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In the last decades, additive manufacturing (AM), also called three-dimensional (3D) printing, has
advanced micro/nano-fabrication technologies, especially in applications like lightweight engi
neering, optics, energy, and biomedicine. Among these 3D printing technologies, two-photon
polymerization (TPP) offers the highest resolution (even at the nanometric scale), reproduc
ibility and the possibility to create monolithically 3D complex structures with a variety of ma
terials (e.g. organic and inorganic, passive and active). Such active materials change their shape
upon an applied stimulus or degrade over time at certain conditions making them dynamic and
reconfigurable (also called 4D printing). This is particularly interesting in the field of medical
microrobotics as complex functions such as gentle interactions with biological samples, adapt
ability when moving in small capillaries, controlled cargo-release profiles, and protection of the
encapsulated cargoes, are required. Here we review the physics, chemistry and engineering
principles of TPP, with some innovations that include the use of micromolding and microfluidics,
and explain how this fabrication schemes provide the microrobots with additional features and
application opportunities. The possibility to create microrobots using smart materials, nano- and
biomaterials, for in situ chemical reactions, biofunctionalization, or imaging is also put into
perspective. We categorize the microrobots based on their motility mechanisms, function, and
architecture, and finally discuss the future directions of this field of research.

1. Introduction
Three-dimensional (3D) printing or additive manufacturing (AM) has revolutionized the manufacturing industry in the last de
cades. The technology originated in 1983, when Charles Hull proposed the stereolithography method [1], allowing the production of
complex 3D structures with flexibility in design, significant material savings, and short fabrication times. The range of polymers which
are covered by AM includes thermoplastics, thermosets, elastomers, hydrogels, functional polymers, polymer blends, composites, and
biological materials. These materials can be processed by different manufacturing methods including VAT photopolymerization
(stereolithography), powder bed fusion (selective laser sintering SLS), material and binder jetting (inkjet and aerosol 3D printing),
sheet lamination (Laminated object manufacturing LOM), extrusion (Fused filament fabrication FDM, 3D dispensing, 3D fiber
deposition, and 3D plotting), and 3D bioprinting [2]. But most of these techniques lack printing resolution at the micrometer or sub* Corresponding author.
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micrometer scale [3]. To overcome this limitation, two-photon polymerization (TPP) appears as a versatile fast prototyping way to
cure photo-sensitive materials effectively with high spatial resolution [4]. But most importantly, TPP can generate complex geometries
that otherwise would be difficult to achieve by conventional fabrication methods such as template-guided electrodeposition [5,6],
layer by layer assembly [7], strain engineering [8], and chemical synthesis [9,10]. By combining TPP with emerging smart/intelligent
materials, a new avenue to fabricate untethered microrobots with the ability to change shape or function under external or local stimuli
over time has been explored. 3D-printed microrobots made of conventional polymers retain the same shape and properties during their
entire product life. In contrast, 4D-printed microrobots include time as a fourth dimension, with shape-morphing capabilities in a
predefined way by responding to stimuli such as temperature, force, shear, pH, light, and electric/magnetic radiation [11–13]. 4D
lithography incorporates these intelligent responses to preprogrammed designs based on the controllable transforming mechanism of
smart materials to accomplish desirable architectures and functions for a variety of applications. In this Review article we focus on
microrobots fabricated by 3D and 4D lithography techniques enabling multifunctional robotic tasks like gentle cell micromanipula
tion, triggered cargo transport-delivery and in vivo traceability, which require costumized 3D architectures made of a particular
functional material. We discuss fabrication strategies, employed materials, locomotion principles and applications. Available and
tested materials for two-photon lithography are also described in detail highlighting some of the most representative works in the field
of microrobotics.
2. Fundamentals
2.1. Introduction to two-photon lithography (3D laser lithography)
3D laser lithography, known as Direct Laser Writing (DLW), is a technique that allows the fabrication of freestanding threedimensional photo-patternable micro/nano-structures with arbitrary complex designs [14,15]. In DLW, a focused near-infrared
(NIR) laser beam is moved along programmed trajectories within a photoresist volume to locally expose the material. The exposure
occurs only within a small, three-dimensionally confined volume around the geometrical focal point of the laser referred to as “voxel”
(equivalent to the pixel in 2D).
The DLW method was first published in 1997 [16], and since 2007, DLW printing systems have been commercially available from
different companies. The mechanism of DLW is based on solidification of the photo-patternable resist by two-photon absorption (TPA)
and radical polymerization [4,16]. The theory of simultaneous TPA was first described by Maria Göppert-Mayer in 1931 [17] and
experimentally demonstrated in 1970’s [18]. In the 1980’s, solid-state femtosecond pulsed lasers greatly simplified TPA in the lab
oratory by providing sufficiently intense light, and two-photon polymerization (TPP) began to be embraced as a lithography technique
[19]. TPP consists of three steps: the initiation step, where photo initiators (PIs) are brought into the excited state by absorption of two
photons producing free radicals; the propagation step in which the radicals produce monomer radicals; and finally, the termination step,
where two monomer radicals are combined and the photopolymerization finalizes. For more details on the physics we refer the reader
to a couple of recently published reviews [3,20].
In the literature, TPP is also described as two-photon-absorbed photopolymerization [16,21], two-photon induced polymerization

Fig. 1. Schematic of different lithography approaches to generate microstructures in 2, 2.5, 3 and 4 dimensions, a) conventional 2D photoli
thography, producing 2D structures of identical heights; b) gray-tone photolithography for creating non-freestanding 2.5D structures with different
heights; c) two-photon polymerization approach with two different possible writing methods (Direct Laser Writing DLW, and Dip-in Laser
Lithography DiLL) to fabricate 3D tiny structures; and d) 4D lithography 3D structures made of materials responding to an external stimulus.
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[22,23], two-photon lithography [24], two-photon laser scanning photolithography [25,26], or 3D laser scanning photolithography
[27], which differs from multi-photon polymerization (MPP) where three or more photons are simultaneously absorbed by the
photoresist molecules [28-30].
Many of today’s micro/nano-fabrication methods, like electron-beam lithography, are limited to planar 2D structures, which is
often not sufficient for important nanotechnology applications when full 3D structures are required (Fig. 1a). Furthermore, for other
microfabrication methods such as diamond milling or gray-tone lithography, the final prototype is considered 2.5 dimensional, as it
can be fabricated with different heights or cross sections through layer-by-layer lithography (Fig. 1b) [31]. However, these techniques
are not considered true 3D manufacturing methods because they are limited to the number of layers, cannot produce undercut
structures, and in most cases a mask is needed.
Contrarily, DLW overcomes the restrictions of 2D and 2.5D methods, by allowing the fabrication of free-standing structures with
high aspect ratios, sharp edges and complex 3D geometries from several millimeters down to a few hundred nanometers in a single
processing step without the need of a mask (Fig. 1c) [32,33]. Finally, DLW using smart materials that experience conformational
changes over time has created a new dimension, nowadays referred to as 4D lithography (Fig. 1d).
2.1.1. Writing principles of two-photon lithography
In DLW, a photosensitive material is exposed to visible, ultraviolet (UV), infrared (IR) or near infrared (NIR) laser light to create 3D
micro/nano-structures [34-36]. One of the most convenient and popular NIR light-assisted 3D printing technologies is TTP, where a
NIR pulsed femtosecond fiber laser source (e.g., center wavelength ~ 780 nm, pulse frequency ~ 100 fs and 80 MHz) passes through a
transparent photosensitive material, directly writing structures into the very same. There are two main printing configurations that can
be found in TTP depending on the purpose and used photoresist. First, dip-in laser lithography (DiLL), where the microscope objective
is directly dipped into the photoresist (Fig. 1c, DiLL mode -right side). Second, the oil immersion configuration, also referred to as
conventional DLW, where the laser beam is focused through the substrate into the photoresist through an oil interface. The oil is
immersed between the microscope objective and the substrate to compensate any refractive index mismatch obtaining a muchimproved focus on the substrate/resist interface as shown in Fig. 1c, DLW mode – left side.

Fig. 2. a) Setup of a two-photon lithography system (CDD: charge couple device, PBS: Polarizing Beam Splitter, PZT: Piezoelectric stage). Adapted
with permission [15], Copyright 2010, Elsevier; b) PiezoScanMode. All programmed coordinates are addressed by the piezo that is moving the stage;
c) GalvoScanMode. High speed writing. All programmed coordinates are addressed by the galvo-controller that is moving the focus spot of the laser.
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Table 1
Available materials for two-photon lithography.
Monomer

Tone

Crosslinker/Photoinitiator/Dye

Solvent/Developer

Comments

Ref.

SU-8

Contains eight epoxy functional
groups

Triaryl sulfonium hexafluoroantimonate

[45-47]

Urethane acrylate-based
oligomer
Zirconium–silicon
hybrid [organic–inorganic
(HOI)] sol–gel photopolymer
Commercialized mercapto
ester-based photocurable
adhesives b
Inorganic-organic hybrid
polymer

Gammabutyrolactone (GBL) or cyclopentanone /
Propylene glycol methyl ether acetate (PGMEA): -used
also as solvent-, mr-Dev 600
Chloroform / Ethanol

Commercial

SCR-500

Epoxy-based
negative
photoresist
Negative
photoresist
Negative
photoresist

Commercial

[48,49]

Commercial

[50]

Negative
photoresist

Bis(2,4,6-trimethylbenzoy) phenylphosphine
oxide (Irgacure 819) / 4-(dicyanomethylene)-2methyl-6-(4-dimethylaminostyryl)-4H-pyran dye
Trimethylolpropantriacrylat (TMPTA) / diphenyl
(2,4,6-trimethyl-benzoyl) phosphine oxide; ,3,5trisIJ2-(9-ethylcabazyl-3)ethylene)benzen
SU-8/Rho c

Alcohol or Acetone / Methylene chloride

Commercial

[49,51]

3-(Mercaptopropyl) methyldi-methoxysilane (MMS) /
methyl isobutyl ketone (MIBK), mr-Dev 600

Commercial

[52-54]

Propylene glycol methyl ether acetate (PGMEA) -used as
solvent and developer-/, mr-Dev 600

Commercial

[45,55-61]

Melamine cross-linker (for negative resists) /
diazo-naphthoquinone (DNQ)
sulphonate

Acetone, Isopropoanol, or Ethanol / Metal Ion Free
(TetraMethylAmmoniumHydroxide) TMAH-based
developers; Inorganic developers

Commercial

[62-64]

Silane crosslinker/ Irgacure 369 or 819/ 7diethylamino3-thenoylcoumarin (DETC) dye
2-Hydroxy-2-methyl-1-phenyl-propan-1-one

Acetone, Isopropanol, or Ethanol / Methyl isobutyl
keton

Needs
preparation
prior use
Needs
preparation
prior use
Needs
preparation
prior use

[46,47,77,78]

SZ2080
NOA-61
OrmoComp®
IP-resist

Negative
photoresist

PETA

Pentaerythritol triacrylate

PEG

Polyethylene glycol (PEG 258),
PEG diacrylate (PEG 700)

Negative resist

PEGDA

Polyethylene glycol diacrylate
precursor solution

Negative resist

4
AZ-resist

2-(hydroxymethyl)-2-[[(1oxoallyl)oxy]methyl]-1,3propanediyl diacrylate (for IPDip)
Acrylic-based monomers

a
b
c

Negative
photoresist
1. DNQ-based
positive and
image reversal
resists
2. Non-DNQbased positive
resists
3. Cross-linked
negative resists
Negative resist

2,7-dibromo-9,9-diethylhexyl-9H-fluorene,
diphenyl(4-vinylphenyl) amine photosensitizer
4,4′ -bis (diethylamino)-benzophenone

Acrylates functional group / 2-hydroxy-40
-(2-hydroxyethoxy)-2-methylpriophenone;
Irgacure photoinitiator

Institute of Electronic Structure and Laser (IESL) FORTH, Greece.
Norland Optical Adhesives (NOA), Cranbury, NJ, USA.
SU-82002 mixed with Rhodamine B.

1-propanol / IESL FORTH developer

a

TE buffer (TE is derived from Tris, a pH buffer, and
EDTA, a molecule that chelates cations) / Ethanol
solution containing 0.05% Tween 20
Methanol / mr-Dev 600

[79,80]
[81,82]
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The details of a TPP optical setup are customized for each individual application, but the basic components and settings are similar
[15]. A laser beam which is typically generated by a Ti:sapphire laser with tunable output power (Fig. 2a) is expanded by lenses that
reduce the light divergence and improve focusing the light into the photoresist by using a high-numerical aperture objective (typically
1.4). The exposure time is controlled by a shutter. In order to induce two-photon polymerization in 3D, different positioning strategies
within the TPP system are used; Piezoelectric positioning for high resolution writing with a positioning accuracy of about 10 nm within a
writing area of 300 μm, Galvanostatic positioning for high speed writing with a positioning accuracy and writing area that depend on the
objective in use, and Mechanical positioning for coarse writing with a positioning accuracy in the range of 1.5 μm on an area size defined
by the maximum writing area on the substrate surface [37]. The schematics of different scanning modes (related to the positioning
strategy) of two-photon lithography systems are depicted in Fig. 2b,c.
With the aim of achieving high precision in the fabrication of micro- and nanostructures, several studies have been conducted. Laser
power, exposure time and numerical aperture (NA) of the objective as well as the employed materials and polymerization dynamics are
the key parameters that affect the voxel size, thus the printing/writing resolution. Therefore, some modifications to improve resolution
and reach submicrometer voxel sizes have been suggested, for example by reducing the NA of the objective and the exposure time [38].
The latter is possible when highly sensitive photoinitiators are employed, thus reducing the diffusion of radicals from the focused zone
[39]. The waveform of the light source has an influence on the ellipsoidal shape of the voxel, which can be tuned for example by using
wave front shaping strategies [40]. Galvanostatic and piezoelectric actuation come with mechanical inaccuracies, which can be
alleviated by for example employing large overlapping between voxels during writing. This will also reduce the roughness of the
structure which is especially important for applications such as microoptics and metamaterials [41]. Another strategy is the use of
radical quenchers instead of monomers, which can inhibit the effect of radicals in the surrounding region of the focus area reducing the
polymerized volume or voxel size [42]. A similar effect is achieved by employing two laser beams, one that induces the photopolymerization while the other inhibits radicals around the central excited zone (this is also called stimulated emission depletion –
STED- lithography) [43]. Finally, shape compensation methods have also shown promising results, for example, materials which
shrink in one or more dimensions after development. For more details about the different strategies to achieve sub-micrometric
resolution, we refer the interested reader to the following review articles [20,44].
2.1.2. Available materials in two-photon lithography
Based on the writing modes described above, the focal point of the laser can be moved in the photoresist by fixing sample position
and shifting the light beam through galvo-mirrors or changing the sample position during writing with a piezo or motorized stagebased movement. During this process, the exposed regions within the photoresist undergo a chemical reaction (free radical poly
merization) that makes the material robust against solvents.
Materials which can be written by two-photon lithography have raised new challenges as common photoinitiators (sensitive to UV
light) are not suitable for infrared- or near-infrared laser light. Two-photon absorption can only be used if the material is not prone to
one-photon absorption (i.e. transparent) at the laser wavelength. The photoresists typically consist of at least three components: A
monomer (basic units of polymers), a cross-linker (which binds the monomers) and a photo initiator (which absorbs light, initiating the
chemical reaction). When the photoresist is exposed to the light, the photoinitiator molecules are excited and generate radicals (e.g.,
via cleavage or charge transfer to other molecules). The number of radicals that have been generated within the same volume element
is proportional to the local exposure dose and the materials properties. Radical polymerization can be described by a three-step re
action pathway; i) chain initiation, ii) chain propagation, and iii) chain termination. The radicals initiate the polymerization reaction
until the propagation of radical chains are terminated or no monomer is left over. Monomers with multiple polymerizable groups (e.g.,
multiple acryloyl groups) can not only form chains but also cross-linked polymer networks. This reaction continues as long as the
molecular weight of the polymerized network has reached a threshold value.
Commercial photoresists such as SU-8 [45-47], SCR-500 [48,49], SZ2080 [50], Norland Optical Adhesive NOA-61 [49,51],
OrmoComp® [52–54], IP-Dip [55–57], IP-S [58,59], IP-L [45,55,60,61], IP-G [60,61] and AZ-resist [62–64] have been widely used in
two-photon polymerization microfabrication, and selectively cured with arbitrarily programmed topographies (see Table 1). The
common photoresists pentaerythritol triacrylate (PETA), polyethylene glycol (PEG) derivatives such as Poly(ethyleneglycol)diacrylate
(PEGda), acrylate-based polymers and vinyl ester-modified monomers are also appealing for biomedical applications due to their
biocompatibility and biodegradation capability [65–68].
For biomedical microrobots, where biocompatibility, biodegradability, stimuli-responsiveness and immunogenicity are of crucial
importance, appropriate types of photo-patternable materials should be considered. For instance, polysaccharides (e. g. hyaluronic
acid) [69], proteins (e.g., bovine serum albumin (BSA), fibronectin, and collagen) [70] and gelatin [68] have been investigated as
“natural hydrogels” [54]. Likewise, hydrogel-based polymeric networks have attracted attention because of their water-swelling
function and easy degradation by water-soluble enzymes via hydrolysis, solubilization, and/or erosion mechanisms [71]. Liquid
crystal elastomers (LCEs) are also interesting materials for TPP polymerization as they can be functionalized with photoactive mol
ecules which can be excited for example with structured light to produce microrobots with multiple degrees of freedom [72]. Poly
esterurethanes [73] and copolyesters [74] are also considered smart copolymers as they can respond to various stimuli, comprising
physical triggers, inducing functions such as self-assembling, self-folding, and self-healing [75]. Finally, shape-memory polymers in
combination with embedded nanomaterials offer the opportunity to produce smart composites with multifunctional properties [76].
All the above mentioned photoresists have their respective solvents and developers which are listed in Table 1 [77–82].
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2.2. Engineering (preprogrammed designs)
DLW via two-photon polymerization offers the potential to create 3D objects with nanoscale precision directly from computeraided-design (CAD) or by programming the trajectory of the laser in three dimensions following a determined geometry by means
of a programming language (i.e. C++, visual basic, device dedicated software). The simplest way to fabricate 3D structures using this
technique is first to design the desired object/geometry in a CAD software (i.e. Solid Works, Solid Edge, Inventor) and save it in an .STL
file (surface geometry of the object, very often used for diverse 3D printing and stereolithography fabrication methods). The .STL file is
then sliced into different planes and the spaces between slices are filled with hatching lines. In the end, a final smooth-surfaced model is
obtained defining the writing parameters. All these parameters (which might vary among the employed systems) define the most
efficient trajectory the laser of the lithography system should follow to accurately reproduce the designed geometry. The whole process
is schematically outlined in Fig. 3.
3. Micromotility
Even before the upsurge of device miniaturization and microfabrication in the past century, the realization of motion at the
microscale has been identified as a peculiar problem of physics in the light of nature’s solutions which often proved radically different
to macroscale machines made by humankind. Understanding the physics at low Reynolds numbers, that is, when viscous drag
dominates over inertia, and drawing on the inspiration from nature’s most successful motile micro-organisms (e.g. bacteria and
protozoa), microscopic artificial squirmers, swimmers and crawlers have been enthusiastically developed. These microscopic devices
have been created for on-chip applications such as sorting, mixing, assembly, and sensing. But there are also numerous off-chip ap
plications, for in vivo biomedical operations such as diagnosis, microsurgery and drug delivery, or for large-scale environmental
remediation applications. In general, the term “micromotors” is used to refer to such motile agents, whose locomotion principle can be
classified into three categories: chemical, physical and biohybrid [83]. The term “microrobot” is often used when the agent can
perform a task in an autonomous or preprogrammed manner. In the following, different mechanisms of motion are introduced by
looking at examples of micromotors and microrobots fabricated by TPP (Fig. 4). Here, the main advantage of TPP is the possibility to
fabricate arbitrary shapes for optimized propulsion and actuation, but also other aspects are discussed.
3.1. Magnetic micromotors
3.1.1. Chiral propellers
Engineering an on-board power supply and motor unit that can propel a micro- or nanodevice autonomously remains a challenging
task. Energy for propulsion at this scale usually needs to be harvested from chemical fuels or is supplied externally by light [84],
ultrasound [85], electric [86] or magnetic fields [87]. For instance, chiral microstructures move by responding to a time-varying
magnetic field. If this response assumes a non-reciprocal motion (to overcome frictional forces at low Reynolds numbers), the
micromotor propels forward through the liquid medium. To translate the input of an oscillating or rotating magnetic field into nonreciprocal motion, a 3D chiral architecture is required. TPP is particularly well-suited to create complex geometries, and magnetically
actuated chiral propellers are the most popular micromotor units fabricated by TPP. The first chiral microswimmer produced by TPP
was a helical corkscrew propeller [88] as shown in Fig. 5a,i. This propeller relied on a design previously proposed and realized by
strain-engineered 2D lithography and self-assembly [89,90], glancing angle deposition (GLAD) [91], and 2D lithographic patterning of
a nanocomposite hydrogel (including magnetic nanoparticles) [92]. However, the implementation of TPP brought along many ad
vantages that have been decisive in making this type of micromotor an archetype in the field. An important and immediate feature
enabled by TPP was the monolithic integration of a head structure at the top of the helical body which allows to capture, transport and
deliver microparticles in a convenient way [89]. The ability to easily vary the geometry of the micromotor served to optimize the
swimming performance of the micropropellers by, for instance, adding mastigoneme-inspired appendages to the helix body [93]

Fig. 3. Conversion process from a CAD file to a general writing language file which is addressable with two-photon lithography systems prior to
printing. The design starts with a 3D CAD model (STL file), which is imported to the 2PP system programming software. Once the file is converted
into the 2PP dedicated format, it is sliced into several layers (depending on the required resolution and structure size), followed by a hatching step to
fill in the bulk of the structure. In the end the final prototype is a close replicate of the initial CAD design. .
Adapted from: https://www.photonics.com/Articles/Ultraprecise_3D_Microprinting_for_Optical_and/a64047
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Fig. 4. Micromotility of different types of 3D/4D micromotors. a) physically-propelled micromotors: magnetic micromotors which move by external
magnetic fields; acoustic-driven micromotors which employ sound waves to produced local oscillations or pressure fields which propagate against
the micromotor movement direction; optical/thermal-driven micromotors that employ light at different wavelengths which is absorbed by the
micromotors material, producing a local heat gradient which leads to thermophoretic motion; b) catalytic or chemical micromotors, which locally
react with the surrounding environment, generating sub-products which are released by one side of the microstructure. Such chemical reactions can
be triggered or enhanced by physical stimuli (e.g. light, magnetism, ultrasound). Finally, c) bio-hybrid micromotors, which employ motile cells or
microorganisms for propulsion while the synthetic component is used for their guidance or cargo-delivery tasks.

(Fig. 5a,ii) or by investigating a more screw-like design without lumen but a solid core [47] (Fig. 5a,iii). A different aspect of
micromotors fabricated by TPP is the introduction of superparamagnetic composite resists, i.e., dispersing magnetic nanoparticles
(MNPs) into the liquid polymer photoresist. This is an important advantage for the one-step fabrication process because it avoids a
second metal coating step of the patterned structures as was pointed out before in an early work on microscopic rotors and helices
made from pentaerythritol triacrylate (PETA) containing MNPs [46,47,78]. Surface properties such as hydrophobicity, corrosion
resistance and possible functionalization with molecular moieties also play an important role towards applicability. Different materials
and coatings have been employed for chiral propellers, from standard resists such as SU-8 [46,47,78,88,93-97], to SZ resists [98] and
OrmoComp [99], a particularly non-cytotoxic, biocompatible photoresist [99]. For applications, a number of material and structural
variations of the standard metal-coated polymer microhelix have been tested, and some important examples are listed in Table 2.
Helices with a pointed head on each end of the helix [95], conical helices consisting of a hollow filament body (Fig. 5a,iv) [98], with
only one single winding (Fig. 5a,v) [96], and helices in the shape of a porous screw with a needle head (Fig. 5a,vi) [97] have been
conceived in order to realize manipulation and delivery tasks at the microscale in a variety of liquid media, ranging from water and cell
culture media to high-viscosity fluids such as methyl cellulose (MC) solutions.
3.1.2. Rollers and tumblers
A way to realize non-reciprocal motion without relying on a chiral architecture is to take advantage of interactions between the
micromotor and a surface [90]. A crawling, tumbling, or rolling device can be built quite simply by two-photon lithography [100-105].
A type of surface-mediated propulsion is the rolling motion of cylindrical or spherical microstructures, actuated by a rotating magnetic
field. An early report of a micromotor of this kind fabricated by TPP consisted of a cylindrical 3D grid structure that could roll or be
dragged by an external magnetic field [100] (Fig. 5b,i). The grid structure with tuned pore size can be employed for tissue engineering
enhancing cell growth. Helical swimmers with two tails with multimodal motion mechanism (rolling and tumbling) (Fig. 5b,ii) [101],
hexahedral scaffold blocks [100], cylinders [100,105], but also spheres [106] and burr-shaped structures [102] (Fig. 5b,iii) have also
been fabricated with magnetic coatings toward this purpose. Another mode of surface-mediated propulsion is tumbling [90], in which
the structure body with at least two contact points was propelled by means of an external rotating magnetic field. For example,
microtubes with a tapered middle part [104] (Fig. 5b,iv) feature this type of propulsion. Rolling and tumbling as well as corkscrew
propulsion can be achieved by one and the same structure, depending on shape, magnetization and rotation frequency of the rotating
magnetic field. A unique combination of rolling and tumbling has been reported with TPP-fabricated spiral- and star-shaped structures
actuated by a rotating magnetic field (Fig. 5b,v) [103,107]. These micromotors comprise motion and function – motion through an
external magnetic field, and function which is the capability of capturing and transporting microparticles – in a tailored architecture
7
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Fig. 5. Micromotility of different types of magnetic micromotors. a) SEM images of chiral propellers; i) helical micromotor with a microholder.
Adapted with permission [88], copyright 2012 John Wiley & Sons, ii) artificial helical microswimmer with mastigonemes. Adapted with permission
[93], copyright 2013 AIP Publishing, iii) superparamagnetic twist-type actuator. Adapted with permission [47], copyright 2014 John Wiley & Sons,
iv) hollow microhelix fabricated by a computer-generated hologram (CGH). Adapted with permission [98], copyright 2019 John Wiley & Sons, v)
single helical turn micropropeller. Adapted with permission [96], copyright 2016 IEEE-RAS, vi) needle-type microrobot. Adapted with permission
[97], copyright 2020 John Wiley & Sons; b) SEM images and schematic of rollers and tumblers; i) cylindrical-shaped microrobot. Adapted with
permission [100], copyright 2013 John Wiley & Sons, ii) multiflagella artificial bacterium (MAB). Adapted with permission [101], copyright 2018
Elsevier, iii) a burr-like microrobot. Adapted with permission [102], copyright 2018 AAS, iv) biconical microtube. Adapted with permission [104],
copyright 2019 John Wiley & Sons, v) schematic of three different micromotors with spiral-like geometry: 4-armed, and 3-armed star-shaped.
Adapted with permission [103], copyright 2019 IEEE-RAS; c) optical and SEM images of flexible flagella-based microswimmers; i) fish-like
microswimmer with a moving rigid fin. Adapted with permission [109], copyright 2018 IEEE, ii) undulatory microswimmer with multiple rigid
segments. Adapted with permission [110], copyright 2019 John Wiley & Sons, and iii) ciliary microrobot. Adapted with permission [111], copyright
2016 AAS..

that can be scaled easily to fit to different cargo sizes. Different micromotor shapes, sizes, materials, and modes of motion are sum
marized in Table 3 with their respective maximum average speeds.
3.1.3. Flexible flagella
A third type of non-reciprocal motion can be achieved by the magnetic actuation of flexible, shape-varying oars, inspired by
eukaryotic flagella that obtain chirality via elastic undulation. This can be realized in two ways: with an elastic material beam or with a
chain of rigid segments that can move relative to each other, connected by hinges. Both concepts rely on the following advancements in
TPP: Development of elastic photoresists and multiple interconnected components. Elastic cantilever beams, cross-springs and helical
spring joints were fabricated from SU-8 by TPP [108]. Elasticity of a material which is used to induce propulsion has been demon
strated with oscillating beams attached to an ellipsoid body mimicking ciliated microorganisms (Fig. 5c). Structures with a head and
the caudal fin were also created. The parts were connected by a single joint allowing the free-standing fin to oscillate around the head
and generate propulsion (Fig. 5c,i-ii) [109,110]. Underscoring this undulatory propulsion mode, these micromotors could serve as a
promising tool for a wide range of applications such as medical diagnosis and treatment in precision medicine. Another example of
micromotors mimicking the propulsion mechanism of microorganisms is a cilia-based microstructure inspired by a paramecium as
shown in Fig. 5c,iii [111]. This micromotor is made of a rigid body surrounded by eight elastic beams which are actuated magnetically,
exhibiting non-reciprocal beating patterns that lead to the micromotor forward motion through the produced traveling waves. The
8
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Table 2
Magnetic micromotors: Chiral propellers.
Shape

Length or
Diameter (Ø) in
μm

Average velocity [μm.s¡1]/Magnetic
field frequency [Hz]/ Magnetic field
strength [mT]

Resist (coating)

Feature

Ref.

Helices with and
without claw
head
Helices with and
without cube
head
Helices with
appendages
Helix

4–65

180/60/4

IP-L or SU-8 (Ni/
Ti)

Transport of PS particles

[88]

16.8

3/4/8

SU-8/MNPs

Superparamagnetic composite

[46]

90–100

85/20/2 to 7

SU-8 (Ni/Ti)

Mastigoneme-inspired appendages

[93]

15.7

18/30/9

Non-cytotoxic and biocompatible

[99]

Helices and screws

60

74/14/5

OrmoComp (Fe
or Fe/Ti)
SU-8/MNPs

[47]

Helix
Helix with two
pointed heads
Helices

10–33
55

8/8/3 to 9
55/130/12

SU-8/MNPs
IP-G (Cr/Ni)

Superparamagnetic composite, singleand double-twist architectures
Superparamagnetic composite
Transport of SiO2 particle

12–82

100/100/3

Scaled single windings

[96]

Hollow conical
helices
Helical scaffold with
needle

45–75

160/40/2

IP-Dip (Ti/Ni/
Ti)
SZ2080 (Ni/Ti)

SiO2 and AgNP-loaded

[98]

300

700/18/20

IP-S (Ni/TiO2)

Scaffold architecture

[97]

[78]
[95]

Table 3
Magnetic micromotors: Rollers and tumblers.
Shape

Length or
Diameter (Ø) in
μm

Average velocity [μm.s¡1]/ Magnetic field frequency
[Hz]/ Magnetic field strength [mT] or Magnetic field
gradient [T.m-1]

Resist
(coating)

Feature

Ref.

Cylindrical and
hexahedral
scaffolds
Two-tailed helix

144–160

50/0.8 [T.m− 1]

SU-8 (Ni/Ti)

Dragging and
rolling motion

[100]

35

123/up to 55/6 [mT]

IP-G (Cr/Ni)

Rolling and
tumbling motion
Dragging motion
Rolling and
tumbling motion

[101]

Dragging and
tumbling motion
Rolling motion

[104]

Burr-shaped scaffold
Spiral- and starshaped
containers
Concave and tapered
tubes
Cylindrical scaffold

160–320 (Ø)
353–463 (Ø)

− 1

SU-8 (Ni/Ti)
OrmoComp
(Ta/Fe/Ta)

35–75

1500/20 [T.m ]
160 (3-armed)
140 (4-armed)
2000 (spiral)/25/20 [mT]
13.4/Unspecified

42

85.56/7/22 [mT]

SiCN (MNPs)

SZ2080/MNPs

[102]
[103,107]

[105]

flexibility can be achieved either by employing an elastic material, or by employing hinges or joints that connect rigid links, similar to
the construction of a chain. The relevant micromotor types are summarized in Table 4.
3.2. Acoustic micromotors
Acoustically propelled micromotors are driven by ultrasound. The micromotors resonate in response to an externally applied ul
trasonic wave and do not rely on a specific geometry in order to move forward. However, they need to be susceptible to ultrasound, i.e.
consist of an echogenic material. Acoustic micromotors fabricated by TPP meet this requirement through the incorporation of an air
bubble into the micromotor’s architecture, which is trapped upon immersion of the device into a liquid medium. This trapping is
achieved reliably with a tailored cavity design and appropriate surface engineering. Simple block-shaped micromotors with a conical
Table 4
Magnetic micromotors: Flexible flagella.
Shape

Length or Diameter
(Ø) in μm

Average velocity [μm.s¡1]/ Magnetic field
frequency [Hz]/ Magenic field strength [mT]

Resist
(coating)

Feature

Ref.

Ciliated ellipsoid

220

340/60/9.5-12

150

Unspecified/0.5-1.5/Unespecified

8 lateral elastic oscillating
cilia
Solid fin flapping on hinge

[111]

Head with hinged
fin
Chain of hinged fin
segments

IP-Dip (Ni/
Ti)
SU-8 (Ni)

120

30/7/50

IP-L (Ni)

Undulating flagellum of 4
solid hinged segments

[110]

9

[109]
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cavity were demonstrated to propel efficiently by kHz ultrasound activation [80]. These studies inspired the development of a hovering
micromotor with a cuboid shape and a spherical cavity [112]. More recently, bullet-shaped architectures were presented as acoustic
micromotors, with a Ni layer deposited on them to enable magnetic directional control [85,113] (Fig. 6a,i-ii). Despite their projectile
shape, these micromotors depend on close interaction with the substrate surface to move forward, similar to the tumbling micro
motors. The contact of a section of the micromotor to the surface induces a torque or force which is predominant in one direction
leading to the forward motion of the micromotor [85]. Likewise, hollow spherical acoustic micropropulsors were developed (Fig. 6a,
iii) [114]. These hollow structures contained a trapped bubble which vibrates at a single ultrasonic wave, generating collective flows
which can be used for micromixing purposes. All ultrasound-propelled micromotors fabricated by TPP are listed in Table 5.
3.3. Catalytic engines
Catalytic engines, i.e. micromotors propelled by chemical reactions [8,9,115,116] are featured in a substantial body of literature

Fig. 6. Micromotility of different types of acoustic and catalytic micromotors. a) acoustic micromotors: i) SEM image of an anisotropic microrobot.
Adapted with permission [85], copyright 2020 NAS, ii) false-colored scanning electron microscopy image of a tubular microswimmers (with Au
layers). Adapted with permission [113], copyright 2019 AAS, iii) bubble-based acoustic single micropropeller. Adapted with permission [114],
copyright 2017 RSC; b) catalytic engine: i) SEM images of swimming microrobots with serrate tails; single, double, three, and four-channel
microrobot. Adapted with permission [119], copyright 2018 RSC, ii) CAD design and optical microscopy images of a bullet-shape micro
swimmer with an inner cavity to produce jet bubbles for propulsion. Adapted with permission [120], copyright 2017 John Wiley & Sons, iii) tubular
catalytic micromotors with two engines. Adapted with permission [117], copyright 2016 IEEE, iv) toroidal-like microswimmer for transporting
numerous bimetallic nanorods. Adapted with permission [121], copyright 2019 Springer.
10
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Table 5
Acoustic micromotors.
Shape

Length or Diameter(Ø) in
μm

Average velocity [μm.
s¡1]

Resist
(coating)

Feature

Trapezoid with conical
cavity
Hollow spherical capsules

150–250

8000

PEG

18–36 (Ø)

–

OrmoComp

Cuboid with spherical
cavity
Hollow bullet

26

50–350,000

OrmoComp

7.5

2600

IP-Dip (Ni/Au)

Hollow bullet with fin

25

2250

IP-Dip (Ni)

Echogenic air bubble
cavity
Echogenic air bubble
cavities
Echogenic air bubble
cavity
Echogenic air bubble
cavity
Echogenic air bubble
cavity

Ref.
trapped in

[80]

trapped in

[114]

trapped in

[112]

trapped in

[113]

trapped in

[85]

and are often favored because of their unique autonomous motion behavior. However, as chemically propelled micromotors generally
do not require a complex device architecture, there have been only few examples of such devices fabricated by TPP. The typical tubular
catalytic microengine converts hydrogen peroxide (H2O2) into oxygen bubbles, which are ejected from one end of the tubular
structure. Here, the advantage of TPP is the possibility to provide the structure with a defined roughness, length and conicity, which
are critical parameters for the motion behavior of micromotors [117,118]. A more unconventional bubble-jet architecture was
explored by fabricating trapezoidal micromotors with a varying number of separate compartments for bubble generation [119]
(Fig. 6b,i). In another work, TPP was employed to functionalize the inner surface of bullet-shaped jet engines in a two-step process, a
technology that will be discussed in detail in Section 6 [120] (Fig. 6b,ii). TPP also allowed to fabricate tapered, corrugated and doublebarreled tubes providing a means to tailor bubble nucleation and therefore propulsion efficiency [117] (Fig. 6b,iii). This work illus
trates once more the capability of TPP regarding the quick and simple fabrication of prototypes, while altering one decisive parameter
across a range of samples. The last item in the list of catalytic micromotors fabricated by TPP, as summarized in Table 6, is a work that
demonstrated propulsion relying on H2O2, but by self-electrophoresis instead of bubble-jet propulsion. In this work, TPP was employed
to fabricate variations of tori with and without a cutaway resembling a dipped donut (Fig. 6b, iv) [121].
3.4. Optical micromotors
The energy of light can be converted to motion in numerous ways, therefore leading to various different kinds of optical micro
motors. Most light-driven micromotors fabricated by TPP are actuated through light-induced shape changes, by gradient forces
(optical tweezers) or by light-induced heat gradients. Complex device architectures, realized by TPP allow for complex motion and onchip manipulation of particles and cells. The first example of an optical micromotor fabricated by TPP did not rely on an optical
tweezer, but showed a walking motion owing to light-induced shape changes of its liquid crystal elastomer (LCE) legs [72] (Fig. 7a).
This is also the first example presented in this review where two different photosensitive materials were patterned by TPP in a two-step
process to form a single entity, a technique that will be discussed in detail in Section 6. Although there is an increasing number of
studies demonstrating the patterning of LCEs by TPP, the cited example is, to our knowledge, the only one that presents a micromotor.
Another micromotor actuated by optical tweezers uses lateral ball-like structures. This micromotor is able to capture and contain
spherical cargo (PS particles) owing to photothermal heating that leads to thermal convection guiding the cargo into the bottle-shaped
inner cavity [84] (Fig. 7b). Likewise, a shovel shaped microrobot actuated by optical tweezers (Fig. 7d) was suggested as an alternative
approach for cell manipulation [122]. Optical tweezers have also been employed for the assembly of pieces as screw and nut-shaped
microcomponents to be used as an optical microscrew-wrench [123] (Fig. 7e). Microdevices that can be controlled by optical tweezers,
fabricated from conventional TPP photoresists such as the IP resists, can consist of multiple components such as hinged platforms [124]
(Fig. 7f). Simple, monolithic barbell-shaped actuators were also reported [125], as well as an optical-driven microrocket with three
barrels, propelled by thermophoresis upon irradiation with near-infrared (NIR) light (Fig. 7c) [126]. These and the aforementioned
manipulators have been employed to handle red blood cells (RBCs) and cyanobacteria, respectively. All of these architectures feature a
number of spherical appendages that serve as handles for the light beam of the optical tweezer that is needed for actuation. The number
of handles, if known, is mentioned in Section 5. In Table 7 all the above mentioned optical micromotors fabricated via TPP are
Table 6
Catalytic engines.
Shape

Length or Diameter (Ø)
in μm

Average velocity [μm.
s¡1]

Resist
(coating)

Feature

Ref.

Smooth and tapered
corrugated tubes
Bullet with cylindrical cavity

15 – 30

ca. 41–85
27

Single- and double-barreled jets moving
in H2O2
Functionalized jet moving in H2O2

[117]

24

Serrated trapezoid
Glazed and dipped tori

65
3–7 (Ø)

1000
10–20

IP-Dip (Ni/Ti/
Pt)
PEGDA
–COOH/Pt
SU-8 (Ni/Pt)
IP-Dip (Ni/Pt)

Multichannel jets moving in H2O2
Janus self-electrophoresis moving in
H2O2

[119]
[121]

11

[120]
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Fig. 7. Micromotility of different types of optical micromotors. a) actuation of a microwalker under laser beam excitation. Adapted with permission
[72], copyright 2015 John Wiley & Sons; b) light-driven micro-tools equipped with a syringe function to capture and pump polystyrene beads due to
heat convection. Adapted with permission [84], copyright 2016 Springer; c) trajectory of micro-rocket robots in 50% glycerol solution under nearinfrared light illumination. Adapted with permission [126], copyright 2020 Springer; d) tele-robotic platforms with shovel-shaped end-effectors and
fork end-effector for cell transportation and manipulation. Adapted with permission [122], copyright 2019 MDPI; e) SEM images of an optical
screw-wrench micromotor, including the rotor and nut which are freely movable and can be assembled within the completed microsystem. Adapted
with permission [123], copyright 2017 Springer; and f) articulated untethered microrobots. Adapted with permission [124], copyright 2017 John
Wiley & Sons.

described.
3.5. Biohybrid systems
The inspiration by natural microswimmers such as bacteria and protozoa play an important role in the design of artificial
micromotors, although it has not been possible to reproduce the on-board power supply and motor units of these swimmers at the
12
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Table 7
Optical micromotors.
Shape

Length or Diameter(Ø) in
μm

Average velocity [μm.
s¡1]

Resist
(coating)

Feature

Ref.

Cuboid with four legs
Bottle-shaped container

60–100
40

380
–

LCE/IP-Dip
IP-L (Ti/Au)

[72]
[84]

Head hinged on base
Screw, rotor, and nut
Barbell-shaped actuator

25
8–28 (Ø)
16–20

–
–
10

IP-L
Femtobond 4B
IP-L

Shovel and tongs
actuators
Triple-barreled tube

19

100

IP-Dip

45

2800

SU-8 (Au)

Light-responsive walking motion
SiO2 and PS particle capture withfive
handles
Rotation and flapping on hinge
Fixation and rotation with eight handles
Cyanobacterium pushing with two
handles
RBC manipulation withthree and six
handles
Thermophoretic propulsion

[124]
[123]
[125]
[122]
[126]

microscale, yet. An intriguing approach toward robotic micromotors is to exploit microorganisms such as E.coli or sperm cells by
integrating them as natural motor units into a biohybrid microdevice. By TPP, the shape of synthetic components of such biohybrid
micromotors can be tailored in order to be coupled with microorganisms and provide a means to guide and exploit their motility to
perform tasks. The first micromotor taking advantage of TPP was not a motile propeller, but an array of cogwheels that were fixed to
the substrate and revolved upon being pushed by E.coli which were guided into tailored compartments of the rotor units [127]
(Fig. 8a). Genuine biohybrid microswimmers have been demonstrated with sperm cells and tubular [128] (Fig. 8b), bullet-shaped
[129,130] (Fig. 8c) or streamlined cap [131] (Fig. 8d) scaffolds, fabricated by TPP, for magnetic guidance. The scaffolds needed to
be tailored to fit individual sperm cells, including a mechanism to release the coupling between cell and synthetic part at will. This was
important as sperm were employed not only as motor units, but also as carriers of therapeutic cargo such as doxorubicin (DOX) to treat
cervical cancer [128,129]. A mechanical release mechanism was presented that employed four clasp-like, elastic arms at the front of
the scaffold to bend open to set the sperm free upon hitting the target, that is, the tumor tissue [128]. Especially in this work, the
strengths of TPP become apparent, allowing the fabrication of tailored microstructures with complex functional architectures to
interact with individual cells toward biomedical applications. In vivo applications such as targeted drug delivery, cell delivery, or
microsurgery will be discussed in detail in Section 4. Cell-driven biohybrid micromotors whose synthetic component is made by TPP
are listed in Table 8.
4. Applied architectures
For many applications, the ability to transport and deliver cargoes at the microscale is a major function of micromotors, for example
for biomedical applications such as targeted drug delivery or on-chip applications of micromanipulation and microassembly. In this
section, we discuss how TPP has enabled the fabrication of micromotor architectures that have been tailored for a specific function

Fig. 8. Micromotility of different types of biohybrid micromotors. a) SEM images of 3D static wheel-like micromotors propelled by bacteria.
Adapted with permission [127], copyright 2017 Springer; b) optical and SEM images of a tetrapod-like microstructure. Adapted with permission
[128], copyright 2018 ACS; c) optical and SEM images of a horn-cap. Adapted with permissions [129,130], copyright 2019 arXiv & 2020 ACS; and
d) optical and SEM images of a streamlined cap propelled by single sperm cell. Adapted with permission [131], copyright 2020 John Wiley & Sons.
13
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Table 8
Biohybrid systems.
Shape

Length or Diameter (Ø) in
μm

Average velocity [μm.
s¡1]

Resist (coating)

Feature

Ref.

Suspended cogwheel
Tube with four
clasps
Hollow bullets
Hollow horned
bullet
Streamlined cap

15.2 (Ø)
20

1.2 [rpm/cell]
50

SU-8
IP-Dip (Fe/Ti)

[127]
[128]

20–60
20

18
36

20

64.7

IP-Dip (Fe/Ti)
IP-Dip (Ti/Fe/Ti/
SiO2)
IP-Dip (Ti/Fe/Ti)

Cogwheel rotation by multiple E.coli
Propulsion by single bovine sperm
cell
Propulsion by human sperm cell(s)
Propulsion by bovine sperm cell(s)
Propulsion by single bovine sperm
cell

[131]

[129]
[130]

beyond motility, for example different strategies of cargo loading and release, complex interplays between multiple components and
sensing capabilities toward in vivo and in vitro applications.
4.1. Functionalized carriers
Biomolecules like antibodies or bioreceptors can be immobilized on the microrobot surface to target disease regions such as cancer
biomarkers or expressed cytokines. Another example is the use of enzymes or hydrophobic coatings which helps the microrobots to
reduce drag forces to be able to overcome biological barriers such as mucus, tumor extracellular microenvironment and the cellular
membrane [132,133]. Likewise, nanomaterials such as AuNRs or light-emitting semiconductor particles can be functionalized on the
surface of the microrobots to improve their tracking selectivity and sensitivity when operating under scattering tissues [134].
Wu and coworkers proposed a swarm of slippery micropropellers for the rapid intravitreal delivery of a concentrated cargo to the
defined region at the posterior pole of the eye where a tight macromolecular matrix acts as a barrier and prevents the penetration of
particles [132]. These micropropellers have a liquid layer coating that minimizes adhesion to the surrounding biopolymeric envi
ronment. Overcoming the adhesion forces of such microrobots promise practical applications in ophthalmology. For a similar purpose,
Cabanach and coworkers introduced a microrobot made of zwitterionic photoresists [133], which have anti-biofouling properties and
can prevent the recognition from immune cells.

Fig. 9. Surface-functionalized carriers. a) single-cell carrying scaffolds: i) proliferation and differentiation of neural stem cells carried by surfacefunctionalized conical microhelix after release. Adapted with permission [98], copyright 2019 John Wiley & Sons, ii) swarm of f-ABFs swimming
downward under the actuation of a rotating magnetic field (9 mT, 90 Hz) with 1.3 mm total movement of the swarm center of mass. Adapted with
permission [138], copyright 2015 John Wiley & Sons; and b) multiple-cell carrying scaffolds: i) schematic of degradable cell-laden soft microhelix to
induce neuronal cell differentiation. Adapted with permission [147], copyright 2020 John Wiley & Sons, ii) fluorescent image of microrobotic cell
transporter (MCT) with encapsulated cell. Adapted with permission [77], copyright 2019 John Wiley & Sons, and iii) manipulation of ceramic
microrobot with fibroblast cells using electromagnetic coil system. Adapted with permission [105], copyright 2019 John Wiley & Sons.
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Functionalization can also be used for loading the microrobots with therapeutic cargoes. For example, Qiu and coworkers created
magnetic titanium-coated ABFs with temperature-sensitive dipalmitoylphosphatidylcholine (DPPC)-based liposomes known as
“smart” drug carrier microrobots. The functionalized ABFs (f-ABFs) were able to incorporate both hydrophilic and hydrophobic drugs
and thermally trigger the release of calcein (a common drug analog) [135,136]. In another work, the same authors demonstrated
targeted and single-cell gene delivery to human embryonic kidney (HEK 293) cells using lipoplex functionalized ABFs (f-ABFs) loaded
with plasmid DNA (pDNA) in vitro [137]. To overcome limitations in drug loading capacity, Xin and coworkers fabricated hollow
conical microhelices for faster and simultaneous nanocargo (SiO2 and Ag) loading and release from the inner hollow core, as well as
transportation of neural stem cells (NSCs) by the outer surface toward in vivo applications such as hybrid drug delivery, targeted
therapy, and noninvasive surgery [98] (Fig. 9a,i). For in vivo applications, Nelson’s group described surface-functionalized f-ABFs with
near-infrared probes (NIR-797) for whole-body optical (fluorescence) tracking of a swarm of ABFs, in particular in the peritoneal
cavity of a mouse [138] (Fig. 9a,ii).
As another geometrical improvement in the field of tissue engineering, Lee and coworkers developed a nickel (Ni)/titanium oxide
(TiO2) coated needle-type microrobot (MR) to deliver drugs to a target microtissue (MT). They studied the drug release from the
paclitaxel-loaded MR at various flow rates in in vitro physiological fluidic environments [97]. Recently, Cabanach and coworkers
reported anti-biofouling and non-immunogenic stealth zwitterionic microrobots that avoid recognition from immune cells. This type of
micromotors is considered suitable for biomolecules encapsulation and drug delivery due to the surface functionalization [133]. These
microrobots can hide from detection by macrophage cells (innate immune system) for more than 90 h. Helices coated with zeolitic
imidazole framework also represent an interesting approach as it has biocompatibility characteristics as well as pH-resposive features,
allowing them to perform a controlled cellular cargo-release [139].
Another route is to incorporate biomolecules or nanomaterials within the material before lithography. For example, pNIPAM mixed
with AuNRs or magnetic nanoparticles were employed to induce local heating by IR light excitation, to release a drug or to cause a
conformation change of the material for actuation purposes [92,140]. In that case, the 3D and 4D lithography plays an important role
as not only the geometry is relevant but also the combination of the 3D geometry with the function of the employed material or
composite. Incorporating passive and active materials during the same fabrication would allow the production of microactuators with
multiple degrees of freedom. Moreover, it is possible to incorporate drugs or nanomaterials which can be locally excited to cause either
a change of pH or temperature, to trigger the expansion or contraction of the active material. This function is crucial for microma
nipulation tasks, e.g. to grab single cells in a gentle way for microbiopsy or in case of assisted fertilization to assist the transport of
sperm or zygotes to the fallopian tube (a very intricate and small channel where conventional tools do not have access to).
It is worth noting though that functionalization is not exclusive of 3D-4D printed structures, as it can be done onto structures or
micromotors fabricated by other routes (e.g. strain engineering, electrodeposition, electrospinning, etc.) [5,8,141]. We are also aware
that there are some alternative methods that allow to create 3D structures by combined techniques such as microfluidics and extrusion
[142], electrodeposition [143], or self-assembly of strain layers (also called origami) [144]. Especially the latter one can integerate
microelectronics, which can be equally important for fabricating untethered microelectronic robots [145]. However, certain appli
cations such as cellular cargo-delivery, microbiopsy, tissue engineering, also require complex 3D architectures such as asymmetric
helices, microcages, or spiral-like micromotors that are not possible to fabricate by the abovementioned techniques. Table 9 sum
marizes surface functionalized micromotors with different geometries and transported cargoes.
4.2. Multiple-cell carrying scaffolds
Beyond the adsorption of molecules, the adhesion of cells to motile microdevices bears a great potential toward applications in
tissue engineering and stem cell delivery. Here, the micromotor’s architecture is decisive, as it acts as a scaffold for the seeding and
proliferation of cells, and several devices have been fabricated by TPP, taking advantage of the offered design freedom that enables the
combination of motility and functionality.
Using TPP as a manufacturing method enables scientists to fabricate micromotors which serve as scaffolds for targeted tissue
engineering with complex geometry and a customized pore size. For instance, burr-like porous spherical structures are suitable to carry
MC3T3-E1 fibroblasts and mesenchymal stem cells (MSCs) [102] as well as hippocampal neural stem cells in the intraperitoneal cavity
Table 9
Surface-functionalized carriers.
Shape

Length or Diameter (Ø) in
μm

Resist (coating)

Feature

Ref.

Helix
Helix
Helix
Helix
Helix
Hollow conical helices
Helical scaffold with
needle
Helix

16
16
16
8–16
50
45–75
300

IP-L (Ni/Ti)
IP-L (Ni/Ti)
IP-L (Ni/Ti)
IP-L (Ni/Ti)
IP-L (Ni/Ti– PDA/ZIF-8)
SZ2080 (Ni/Ti)
IP-S (Ni/TiO2)

Calcein release from DPPC/MSPC liposomes
Calcein release from DOPE/DOTAP liposomes
pDNA transfection from lipoplexes
NIR-797 fluorescence imaging in mice
RhoB release from MOF surface
Release of SiO2 and AgNPs
PTX release from scaffold surface

[135]
[136]
[137]
[138]
[145]
[98]
[97]

20

Water-based zwitterionic/PEGDA
(MNPs)

Encapsulation of biomolecules, nonimmunogenic

[133]

15
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of a nude mouse [146]. Nickel/titanium-coated (as a magnetic and biocompatible material, respectively) polymeric scaffolds and
container-shape micromotors [147] capable to carry out biomedical tasks such as targeted cell delivery, stem cell transplantation,
hybrid drug delivery, and noninvasive surgery in vitro, ex vivo, or in vivo scenarios are shown in Fig. 9b,i. Likewise, Yasa and coworkers
presented active delivery of stem cells within a biophysically and biochemically recapitulated stem cell niche by using 3D-printed
magnetically steerable cell transporters (MCTs) with a hollow screw shape [77] (Fig. 9b,ii). Similarly, Gyak and coworkers created a
magnetic nanoparticle (MN) surface-modified silicon carbonitride (SICN) ceramic microrobot with a porous cylindrical framework
that was able to deliver viable cells to defective tissue [105] (Fig. 9b,iii). With the same swimming strategy, Xin and coworkers
demonstrated conical hollow microhelices with the capability to load, transport and release nanocargoes (inside inner hollow core)
and neural stem cells (with functionalized outer surface) for hybrid drug delivery, targeted therapy, and noninvasive surgery in in vivo
applications [98]. 3D porous micro-niches as multi-cell transporters with a customized pore size were cultured with human embryonic
kidney (HEK) 293 cells and transported to a target position in different body fluids [100]. In Table 10, scaffold-shape micromotors for
cell proliferation and multiple cell delivery are depicted.
4.3. Single particle and cell transporters
While molecules and seeded cells are generally released from a functionalized carrier in a gradual and diffusive way, a more
controlled sequence of cargo capture, transport, and release can be achieved with a single particle or individual cell and a specifically
tailored microtransporter. Such cargo-micromotor systems are important for micromanipulation, sorting or single cell delivery ap
plications such as assisted fertilization. Various micromotor designs have been realized by TPP to achieve reversible and reliable cargo
capture, transport and release.
Tottori and coworkers reported a helical micromotor with a microholder which can pick and place microparticles for micro
assembly [88]. Alternatively, Lee and coworkers presented a capsule-type microrobot by incorporating a mesh-cap on top of the
microholder to “pick and drop” (P&D) a particle cargo, based on generating vortices within a confined volume and transporting the
cargo via a corkscrewing motion [148]. Similarly, noncontact cotransporters of microscale objects by means of locally induced vortices
generated by the rotating microrobot were reported for the selective and gentle trapping, and targeted delivery of microscale cargo
[149] (Fig. 10a).
Paris and coworkers proposed a bihelical multistage microrobot with two ring heads which could trap microparticles without
contact [150]. The designed bihelical microswimmer can handle two motion modes and four manipulation modes, serving as a tool for
long term transport and precise local manipulation and patterning of microparticles of different sizes and matters.
Huang and coworkers combined this trapping behavior with a pumping mechanism to engineer a system for controlled capture,
transport, and delivery of micro particles and magnetic nanohelices [151]. The pumping principle can be provoked by using photo
thermally induced convection currents within the microrobot (cleverly shaped “light robots” or optically actuated micro-tools) to
loading and unloading cargo [84]. They used light to generate and control secondary hydro-dynamic effects by heating an embedded
thin metal layer within the syringe-like micro-tool itself. Thermal convection currents are used to load and unload cargo [84].
Likewise, part of us reported about magnetic microhelices which served as micromotors to successfully transport single immotile
sperm cells and assist them in carrying out their natural function [152] (Fig. 10b). Sperm cells not only serve as passive cargo but can
also act as powerful biological micromotors to interact with and manipulate passive synthetic loads [131,153-155]. Sperm cells are
efficient drug carriers by themselves and have shown great potential to treat diseases in the female reproductive tract. Sperm cells can
fuse with somatic cells, allowing the release of drug at the subcellular level [128]. Barbot and coworkers presented helical micro
swimmers with two pointed heads which were maneuvered in 3D and were able to trap/transport/release particle cargo and exit from
the microfluidic channel after completing their intended task [95] (Fig. 10c). The microrobot could move through a microfluidic
channel by three different motion modes including rolling, spin-top progression and propelling. Finally, magnetically-driven spiral and
star-shaped micropropellers that can capture, transport and release microcargo (mimicking oocyte/zygote cells) were demonstrated
for resilient and reversible cargo transport in between microfluidic environments [103,107] (Fig. 10d). Another showcase of cargodelivery application of microhelices is the work reported by Xu and coworkers, where a scaled-up microhelix was used to capture,
transport and enzymatically release a protein-based hyaluronic acid (HA) microflake. These microflakes trapped mature motile sperm
Table 10
Multiple-cell carrying scaffolds.
Shape

Length or Diameter (Ø) in
μm

Resist (coating)

Feature

Ref.

Cylindrical and hexahedral scaffolds
Burr-shaped scaffold
Hollow screw

144–160
160–320 (Ø)
50–76

Scaffold for HEK293 cells
Scaffold for MC3T3-E1 and MSC cells
Container for MSC cells

[100]
[102]
[77]

Hollow conical helices
Cylindrical, spherical and helical
scaffolds
Cylindrical scaffold
Helix

45–75
80 (Ø)–246

SU-8 (Ni/Ti)
SU-8 (Ni/Ti)
PETA/MNPs– GelMA/
Hyal/Fib
SZ2080 (Ni/Ti)
IP-Dip (Ni/Ti)

Scaffold for NSC cells
Scaffolds for NSC and HCT116 cells

[98]
[146]

42
100

SiCN (MNPs)
GelMA (MENPs)

Scaffold for NIH3T3 cells
Transient magnetoelectric scaffold for SHSY5Y cells

[105]
[147]
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Fig. 10. Single particle and cell transporters. a) helical micromotors with three different cap heads for trapping and releasing microobjects. Adapted
with permission [149], copyright 2014 AIP; b) transportation of immotile single sperm cell toward oocyte location with helical micromotor.
Adapted with permission [152], copyright 2016 ACS; c) schematic of non-contact particle transport by microhelix with two pointed head. Adapted
with permission [95], copyright 2016 AAAS; and d) cargo pushing with helix and cargo capture with spiral micromotor. Adapted with permission
[107], copyright 2020 John Wiley & Sons.

Table 11
Single particle and cell transporters.
Shape

Length (or Ø) in
μm

Resist (coating)

Feature

Ref.

Helix with claw head
Helix with cup head
Screw with container shell
Helix with ring head
Helix with two pointed heads
Bottle-shaped container
Tube with four clasps
Helix with cup head and scaffold
cap
Double helix with 2 ring heads

57
30
150–400
26
55
40
20
290

SU-8 (Ni/Ti)
SU-8 (Ni/Ti)
SU-8 (Ni/Ti)
IP-Dip (Ni/Ti)
IP-G (Cr/Ni)
IP-L (Ti/Au)
IP-Dip (Fe/Ti)
IP-Dip (Ni/Ti)

Transport of PS particle
Transport of PS particle
Encapsulation and transport of PS particles and smaller helices
Transport of immotile bovine sperm cell
Transport of SiO2 particle
Encapsulation of SiO2 and PS particles
Encapsulation of DOX-loaded bovine sperm cell
Encapsulation and transport of PS particle and ORN cells

[88]
[149]
[151]
[152]
[95]
[84]
[128]
[148]

48

Transport of PS and SiO2 particles

[150]

Spiral- and star-shaped containers

353–463 (Ø)

Encapsulation and transport of PS particle

[103]

Concave and tapered tubes
Spiral- and star-shaped containers

35–75
353–463 (Ø)

Transport of HeLa cell and SiO2/DOX particle
Transport of Zygote

[104]
[107]

Helix with cup head

100, 50 (Ø)

IP-G (Au/Ni/Ti/
Al2O3)
OrmoComp (Ta/Fe/
Ta)
SZ2080/MNPs
OrmoComp (Ta/Fe/
Ta)
IP-Dip (Fe/TiO2)

Transport of a HA microflake for multiple sperm cells cargodelivery

[156]

17

Progress in Materials Science 120 (2021) 100808

F. Rajabasadi et al.

cells which can be used in the reproductive tract to assist fertilization or to deliver drugs [156]. In Table 11, microtransporters with
their cargoes are summarized.
4.4. Microassembly and cooperative action
A distinctive advantage of TPP is the possibility to fabricate micromotors or micromotor components that are geometrically geared
to each other with regard to completing a certain task. The design freedom offered by TPP has been applied not only to adapt
micromotors to distinctive cargo shapes, but also to realize concerted, cooperative action of several devices as individual agents but
also as parts integrated into a superordinate mechanism.
In 3D, manipulation and transport of microobjects with high spatiotemporal resolution require precise control over the applied
forces. For this purpose, the structures need more optimization to accomplish cooperative tasks with multiple degrees of freedom
(DOF) in their motion. These multiple-(DOF) manipulations open up exciting opportunities to perform complex tasks with arbitrarily
shaped microobjects. An example are syringe-shaped microtransporters with several active components which were able to carry out
specific functions to actively collect, encapsulate, transport, and controllably release micro- and nanoagents [151]. The assembly of a
microhelix with a cap structure on the top grant stable cargo encapsulation and transportation [148] (Fig. 11a). Huang and coworkers
introduced four different contact and non-contact manipulation strategies with single microcarriers and combined them together to
reliably transport and orient many microobjects with multiple microcarriers [157] (Fig. 11b). Complex motions and functions can also
be achieved by building micromachines from field-directed and self-propelled colloidal assemblies. Alapan and coworkers built mobile
compound micromachines assembled from magnetic and self-propelled motor parts which exhibit reconfigurable locomotion modes
with additional rotational degrees of freedom. They took advantage of dielectrophoretic (DEP) forces for shape-encoded interactions
by precisely controlling the distribution of electric field gradients in 3D to develop more sophisticated, modular micromachines and

Fig. 11. Microassembly and cooperative action. a) schematic of “Pick-and-drop” motion of a capsule-type microrobot. Adapted with permission
[148], copyright 2018 John Wiley & Sons; b) schematic of cooperative manipulation by multiple microcarriers. Adapted with permission [157],
copyright 2014 RSC; c) two-step hierarchical assembly of multiple micromachines (unit 1 and unit 2 with self-propelled Janus particles) via shapeencoded dielectrophoretic (DEP) interactions. Adapted with permission [158], copyright 2019 Springer; d) optical microscope images showing two
identical microgrippers used to grasp, move, and release a solid ellipsoidal object with dimensions of 50 μm × 50 μm × 70 μm. Adapted with
permission [159], copyright 2018 John Wiley & Sons; and e) sequence of microscope images showing the assembly steps of a microrotor. After
assembly, the rotor can be actuated using optical forces (inserted arrows indicate the direction of rotation). Adapted with permission [123],
copyright 2017 Springer.
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Table 12
Microassembly and cooperative action.
Shape

Length or Diameter (Ø) in
μm

Resist
(coating)

Feature

Ref.

Helix with two ring heads
Screw with container shell

30
150–400

SU-8 (Ni/Ti)
SU-8 (Ni/Ti)

[157]
[151]

Screw, rotor, and nut
Automatic gripper
Helix with cup head and scaffold
cap
Building blocks with cavities

8–28 (Ø)
100
290

Femtobond 4B
IP-Dip
IP-Dip (Ni/Ti)

Cooperative manipulation of an SU-8 microbar
Encapsulation and transport of PS particles and smaller
helices
Fixation and rotation with 8 handles
Force-sensitive closing mechanism
Encapsulation and transport of PS particle and ORN cells

30–100

IP-S

Dielectrophoretic shape patterns as handles for motile
particles

[158]

[123]
[159]
[148]

their integration into multiscale hierarchical systems [158] (Fig. 11c). Power and coworkers demonstrated a tethered microgripper
that is directly printed onto the fiber optics by TPP which can be employed for the interrogation of biological microstructures with a
precise pick-and-place function controlled by an automatic force-sensitive closing mechanism [159] (Fig. 11d). Another example of a
microassembly task in which each part needs precise manipulation and orientation control, screw- and nut-shaped microcomponents
were fabricated by TPP and subsequently trapped, moved, and screwed together by using optical forces in a holographic optical
tweezer setup. This construction of interlocking microcomponents was applied to a microfluidic system to enable the pumping or
intermixing of fluids on a microfluidic chip [123] (Fig. 11e). Table 12 summarizes micromachines which cooperate to form different
microassemblies.
4.5. Sensors
Micromotors fabricated by TPP with a defined, tailored and reproducible architecture can be employed for sensing and charac
terization purposes. Barbot and coworkers proposed a microfluidic platform combined with a helical microrobot control setup to
perform force-sensing at the microscale [160]. In the same manner, helical microrobots were used to detect in situ flow regime changes
in small microfluidic channels. This sensing approach is achieved by monitoring the microrobot motion mode, which switches between
surface-based motion to 3D swimming depending on the local flow value [161]. Koepele and coworkers proposed microhelices which
can be identified and tracked during manipulation with structured light, occurring when visible light interacts with tiny patterned
structures fabricated in the head of the helix, and which can absorb and reflect light in different ways, similarly as butterflies and
beetles do [162] (Fig. 12a). The color-patterned microstructure inheres great potential for the visual differentiation of various
microrobots and tracking for improved closed-loop magnetic control as different orientations of the microrobot can be associated with
different colors. Color changes can also be caused by mechanical force. Guix and coworkers showed that spring-shaped mobile
microrobots with an on-board vision-based 2D micro-force sensor can be used for force-guided micromanipulation tasks [163]
(Fig. 12b). These microrobots are fabricated by a multi-step photolithography process and provide real-time micro-force feedback
based on flexible end-effectors with different stiffnesses and color tracking fiducials combined with computer vision algorithms.
TPP can be combined with optical tweezers to investigate the Brownian fluctuations and propeller characteristics of a micro
fabricated helix as described in Bianchi’s work [164]. They measured the effects of a nearby wall in no-slip boundary condition and
concluded that a rotating helix moves faster when a nearby wall is present. In Table 13 micromotors with their respective sensor

Fig. 12. Sensors. a, i) CAD design of helical microrobots with a structural colored area located on the top surface of the helix head, ii) SEM image of
a single helical microrobot with 10 × RG pattern, and iii) optical image of the same structure under white light expressing color. Adapted with
permission [162], copyright 2020 John Wiley & Sons; b) color-coded springs with different amount of colored dye. PDMS mixing ratio 10:1 = red,
17.6:1 = blue. (i) dark red, (ii) light red, (iii) dark blue, (iv) light blue for representing different deformation states. Adapted with permission [163],
copyright 2018 IEEE.
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Table 13
Sensors.
Shape

Length (or Ø) in μm

Resist (coating)

Feature

Ref.

Helix
Helix
Helix
Helix

45–50
50
24
120
100 × 30

IP-G (Cr/Ni)
IP-G (Cr/Ni)
SU-8
IP-Dip (Ni)

Microfluidic on-chip force sensor
Microfluidic on-chip flow sensor
Hydrodynamic drag sensor
Colorimetric label-free sensor

[160]
[161]
[164]
[162]

719-735 × 1144-1283

PDMS

Real-time force-feedback sensor

[163]

with two pointed heads
with two pointed heads
wit two ellipsoid heads
with patterned rectangular head and rectangle

Spring

functions are listed.
5. 4D materials
While design freedom in terms of the microscale architecture is the strong point of TPP, the possibility to pattern an increasingly
versatile range of different materials has led to numerous developments in the field of micromotors. 4D printing, i.e. the patterning of
materials with time-varying, stimuli-responsive properties, so-called smart materials, has been demonstrated at the micro- and
nanoscale with TPP. Some of the aforementioned examples may already be considered 4D-printed devices as they are made of stimuliresponsive, biodegradable, transient composite materials, which vary their size, shape, porosity, etc., upon an applied stimulus. The

Fig. 13. 4D materials. a) biodegradable micromotors: optical micrographs of complete degradation of a hyperthermia microrobot in 0.01 m NaOH
solution. Adapted with permission [82], copyright 2019 John Wiley & Sons; b) stimuli-responsive agents: i) thermo-responsive pNIPAM valves in
PETA microchannels indicated with two different colors recorded via confocal laser scanning (PETA with the green fluorescent DETC and pNIPAM
with the red fluorescent rhodamine dye). Upon heating the sample to 45 ◦ C, the opening in the middle widens. This process is reversible when
cooling the sample back down. Temperature-induced actuation of pNIPAM-based bi-material (swelling and non-swelling) hetero-structures. Adapted
with permission [170], copyright 2019 Springer, ii) sequential optical images showing the 3D-to-3D shape-morphing process of the microscale
transformer from a race car to a humanoid robot by change of acidic fluid flow from top to bottom. Adapted with permission [174], copyright 2020
AAAS, iii) schematic diagram of the particle capture process by botanical-inspired complex shape transformation and on-demand microparticle
capturing microstructure. Adapted with permission [173], copyright 2020 John Wiley & Sons, and iv) a free-form dual-pillar cross-shaped structure
with consistent swelling ratio at pH 5 (identical appearance) and heterogeneous shape-shifting of the structures when immersed in pH 11 solutions.
The curving extent of the dual-pillar “arms” are indicated by the color-coded arrows, in order of decreasing curvature: blue > orange > yellow >
white. Adapted with permission [172], copyright 2015 John Wiley & Sons.
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implications for specific applications will be discussed in each case.
5.1. Biodegradable micromotors
Biodegradability, i.e. the short- or long-term degradation and resorption of a device or material inside the human body without
toxic or otherwise harmful byproducts, is important for many in vivo applications of biomedical micromotors. Conventional, acrylatebased photoresists are generally problematic as they are either bioinert, that is, they will stay inside the body and may be deposited or
encapsulated if they cannot be removed after they served their purpose, or – even worse – proinflammatory, cytocidal, or carcinogenic.
In recent years, alternatives to these resists have been reported in several works, and micromotors, fabricated by TPP, made from
biodegradable composite materials are discussed in the following.
The fabrication of soft microrobots with non-cytotoxic biodegradable materials leads to enhanced device assimilation, optimal
tissue interaction and minimized immune reactions. As an example of a fully degradable magnetic microrobot inspired by E.coli
bacteria, we consider the combination of superparamagnetic nanoparticles (SPNs) and a functional, degradable polymer matrix based
on poly(ethylene glycol). This type of biodegradable micromotors offers a one-step solution for simple and facile device fabrication
with TPP and efficient actuation due to the embedded-SPNs without the need of removing the micromotors after performing
biomedical tasks because of its degradation via accelerated hydrolysis in the aqueous environment [81]. The non-toxic photo
crosslinkable protein-based hydrogel, gelatin methacryloyl (GelMA), is another candidate to fabricate soft micromotors which is fully
enzymatically degradable by collagenases and can be gradually digested by cell-secreted proteases [165].
The controlled and active cargo (e.g., gene, stem cell, and imaging agent) release from biodegradable material is essential for ondemand, precise, and effective delivery. To accomplish this task, Bozuyuk and coworkers proposed magnetically powered chitosanbased helical microrobots with a light-triggered drug release capability which decomposed under physiologically relevant condi
tions into nontoxic degradation products after 204 h [166]. Ceylan and coworkers reported faster degradation times for hydrogelbased micromotors by a matrix metalloproteinase-2 (MMP-2) enzyme at physiological concentrations after ca. 118 h [167].
Biodegradable microrobots can not only be loaded with drugs but also incorporate micro- and nanoparticles with hyperthermia
properties towards cancer treatment applications. A degradable hyperthermia microrobot (DHM) made of poly(ethylene glycol)
diacrylate (PEGDA) and pentaerythritol triacrylate (PETA) containing magnetic Fe3O4 nanoparticles (MNPs) and 5-fluorouracil (5-FU)
as a chemotherapeutic drug was demonstrated in Ref. [82] (Fig. 13a). The PEGDA/PETA composite was decomposed in aqueous
solution such as NaOH to low-cytotoxic by-products which can be metabolized and/or excreted from the body.
Hydrogel-based microrobots provide a biocompatible substrate to support the cell growth for targeted cell therapies treating for
instance traumatic injuries and diseases in the central nervous system. A helical soft microrobot made of a photocurable gelatinmethacryloyl (GelMA)-based hydrogel impregnated with composite multiferroic nanoparticles was used for cell growth and degraded
by enzymes secreted by the surrounding cells (in this case proteinases) [147]. In Table 14 all biodegradable microrobots and the
relevant aqueous solutions are listed.
5.2. Stimuli-responsive agents
While biodegradability as a time-dependent material property is a prerequisite for many in vivo applications, the use of stimuliresponsive materials may enable or facilitate novel micromotor‘s functions. Some of the previously introduced micromotors are
recalled here with regard to their material-enabled function, while also other works on stimuli-responsive microdevices fabricated by
TPP are discussed.
Stimuli-responsive materials referred to as “smart materials” are capable to change one or more of their chemical and/or physical
properties due to an external stimulus such as electromagnetic irradiation [147], light illumination [72,168], changes in chemical or
biochemical concentrations [169], temperature [170,171] or pH [172-175] , rapidly and reversibly (see Fig. 13b,i-iii). In 2019,
Hippler and coworkers proposed a new protocol to synthesize Poly(N-isopropylacrylamide) (pNIPAM) as a temperature-sensitive
material. This new protocol has two advantages, first it allows to manufacture 3D microstructures of pNIPAM with TPP, second the
pNIPAM block responds to the local temperature increase by the two-photon absorption of the focused light without incorporation of
plasmonic micro-nanoparticles [170] (Fig. 13b,i). They also demonstrated the combination of responsive photoresists (pNIPAM) with
conventional non-responsive materials (PETA) which exhibit significant and complex actuation responses in three dimensions.
Huang and coworkers for instance proposed a programmable morphing modular design inspired by LEGO-like building blocks.
These modular structures could actively deform by preprogrammed shape-shifting. This controllable shape transformation occurs via
Table 14
Biodegradable micromotors.
Shape

Length or Diameter (Ø) in μm

Resist (coating)

Feature

Ref.

Helices
Helices
Screw
Screw
Helix
Helix

14–28
30–150
20
20
120
100

PEGDA/PETA/ MNPs
GelMA (MNPs)
ChMA/MNPs
GelMA/MNPs
PEGDA/PETA/ MNPs
GelMA (MENPs)

Degradation by hydrolysis and saponification in NaOH
Enzymatic degradation by collagenase and protease
Enzymatic degradation by lysozyme
Enzymatic degradation by collagenase
Degradation by hydrolysis and saponification in NaOH
Enzymatic degradation by proteinase

[81]
[165]
[166]
[167]
[82]
[147]
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programming the exposure dosage of femtosecond laser pulses which spatiotemporally controls the material crosslinking densities,
stiffnesses and swelling/shrinking degrees [174] (Fig. 13b,ii). In a similar work, Jin and coworkers reported multiple compound
micromachines constructed in a single-material one-step DLW process, such as microstents, microcages, and micro-umbrellas with
encoded rapid, precise and reversible pH response [175].
The response to these stimuli can be translated into cargo-release mechanisms or motion triggers that make four-legged liquidcrystalline elastomer muscles walk under light illumination [72]. Gold nanorods (AuNRs) can be incorporated into liquid crystal el
ements (LCE) to fabricate “azobenzene-free” light-powered microstructures with two astonishing properties, first AuNRs as a plas
monic agent efficiently absorbed NIR to create mechanical deformation and second could enhance the mechanical properties of the
material composite [168]. This novel strategy can be used for fabricating a variety of complex 3D microstructures and highperformance microactuators toward biomedical applications such as tissue engineering and cell study.
Lee and coworkers introduced a novel method to fabricate a dynamic shape-shifting pH- responsive microstructure (biomimetic
microactuator) with dynamic, quantitative, directional, and angle-resolved bending via two-photon photolithography, in particular
tuning the crosslinking degree of the employed protein-based resist [172] (Fig. 13b,iv). The directional responsiveness is achieved by
spatiotemporally controlling the cross-linking density of bovine serum albumin (BSA) at the nanometer length scale. Qin and co
workers reported a highly photosensitive cell-responsive hydrogel consisting of peptide-crosslinked polyvinyl alcohol (PVA) which are
fabricated rapidly by UV light within 1 min in the presence of cells and provided fully synthetic matrices for cell-matrix remodeling,
multicellular morphogenesis, and protease-mediated cell invasion [169]. Hu and coworkers reported miniature botanical-inspired 4D
printing of a pH-responsive hydrogel with multiple degrees of freedom shape transformation which is accomplished by taking
advantage of pH-triggered expansion, contraction, and torsion [173]. They demonstrated the application of this 4D-printed micro
architecture in selective micro-object cargo-release, single-cell analysis, and drug delivery.
Dong and coworkers introduced a highly integrated multifunctional soft helical microrobot made of a gelatin-methacryloyl
(GelMA)-based hydrogel. The helical body was not only impregnated with composite multiferroic nanoparticles to respond to the
magnetoelectric stimuli, but also supported neural cell growth and degraded by enzymatic reactions [147]. Helical-shaped 4D printed
microstructures can be used as microactuators as demonstrated in Nishiguchi’s work [171]. They printed a 3D soft actuator composed
of thermo-responsive pNIPAM and AuNRs. The resulting composite material responds to local heat by means of the photothermal effect
produced by the absorption of light by AuNRs. Thus, these structures undergo nonequilibrium, programmed, and fast actuation
comprising a distinct forward and reverse shape change. All microrobots responding to various stimuli are listed in Table 15.
4D Direct Laser Writing, the combination of 3D manufacturing methods with smart materials offers the possibility to create 3D tiny
building blocks with small and simple discretized deformation. The resulting 4D structures can then accomplish sophisticated tasks
with confined and controllable bending, folding and twisting. These complex 3D morphing micromachines exhibit efficient, rapid,
precise and reversible 3D-to-3D shape transformations in response to multiple external stimuli and open up new avenues for various
engineering applications.
6. Process variations
So far, most of the presented micromotors have been fabricated by the standard procedure of TPP, i.e. one photoresist (with or
without dispersed nanoparticles), one photopatterning step, and then an optional coating step of the microstructures after develop
ment. In this section, variations of that procedure will be discussed that illustrate three innovations regarding the TPP of micromotors:
the patterning of templates to obtain arbitrary microstructures made from materials that are not photopatternable (for example
metals), the patterning of multiple materials in multiple process steps and TPP within a microfluidic environment that allows in-situ
exchange of materials, for example by applying flow, so-called in situ lithography. These innovations have led to advanced func
tionalities that are discussed in each case.
6.1. Template fabrication
With suitable positive tone resists, templates can be patterned by TPP that can be filled with materials that would otherwise not be
photo-patternable, for example with metals by electrodeposition. In this way, the range of materials that can benefit from the design
Table 15
Stimuli-responsive agents.
Shape

Length or Diameter( Ø) in μm

Resist (coating)

Feature

Ref.

Star-shaped gripper
Cuboid with four legs
Helix
Valve and beam elements
Scaffold and clamp elements
Star-shaped elements and spherical cage
Cylindrical scaffold building blocks
Helix
Scaffold and cage elements
Pillar and helix

10–30 (Ø)
60–100
20
30–120
30–130 (Ø)
30–100
45–1000
100
40–150
20

BSA
LCE/IP-Dip
PVA
pNIPAM–PETA
LCE/AuNRs
pNIPAM–AAc–PVP
pNIPAM–AAc–PVP
GelMA (MENPs)
pNIPAM–AAc–PVP
pNIPAM/AuNRs

pH-responsive closing
Light-responsive walking motion
Cell-instructive hydrogel
Thermoresponsive closing and curling
Light-responsive folding
pH-responsive folding, curling, and closing
Encoded pH-responsive folding and curling
Magnetoelectric stimulation of SH-SY5Y cells
Encoded pH-responsive folding and closing
Encoded thermoresponsive folding

[172]
[72]
[169]
[170]
[168]
[173]
[174]
[147]
[175]
[171]
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freedom of TPP can be greatly increased. This applies especially to micromotors for biomedical applications avoiding acrylate resists in
favor of more biocompatible materials.
A significant advantage of using two-photon lithography is to manufacture microstructures with non-photo-patternable materials
by micromolding. For example, TPP is used to create a template or mold with a desired geometry, and non-patternable materials are
then introduced into the mold cavities followed by a solidification process and finally a peel-off step. For example, 3D fully iron
magnetic microrobots were fabricated via template fabrication [62]. The obvious benefit of fabricating fully iron magnetic micro
motors is a high responsiveness to magnetic fields coinciding with good biocompatibility. The fabrication process relies on templateassisted electrodeposition of metal into the 3D-printed micromolds which are prepared by TPP with positive photoresist. TPP has
enough flexibility to manufacture hybrid magnetic microrobots by sequential electrodeposition of CoNi and FeNi into a 3D photoresist
pattern [176]. These microrobots have a number of benefits in comparison with fully metallic ones. They are lighter which reduces
sedimentation and facilitates navigation and they promise better biocompatibility because of the replacement of the metallic parts
with permalloy or iron. Another interesting example is the TPP fabrication of a silicon carbonitride (SiCN) ceramic 3D microrobot
which can be magnetically actuated for targeted transportation of cells. The fabrication process includes three steps; microstructuring
(transforming a viscous preceramic photoresist to a solid structure by DLW), pyrolysis in inert atmosphere (transforming the polymeric
structure to a ceramic structure), and immobilization of biocompatible MNPs on the surface to enable magnetic actuation [105].
Micromolds offer diverse options to fill their cavities with a vast range of non-photocurable materials such as gelatin, nonphotocurable hydrogels, and shape-memory alloys (i.e.mercapto-ester polyurethane), adapting to various geometries (e. g., helix,
stent-like) [177] (Fig. 14a,i-ii). In Table 16 the template fabricated microrobots are listed.

Fig. 14. a) template fabrication. i) schematic of indirect 3D-printing in which a silicon substrate is spin coated with a positive-tone photoresist and
the 3D template is written into the photoresist by DLW after development. After that the mold is filled with the hydrogel and finally gelified to form
the 3D printed microswimmers, ii) schematic of indirect 4D-printing in which a patterned positive-tone photoresist is employed as a mold to
replicate curable SMP based structures. Adapted with permission [177], copyright 2019 John Wiley & Sons; b) in situ lithography: Schematic view of
two-photon continuous flow lithography (TP-CFL), the direction of light propagation as z-axis, and the flow direction as y-axis are indicated. The 3D,
free-standing microstructure is obtained by the composition of the circular motion of the photopolymerization spot controlled by the piezo-stage
perpendicularly to the flow direction (x-z plane), and the flow motion along the microchannel length (y-axis). Adapted with permission [79],
copyright 2012 John Wiley & Sons; and c) multiple materials: TPP printing of Photoresist No. 1 after developing the second material (Photoresist
No. 2). These steps are then repeated several times to form the final prototype. Adapted with permission [178], copyright 2020 Springer.
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Table 16
Template fabrication.
Shape

Length or Diameter(Ø) in
μm

Template resist (final
material)

Feature

Ref.

Helix with flat head

20

AZ9260 (Co/Ni/PPy)

[176]

Helix, double helix, and spherical
cage
Helix and stents

25–240

AZ-IPS6050 (Fe)

Electrodeposition of metal head and polymer
tail
Electrodeposition of metal structures

80–270

Casting and gelation or curing

[177]

Cylindrical scaffold

42

AZ-IPS6050 (Gel/ MNPs or
NOA63)
PVSZ/SiO2 (SiCN/MNPs)

Pyrolysis of preceramic scaffold

[105]

[62]

6.2. Multiple materials
To fabricate microdevices by TPP consisting of multiple materials, i.e. to obtain structural patterns of fundamentally different
material properties, multiple steps of alignment, exposure, and development are necessary. This leads to complex and arduous pro
cedures, which however might pay off as they provide access to new innovative functions and massively increase the design freedom in
4D space.
One example of two-photon polymerization of microrobots with multiple materials through different fabrication steps is a lightfueled walker. Each part of the walker is fabricated with a specific material to create passive and active functionalities. The micro
robot’s body consisted of three parts; IP-Dip anchors fabricated onto a rubbed polyimide-coated glass, a 10 μm gap cell made by putting
another PVA coated-glass with parallel rubbing and infiltrated with the liquid-crystal (LC) monomer mixture to create the main part of
the body (active part which responds to the induced light and create motion), and four IP-Dip conical legs to form the complete
structure [72] (see Fig. 7a).
Ceylan and coworkers reported 3D patterning of a self-propulsive microswimmer by exploiting two-photon crosslinking (TPC)
chemistry in two complementary steps. First, a TPC-compatible polymer precursor was printed by TPP. Then, the crosslinking densities
of the local part of the printed microstructure were spatiotemporally addressed by varying the laser exposure conditions, for chemical
patterning of a precursor solution containing appropriate functional groups, which has not been achievable with other fabrication
methods. The patterning strategy can be repeated multiple times at different points in the material depending on the required func
tionalities [120]. Using multiple materials to fabricate one monolithic microstructure with TPP offers the opportunity to combine
different functionalities in one object for example integrating active parts prone to environmental changes (e.g., stimuli-responsiveness
or degradability) to the rigid/passive parts which stay unchanged during operating tasks [170], modifying the surface to capture/trap
cargoes [77], or enabling complex adaptive locomotion in different environments [178] (Fig. 14b). In Table 17, microrobots fabricated
out of multiple materials with their special features are listed.
6.3. In situ lithography
Precise control of the microfluidic environment in which TPP takes place is a powerful concept to integrate the patterned
microstructure into its application already during fabrication, or to introduce multiple photoresists during the exposure step via fluid
flow. These two aspects of in situ lithography have been explored in several works on micromotors which are discussed here.
Polymeric fibers, helical and bow-tie particles with sub-diffraction resolution and surface roughness are demonstrated in Laza’s
work [79] (Fig. 14c). They introduced a novel approach based on microfluidic flow known as two-photon continuous flow lithography
(TP-CFL) which overcomes existing limitations in traditional multiple material polymerization with consecutive fabrication steps.
Free-standing microstructures with complex arbitrary shapes can be synthesized by TP-CFL with a proper combination of flow con
ditions and writing-beam positioning within the microchannel. Martínez-Aranda and coworkers investigated the complex flow dy
namics around different microrobot morphologies which served to improve the efficiency of microrobots’ motion inside narrow
conduits [179]. For this purpuse, they fabricated four simple 3D microstructures in between two thin fused cover slides to compare
conducted experimental results with numerical simulations. Hwang and coworkers incorporated self-illumination properties to
multifunctional fluorescent-magnetic Janus-helical microswimmers (JHM) by integration of microrobots inside microfluidic channels
[180]. On-chip microfluidic integration overcomes the conventional detachment challenges inside the microchannel without inter
vention of external micromanipulator or metallic probes.
Hasselmann and coworkers demonstrated the fabrication of a biocompatible, protein-based composite containing bovine serum
albumin (BSA) and riboflavin 5′ -monophosphate sodium salt hydrate (FMN-Na) via two-photon lithography to attach microstructures
to single, preselected bacteria (in this work, bacillussubtilis). Via in situ lithography, a protein-based hydrogel precursor with
embedded living bacteria is sandwiched in between two coverslips to minimize flows (prevention of water evaporation) and patterned
in wire-like bridges to connect a bacterium to the substrate or two nearby bacteria together [181].
Chizari and coworkers used TPP in combination with holographic optical tweezers (HOT) to fabricate microstructures with
embedded strain energy, as well as to deform, orient, displace, join, and actuate them [182]. The hybrid microsystems are fabricated in
a sample chamber consisting of an acrylate-functionalized microscope slide and a coverslip with repeated two-photon polymerization
and HOT manipulation, if required, to complete the fabrication process.
Lamont and coworkers reported 3D nanostructured manufacturing by sol–gel-based in situ DLW (isDLW) inside fully-sealed PDMS
24
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Table 17
Multiple materials.
Shape

Length or Diameter(Ø) in
μm

Resists

Feature

Ref.

Cuboid with four legs
Bullet with cylindrical cavity

60 – 100
24

Light-responsive walking motion
Functionalized jet in H2O2

[72]
[120]

Valve and beam elements
Hollow screw

30 – 120
50 – 76
150 (Ø) − 2000

Thermoresponsive closing and curling
Functionalized container for MSC
cells
Soft and rigid building blocks

[170]
[77]

Octopus, chain, and flapping wing
models

LCE/IP-Dip
PEGDA
–COOH/Pt
pNIPAM–PETA
PETA/MNPs– GelMA/Hyal/
Fib
UDA/IP-Dip or IP-S

[178]

Table 18
In situ lithography.
Shape

Length or Diameter ( Ø) in μm

Resist (coating)

Feature

Ref.

Helix
Cube, sphere, and ellipsoids
Helices with one andtwo tails
Helix
Building blocks and wires
Spring and lattice elements
Spring element
Helical scaffolds
Double helix

70 – 200
100 (Ø) – 400
15 – 30
20
2 – 12
30 – 80
25
100 – 800
45

PEGDA–RhoB
SiO2
IP-G (Cr/Ni)
PVA
BSA
SR9035
IP-L
IP-L
IP-Dip/IP-L–RhoB/MB/Cy5

Microfluidic flow, multiple materials
Assessment of flow dynamics
On-chip fabrication of microdevices
Cell-instructive hydrogel
Immobilization and crosslinking of E.coli
Manipulation by holographic optical tweezers
On-chip fabrication of microdevices
Microfluidic flow
Microfluidic flow, multiple materials

[79]
[179]
[180]
[169]
[181]
[182]
[183]
[184]
[185]

microchannels [183]. They also investigated the effects of microchannel geometry such as channel height and cross-sectional shape on
the sealing performance of isDLW-printed structures. Naturally, other parameters can also affect the microfabrication quality and
resolution of in situ lithography such as flow rate and direction. Lölsberg and coworkers proposed two-photon vertical-flow lithography
with a high aspect ratio (greater than100:1) to synthesize complex-shaped polymeric microtubes [184]. It is also possible to print
multiple materials inside microfluidic channels by controlling the flow and the speed of material injection during writing. Lamont and
coworkers utilized microfluidic multi-material DLW to fabricate a five-material DNA-inspired microstructure inside of impermanently
bonded PDMS-on-glass microfluidic channels for applications that require complex geometries with multiple materials, such as
photonic devices, meta-materials, and 3D cell biology [185]. All microsystems created by in situ lithography are sorted in Table 18.
6.4. Comparison of 3D-4D lithography with other fabrication methods
In Table 19, we highlight the pros and cons of different microrobot fabrication techniques, putting special emphasis on those which
allow the fabrication of 3D and 4D functional microrobots [186-194].
7. Conclusion and perspective
In the past decades, researchers have made important contributions in the field of 3D and 4D printing of multifunctional micro
robots showing promising results for biomedical applications, implementing diverse materials that range from organic to inorganic,
stable to biodegradable and passive to active. The versatility of the printing techniques in terms of materials choice, resolution and
complex architectures have allowed the fabrication of microrobots with well-defined 3D architectures and materials that can ensure
for example the safe transport and release of delicate cargoes, or facilitating the microrobot motion by improving their architecture to
overcome drag forces while moving through complex fluids.
However, there are remaining challenges such as the printing of multiple materials in a single process or the possibility to employ a
wider range of biomaterials such as proteins, DNA, or even cells. The patterning of smart materials with this technique is also at an
early stage. To the best of our knowledge there are two reports on 3D writing of a thermoresponsive polymer in combination with
passive materials to fabricate on-chip actuators [170,195]. The thickness of such structures is still limited to a few micrometers due to
the scattering properties of the material which affect the focusing of the laser spot and therefore the resolution of the microstructure.
The use of smart materials that respond to physiological conditions or disease biomarkers and their processing into 3D micro
architectures is still very challenging and has not been reported so far.
Another important aspect is the 3D patterned material biodegradability. For example, structures made of enzymes or proteins need
to be disintegrated by employing physiological fluids or conditions (e.g. pH, temperature, etc.) which should be taken into consid
eration for the intended application.
A high printing resolution allows for the scalability of the micromotors and is a critical aspect for in vivo applications. There are
different biological barriers which require different micromotor sizes ranging from few micrometers to tens of nanometers. Some
strategies such as the reduction of exposure times by using highly sensitive photoinitiators, or by optimizing key writing parameters
25
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Table 19
Microrobots fabrication methods.
Fabrication methods
Template-guided
electrodeposition
[186,187]

Template-assisted layer-bylayer assembly [7]

Micromolding [188]

Pros

•
•
•
•
•
•
•
•
•

Cons

High throughput

• Limited range of materials and shapes

Low cost
Simple setup

Microrobots features at the nanoscale

• No controlled reproducibility
• Limited to the template design
• Limited integration of functional

Low cost

• Limited throughput
• Bilayers of opposite charges should be

Good resolution (depending on the
template size)

• Requires a mold or membrane
• Limited integration of functional

No clean room facilities required

are possible
No clean room facilitates required
Simple setup

• High-throughput
• High reproducibility
• Good resolution in the micrometer
range

(with conductive properties)

components

used

components and arbitrary shapes

• Requires a mold with microscopic

cavities that are generally fabricated by
photolithography techniques

• Mold surface must be treated in order to
peel-off the sample after molding

• Molding of different materials is

possible but the thickness control might
be challenging

• Needs a pressure controller to avoid
material residues

• The mold can be 2D or 3D depending on
Inkjet printing [189]

• Low cost
• Variety of inks ranging from

the intended geometry

nanoparticle-based ones to bioinks.

• Limited throughput
• Low reproducibility
• Complex 3D microstructures cannot be

different materials

• Poor resolution (tens of micrometers)

• It is possible to print layer by layer

fabricated

and accuracy

• Does not need mask

• The size and shape of the ink drops,

surface energy, and diameter of nozzle

Screen printing [190]

• High throughput
• Low cost
• Conductive, dielectric, and

semiconductive pastes are commercially
available

• The pastes can be easily modified with
Lithography Methods
2D Photolithography [191]

limit the inkjet printing of constructs

• Average reproducibility
• Complex 3D microstructures cannot be
fabricated

• Poor resolution (tens to hundreds of
micrometers)

nanomaterials to provide other
functionalities.

• Resolution from the nanometer to the
micrometer range

• Integration of functional components

doable (e.g.,
sensors, electrodes)

• High reproducibility
• High-throughput
• Combination with concepts like origami

• Often requires clean room facilities
• A digital or physical mask is required to

pattern the geometry onto a photoresist

• The soft and/or stimuli-responsive ma
terial should be photopatternable. It
means they should contain
photoinitiators.

or microfluidics allow the fabrication of

Direct Laser Writing DLW
[41,192]

certain 3D architectures

• 3D complex architectures are possible
• Wide range of materials can be
employed (biomaterials, photoresist,

even metals – the latter if the method is
used to create a 3D mold to deposit
metals into them)

• High reproducibility
• Submicron resolution is possible

• Required expensive instrumentation
• Relatively slower fabrication speed
compared to the other 3D printing
approaches

• The maximum height of the structures is
limited (<1mm)

(continued on next page)
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Table 19 (continued )
Fabrication methods

Pros

Cons

Stereolithography SLA [193]

• 3D structures made by layer-by-layer

• Required post-treatment procedure with

• High resolution (few micrometers)
• Printing of biodegradable materials is

• Lower accuracy than DLW

are possible

Digital light processing DLP
[194]

possible

•
•
•
•

Create self-supported 3D objects
Scalability is possible
High resolution

UV light to enhance mechanical prop
erties of the constructs

• Limited expansion of the geometrical
shape of final constructs

Excellent fabrication speed for 3D
complex constructs

• Incorporation of nanoparticles into the
ink to fabricate versatile integrated
microrobots

like scan speed or voxel separation gaps could improve the resolution of the structures. Materials which shrink after development could
also help to reach sub-micrometric resolutions, aspects which should be further explored.
All and all, 4D Direct Laser Writing, the combination of 3D manufacturing methods with smart materials offers the possibility to
create 3D tiny building blocks with small and simple discretized deformation for advanced functional microrobotics. The resulting 4D
microrobots can then accomplish sophisticated tasks with confined and controllable bending, folding and twisting. exhibiting efficient,
rapid, precise and reversible 3D-to-3D shape transformations in response to multiple external stimuli, and open up new avenues for
various engineering applications.
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[88] Tottori S, Zhang L, Qiu F, Krawczyk KK, Franco-Obregõn A, Nelson BJ. Magnetic helical micromachines: Fabrication, controlled swimming, and cargo
transport. Adv Mater 2012;24(6):811–6. https://doi.org/10.1002/adma.201103818.
[89] Zhang L, Abbott JJ, Dong L, Kratochvil BE, Bell D, Nelson BJ. Artificial bacterial flagella: Fabrication and magnetic control. Appl Phys Lett 2009;94(6):064107
(1-3). https://doi.org/10.1063/1.3079655.
[90] Smith EJ, Makarov D, Sanchez S, Fomin VM, Schmidt OG. Magnetic Microhelix Coil Structures. Phys Rev Lett 2011;107(9):0972024(1-4). https://doi.org/10.
1103/PhysRevLett.107.097204.
[91] Ghost A, Fischer P. Controlled propulsion of artificial magnetic nanostructured propellers. Nano Lett 2009;9(6):2243–5. https://doi.org/10.1021/nl900186w.
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[158] Alapan Y, Yigit B, Beker O, Demirörs AF, Sitti M. Shape-encoded dynamic assembly of mobile micromachines. Nat Mater 2019;18:1244–51. https://doi.org/
10.1038/s41563-019-0407-3.
[159] Power M, Thompson AJ, Anastasova S, Yang G-Z. A Monolithic Force-Sensitive 3D Microgripper Fabricated on the Tip of an Optical Fiber Using 2-Photon
Polymerization. Small 2018;14(16):1703964(1–10). http://doi.org/10.1002/smll.201703964.
[160] Barbot A, Decanini D, Hwang G. Helical microrobot for force sensing inside microfluidic chip. Sens Actuat A Phys 2017;266:258–72. https://doi.org/10.1016/
j.sna.2017.09.004.
[161] Barbot A, Decanini D, Hwang G. Local flow sensing on helical microrobots for semi-automatic motion adaptation. Int J Rob Res 2020;39(4):476–89. https://
doi.org/10.1177/0278364919894374.
[162] Koepele CA, Guix M, Bi C, Adam G, Cappelleri DJ. 3D-Printed Microrobots with Integrated Structural Color for Identification and Tracking. Adv Intell Syst
2020;2(5):1900147(1-9). https://doi.org/10.1002/aisy.201900147.
[163] Guix M, Wang J, An Z, Adam G, Cappelleri DJ. Real-Time Force-Feedback micromanipulation using mobile microrobots with colored fiducials. IEEE Robot
Autom Lett 2018;3(4):3591–7. https://doi.org/10.1109/LRA.2018.2854909.
[164] Bianchi S, Carmona Sosa V, Vizsnyiczai G, Di Leonardo R. Brownian fluctuations and hydrodynamics of a microhelix near a solid wall. Sci Rep 2020;10(1):
4609(1–8). http://doi.org/10.1038/s41598-020-61451-y.
[165] Wang X, Qin XH, Hu C, Terzopoulou A, Chen XZ, Huang TY, et al. 3D Printed Enzymatically Biodegradable Soft Helical Microswimmers. Adv Funct Mater
2018;28(45):1804107(1–8). http://doi.org/10.1002/adfm.201804107.
[166] Bozuyuk U, Yasa O, Yasa IC, Ceylan H, Kizilel S, Sitti M. Light-Triggered Drug Release from 3D-Printed Magnetic Chitosan Microswimmers. ACS Nano 2018;12
(9):9617–25. https://doi.org/10.1021/acsnano.8b05997.
[167] Ceylan H, Yasa IC, Yasa O, Tabak AF, Giltinan J, Sitti M. 3D-Printed Biodegradable Microswimmer for Theranostic Cargo Delivery and Release. ACS Nano
2019;13(3):3353–62. https://doi.org/10.1021/acsnano.8b09233.
[168] Chen L, Dong Y, Tang CY, Zhong L, Law WC, Tsui GCP, et al. Development of Direct-Laser-Printable Light-Powered Nanocomposites. ACS Appl Mater Interfaces
2019;11(21):19541–53. https://doi.org/10.1021/acsami.9b05871.
[169] Qin X-H, Wang X, Rottmar M, Nelson BJ, Maniura-Weber K. Near-Infrared Light-Sensitive Polyvinyl Alcohol Hydrogel Photoresist for Spatiotemporal Control
of Cell-Instructive 3D Microenvironments. Adv Mater 2018;30(10):1705564(1–7). http://doi.org/10.1002/adma.201705564.
[170] Hippler M, Blasco E, Qu J, Tanaka M, Barner-Kowollik C, Wegener M, et al. Controlling the shape of 3D microstructures by temperature and light. Nat Commun
2019;10(1):232(1–8). http://doi.org/10.1038/s41467-018-08175-w.
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