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Abstract: Microactuators, which can transform external stimuli into mechanical motion at microscale,
have attracted extensive attention because they can be used to construct microelectromechanical
systems (MEMS) and/or microrobots, resulting in extensive applications in a large number of fields
such as noninvasive surgery, targeted delivery, and biomedical machines. In contrast to classical 2D
MEMS devices, 3D microactuators provide a new platform for the research of stimuli-responsive
functional devices. However, traditional planar processing techniques based on photolithography are
inadequate in the construction of 3D microstructures. To solve this issue, researchers have proposed
many strategies, among which 3D laser printing is becoming a prospective technique to create smart
devices at the microscale because of its versatility, adjustability, and flexibility. Here, we review
the recent progress in stimulus-responsive 3D microactuators fabricated with 3D laser printing
depending on different stimuli. Then, an outlook of the design, fabrication, control, and applications
of 3D laser-printed microactuators is propounded with the goal of providing a reference for related
research.

Keywords: microactuators; two-photon polymerization; 3D microrobotic

1. Introduction

Organisms in nature have experienced survival competition for hundreds of millions
of years and have evolved their own unique skills for survival, which can sense and
respond to changes in the external environment. Inspired by living organisms, people have
created a variety of tools that can transform external stimuli into mechanical motion [1]. In
recent decades, the actual demand for applications, from in vivo tasks such as minimally
invasive surgery and targeted gene delivery to in vitro tasks such as photocatalytic water
purification and transporting micro objects, has led to the miniaturization of stimulus-
response machines [2]. Therefore, microactuators, which can transform external stimuli
into mechanical motion at microscale, have attracted extensive attention due to their
attractive potential in a wide variety of fields including bio/chemical sensing, cargo
delivery, precision medicine, and biomimetic microrobots.

Thus far, many useful dynamic devices have been created, including smart actuators
with moisture-sensitive graphene paper, light-controlled graphene–elastin composite hy-
drogel actuators, magnetically driven swimmers, and pH-sensitive hydrogel sensors [3,4].
Generally, the construction of microactuators can be classified into two categories: (1)
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deformable microactuators that typically possess coupled components with different phys-
ical/chemical parameters (including expansion rate and Young’s modulus), for example,
microgrippers made with two different materials [5,6], and (2) integral moveable microactu-
ators that can move under external stimuli (such as light or a chemical solution), including
helix swimmers that can move under the control of magnetic fields [7,8]. Microactuators
can be manipulated by various external stimuli such as magnetic fields, light, humidity,
pH values, chemicals, thermal conditions, electric fields, and the combination of two or
more of these stimuli.

Although many techniques have been applied to the preparation of miniaturized
moving machines, [9] the process still faces many challenges when the size of the microac-
tuator is reduced to the level of microns (from 1 µm to 1 mm) [10]. Two-dimensional
photolithography and its derivative techniques (such as UV lithography [6]) have been
used to manufacture 2D microactuators with a layer-by-layer procedure [11]. For example,
Ma et al. reported a moisture-responsive graphene actuator swarm that could achieve
complex and predictable deformation by UV lithography [12,13]. Combined with origami
crafting, 2D photolithography has been also employed to fabricate 3D microactuators with
a self-assembly process [5,11,12]. Although the aforementioned actuators can deform into
3D structures on the basis of crosslink gradients, they are essentially 2D devices. These
inherent issues significantly limit their applications in 3D microrobots and energetic 3D
microactuators. Permitting the designable prototyping of arbitrary 3D microstructures will
render these microactuators smarter.

In recent years, some 3D printing methods have been proposed for the construction of
3D microstructures (Table 1) [14–17]. Smart materials are especially suitable materials for
microactuators because they can respond directly to external stimuli [18–21]. Merging these
two fields has given rise to a new strategy to fabricate microactuators: 4D printing [14,22,23].
However, current reported 4D printing techniques are mostly used to prepare structures
with sizes in the range from tens of micrometers to several millimeters, and microactuators
with sub-micron features, which are crucial for a fast response speed, are difficult to
fabricate. Another challenge of this type of 4D printing is the mismatching of the geometry
and the inner stress in printed structures because of multi-material and/or layer-to-layer
printing processing. More importantly, the crosslinking densities of material in 4D ink
printing are narrowly balanced. If the crosslinking densities are too low, the printed
structure will be too soft to have 3D architectures. If the crosslinking densities are too
high, the material will be very difficult to extrude from the print needle and it will be
difficult to use the material in the construction of freestanding 3D shapes with excellent
deformability [24]. Therefore, a facile 4D printing strategy that features complex 3D
geometry, microscale dimension, high flexibility, and versatility in terms of materials
should be studied.

Femtosecond laser (fs-laser) two-photon polymerization (TPP) is based on the two-
photon absorption (TPA) of materials. Polymerization occurs only in the vicinity of the
focal spot, and the size of solidified voxels (three-dimensional volume elements) is reduced
because of the quadratic dependence of TPA probability on the photon fluence density.
By using nonlinear processes of the photochemical reactions involved, the resolution of
TPP can exceed the diffraction limit of Rayleigh criterion [25]. Therefore, fs-laser TPP
features nanometer spatial resolution, an ultralow thermal effect, and excellent geometry
designability [25–27]. Three-dimensional fs-laser printing is an attractive technique for
the precise fabrication of complex structures at microscale and nanoscale with high res-
olution [28–37]. By employing fs-laser printing, tremendous efforts have been made to
create 3D microstructures for versatile applications. For a stimulus-responsive structure,
the designed shape and the structural inhomogeneity jointly dominate the deformation
characteristics of the structure [38,39]. Compared with other fabrication strategies, a signif-
icant advantage of fs-laser printing is that the laser parameters, including the light dose,
exposure time, scanning path, and distance, can be varied instantaneously so that true 3D
microstructures can be realized easily [24,40].
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The performance of an actuator is dominated by the structural heterogeneity and the
3D shape, which can be tailored flexibly with the laser exposure dose and the scanning path,
respectively. All these functions render 3D laser printing a promising tool for fabricating
3D microactuators. Two-photon polymerization (TPP) permits the versatile maskless 3D
printing of microscale structures with features as small as 100 nm [25,26]. A number of
reports have been published demonstrating the use of this technique to fabricate a wide
range of different microrobots.

Considering the above advantages, 3D laser printing is considered as a very promising
technology for the manufacturing of 3D microactuators, and a large amount of interesting
work has been done [41]. Although many inspiring reviews about 3D microrobotics have
been made by researchers [42–49], few articles focused on 3D microactuators made with
3D laser printing based on TPP.

Table 1. Current mainstream 3D printing methods for 3D microstructures.

Method Strategy Resolution Size Material Speed Ref.

TPP
Direct writing <500 nm <mm Single Slow [50]

SLM <500 nm <mm Single Fast [51]
Ink printing Liquid ink 50 µm >cm Multi Slow [52]

Digital light processing Point scanning 10 µm cm Single Slow [53]
Stereolithography Layer 2 µm (x/y) mm Single Medium [54]

Liquid interface lithography Layer 10 µm cm Single Fast [55]
Volumetric printing Volumetric 50 µm mm Single Very fast [56]
Two-light printing Layer 10 µm cm Single fast [57]

The employment of 3D laser printing for 3D microactuators not only provides a
flexible and powerful tool to fabricate new stimulus-responsive devices, but also paves a
new path for the design of the operation mechanisms of 3D microactuators. In this review,
we discuss the recent progress of stimulus-responsive 3D microactuators fabricated with 3D
laser printing depending on different stimuli in Section 2. Then, the outlook of the design,
fabrication, control, and application of 3D laser-printed microactuators is propounded
in terms of the future focus in Section 3. Lastly, in Section 4, we conclude with current
challenges and perspectives about 3D laser-printed microactuators.

2. Stimulus Methods of Microactuators

Internal-combustion engines driven by chemical energy and electric motors driven by
electricity have achieved great success in the driving of macroscopic objects, but when the
size of objects is reduced to the micro–nano size, the actuation of microactuators becomes
complicated and difficult in environments with a low Reynolds number (Re). The Re is
a dimensionless number used to represent the flow of a fluid (gas or liquid) in which an
object is moving. The Re can be calculated as

Re =
ρvL

µ
, (1)

where ρ and µ refer to the density and viscosity of the fluid, respectively, while v and are
the speed and the characteristic length of the moving object in the fluid. The Re can be
viewed as the ratio of the inertial force to the viscous force when an object is moving in
a fluid. The larger the Re value is, the less viscous force the object is subject to and the
easier the object is to drive. In contrast, the smaller the Re is, the more viscous resistance
the object is subject to in its motion, resulting in the need to continuously consume energy
to maintain its motion. However, for a micro or nano object, it is a challenge to attach a
power source to the object. Therefore, one of the most reasonable strategies for micro/nano
actuators to acquire enough locomotion power is to harvest energy from the surrounding
environment.
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Here, we review the recent progress of 3D microactuators fabricated with TPP and clas-
sify them according to the mode of replenishing energy from the environment, including
magnetic, light, acoustic, electric, heat, PH, solution, and microforce (Figure 1).
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2.1. Magnetic Field

Due to the geomagnetic field, organisms are so accustomed to the magnetic field
that they are always unaware of it, which means that magnetic actuation is transparent,
external, remotely controllable, adaptive to motion, and, most importantly, life-friendly. The
abovementioned advantages make magnetic actuation the preferred strategy for driving
microactuators [58]. A large amount of exploratory work has been done and continues to be
carried forward [42,59–68]. The marriage of the magnetic driving method and TPP, which
features precise and designable 3D shapes for microstructures, provides a new platform
for the research of magnetron microactuators.

Zhang and Nelson et al. designed and fabricated magnetic helical swimmers using 3D
direct laser writing (DLW) and physical vapor deposition (Figure 2a) [41]. These devices
achieved corkscrew motion in a fluid via the relatively high frequency of the rotating field.
After demonstrating excellent swimming performance in water and fetal bovine serum
(FBS), these helical micromachines were employed to transport microparticles. These
helical swimmers can perform 3D navigation in a controllable fashion with micrometer
precision in low-strength rotating magnetic fields (<10 mT), and they are promising tools
for targeted drug delivery in vitro and in vivo. This strategy is so universal and reliable
that a series of research studies were performed following this work. Qiu further improved
this approach by functionalizing with lipoplexes to enhance the biocompatibility of these
types of helical swimmers. Subsequently, the successful wirelessly targeted single-cell gene
delivery to human embryonic kidney (HEK 293) cells using artificial bacterial flagella (ABFs)
loaded with plasmid DNA (pDNA) in vitro was demonstrated for the first time (Figure
2b) [69]. This work presents the possibility of such magnetic swimmers targeting hard-
to-reach areas in the human body, since the flagellum-propulsive method is a promising
approach in viscous liquid (e.g., blood and interstitial fluid). Similarly, Schmidt’s group
customized microhelices to serve as motors for transporting sperm cells with motion
deficiencies to help the cells carry out their natural function. They mimicked such motors
in in vivo conditions and applied hypoosmotic swelling as a method for sperm selection
in a microfluidic channel platform. Although the complete release of the sperm cell after
motion was not successful due to the unspecific adhesion of the microhelix (Figure 2c), this
magnetic–biological hybrid propulsion exhibited prospects to cure cell diseases [70].
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Figure 2. (a) Array and locally amplified microhelical micromachines printed by TPP. Magnetic
material (Ni/Ti) thin bilayers were deposited on the surface of the polymer helical micromachine by
electron beam (e-beam) evaporation for magnetic actuation and improvement of surface biocompati-
bility. Scale bars: 10 µm and 2 µm. Reproduced with permission from [41], Copyright © 2012, Wiley.
(b) Time-lapse photo of the controlled actuation of a functional artificial bacterial flagellum (f-ABF) to
the target cell (cell 3, the contour is circled in red). Cell 3 was under cell division and was considered
as one single cell in this case. Cell 2 and cell 4 are blurred in the image due to the drift of cells in the
medium during the time-lapse image. The movement of the f-ABF is marked with blue rectangles.
The interval of each movement was 4 s. The inset shows f-ABF in contact with cell 3. Reproduced with
permission from [69], Copyright © 2015, Wiley. (c) 3D printed microcapsule (top) and microsyringe
(bottom) functioning with the same reciprocating mechanism. Such a microcapsule can be used for
spatiotemporally controlled delivery of therapeutic agents driven by magnetic field. The scale bar
is 20 µm. Reproduced with permission from [70], Copyright © 2016, American Chemical Society.
(d) Design, fabrication, SEM image, and magnetic control of 3D-printed microrobotic transporters.
Scale bars: 10 µm. Reproduced with permission from [71], Copyright © 2019, Wiley. (e) Higher
forward swimming capability of conical microhelices. Schematic of the actuation scheme, where M is
the magnetic dipole moment of object, B is the external magnetic field, and T is the magnetic moment.
Scale bars: 50 µm. Reproduced with permission from [72], Copyright © 2019 Wiley. (f) Images by
fluorescence microscopy show the microtube rotation with the rotation of an external magnetic field.
Time-lapse images show the motion of microtubes. Under the propelling and guiding of external
magnetic field, a specific route of pattern “HI” is realized. Reproduced with permission from [73],
Copyright © 2019, Wiley.

To improve the clinical outcomes, efforts should focus on the active delivery of stem
cells to a target tissue site within a controlled environment, increasing the survival rate
of effective tissue regeneration. Yasa et al. presented a remotely steerable microrobotic
cell transporter with a biophysically and biochemically recapitulated stem-cell niche for
directing stem cells toward a predestined cell lineage (Figure 2d) [71]. The microrobotic cell
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transporter was fabricated through two 3D printing steps with TPP. The first step involved
the alignment of nanoparticles radially with the continuous application of a uniform
external magnetic field during the fabrication process, while the second step showed the
biological niche construction within the MCT inner cavity. The magnetically actuated
double-helical cell microtransporters with 76 µm length and 20 µm inner cavity diameter
were 3D printed, and biological and mechanical information regarding the stem-cell niche
was encoded at the single-cell level. Cell-loaded microtransporters were mobilized inside
confined microchannels along computer-controlled trajectories with rotating magnetic
fields. The authors expect that such microrobotic devices have the potential to enable the
development of active microcarriers with embedded functionalities for controlled and
precisely localized therapeutic cell delivery.

Advanced fs-laser printing has been used for efficient fabrication with spatial light
modulation (SLM) technology. Xin et al. manufactured conical hollow microhelices with
designable heights (H = 45–75 µm), diameters (D = 6–18 µm), pitch numbers (Pi = 2–4), taper
angles (T = 0.1–0.6 rad), and pitch periods (∆P = 10–30 µm) to improve the performance
of magnetic controlled motion [72]. Compared with straight microhelices, the forward
swimming capability of the conical microhelices was increased by 50%, and the lateral
drift of the conical hollow microhelices was reduced by 70% (Figure 2e). Additionally, the
one-step synthesis of 3D biconical microtubes with the single exposure of a femtosecond
optical vortex was achieved by Yang et al. [73] These biconical microtubes present unique
advantages over straight microtubes in terms of the confinement and transportation of
microcargo, which can prevent the cargo from falling off during transit because of fluid
impact. The authors performed an in situ cell experiment related to the development of
doxorubicin (DOX) in targeted Hela cells and the treatment effect for exhibiting the potential
of such tubular microactuators in single-cell analyses and drug screening (Figure 2f).

2.2. Light

Light plays a very important role in both the manufacturing and the manipulation of
microstructures [57,74–76]. Light is a pure and safe energy source that can be transmitted
to target objects in a noncontact manner, which enables remote control [77–80]. It is well
known that optical tweezers have been widely used to manipulate objects of different sizes,
a process which received the Nobel prize in 2018. Light-induced driving is based on a
variety of photochemical/photothermal mechanisms [81].

Direct light-driven microactuators suffer from low efficiency in that converting light to
mechanical power detracts from its advantages because the light force is too small to drive
a structure at the scale of tens of microns. In a systematic study on conversion efficiency,
Lin et al. designed a turbine-like micro-rotor and carried out a quantitative analysis with
computational fluid dynamics and semiclassical optics [82]. The motor was designed
as a spiral phase plate (SPP). When a plane wave passes through a SPP, it is converted
into a helical wave that carries orbital angular momentum. At the same time, this gives
the SPP an inverse angular momentum, exerting a torque that may actuate a rotation of
the SPP. By optimizing the shape design, this rotor presents a very large rotation speed
(over 500 r/min). Denoted by the average angular momentum transfer, the rotor’s light
conversion efficiency has been experimentally determined to be as high as 34.55.

The development of light-driven microactuators is hampered due to the difficulties
in designing and fabricating biocompatible light-driven microactuators with dimensions
of less than 100 µm and a response time on the order of seconds. Some nanoparticles
(NPs) doped in materials can efficiently absorb light and produce heat, resulting in thermal
deformation for a good strategy. Researchers have reported a light-triggered microactuator
composed of photothermal Fe3O4 NPs, with an average size of 7.7 nm, and a thermally
responsive crosslinked PNIPAM hydrogel [83]. A double-armed near-infrared (NIR)-
light-driven three-dimensional (3D) hydrogel microcantilever with a size of ~26 µm was
successfully fabricated. (Figure 3a). With NIR radiation, the hydrogel microactuator in
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water presents a fast response time of ~33 ms, which is the fastest light-responsive hydrogel
microdevice yet reported [83].
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Using the same idea of doped photothermal materials, Chen et al. mixed gold
nanorods (AuNRs) in liquid crystal elastomers (LCE) (Figure 3b) [84]. They enhanced the
miscibility between the AuNRs and the LCE with thiol functionalization and they studied
the appropriate mixture to increase the mechanical properties and near-infrared (NIR)-
responsive mechanical deformation. The effects of the AuNR loading fraction and the laser
power on the light-powered actuating performance were evaluated. The authors found that
the nanocomposite with AuNR loading of 3 wt.% demonstrated the maximum percentage
(20%) of elongation for an NIR laser power of 2 W. They fabricated a microgripper that
presented a rapid light driven deformation. The gripper shrank in 2 s with the irradiation
and opened again 0.5 s after removing the NIR.

2.3. pH

pH-responsive materials have drawn researchers’ attention because of their easy
integration with microfluidics or liquid environments. For example, a pH-sensitive hydro-
gel composite could be regarded as an artificial musculoskeletal system for TPP printed
microgrippers [50].

We developed a photosensitive stimulus-responsive hydrogel precursor composed
of acrylic acid (AAc), N-isopropylacrylamide (NIPAAm), polyvinylpyrrolidone (PVP),
dipentaerythritol hexaacrylate (DPEHA), triethanolamine (TEA), and 4,4′bis(diethylamino)
benzophenone (EMK). TEA acts as the photosensitizer to help the photoinitiator EMK
to produce radicals with the excitation of the femtosecond laser. With the assistance of
free-radical polymerization of the acrylate group, a linear copolymer between AAc and
NIPAAm monomers is formed. At the same time, the radical also activates crosslinker
DPEHA to interconnect the poly (AAc-co-NIPAAm) chains and form the hydrogel frame-
work. It should be noted that the crosslinking density should be controlled in a relatively
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low level in order to achieve a large swelling ratio. By adding PVP in materials, the me-
chanical properties of the polymerized hydrogel are increased to constitute 3D freestanding
structures. The critical pH value of such a prepared material is 9. By utilizing such prepared
pH-sensitive hydrogels, microstructures can be conveniently adjusted by varying the pH.

Trapping methods based on microfluidic chips are an efficient method for single-
particle/cell isolation due to their low reagent consumption, fast sample processing, high
integration, portability, and low cost. However, in many single-particle/cell capture arrays
integrated in microfluidic devices, a constant pressure is always required to prevent the
captured particles from escaping, which limits the applications of these devices. In order
to solve this problem, Hu et al. integrated a pH-sensitive microring array into a “Y”-
shaped microfluidic channels [85]. In this research, these uniform ring structures were
able to swell and shrink in less than 200 ms with the change in environmental pH value.
The pH-responsive properties of the hydrogel can be precisely controlled using different
laser processing dosages including swelling ratio (35–65%) and diameter change (2–5 µm).
The tunable microfluidic device demonstrated its ability in multi-filtering polystyrene
(PS) particles and in completely trapping PS particles with a specific size. As shown in
Figure 4a, the distance between two adjacent rings can be varied from 11.4 µm to 7.2 µm
such that objects with specific sizes can pass through or be intercepted selectively.
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Figure 4. (a) The matryoshka-ring filter for multi-filtering of particles with different sizes by changing
the pH. Reproduced with permission from [85], Copyright © 2019, Royal Society of Chemistry. (b) pH-
responsive actuator fabricated by dynamic asymmetric femtosecond Bessel beam. Reproduced with
permission from [86], Copyright © 2020, American Chemical Society. (c) Complex 3D micro-umbrella,
which can be constructed to achieve rapid, precise, and reversible articulated-lever folding by varied
pH value. Reproduced with permission from [24], Copyright © 2020, Elsevier. (d) Botanical-inspired
complex shape transformation and on-demand microparticle capturing. The withering process of
flowers in nature. Various bending blade structures mimicking the flowers prepared with different
laser power. Reproduced with permission from [87], Copyright © 2019 Wiley.

As described in the above article, the exposure energy on the ring is uniformly dis-
tributed. Since the swelling factors of the hydrogels are closely related to the exposure
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dose, programming such a dose spatially on the Bessel ring leads to facile fabrication of
anisotropic structures. Li generated a heterogeneous light field during the fabrication pro-
cess, resulting in microtubes with asymmetric swelling/shrinking properties that exhibited
reversible bending and reverting to an upright conformation within 1 s when the solution
pH value changed (Figure 4b) [86]. He also demonstrated the application of this type of
effective microgripper for trapping and releasing PS particles and neural stem cells.

Although bending, folding, and twisting of stimulus-responsive structures have been
presented by a large number of studies, the construction of 3D structures at a small scale
with a high shape-morphing freedom poses challenges. Jin et al. utilized the flexibility of
TPP and the adjustability of pH-hydrogels to construct large-scale complex reconfigurable
structures with arbitrary 3D shapes and sub-micrometer features [24]. A foldable microma-
chine that could morph in a similar way to the opening and closing of an umbrella was
printed (Figure 4c). This compound micromachine contained 15 deformable stretchers that
were distributed in a circle at regular intervals on the shaft periphery. Each stretcher was a
thin bilayer structure, and it was connected to a thick umbrella rib. Similarly, biomimetic
microscale hydrogel structures on the order of 10 µm were created by Hu et al. [87]. They
found that both the exposure dose and the scanning direction could change the response
properties of these hydrogel microactuators. By introducing localized nonuniform defects
in the 3D microstructures, more complex shape-morphing behaviors can be expected be-
cause the relative expansion ratio can be versatilely distributed. To this end, a femtosecond
laser (~80 fs, 80 MHz) was employed for hydrogel structuring. Due to the fluctuance of
the laser output and the fluidity of the hydrogel, blade structures with local nonunifor-
mity were produced using low laser power and low scanning repetition. Moreover, the
microstructures appeared to be very soft due to the weak crosslinking of hydrogel polymer
chains, making complex 3D shape morphing much easier. Microparticles were used for the
proof-of-concept demonstration of the on-demand capture and release functionalities of
the pH dominated micro-architecture via a complex deformable microcage, whose shape
was similar to that of a football.

However, the pH level needed to initiate this shape change for our material was greater
than 9. This environment would negatively impact cellular health and may even kill the
cells that a scientist is attempting to “manipulate”. In addition, adding acid dropwise to a
solution housing cells and/or biological proteins can greatly impact the viability/function
of the cells. Therefore, in future studies, developing materials with a milder or tunable pH
threshold is one potential solution.

2.4. Microforce

A force that can act at the microscale level is also an effective driving force for a
microactuator. Capillarity is common both in daily life and in micro/nano fabrication
when a solid–liquid interface exists. The capillary force tends to dominate over the standing
force of microstructures, and this needs to be overcome for coalescence when the scale
is reduced. When one aims to create slender structures in micro/nanoelectromechanical
system manufacturing processes, the dominant capillary force drives the structures to
collapse, cluster, or be completely destroyed. Some efforts, such as adopting a supercritical-
point dryer, have been made to eliminate these unwanted behaviors when fabricating
high-aspect-ratio structures. However, from another point of view, the capillary force can
be exploited as a valuable tool to drive microstructures. Compared with the other driving
forces of microactuators such as magnetism, pH, and light, capillary force features the
advantages of simplicity, low cost, scalability, and tunability [88–90].

The combination of TPP and capillary force can be used to construct microgrippers for
the selective trapping and releasing of microobjects, which are intensively demanded in
the fields of chemical analysis and biomedical devices and which have drawn considerable
attention from researchers. The concept of this type of capillary-force-driven gripper
is sketched in Figure 5a [91]. Pillars with designable diameters, heights, and positions
have been printed with TPP to adjust the capillary force and standing force during the
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evaporation of the developer. If the capillary force is larger than the standing force, pillars
will congregate with adjacent pillars to form a gripper. In the experiment, the maximum
capillary force was calculated to be about 2 µN. The van der Waals force (Fv) between
assembled pillars resists the standing force and keeps the gripper closed. More interestingly,
when the assembled grippers are immersed in liquid again, the Fv decreases such that
the standing force of the pillars dominates the pillars’ restoration to an upright position,
which makes the gripper open again. Therefore, selective trapping and releasing can
be achieved, as shown in Figure 5a. This artificial microgripper is capable of capturing
microparticles with excellent selectivity. The particles can be trapped inside the “cage-like”
spaces constructed from four bent pillars by the capillary force. Furthermore, the size of the
particles to be captured can be controlled by adjusting the intracell pitch of the assemblies.
Only those particles of suitable size can be effectively caught due to the space limitation
of the microgripper. Due to the design flexibility of this laser printing-induced capillary
force self-assembly technique, the intracell pitch between adjacent pillars can be easily
changed to trap specific particles. To further investigate the trapping ability of the artificial
microgripper, the authors prepared a series of assemblies to trap various particles, with
sizes from 1 µm to 4.6 µm. Microparticles with different sizes can be trapped by tuning the
intracell pitches accordingly. The as-prepared grippers could be reused, and they exhibited
no obvious functional degradation after over a dozen repetitions. Microgrippers with the
selected particles have been immersed into another solvent (e.g., acetone). The grippers
open and the selected particles are released into the new solvent. This capillary-force-
driven gripper can also be manufactured on soft PDMS such that the size of the trapped
particles can be adjusted on demand with a mechanical stretching method [92]. This ability
for microobject selective transportation may find wide applications due to its scalability,
designability, and reproducibility.
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Figure 5. (a) Capillary-force-driven microactuator and its application for microparticle gripping.
Reproduced with permission from [91], Copyright ©2015, National Academy of Sciences. (b) Mono-
lithic force-sensitive 3D microgripper fabricated on the tip of an optical fiber using two-photon
polymerization. Reproduced with permission from [93], Copyright © 2018 Wiley. (c) Bacteria-driven
micromotor. Reproduced with permission from [94], Copyright © 2017, the authors.

Although many grippers fixed on a base can trap microobjects with good selectivity,
the trapping is passive. To actively capture objects, a mechanical force-driven gripper that
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can be positively manipulated is an ingenious candidate. Power et al. presented a tethered,
3D, compliant gripper with an integrated force sensor, which was fabricated on the tip of
an optical fiber in a single-step process using TPP (Figure 5b) [93]. The passively actuated
grasper measured approximately 100 µm in length and breadth, while its position could
be controlled via the micromanipulation of the optical fiber. The force-sensing elements
were designed using optical interferometry and embedded in the structure. Therefore, the
force estimation could be measured in real time. They also demonstrated the manipulation
capabilities and tested the real-time force-sensing capability of the passively actuated
microgripper with an accuracy below 2.7% of the maximum calibrated force. As shown
in the optical microscope images in Figure 5b, a solid ellipsoidal object with dimensions
of 50 µm × 50 µm × 70 µm could be grabbed, transferred, and released by two identical
microgrippers. The force of mechanical gripper varies between 10 and 50 µN. Benefiting
from the universality of trapping without considering the physical and chemical properties
of the target object, this gripper is useful for the study of biological structures such as
alveoli, villi, or even individual cells. More interestingly, the authors skillfully combined
the force feedback system via a high-dimensional spectral reading with artificial neural
networks to predict the axial force exerted on/by the gripper, which could play a big role
in smart medicine in the future.

In addition to capillary forces and mechanical forces, microorganisms (e.g., bacteria)
have also been recruited to push microactuators. However, the force of an individual
microbe is too small to propel a microactuator, while the work of a large number of
microbes cancels out with each other, resulting in the fact that the proposed designs of self-
propelled bacteria suffer from low reproducibility, large noise levels, or a lack of tunability.
To overcome this issue, Vizsnyiczai et al. demonstrated a fast, reliable, and tunable bio-
hybrid micromotor that could be obtained via the self-assembly of synthetic structures with
genetically engineered biological propellers [94]. As shown in Figure 5c, the structure had
three component parts. The rotating unit (appearing in green) had an external radius of
7.6 mm and a thickness of 3.7 mm. Its outer rim featured 15 microchambers that could each
capture individual bacteria. The zoomed-in view of these microchambers shows the tilted
angle (which was 45◦) for adjusting the direction and the number of captured bacteria so
that the maximum torque could be achieved. The cell bodies in the micromotors could be
clearly seen via fluorescence microscopy, which was fitted with an ellipsoidal shape, shown
as a dashed line in Figure 5c. By using the phototaxis of the bacteria, the rotation speed of
the bacteria-propelled micromotors could be controlled by light, which provided a solution
to increase the controllability of the microbe driven micromotors. The bacteria-driven
micromotor presents an effective pushing force per cell that is 0.2 pN. In addition to the
bacteria, bovine sperm cells have also been utilized to drive micromotors made by TPP [70].
However, the survival of microbes or cells requires the presence of specific nutrients and
suitable pH in the surrounding environment, which may reduce the generality of microbe
driven actuators. Although some problems still remain for microbe-propelled micromotors,
such a strategy also provides a method for constructing hybrid actuators.

2.5. Heat

Thermal deformation is a common physical phenomenon, and it can be used to drive
microactuators based on heat-sensitive materials that can deform significantly under heat
stimulation [95].

Poly(N-isopropylacrylamide) (pNIPAM) is a well-established polymer that exhibits
a substantial response to changes in temperature close to its lower critical solution tem-
perature. Hippler et al. developed functional three-dimensional hetero-microstructures
based on pNIPAM to create actuation patterns that could react to different stimuli [96]. By
adjusting the exposure dose during TPP, they altered the material-response parameters
on demand, resulting in large property differences. Figure 6a shows the scheme of the
bimaterial heterostructures with the two parts highlighted in green and gray being the
lower and higher dose exposures, respectively. The beams made with one material and
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processed with different exposure doses started straight at T = 20 ◦C and became curved at
T = 45 ◦C.
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More complex 3D heat-responsive microstructures can be achieved with TPP. Del Pozo
et al. presented a supramolecular cholesteric liquid crystalline photonic photoresist for
the fabrication of 4D photonic microactuators such as pillars, flowers, and butterflies with
submicron resolution [97]. They employed a photonic photoresist based on a hydrogen-
bonded cholesteric liquid crystal (CLC) mixture that could be polymerized into coatings
to demonstrate structural color and shape changes. A slice thickness of 0.5 µm was used
to fabricate the 6 µm tall flower to exhibit the heat-responsive photonic microactuators.
When the structure was placed in a thermal environment, water in structures evaporated
such that the height of structure changes was affected by the environment temperature
and the humidity. Figure 6b showcases the obvious changes in the 3D profile (upper) and
structural color (bottom) triggered by different temperatures. It is worth noting that the
heat-response change can also be achieved by adjusting the temperature of the structure.

2.6. Solution

Catalytic bubble propulsion is one of the major actuation methods in solutions, which
mimics macroscopic rocket propulsion [98–100]. Solution-driven microactuators can con-
vert chemical energy from a surrounding aqueous fuel solution into mechanical energy
to generate autonomous movements. The most common chemical reaction used in cat-
alytic self-propulsion is the decomposition of H2O2 under the action of a metallic layer
such as Pt or Ag. For example, self-assembled tubular micro/nanomachines and Janus
micro/nanoparticles propelled by oxygen bubbles decomposed by hydrogen peroxide
have been proven by researchers.

Remmi et al. used TPP to fabricate multi-responsive artificial microswimmers [101].
Doughnut-like swimmers were fabricated and coated with platinum catalytic layers so
that they could be actuated by chemical power. In water, the tori exhibited pure Brownian
diffusion. However, in the presence of hydrogen peroxide, the 7 µm doughnut consumed
the fuel and directionally translated across the surface. The propulsion velocity of the tori
scaled linearly with the concentration (v/v%) of hydrogen peroxide up to 10% and then
saturated from 10% to 30% (Figure 7a). In 30% hydrogen peroxide, the doughnut swam
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with a speed of about 7 µm/s. Such shape-programmed microswimmers have the potential
to manipulate biologically active matter such as bacteria or cells.
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Figure 7. (a) TPP printed doughnut swimmer. Upper panel: High-resolution transmission electron
microscope (HRTEM) and SEM image of doughnut simmer with two different surface coatings. The
bottom of the right swimmer is “cut off” at the bottom to provide a stable base during printing
and the metal evaporation. Lower panel: A graph representing the propulsion velocity depen-
dence on the concentration of hydrogen peroxide. Scale bars: 3 µm. Reproduced with permission
from [101], Copyright © 2019, Springer nature. (b). Schematic diagrams of fabrication of tubular
micro/nanomotors. Upper panel: SEM image of an array of microtubes on glass substrate fabricated
by 3D-DLW lithography. Lower panel: Model of a rocket in the macro world, showing schematic
diagram of a tubular microrocket and SEM images of tubular micro/nanomotors with a similar
structure to rocket boosters inspired by a macro rocket. Reproduced with permission from [102],
Copyright © 2019 Wiley.

Chen et al. fabricated highly efficient chemical catalytic microtubular motors via 3D
laser lithography and demonstrated their motion behavior with the driving force coming
from the bubble produced by catalysis (Figure 7b) [102]. By adjusting the geometrical shape
and the surrounding chemical fuel environment of the micro/nanomotor, the frequency of
the catalytically generated bubble ejection could be tuned, resulting in the variation in the
motion speed. Compared with a single tubular or Janus particle micro/nanomotor, such
micro/nanomotors presented an enhancement in speed benefiting from their rocket-like
shape.

2.7. Acoustic Field

Acoustic equipment such as B-scan ultrasonography is widely used in medical clinical
diagnosis due to its biopenetrability. By combining the acoustic method with microfluidics,
Huang’s group developed a series of creative strategies for important applications in an-
alytical chemistry and biomedicine, including cell separation, sample enrichment, fluid
pumping, reagent mixing, on-chip PCR, biophysical measurements, and the manipulation
of model organisms [103–106]. Acoustic field-driven nanomotors have been demonstrated
for the reversible assembly of catalytic nanomotors, controlled swarm movement, and
the separation of different nanomotors [107,108]. However, current acoustic-driven mi-
cro/nano motors or swimmers are always nanoparticles that possess simple shapes. At
present, the research about acoustic technology focuses on group control, but the design of
the acoustic actuator itself is rare.

Li et al. fabricated an acoustic sensor that could transfer an acoustic signal to the
mechanical movement on an optic fiber [109]. The fiber sensor tip was fabricated with TPP
and it consisted of two sidewalls on the end surface of the single-mode fiber and a film
held up by the sidewalls, which formed a fiber inline Fabry–Pérot microcavity (Figure 8).
The quadrature phase bias point was controlled at a fixed wavelength of 1550 nm by
accurately matching the cavity length with the film thickness; the corresponding acoustic
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pressure of the fiber sensor tip reached 0.0508 ± 0.0052 nm/Pa. A fiber acoustic sensor tip
can be suitable for both industrial and biomedical applications due to its high sensitivity,
excellent biocompatibility, ultracompact size, and independence of laser wavelength tuning.
Although such a device is more like a sensor than a microactuator, this work also provides
a reference for 3D acoustic actuators fabricated with TPP or other 3D printing methods.
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2.8. Electric Field

It has been about 150 years since the second industrial revolution, when humans
entered the age of electricity with the invention of the electric generator and electric motor.
Given the universal applications of integrated circuits at the single nanoscale, an electric-
driven device can be considered as another type of powerful microactuator that has huge
potential for miniaturization [110]. Conventionally, electrical-driven components are based
on rigid devices (e.g., coil-based electromotors and piezoelectric actuators), which hinders
the miniaturization of electrical actuators [111].

Recently, electroactive smart materials (e.g., hydrogels) have exhibited large deforma-
tion in response to an electric stimulus and they have received significant attention as a
potential actuating material for soft actuators and artificial muscle [112]. Electric-activated
materials are always rich in ions that can re-distribute in electrical fields in an electrolyte
solution, so that structural deformation can be achieved. Although there are few reports in-
volving TPP being used for electric stimulating materials according to our best knowledge,
some interesting work about electric-driven soft actuators has been done by researchers
using the laser direct writing method.

Employing gel actuators composed of cationic and anionic gel legs made of copolymer
networks of acrylamide (AAm)/sodium acrylate (NaAAc) and acrylamide/quaternized
dimethylaminoethyl methacrylate (DMAEMA Q), Morales et al. presented a gel walker
that achieved unidirectional motion on flat elastomer substrates in NaCl aqueous solutions
(Figure 9) [113]. They studied the relationship between the mechanical behaviors of this
electric-response actuator and the environmental parameters, and they found that the most
responsive gel system contained the most ionized fixed charges (highest effective charge
density, as opposed to the highest amount of NaAAc) in a dilute salt solution to maximize
the osmotic bending force, which was governed by the mobile ion difference between the
gel and the solution. When the external solution lacked mobile ions, bending under electric



Micromachines 2021, 12, 465 15 of 29

stimulus was negligible; when the amount of overall fixed charges in the gel network
was too high, mobile ions condensed on the polymer backbone, leading to the decrease
of bending. These electric-driven actuators can be used for cargo transport. Yang et al.
developed soft hydrogel walkers made with a mold-assisted strategy and studied their
driven motility [114]. The hydrogel walkers consisting of polyanionic poly(2-acrylamido-2-
methylpropanesulfonic acid-co-acrylamide) exhibited an arc looper-like shape with two
“legs” for walking. The hydrogel walkers could reversibly bend and stretch via repeated
“on/off” electric triggers in the electrolyte solution. Based on such bending/stretching
behaviors, the hydrogel walkers could move their two “legs” to achieve a one-directional
walking motion on a rough surface via repeated “on/off” electric triggering cycles. More-
over, the hydrogel walkers loaded with very heavy cargo also exhibited excellent walking
motion for cargo transport.

Figure 9. Electric-driven hydrogel actuators. (a) Laser cutting process. (b) Actuation mechanism of
the hydrogel actuators. (c) Photograph of a finished gel walker. Scale bar: 2.5 mm. (d) Illustrations
and photographs of a gel walker composed of NaAAc and 30% DMAEMA-Q legs in 0.01 M NaCl
with an applied field of 5 V/cm. Reproduced with permission from [113]. Copyright © 2014, Royal
Society of Chemistry.

Nevertheless, the mechanical actuation of electric-driven actuators has always been
limited for simple bending or folding due to uniform electric field modulation. To imple-
ment complex movements, actuators always require a pre-program, such as a hinge and
a multilayer pattern, which will increase both the number of steps and the difficulty of
fabrication. Choi et al. proposed a reprogrammable actuating method and sophisticated
manipulation by using multipolar three-dimensional electric field modulation [115]. The
polarity/intensity of the electric field in three dimensions (3D) could be adjusted through
the multipolar spatial electric field modulator so that the complex 3D actuation of single hy-
drogels was achieved. This method also prevented the issue of air bubbles being generated
during operation in the conventional horizontal configuration.

Although millimeter-scale electric-driven actuators have been achieved, electric driv-
ing at the microscale remains challenging. Since electrically driven materials need enough
volume to hold enough ions to form anisotropy under electric field stimulation, more
sensitive electric activating materials and more flexible processing methods are needed
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for microscale electric-driven soft actuators. We think that TPP and hydrogels possess
potential in this area.

2.9. The Comparison of Actuation Methods for 3D Microactuators

As presented, there are a variety of actuation methods for triggering 3D microactuators.
Given that each method has its own advantages and disadvantages, it is necessary to
summarize and discuss each method (Table 2). Depending on whether contact is required,
the driving methods can be divided into two categories: external field-driven methods and
contact driving methods. The former includes magnetic fields, light, heat, acoustic fields,
and electric fields, while the latter involves pH, microforces, and solutions.

Table 2. Comparison of typical driving methods.

Driving
Method

Control
Remarkable Superiority DemeritBiological

Penetration Swarm Separate
from Swarm Remote

Magnetic
√ √

×
√ • Excellent biological safety

and penetration
• 3D collective manipulation

• Complex and massive
electromagnetic field
equipment

• Cannot manipulate special
target from a swarm

Light Difficult
√ √ √

• Enabling simultaneous and
separate manipulation
because of variable
parameters (wavelength,
intensity and phase et al.)

• Poor biological penetration

pH ×
√

× × • Simple and convenient
operation

• Most pH value is lethal to
living cells or organisms

Microforce × Difficult
√

× • Universal for most
materials

• Must contact

Heat Difficult
√

Difficult
√ • Universal for most

materials

• Cannot manipulate special
target from a swarm

Solution ×
√

× × • Simple and convenient
operation

• Poor biocompatibility

Acoustic
√ √

Difficult
√ • Excellent biological safety

and penetration

• Control precision
• Z-axis manipulation

Electric ×
√ √ √ • Easy to integrate with

mature IC

• Functional materials and
corresponding structures
are difficult to miniaturize

External field-driven strategies provide wireless, remote, and noncontact manipulation
strategies. Currently, the most popular external field-driven methods include magnetism,
acoustics, and light, which have their strengths and weaknesses.

Both magnetic and acoustic fields can be employed for collective manipulation. Addi-
tionally, they all have outstanding biological penetration and safety, making them ideal
tools for medical applications of 3D microactuators. However, magnetic fields can be
used for 3D space manipulation, while sound fields are generally used for 2D horizontal
manipulation. Therefore, during recent work with 3D microactuators, magnetic driving
demonstrated better controllability than acoustic triggering.

Compared to magnetic and acoustic driving, light triggering provides unique advan-
tages beyond collective and remote manipulation. Firstly, benefiting from microoptical
technology, the control accuracy of light manipulation, which includes both the moving
route and the position, is much higher than that of magnetic and acoustic driving. Secondly,
light driving also enables individual manipulation for a group of targets, which is not
possible with magnetic and acoustic fields. Lastly, the most important factor is that light
possesses more adjustable parameters and, hence, excellent programmable properties.
For example, light with different wavelengths can simultaneously manipulate nearby
objects without the wavelengths interfering with each other. However, the poor biological
penetration greatly limits the practical application of the light driving method.
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Compared with external field-driven control, the contact control method, without
complex equipment to maintain the external energy field, is usually simple and convenient.
For example, pH and solution driving only requires dropping the corresponding liquid on
the microactuators. This advantage makes it easier to use a contact-driven 3D microactuator
in combination with other micro/nano techniques (e.g., microfluidics), and the advantage
is conducive to its miniaturization. For example, pH-triggered microactuators with sub-
micron diameters can be achieved in microchannels with the marriage of TPP and pH-
sensitive hydrogel [116]. The main obstacle for the wide application of these pH and
solution driving methods is poor biocompatibility. Specifically, most liquids (e.g., a solution
with alkaline pH or hydrogen peroxide) employed for driving are toxic to living cells. As
for microforce manipulation, the contact mode also hinders its wide applications.

3. Discussion and Summary of TPP for Microactuators

Although a large amount of impressive work has been done regarding the fabrication
and application of 3D microactuators via TPP (Table 3), there is still an abundance of
room for improvement in terms of materials, design and machining, and driving modes to
facilitate practical applications [14,117–119].

Table 3. Summary of typical TPP-fabricated 3D microactuators.

Driving
Method

Shape and Fabrication Method

Response Time Application
Shape

Feature Size Fabrication

(µm) Method Material Time

Magnetic

Helix [41] 10 × 8.5 × 2 DLW SU-8/IP-L -

Real time Delivery

Helix [69] 16 × 5 × 2 DLW IP-L -
Helix [70] 10 × 5 × 1.5 DLW IP-L -
Screw [71] 70 × 40 × 5 DLW TMPETA -

Hollow helix [72] 75 × 15 × 5 FE-DLW SZ2080 10 s
Tube [73] 80 × 25 × 1 FE-DLW SZ2080 10 s

Light
Gear [82] 20 × 20 × 2 DLW - - - Photonic

Cantilever [83] 50 × 16 × 1.5 DLW NIPAM-gel - 0.03 s -
Gripper [84] 60 × 60 × 1.5 DLW LCE - 2 s -

pH

Tuber [85] 50 × 10 × 3 FE-DLW

Hydrogel

10 s

<1 s

Microfluidic
Tuber [86] 50 × 10 × 3 FE-DLW 10 s Trapping

Cantilever [24] 60 × 10 × 2 DLW 0.5 h -
Flower/Cage [87] 60 × 15 × 3 DLW 0.5 h Trapping

Microforce
Pillar [91] 6 × 0.8 × 0.8 DLW SZ2080 1 s 1 s Trapping

Gripper [93] 50 × 50 × 60 DLW IP-Dip - Real time Trapping
Gear [94] 3 × 15 × 15 MF-DLW SU-8 ~0.5 h 10 s -

Heat
Cantilever [96] 70 × 5 × 10 DLW pNIPAM - - -

Flower [97] 6 × 70 × 70 DLW CLC - - Photonic

Solution
Rocket [102] 10 × 20 × 0.5 DLW IP-L - - -
Flower [97] 6 × 70 × 70 DLW CLC - ~5 s Photonic

Acoustic Cantilever [109] 50 × 16 × 1.5 DLW SU-8 - Real time Sensor

Electric - - - -

DLW: direct laser writing; MF-DLW: multi-foci direct laser writing; FE-DLW: field exposure + direct laser writing. LCE: liquid crystalline
elastomer; CLC: supramolecular cholesteric liquid crystals.

3.1. Material

In addition to traditional polymer photoresists used for TPP, researchers have de-
veloped more functional materials, as well as processing strategies, for 3D laser direct
writing [117].

3.1.1. Doped Photosensitive Polymer

At present, photosensitive polymers are the main materials for TPP, and these poly-
mers can be roughly divided into two types: free-radical triggering and cationic triggering.
In order to extend the capabilities of the two-photon printing of 3D structures, researchers
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have tried doping functional materials (especially inorganic materials) into polymer mate-
rials, such as metal nanoparticles, carbon nanotubes/wires, and graphene [120]. Compared
to pure polymer photoresists, doped photoresists have a lower laser intensity threshold
and a higher critical laser scanning speed due to the high absorption of doped functional
materials at near-infrared wave light, which enhances the photosensitivity of a photoresist.
Therefore, a shorter printing time can be achieved for a doped photoresist.

Inorganic materials will greatly expand the functions of microrobots and open up
new applications. For example, full Fe structures are a very promising biocompatible
approach for applications requiring enhanced magnetic performance in the field of medical
microrobotics [121–124]. Currently, some strategies (e.g., fused deposition modeling, se-
lective laser sintering, and ink-jet printing) have been used to prepare the microstructures
of inorganic materials such as ceramics, metals, glass, and liquid metals. However, the
fabrication of true 3D inorganic structures at the micron scale is still challenging. Further-
more, microactuators always require movable components or compliant joints for shape
transformation or advanced functionalities, which are more easily achievable using soft
structures. The doping of inorganic nanoparticles in a photoresist has proven to be a useful
strategy to form printing material that can be used for TPP.

However, doping may lead to a homogeneity problem caused by the mixing inho-
mogeneity and anisotropy of functional materials. In addition to the problem of mixing,
another problem is that the large thermal changes caused by light absorption may hinder
the formation of three-dimensional structures. For example, during the writing process
of a graphene oxide (GO) photoresist, excessive energy absorption by GO led to tremen-
dous heat generation and, thus, vigorous bubble formation, which in turn hindered the
formation of the 3D structure. There are some other issues to be conquered: (1) light
scattering caused by refractive index differences between doped inorganic materials and
photosensitive resins, and (2) stress and adhesion between doped inorganic materials. To
address such problems, some interesting work has been done. For example, De Marco et al.
developed a TPP-assisted casting strategy with which any water-soluble material could
be shaped into almost any arbitrary shape with feature sizes in the 5 µm range [125]. The
method ensured processing compatibility between metal and polymer 3D molding at the
microscale and simplified the manufacturing steps. We believe that inorganic materials
that can be used for TPP will be applied in more fields.

3.1.2. Liquid Crystal Elastomer

Liquid crystalline elastomers (LCEs) are soft materials that contain mesogenic moieties
with a self-organization capability. They are another promising type of material for con-
structing microactuators [22,126]. These materials can respond to external stimuli such as
heat with a macroscopic shape change due to a nematic-to-isotropic phase transition of the
mesogens [127]. This reconfigurable property of LCEs is promising for the development of
advanced actuating, sensing, and robotic devices. By doping photoinitiators, crosslinkers,
and nanocomposites containing photothermal nanomaterials including multiwalled car-
bon nanotubes, graphene oxide, and gold nanorods (AuNRs), researchers have developed
photosensitive LCEs for TPP DLW.

3.1.3. Shape Memory Polymer

A shape memory polymer (SMP) is a “smart” material that can recover its initial shape
through external stimulation (such as heat or electricity) [128]. Although an SMP does not
directly respond to laser light, the induced heat by a laser will alter the morphology analo-
gously to naturally occurring heliotropism [1]. Preliminary SMP-based microstructures,
e.g., microchannels, microholes, and microwells, have been achieved with microfabrica-
tion. However, current SMP-based microstructures tend to be on the scale of hundreds
of microns to millimeters. Considering the fact that SMPs possess the potential to create
in situ controllable microscale actuators, hybrid SMP materials suitable for TPP should
be developed.
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3.1.4. Material Processing

In addition to varying the type, material modification is also an important method for
improving the performance of microactuators [129–132]. Ye studied the influence of the
hydrophobicity of helical swimmers’ surfaces on their swimming performance through
theoretical analysis and experiments. Researchers found that a helical swimmer with a
more hydrophobic surface exerted less friction drag torque and exhibited a higher step-out
frequency, indicating that the helical swimmer with a more hydrophobic surface should
have had better swimming performance. Making a surface more hydrophobic may be a
potential approach for improving the performance of 3D microactuators [133].

Given that an important application of microactuators is targeted drug delivery
in vivo, reliable biocompatibility/biodegradation should be considered [13,106,134–137].
Traditionally, metal evaporation (e.g., Au) has been used to improve the affinity of mi-
crostructures to cells [107]. Furthermore, processed biological materials (e.g., dehydrated
spirulina) [8,138,139] that are friendly to living cells/tissue have also been used as micro-
robots.

The material processing of printed 3D structures can also be achieved with chemical
or physical methods. Oran developed metal nanoscaffolds via a controlled shrinkage
method. A patterned and functionalized gel scaffold was shrunk by a factor of 10 to 20
in each dimension by using acid or divalent cations over a period of hours, and then it
was dehydrated to achieve the desired nanoscale resolution [140]. Heating or sintering is
also an effective processing strategy for removing excess materials with different melting
points.

3.2. Structural Design and Fabrication
3.2.1. Design and Optimization of Structural Parameters

The shape of its structure will affect the kinematic performance of a microactuator.
Taking a spiral microswimmer as an example, inspired by the rotary motors of E. coli
bacteria driving their bundles of flagella to rotate in a helical pattern and, in this way, gen-
erating propulsion, a helical shape has been considered as a classical structure for effective
motion in fluid with a low Reynolds number (such as blood, stomach mucus, and tissue
fluid) [141–143]. Currently, helical microswimmers adopt the same swimming mechanism
as E. coli bacteria, substituting the internal rotary engine with an external magnetic field.
The heights, diameters, taper angles, and pitch periods of a microhelix affect its swimming
and loading capabilities [144]. Helix microactuators encounter the problem of lateral drift,
which can be reduced by the optimization of the structural parameters. In the past few
decades, researchers have designed and fabricated various types of helical microswimmers
with different head shapes, magnetic positioning, and geometrical parameters for the heads
and tails [145]. In addition, a number of studies have been established with respect to the
influence of these variables on the swimming performance of helical microswimmers [133].

While the structures of other microactuators also affect their performance, the opti-
mization of the structural parameters is a necessary process to improve the corresponding
kinematic performance [38,146].

3.2.2. Miniaturization of Actuators

Improving the machining accuracy is a direct way to promote the miniaturization of
actuators [140]. Based on TPP, Gu’s group developed a three-dimensional optical beam
lithography with a 9 nm feature size and 52 nm two-line resolution in a newly developed
two-photon absorption resin with high mechanical strength [26]. For inorganic materials,
Sun’s group achieved ultra-high resolution under atmospheric conditions without the
detrimental ion doping that is inevitable in conventional FIB processing on dielectric and
semiconductor materials via near-field optical methods [147]. A spatial resolution of less
than 20 nm (λ/40, with λ being the light wavelength) is readily achieved, which opens a
new avenue for the industrial production of nanopatterns and nanodevices using direct
writing with ultrafast lasers.
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It is worth noting that the resolution of the structure’s size can be enhanced by subse-
quent processing after 3D printing. Gong et al. proposed an implosion fabrication method
to improve the resolution of printed hydrogel constructs through a complexation-induced
construction without changing the printer hardware or most of the ink compositions [148].
Through the charge complexation and the subsequent expulsion of water from the gels,
these printed constructs were found to have their linear dimensions reduced by various
degrees. This method can also be applied in other 3D printing techniques, including direct
extrusion printing, sacrificial printing, and microfluidic hollow fiber printing.

3.2.3. Fabrication Method with Higher Production and Lower Cost

Although TPP is a precision technique used to fabricate 3D microstructures with com-
plex shapes, its point-by-point scanning strategy leads to a low processing efficiency and
practical potential [57,149,150]. Fortunately, effective fabrication can be achieved with the
spatial light modulation (SLM) technique, which has resulted in a large amount of mean-
ingful work [151–155]. For example, Li et al. presented a dynamic holographic processing
method and splicing method to generate more complex pH-responsive microstructures
(S-shaped and C-shaped microtubes, and torsional chiral structures) in about 10 s, which
was faster than point-by-point manufacturing by 2–3 orders [86]. Xin et al. reported a pre-
cise and efficient method for the one-step synthesis of a 3D magnetic tubular micromotor.
Three-dimensional biconical tubular micromotors were rapidly fabricated with a single
exposure of ~100 ms with structured femtosecond optical vortices [72]. Compared with
conventional tubular microstructure fabrication methods, this method, which allows for the
2D and 3D control of microtube geometry with sub-micrometer resolution, as well as high
uniformity, features fast and high-throughput fabrication, while surpassing limitations
such as complex processing procedures and contamination from processing chemicals.

In addition to a simple circular structure exposed by circular light field, more com-
plex 3D structures can be realized with advanced light modulation strategies [156]. For
example, Ni et al. proposed a coaxial interference technique of vortex and plane light, such
that controlled 3D chiral microstructures in isotropic polymers were rapidly fabricated by
one-step exposure [51]. By using this efficient single-exposure manufacturing technology,
chiral microstructures with large area (>5 mm2) and high precision (~100 nm) were fabri-
cated. Similarly, by superimposing vortex light phases with topological charge numbers in
opposite directions, they also developed a method to divide the incident beam into an even
number of two-dimensional focus arrays along a circular arc. In the aspect of controllable
microcolumn processing, the bifurcation inclined microcolumn structures were fabricated
by single exposure using this special light field, and a layered microcolumn array could be
formed by controlling its spatial distribution [157]. This work provided a fast, stable, and
easy-to-operate method for processing 3D microstructures in isotropic polymers.

With the development of optical field calculation methods, we believe that there will
be more optical field exposure methods, which can replace point-by-point processing to
greatly improve the machining efficiency of TPP for 3D microstructures [152].

In addition, stereolithography (SLA)-based 3D printing provides an alternative solu-
tion due to its mass-manufacturing capability. Compared with TPP, SLA-based 3D printing
fabricates microstructures in a layer-by-layer fashion, which dramatically reduces the cost
of time. By tuning the pattern of light and exposure dosage, the fabrication of microstruc-
tures with desired geometry and mechanical gradient can be achieved. Thus, SLA-based
3D printing exhibits a promising future for the mass manufacturing of functional microac-
tuators and soft robots. However, the current resolution of SLA is not high enough to
compete with TPP, which hinders further applications of SLA.

3.3. Prospective Actuation Methods for 3D Microactuators

The recent era has seen many impressive 3D microactuators fabricated using TPP
and other methods. However, to date, most efforts are stuck at the laboratory stage and
are a long way from practical applications. For turning these microactuators into realistic
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applications, more effective, wireless, and milder stimuli should be further developed [158].
Considering that one important application of outfield driven microactuators is drug
delivery in medical field [159], we think that magnetic and ultrasound driving will be the
focus of research [160–162]. Moreover, electric driving and the multi-field coupling method
are promising future directions.

The future of magnetic driven microactuators, especially those involving biomedicine
applications, may focus on three areas. First, the control objective can be changed from
controlling a single or a small number of actuators to cluster control [163]. Mass administra-
tion requires a large number of microactuators to collaborate simultaneously [164]. Second,
future applications can depend on the development of magnetic control system. The scaling
issue, which includes not only the miniaturization of the electromagnetic control system,
but also the accuracy of the magnetic control, should be addressed [165–167]. Third, an
imaging system that can prepare feedback on the position and state of the microactuators
is a must, and it should preferably be integrated into a miniaturized system, especially
considering those tasks performed in vivo [159,168–171].

Correspondingly, acoustic waves are usually generated by piezoelectric transducers
which are hard to reduce in size [172]. The 3D laser printing method may be a powerful
tool with potential application in the fabrication of microgenerators that can transform
electric force to mechanical force, resulting in an ultrasound field. Although ultrasound is a
powerful, wireless, penetrating, and biosecurity tool which has been widely utilized in the
medical domain [134], there are still some issues that need to be addressed for ultrasound-
driven microactuators [173], for example, low precision. A main technical hurdle that needs
to be overcome is unlocking the ability to manipulate particles < 100 nm in size. Another
example is the inability to manipulate the z-axis. Although current methods may provide
excellent control in planar translation, z-axis manipulation lacks the same dexterity and
presents a future challenge. Furthermore, only collective manipulation is currently possible,
whereas individual or selective manipulation from a swarm remains a challenge. Current
acoustic-based methods lack the ability to selectively control individual cells or particles.
Integrated research has only just begun and it depends on experience. In order to facilitate
the increasing adoption of acoustic microfluidics by researchers, user-friendly, turnkey,
integrated devices that perform routine laboratory processes with minimal professional
training are necessary [105]. Although researchers have begun developing portable acoustic
microfluidic tools that attempt to bridge the gap between development stages and ultimate
use [174], no exciting advances have been reported so far. Lastly, current 3D microactuators
printed by TPP lack the ability to convert ultrasound waves into apparent mechanical
motion. More suitable materials, as well as corresponding technologies, are urgently
required.

In view of a mature integrated circuit, electric-driven 3D microactuators may be em-
ployed more widely due to their advantages [52,175]. For example, the sensor signal needs
to be changed into an electrical signal to facilitate processing, while electrically driven
microactuators enable the actuator and sensor components to be integrated [52,176]. The
two large gaps that need to be bridged for practical electrical-driven 3D microactuators are
materials and manufacturing strategies [177–179]. It is difficult to construct 3D microcircuit
and electric sensitive microactuators [180–186]. Currently, employing femtosecond laser
writing, researchers have already built several constructive efforts. Qian et al. fabricated
multi-pattern Ag microwires through femtosecond laser direct writing combined with
multi-photon reduction technology, which can be used for microheaters [187]. Despite the
microheater turning electricity into heat, converting electricity into the mechanical motion
of the device is challenging. Potential ways to power electrically driven microactuators
include a wireless power supply and integrated tiny batteries. However, the different
processing methods for microcircuits and microactuators lead to serious material incompat-
ibilities, whereby many high-performance battery materials cannot be easily processed on a
chip [188]. In addition to “roll or fold” and “layer to layer” strategies for microelectrical ap-
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pliances and tiny batteries, we consider mixing photosensitive materials with piezoelectric
materials as one possible solution [180].

In order to adapt to more complex environments for practical application, microac-
tuators that are responsive to dual stimuli and able to be controlled by multiple external
powers were developed [44,189]. Correspondingly, this compound driving method can
be named as multi-field-coupling manipulation. Currently, magnetic driving is the most
popular driving method integrated with other methods due to its merits. For example,
magnetic [190], moisture [189], light [191,192], and heat [6] driving mechanisms have been
employed together as hybrid power sources of microactuators. Compared with strategies
employing a single driving mechanism, multi-field-coupling manipulation presents ob-
vious advantages so that the microactuators can perform more sophisticated tasks. For
example, using magnetic driving to navigate a drug carrier and a specific acoustic signal
to trigger the release of drug can achieve more precisely targeted slow release. There-
fore, in the future, we will witness an explosion of multi-field-coupling methods for 3D
microactuators.

4. Outlook

This review provided an overview of recent progress in TPP for functional microactu-
ators. Representative stimulus methods and printable materials for TPP-based microac-
tuators were introduced in detail. While considerable efforts have been made toward the
practical applications of 3D printed microactuators, further advancements are still needed
in the control and functionalization of microactuators. In this regard, several research
opportunities can be taken into consideration. Firstly, the cooperative control of multi 3D
printed microactuators will dramatically enhance their performance and promise benefits
in performing coordinated tasks. The collective behavior of fish and the metachronal
coordination of cilia array demonstrate the remarkable swarming intelligence of the bio-
logical world and provide fruitful inspiration for microactuator systems. A multi-agent
actuator system that can be fabricated by high-throughput 3D printing techniques and
advanced control algorithms are needed to achieve the emergent behaviors of the system.
Secondly, further research and improvement of smart materials and 3D printing techniques
are demanded to fabricate complex actuation systems with programmable and reconfig-
urable magnetic, acoustic, and mechanical properties such as a magnetic domain, acoustic
impedance, and stiffness. The systems with tailored properties will enable them to adapt to
different environments. Lastly, the integration of microactuators with an imaging modality
will promote their practical application, especially for tasks in biological environments. The
localization of microactuators in confined space is essential to execute real-time feedback
control and ensure their safe operation. By doping imaging agents such as bubble or
iron oxide nanoparticles during the 3D printing process, microactuators can be applied in
clinical diagnostics.

In spite of the gaps to be filled, encouraging results are blooming with a growing
number of enthusiastic researchers. It is believed that, with the rapid development of smart
materials and advanced processing technologies, successive TPP fabrication will find broad
applications in prototyping 3D microactuators employed in several fields.
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