spinning propellers were trapped by holographic optical
trapping [89]. Hydrodynamic synchronization, a fundamental physical phenomenon by which
self-sustained oscillators interact through perturbations in the surrounding fluid and converge to
a stable synchronized state, was achieved by precisely controlling the relative torque of the two
propellers. The precise fabrication of microfluidic components by TPP and the precise flow control of
the precisely fabricated structure by optical control were simultaneously achieved as well.

A combination of micro-optic components (e.g., waveguide, diffractive, and holography) and
actuating parts makes it possible to control the micro-optical component and precisely manipulate
the actuating part. A free-standing waveguide fabricated using TPP can be manipulated in any
direction, thus making it possible to transmit/receive light in a region that is difficult to reach [99].
By incorporating an optical waveguide into an adjacent micro-rotor, and optical fiber can be coupled to
the waveguide and a micro-rotor could be controlled with precision [90]. The precise manipulation of
a micro-actuator/robot is also possible via the optical control of microscopic diffractive optical elements.
Furthermore, combining optical tweezers with digital holography makes it possible to create a large
number of high-quality optical traps, and it is expected that the real-time 3D manipulation of multiple
objects at the same time will soon be possible [100-102].
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The control of a micro-actuator/robot’s motion using optical force has many strengths, but some
considerations must be considered during its application. Optical transparency is required to
manipulate a micro-actuator/robot using optical controls such as optical tweezers [82,103]. Generally,
objects involved in vivo applications exhibit a lower optical transmittance, and the application area
can be limited in bio-related applications such as biomaterials or prototyping tests. If a transparent
structure can be fabricated using a novel photocurable resin with the steady development of photoresists,
the scope of the applications of micro-actuator/robot motion control using optics will be broadened.
Additionally, the optical force manipulation of large objects in a liquid medium can suffer from
high drag, during the dynamic effect of optical force is much less pronounced. These limitations
can be improved through the continuous development of optical drives such as plasmon-enhanced
forces [82,104]. Nishiguchi et al. fabricated a stimulus-responsive nanocomposite/hydrogel actuator
with a defined 3D geometry using programmed printing density via TPP. This structure showed
ultrafast/reversible shape morphing through plasmon heating. The dynamic-static bilayer helices
of PNIPAm-Au nanorods nanocomposite gels were fabricated using a newly synthesized PNIPAm
macro-crosslinker. Light-driven manipulation induced ultrafast/reversible shape changes based on
body deformation. The dynamic control of the large amplitude of actuation was performed through
plasmonic heating [104].

3.4. Acoustically Manipulated Micro-Actuator/Robot

In addition to magnetic and optical control, acoustic-based actuation has its own unique
advantages and is considered a promising method in that it can be applied in various areas due
to its non-invasive/non-contact nature. However, the development of micro-actuator/robot motion
control using acoustics remains in its infancy, and a small number of studies have been performed.
A study on acoustically actuating a polydimethylsiloxane (PDMS) polymeric micro-rotor fabricated
using conventional lithography was conducted [105]. The acoustic streaming flow was generated
by acoustically oscillating the sharp-edge structures of a pre-defined polymeric micro-rotor, and the
rotation of the micro-rotor was achieved. This showed the idea that an acoustic micro-actuator/robot
offers great potential for diverse fields such as microfluidic applications and targeted material delivery.

Attempts have been made to apply this principle to actuators processed through TPP. Bertin et al.
were able to generate non-contact acoustic propulsion from armed micro-bubbles that could last
for several hours under forced oscillations and had a range of 10-20 pum [91] (Figure 4). An armed
micro-bubble (AMB)-based micro structure mounted on a solid pedestal countering bubble buoyancy
was fabricated using direct laser writing. Then, the shell-shaped structure was placed into a PDMS
cell filled with NaCl water solution containing 2 um spherical particles to observe the stream line.
The acoustic resonance of the AMBs was determined by capillary force, not by gas volume, and the
micro-swimmer showed good motility and moving speed. AMBs are expected to be promising for
self-moving microscale objects via acoustic force as basic elements for controlled active assembly that
are ultimately for mixing and transport applications.
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Figure 4. Acoustically manipulated micro-actuators/robots. (a) SEM image of the device; (b) experimental
setup for acoustic manipulation; (c) schematic of the bubble-first vibration mode; (d) SEM image of
fabricated spinner; (e) image of armed micro-bubble (AMB) spinning at 175 Hz; and (f) image of moving
AMB [91] (reproduced from [91] with permission from American Physical Society).

4. Perspectives

Due to rapid technological progress, research is currently being conducted under ideal conditions,
and it is necessary to study motion control in environments similar to actual environments. For example,
to realize an actuator that operates in vivo, further studies on the actuation of micro-actuators in
artificial microfluidic chips with high viscosity and flow are needed in order to properly prepare
for real-life applications. Another new approach suggests the possibility of solving issues that
may arise in existing actuation through multi-material TPP processing [106]. Multi-material-based
actuators utilizing materials ranging from hard to soft/elastic materials are able to move in complex
environments. Actuators/robots that are operated at larger scales by utilizing both soft and rigid
materials can improve performance, handle uncertainty, and reduce control requirements, thus enabling
efficient actuator movement in real environments. Micro-actuators/robots with soft materials that
are combined with rigid materials can facilitate large movements in narrow spaces due to increased
compliance [107,108]. Hence, the concept of multi-material-based fabrication for a diverse range of
materials has shown potential for the improvement of robot functionality and complexity. It is expected
that 3D multi-material micro-actuators can ultimately move closer to the complexity found in living
organisms at the same size scales. The use of multiple materials with a wide range of moduli can
create complex mechanisms in small quantities. More complex designs are possible by increasing the
number of printing steps, and they can be expanded according to the number of materials instead
of the number of alternating layers due to the ability to print inside existing structures [107,109,110].
Hence, the fabrication of 3D multi-material-based micro-actuators is still challenging because it requires
multiple steps in addition to the general fabrication method.

However, TPP makes it possible to overcome this limitation because its structure fabrication
is based on laser-direct writing. In previous studies, this method was used to fabricate artificial
scaffolds for cell culture and printing [111,112] and to induce local mechanical/chemical property
changes by controlling the degree of crosslinking of different proteins on hydrogels, which leads to
cell adhesion and differentiation on TPP-fabricated scaffolds [113-115]. As an example applied to
an actuator, Soreni-Harari et al. printed two materials with three orders of difference of Young's
modulus in a consecutive cycle using the TPP technique [106]. They fabricated a high-strength adhered
hybrid structure with a layer accuracy of less than three microns by integrating a rigid material
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and a soft elastic material, ultimately making a structure capable of more than 200% deformation.
The fabrication of a 3D-printed, 2-mm wingspan flapping wing with a large deformation potential
was possible using a multilink multi-material mechanism. Sun’s group developed femtosecond,
laser-programmed, 3D, micro, artificial musculoskeletal system robot fabrication composed of multiple
materials [116]. This structure was made by two materials of different stiffness values—SU-8 (stiffer)
as a skeleton and a pH-responsive BSA (bovine serum albumin) protein (softer) as a smart muscle.
The successive on-chip TPP strategy enabled the sequential fabrication of two photosensitive materials
within a predesigned configuration. A pH-responsive spider micro-robot and a 3D smart microgripper
that enabled controllable grabbing and releasing were fabricated through the successive on-chip
TPP strategy.

For the efficient processing and operation of micro-machines processed with TPP, new material
integration requires the consideration of issues such as fabrication compatibility, development and
post-processing, cross-interaction, and interface issues.

5. Conclusions

TPP is in the spotlight as a new field of micro/nanofabrication processes in that it enables the
fabrication of precise and complicated structures with a high spatial resolution and a flexible design.
Much effort has been made to develop and improve innovative micro-actuators/robots that can be
remotely driven. To impart a specific function to a micro-actuator/robot, structural and material
modifications can be performed. Various types of micro-actuators (e.g., transporter, mixer, pump, rotor,
and swimmer) have been fabricated using TPP, and efficient activation is possible when using diverse
driving methods such as chemical, magnetic, optic, and acoustic forces.

First of all, a catalytic micro-tubular actuator converts chemical energy into mechanical energy for
jet propulsion. However, the commonly used rolled-up method is not able to make an asymmetric
tubular microstructure [8,9,54-57], and this can be resolved by laser-direct writing (LDW) processes like
TPP. A rocket-shaped asymmetric micro-tubular actuator was found to possesses successful dynamic
motion generation through the chemical decomposition of an external chemical, resulting in actuation
with a high speed [58].

In addition to chemically catalytic actuation, the remote control of a microscale actuator/robot can
be achieved using magnetic, optical, and acoustic manipulation. To manipulate a micro-actuator/robot
using a magnetic force, magnetic nanoparticles (e.g., Fe304) can be added to a photocurable resin
in order to control the movement of a 3D microscale structure (e.g., microturbine, micro-rotor,
and actuator) via an external magnetic field [60-62,66-68]. However, this material has issues including
its stability, homogeneous dispersion during long fabrication processes, and scattering during the
processing. In another way, by imparting ferromagnetic properties to a microstructure is possible
when using an Ni/Ti bilayer coating, which is the most widely used structural treatment for magnetic
manipulation [63-65]. However, Ni is generally regarded as inappropriate to be applied to bio-related
applications due to its non-biocompatibility, and it should also be considered that a bulky operating
system is required for magnetic manipulation.

When adjusting a micro-actuator using optical manipulation, unlike magnetic manipulation,
no additional treatment is required. It is possible to successfully and optically control an actuator’s
movement in a non-contact/non-invasive manner, and the actuator, pump, and mixer can be grafted
into a microfluidic system [85-88]. In addition, it is able to fabricate other optical components
(e.g., waveguide) near an actuator by making use of the advantages of TPP, thus making the efficient
actuation and control of a micro-actuator possible [90]. However, this requires the optical transparency
of a structure, so the range of applications is limited. Therefore, the development of a photocurable
resin that could fabricate a transparent feature is required, and it is also critical to consider the enormous
cost and effort, due to complicated optical systems, that is required for optics-based manipulation.

The acoustic-based actuation of a micro-actuator is considered to be promising technology due to
its non-invasive and contactless nature [91]. However, due to the weak mechanical connection between
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voxels, it has limited operation capabilities under an acoustic field. Though critical challenges have
remained for stable manipulation under acoustic forces, it is expected that potential applications will
be broadened by solving issues such as the reinforcement of mechanical strength.

Though there are still issues to be resolved for the efficient manipulation of a micro-actuator.
However, due to the merits of 3D precision processing including efficient actuation and control
through functionalization, TPP-based micro-actuators will soon be established as next-generation,
highly efficient, and ultra-precise actuators. TPP can be applied in a wide range of fields including
micro-robotics, biomedical engineering, and regenerative medicine.
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