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4D Printing: Enabling Technology for Microrobotics

Applications

Georges Adam, Amine Benouhiba, Kanty Rabenorosoa, Cédric Clévy,

and David J. Cappelleri*

This review demonstrates that 4D printing constitutes a key technology to enable
significant advances in microrobotics. Unlike traditional microfabrication tech-
niques, 4D printing provides higher versatility, more sophisticated designs, and a
wide range of sensing and actuation possibilities, opening wide new avenues for
the next generation of microrobots. It brings disruptive solutions in terms of
variety of stimuli, workspaces, motion complexities, response time, function
execution, and genuinely 3D microrobots. This review brings to light how soft
and smart materials directly printed in 3D are particularly well suited for
microrobotics requirements. This review gives an overview of 4D printing in
microrobotics, highlighting advanced microrobotics requirements, fabrication
methods, used smart materials, activation techniques, recent advances in the

microrobotics field, and emerging opportunities.

1. Introduction

Over the past two decades, 3D printing, also known as additive
manufacturing, has been of great interest to scientists and engi-
neers. 3D printing offers tremendous benefits as reduced cost in
manufacturing, just-in-time production, improving human
health, living up to environmental sustainability, and many
others. It is the process of making 3D solid objects from a digital
file.** The solid objects can be made using a variety of different
materials,” including polymers, metals,**! ceramics,’® and
composites.”! As a result, 3D printing can be found in numerous
industries and has a wide range of applications, such as in
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aerospace,[sl automotive,”! aviation,1%1!
consumer products,’? healthcare, >~
construction,'®  food,"”*®! and educa-
tion.'” Commonly used techniques for
3D printing include stereolithography
(SLA), digital light processing (DLP), fused
deposition modeling (FDM), multi-jet
fusion (MJF), selective laser sintering
(SLS),2* and direct metal laser sintering
(DMLS),12#?* as well as other direct writing
methods.*

With the advent of the development of
new materials capable of not only being
3D printed but also changing their struc-
tural shape and/or properties after being
printed, a new field of 4D printing has
emerged.>*’! While traditional 3D print-
ing often leads to the creation of static solid
objects, 4D printing offers the created objects a dynamic behav-
ior, manifested in adaptive, shape-shifting abilities, and/or mate-
rial properties changes. Such abilities are enabled through the
use of smart materials,*® such as shape memory polymers
(SMPs), liquid crystal elastomers (LCEs), and hydrogels, among
others. This dynamic behavior is activated by an external energy
input, such as temperature,*” light,*” pH,***? and voltage,*!
among other environmental stimuli. Furthermore, compared
with traditional subtractive manufacturing, which is carried
out by continuously removing material from a solid block, such
as computer numerical control (CNC) machining, additive
manufacturing offers many advantages,?* including fast proto-
typing/production, accessibility, cost-effectiveness, reduced
material consumption, and almost unlimited geometric complex-
ity in designs.

In addition to the endless possibilities of shapes that 3D/4D
printing can offer, it also provides a broad spectrum of sizes.
These sizes range from large macroscale objects, such as 3D
printed buildings,** to very small objects, such as micro- and
nanodevices.*®! One of the targeted applications for the latter
devices is microrobotics. Unlike regular robotics, which relies
heavily on DC/AC motors for actuation and a high number of
assembled parts, microrobotics is typically based on materials
with less complex, straightforward (mostly monolithic) designs.
Consequently, 4D printing at a small scale holds very high poten-
tial in the field of microrobotics.*”*® Traditional microfabrica-
tion techniques (cleanroom technology) are highly limited in
terms of design, geometries (mainly 2D shapes), and materials
selection. By contrast, 4D printing introduces a new level of ver-
satility and complexity into the forms and configurations
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produced on such a scale; it also allows for a simpler use and
integration of a wide variety of smart materials. This renders
the design of microrobots with more sophisticated geometries
and advanced capabilities, a fast and cost-effective process.
That said, this kind of technology comes with its own set of lim-
itations and challenges, including structural control in time and
space domains simultaneously, repeatability, printing resolution,
printing speed, low viscous behavior, and so on.

The main objective of this article is to study the different
promising technologies of 4D printing and their potential in
the field of microrobotics. It provides a summary of the state
of the art, as well as comprehensive outlines for the use of such
technologies in microrobotics applications. Specifically, Section 2
addresses the motivation for 4D printing in microrobotics.
Section 3 introduces different microfabrication methods and
how they are modified to obtain 4D printing technologies.
Section 4 presents different smart materials for 4D printing.
Section 5 discusses the current state of 4D printed microrobotics,
while the last section provides a future outlook into the next gen-
eration of 4D printed-enabled microrobots.

2. Motivation for 4D Printing in Microrobotics

2.1. Microrobotics State of the Art

Microrobotics has made considerable progress in the past
30 years. As an emerging field of research arising from the fusion
of micro/nanotechnology and traditional robotics, it has stimu-
lated the interest of the scientific community and opened new
doors for a variety of applications. The latter includes micro/
nanomanipulation, benchtop micromanufacturing, drug deliv-
ery, precision surgery, medical diagnosis, personalized medi-
cine, and detoxification.’”) Some examples of microrobotics
applications are shown in Table 1 where manufacturing and bio-
medical applications are separated and classified through the
scale of manipulated objects.

Although microrobots experience the same forces as regular
robots, these forces’ magnitude is usually size-related and can
vary with scale. At the microscale, the surface area-to-volume
ratio increases considerably, thus rendering volume-related
forces, such as inertia, gravity, and buoyancy, less relevant,
and gives surface-related forces such as surface forces, fluid drag,
and friction a dominant role.*” Such a trend is very apparent in
nature (small insects). For example, small insects (water striders)
use surface tension rather than buoyancy to stand on the water
surface.*] Others can jump very high in relation to their size.[*”
Therefore, these particular physical phenomena must be taken
into account when designing microrobots, whether when using
traditional techniques such as cleanroom technology or advanced
technologies such as 4D printing. For a more comprehensive
analysis of such forces, the reader should refer to the study by
Wautelet.**!

During the past decade, biomedical applications have become
the primary targeted field for microrobotics,** due to their small
size, low weight, high flexibility, large thrust-to-weight ratio, and
high sensitivity. In biomedical applications, small-scale robots
must be biocompatible*”! but are expected to work under differ-
ent environments consequently with different sets of
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Table 1. Several key microrobotics examples in manufacturing and
biomedical applications versus the size of the objects being manipulated.

Size of objects

Being manipulated Manufacturing applications Biomedical applications

[195]

Millimeter scale Microoptical bench fabrication®! Ocular microsurgery!

Hundreds of [196]

micrometer

Microcoil assembly Ferromagnetic soft

catheters!*6!

1561 Assisted in vitro

fertilization!®®!

- Fiber characterization

Tens of micrometer 3D photonic crystal assembly®*) Oocyte characterization®*!

Microstent fabrication®®!

[97)

A few micrometer Nanotool mounting on an DNA characterization

- Atomic force microscope Intracellular

/198]

cantileve characterization!®’]

- Microhouse fabrication -

- On an optical fiber®® -

requirements. For example, in vivo and in vitro microrobotics
(for lab-on-a-chip applications) do not have the same require-
ments. From hundreds of micrometer to the millimeter scale,
in vivo microrobotic applications (see Table 1) include navigation
through blood vessels by a ferromagnetic soft catheter,®
magnetic catheters,*”) flagellated magnetotactic bacteria for
localized drug delivery,**>? and magnetic microrobots for
eye microsurgery.”? In these applications, the requirements
include miniaturized parts, constrained spaces, delicate/
sensitive surrounding tissues, complex and precise operations,
smart materials for actuation, sensing, and interfacing with
the human body. For in vitro applications, oocyte mechanical
characterization has been extensively studied®* along with
spermbot-assisted fertilization.’*! The challenges here are how
to maintain the position of the oocyte and to control the applied
force to determine their stiffness. For manipulating objects
smaller than 10 um, two representative applications are DNA
characterization using microtweezerst®® fabricated by microelec-
tromechanical systems (MEMS) technology, and intracellular
characterization using magnetic microbeads and advanced bio-
medical imaging systems.””! Leong et al.”® presented origami-
based tetherless microgrippers. Among other functionalities, these
microgrippers can be used for the capture and retrieval of objects
and conducting biopsies. The microgrippers were fabricated using
standard cleanroom/microfabrication technology. A magnetic field
was utilized to guide the grippers in vivo to their desired target
remotely. Also, once they reached the target, a locking mechanism
can be activated either by heat (4060 °C) or by using a variety of
different chemicals, including organic chemicals.

In diagnosis and health monitoring, microrobotics has also
shown great promise. Fischer et al.*® presented a smart dust
biosensor for remote sensing. The hybrid microdevice is pow-
ered by adenosine triphosphate (ATP) and relies on antibody
functionalized microtubules and kinesin motors to transport
the target analyte into a detection region. Bassik et al.®”
expanded on the previous work by specializing in the activation
mechanism of the microgrippers. A biopolymer with a selective
enzymatic degradation was utilized in the hinges of the
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microgrippers. The biopolymer will naturally degrade in cancer-
ous environments, which will then trigger the closing mecha-
nism of the microgripper. In the field of dentistry,
microrobots can find diverse applications, including major tooth
repair, cavity preparation and restoration, othodontic treatment,
diagnosis and treatment of oral cancer, improving tooth durabil-
ity and appearance, and many other applications.®"

Other microdevices that can improve disease diagnostics are
lab-on-chip devices.®*¥) They can improve diagnostic speed,
cost efficiency, sensitivity, and ergonomy. Form a robotic point
of view, the developments are focused on actuation, sensing, and
control. Various actuation strategies have been investigated, such
as dielectrophoresis (DEP),!**7° magnetophoresis,”"”? electro-
wetting on a dielectric (EWOD),”?! and aurface acoustic wave
(SAW) activation.” For sensing, exteroceptive sensors are typi-
cally used for proof-of-concept.!®*! Indeed, proprioceptive sensors
are challenging to integrate in the lab-on-chip devices.[**7>76]
Brazey et al.””) proposed an impedance-based real-time position
sensor to monitor and control cell displacements during their
motion in the chip. The variation of the impedance inside the
chip, measured between two electrodes and induced by the pas-
sage of the cells, is used to obtain their positions. For more
details on cell manipulation technique comparisons, one can
refer to the study by Ghallab and Badawy.”®.

Despite the benefits and high potential for microrobotics for
healthcare applications, some disadvantages and potential haz-
ards do exist.”®! For example, certain metallic coatings such as
nickel, mainly used in microrobot designs for its magnetic capac-
ities, are known to be allergenic, carcinogenic, toxic, and terato-
genic in certain forms and/or in high doses.”®! The presence of
high amounts of silver used, in some cases, for the fabrication of
hinges in multisegment nanorods, can cause discoloration of the
skin and internal organs. However, no negative health effects
have been noted for silver.®”! Foreign DNA, usually used in some
microrbot designs for its biocompatibility as a natural biopoly-
mer, can result in immunologic and inflammatory responses.®"
In addition, high levels of UV light, which are sometimes utilized
as an input control signal for microrobots, are known to cause
skin damage and, in worst cases, skin cancer (depending on
the delivered laser power). Furthermore, other hazardous situa-
tions can arise due to poor navigation and task execution. For
instance, loss of navigation control and the targeting of an erro-
neous site leading to healthy cells’ damage are considered to be
worse than failing to accomplish the desired task. Nevertheless,
there are some efforts aimed at limiting these risks, to name one,
the work of Tacovacci et al.’®?! on the retrieval of nanoagents from
the bloodstream.

Microrobotics can be classified according two approaches:
tethered and untethered. Tethered microrobotics has been the
first historical approach investigated and was initially aiming
at miniaturizing robots and systems. Tethered robotic systems
embed their own actuation, tool (typically used for manipulation
or for characterization), and also quite often one or more sensors.
The tether of the robot enables energy to be delivered to the sys-
tem and the ability to collect sensing data in a variety of modali-
ties. Tethered microrobots can apply large forces and bring a tool
with dexterous manipulation and sensing capabilities in contact
with an object/component to be studied or manipulated. Many
commercial microrobotic sytems today are tethered systems and
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this approach has widespread manufacturing applications. A few
examples include the fabrication of a microoptical bench,®*#4
3D photonic crystal® (see Table 1), lab-on-fiber devices,®®
and the fabrication of other microstructures®”! as well as being
used for the characterization of many kinds of objects and com-
ponents.®##% Recently, key works have been achieved to calibrate
commercially available tethered robotic systems, demonstrating
that complex motions can be done with high position accuracy
(better than 100 nm).***% Physical-based modeling and robust
control have also been successfully implemented on tetethered
microrobotic systems, demonstrating their potential to guarantee
the performance of these robotic systems despite strong environ-
ment changes.”>°* To further improve capabilities, research on
integrated sensors that are able to provide high-quality measure-
ment close to the point of contact between robot and object it is
interacting with has also been pursued.>~*”! In addition, novel
actuation principles based on smart materials and associated
kinematic designs are being investigated. For instance,
Haouas et al. proposed a parallel kinematic robot with seven
fegrees-of-freedom (DoF) with dexterous grasping capabilities.!*®
A millimeter-scale tethered microrobot, inspired by the art of kir-
igami and assembled via a pop-up process, that utilizes a piezo-
electric actuator, was constructed into a delta robot configuration
to achieve high-bandwidth and high-precision operations.””
Finally, methods for the optimal design and/or control-oriented
design methods of compliant mechanisms with embedded actu-
ation are being studied for performance improvement and a
higher density of functions for similar or smaller design
footprints.!*°”

Untethered microrobotics appeared after tethered microro-
botics and brought with it a more disruptive approach in its prin-
ciples. Contrary to tethered microrobotics, untethered systems
generally do not embed their own actuators. The untethered
microrobot is a microscale object that is moved or deformed
by external force fields. These external force fields can take many
forms, such as magnetic,'**7"% light,["*>'% acoustic,['~'1%
etc. These mobile microrobots, ranging in size from a few tens
of micrometers to few millimeters, allow them to be used in very
small environments and enable very good mobility at high
speeds. For these reasons, untethered microrobotics today has
been very widely developed. As shown in Figure 1, four types
of stimuli are typically used to achieve remote actuation of micro-
robots. The most developed stimulus is magnetic actuation
which has been used to demonstrate planar and 3D positioning,
multirobot actuation, and complex task excution (see
Figure 1).'*712% Some micromanipulation techniques not
shown in Figure 1 are the following: optical trapping that can
achieve 2D!"#17124) and 3DI?>!2¢) manipulation, as well as mul-
tiple objects manipulation."”"*?% Second, the generation and
manipulation of microbubbles by means of temperature gra-
dients induced by low power laser radiation was introduced by
the study of Farahi et al.'*” and then improved in the study
by Ortega-Mendoza and co-workers.'*"132 More recently,
micromanipulation based on laser-induced thermocapillary
convective flows at the fluid/gas interface was demonstrated
for single**! and multiple objects.***! To compare and under-
stand the advantages and disadvantages of magnetic and optical
actuation for microrobotics, we invite the reader to refer to the
study by Sitti and Wiersma.'**!
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Figure 1. State of the art of untethered microrobotics systems for micromanipulation, microassembly, and complex tasks.

Microrobotics has achieved substantial advances in the last
few years.*® In fact, advanced fabrication technologies have
enabled microrobotics to take important steps. Cleanroom fabri-
cation techniques (standard lithography, etching, etc.) have
enabled the first steps of microrobotics. It was followed by 3D
printing through two-photon lithography commercialized by
Nanoscribe in 2007. The rapid development of soft and smart
materials which can be printed in 3D with high resolution is
expected to open a new age for next-generation advanced micro-
robotics. The requirements for such systems are described next.

2.2. Advanced Microrobotics Requirements

There are a wide range of requirements necessary to achieve
advanced microrobotic functions that are not currently available
from commercially available systems. They are shown in Table 2
and described in the following section.

Despite the wide and diverse scope of applications and inter-
ests, critical to achieving them is the need for microrobotic sys-
tems to have integrated tools adapted for the particular task at
hand. Regarding scaling issues, it is of primary interest that these
tools consider the dominance of surface forces, and more widely,
the specifics of the contact occurring between the object or com-
ponent of interest and this tool. Indeed, these contacts are
strongly dependent not only on both the object/component itself
but also on the environment (temperature, hydrometry, charges,
etc.). Thus, achieving robotized tasks efficiently at the microscale
requires the simultaneous consideration of the robot, its tool, the
working environment, and the object/component that is being
studied/manipulated. This is because of the strong coupling
of their behaviors, which is contrary to case in macroscale robot-
ics. This intricate coupling is a key paradigm for several reasons.

Table 2. Summary of key microrobotic requirements.

Integrated functionalities Tools (end-effectors) with sensor(s)
Overall size of the microrobot <1mm’

Minimum number of DoFs 3

Repeatability of the microrobot <100 mm

Dynamic control speed kHz range

First, the lack of knowledge about the behavior and physical phe-
nomenon happening at the microscale are not well known, and
thus predicting their behavior has only been established for some
very specific cases. As a result, the need to integrate sensors that
can measure the dynamic changes in physical quantities (posi-
tion, displacement, force, pH, temperature, current, etc.) very
close to the point of contact and/or in the environment is of
utmost importance. This challenge is more significant in the
usual actuator and sensor integration issues because they are
fully taking part in, then influencing, the robot in the working
environment. The principle chosen must then clearly tend to
limit (or make it known) the influence of sensors and actuators
to the behavior of the whole robotic system. In this scope,
multimodal sensing is a noticeable trend. Therefore, the first
advanced microrobotics requirement is the capability to
actuate/control microrobotic systems with tools that can effi-
ciently and dynamically act and sense the robot/environment
interactions.

The second key requirement for the next-generation microro-
botic systems lies in the size of the instrumented robot. Indeed,
smaller sizes would open up many wider applications by making
it possible to investigate smaller environments (i.e., in vivo and
in vitro), improving the robot dynamics, and improving their
precision. Despite the wide scope of applications and needs,
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microrobotic instrumented systems having a size smaller than
1mm? is a key but realistic challenge.

The third key advanced microrobotics requirement is related
to the mobility and/or dexterity of the next-generation microro-
botic systems. Mobility in a typical 3D workspace of a few hun-
dreds of micrometers along each axis is needed in most
applications. Also, the capability to move around the object/com-
ponent of interest in the workspace is of key interest. Thus,
microrobotic systems having at least three DoFs are ideally
required to enable sufficient dexterity/mobility in space.

Most microrobotic systems are intended to be used for char-
acterization and manipulation purposes. In this scope, users
strongly expect not only repeatable but also accurate behavior
to assess performances in a statistical way. The need to study
influential parameters notably appears as a key need for both sci-
entific and industrial investigations. The repeatability of a robotic
system appears directly dependent on the physical principle used
to generate the motions, while its accuracy can be largely
improved using modeling and calibration approaches.
Nevertheless, improving the accuracy is only feasible for repeat-
able robots. Thus, the next key advanced microrobotic require-
ment is for the microrobotic systems to have repeatability on
the order of 100 nm. This level of repeatability is directly depen-
dant on the microrobot materials and fabrication process used to
create the microrobots. For instance, purely elastic behaviors and
compliant or continuous based motion transformation principles
allow for increased repeatability.

The last key advanced microrobotics requirement is related to
the control of the next-generation microrobotic systems, which
can be used to achieve many critical tasks. The control of
motions, trajectories, and the interactions between a robot and
its environment/object in a dynamic way are of key interest.
Control directly enables the worker to use the robot as it is
required and expected. Two emerging aspects are of typical inter-
est. The first one lies in the dynamics. Indeed, the next-genera-
tion microrobotic systems will be much smaller and much more
instrumented than they are today. This will result in the system
having drastically higher dynamics with bandwidths higher than
1kHz becoming feasible, enabling the achievement of tasks at
high frequencies. The expected limitations of such systems
are not known today and will clearly constitute key new chal-
lenges as well. The second key requirement in regard to control
is related to the end users (biologists, mechanical engineering,
chemists, etc.) of the next-generation microrobotic systems.
These users will need to use the systems without having
advanced knowledge in control engineering and robotics. In this
aspect, a key challenge will be to develop control algorithms that
can self-adapt and reconfigure to the tasks and to the environ-
ment but that also enable intuitive use through ergonomic
human-machine interface."*”’

Making the transition from macro- to microrobotics comes
with many advantages, but it also gives rise to many challenges.
Scaling down notably modifies what are the main influential phe-
nomena inducing strong modification of choices to be done at
the microscale compared with the macroscale. Microrobotic sys-
tems can thus be made from many different/emerging materials,
inorganic materials, such as polymers (elastomers, gels, liquid
crystals), metals (mainly but not exclusively noble metals),
ceramics (piezoelectric materials), composites, and/or organic
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materials, such as the case for biohybrid microrobots, where liv-
ing components (living cells or organisms) are added to chemi-
cally provide power for motion and other tasks.!*** Some of these
materials have enabled the 3D printing of microstructures. This
new approach can help lift the traditional limitations inherent
with 2D-based cleanroom fabrication technology.

In terms of actuation, microrobotics can benefit soft actuators
based on smart materials able to achieve large deformation, com-
plex/programmable motions, and produce enough forces or tor-
ques for the application requirements. Furthermore, with regard
to sensing, the amplitudes of the physical aspects to be sensed
associated with such a scale are usually in the range of uncertain-
ties and noise for full-scale sensing systems. Also, finding light-
weight power solutions for macro robots is already a highly
challenging task, and it becomes much more problematic for
microrobotics, as options for micro- and nano-batteries are very
limited."*® Consequently, many alternative solutions, strategies,
and novel methods are being investigated and explored for mate-
rial selection, design, fabrication, actuation sensing, and power
of micro- and nanorobotics. One of the highly promising tech-
nologies for all these challenges is 4D printing.

3. 4D Printing at Small Scales

In the past few decades, with the boom of the microchip and
transistors industries, microfabrication techniques have been
steadily improving with the goal of minimizing the structures
and improving resolution. However, the fabrication processes
are still the most limiting factor for the development of micro-
robotics, especially due to the inherit 2D nature of most used
microfabrication techniques. Currently, the most common
microfabrication technique consists of classic lithography, in
which a photosensitive material is exposed to UV light of a cer-
tain wavelength with the use of a mask and a light source. With
the exposure of the photoresist material to light, it undergoes a
chemical reaction that changes the solubility of the photosensitive
material. For positive photoresist, the exposed area increases the
solubility, and for negative photoresist, it decreases. After immer-
sion in a developer solution, the high-solubility region would be
removed, thus creating the desired pattern on the substrate.
This is a very reliable and well-studied method since it has
been around for so many years, and the minimum resolution
keeps improving. The most common methods of reducing the
resolution consist of using lower wavelength light or using a dif-
ferent medium for light propagation (immersion lithography sys-
tems). However, as lithography is an optical method that requires
a mask, the resolution will ultimately be limited by the diffraction
limit, which sets the minimum distinguishable distance between
two features before light interference acts on the substrate side of
the mask. The diffraction limit (d) is given as the quotient of the
wavelenght (1) by a factor of the medium’s index of refraction (n)
and the half-angle subtended by the objective lens (6) or numeri-
cal aperture (NA) of the optical system, as shown in Equation (1).

A
~ 2nsin(@)  2nNA

1)

One method to improve the resolution is to increase the index
of refraction of the medium. Instead of light traveling through air
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(n=1), immersion lithography systems are used so that the
liquid’s index of refraction is greater (n>1). Current state-of-
the-art lithography systems use a ArF excimer laser with working
wavelength of 193 nm.[*% Table 2 shows the best resolution of
an optical lithography system given a working wavelength
193 nm and the diffraction limit for both dry and immersion sys-
tems. Most commercially available systems can only reach a res-
olution of ~500nm because it becomes exponentially more
expensive to reach the diffraction limit.

Another method that poses a solution to the diffraction lim-
itations of optical systems is called e-beam lithography (EBL), in
which a tightly focused beam of electrons is used to pattern a
structure in specific photosensitive materials. This is a type
of maskless lithography because no mask is required and
the electron beam is able to trace out the desired pattern on
the substrate. This method can achieve resolutions in the
sub-10 nm range,"****% a5 shown in Table 2. However, one
major limitation of these two lithography methods is the ability
to fabricate complex 3D structures. These methods create
patterns layer-by-layer, and it is possible to create undercuts
and simple 3D with sacrificial layers or etching methods, but
it becomes expensive and the ability to create complex 3D
structures is still limited. Some works have demonstrated the
ability of fabricating a flat structure using photolithography
methods that subsequently curls up into a 3D shape after fabri-
cation; however, these structures are still limited in terms of
geometries and ease of fabrication/prototyping. For example,
Huang et al."**! developed a hydrogel microrobot that is fabri-
cated using a bilayer structure and photolithography, which curls
up into a helical shape after the fabrication process is complete.

A more versatile and common fabrication method consists of
3D printing; however, the resolution is not as fine. The most
common printing methods are FDM and SLA. FDM melts the
material and uses a nozzle to build the desired structure, while
SLA uses a photochemical process to selectively cross-link pho-
tosensitive material, creating a structure. Both methods allow the
fabrication of complex 3D shapes; however, the resolution is not
comparable to that of lithography techniques. Another relatively
new method that combines some advantages of stereolithogra-
phy and standard lithography methods is called projection micro-
stereolithography (P,SL). This method creates a virtual
photomask with a projector and polymerizes the material
layer-by-layer, which is changed by the use of a motion stage
to move the material sample.*¥ Table 3 shows the best resolu-
tion for current FDM and SLA printers, but most available sys-
tems have a much poorer resolutions. It also shows the
resolution of P,SL.

Recently, with the development of high repetition-rate laser
systems, two-photon polymerization (TPP) has become a highly
sought after method because it combines the versatility of 3D
printing with the resolution of lithography techniques.**>-4¢!
Indeed, Figure 2 shows the future manufacturing methods
are trending to complex 4D geometries with low nanometer-level
resolutions, enabled by this technique. TPP uses the principle of
two-photon absorption, which states that an atom can absorb two
or more photons simultaneously, thus allowing the electrons to
transition to states that were not possible with single-photon
absorption. This process is governed by a virtual transition state
that has extremely short duration (in the order of femtoseconds);
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Table 3. Comparison of different fabrication methods, including standard
microfabrication and 3D printing methods, as well as new technologies
that enable more flexible microfabrication.

Method Best Complex 3D/4D Ref.
resolution geometry

Optical lithography Air/dry 107 nm? No [139]

- Immersion 74 nm® No [139]

EBL 2nm No [140,141]

Standard 3D printing FDM 20 pmb) Yes [199]

- SLA  25um® Yes [200]

Projection P.SL 3pm Yes [144]

microstereolithography

Micro 3D printing TPP  70-100 nm Yes [145,146,201]

IThese values are the best possible resolution based on the diffraction limit,

[202]

assuming a state-of-the-art ArF excimer laser source, which has a wavelength

of 193 nm. Most commercially available systems can only reach around 500 nm
resolution; ®These values refer to the vertical resolution of the best FDM and
SLA printers. The smaller nozzle size for FDM printers is around 250 pm and
the laser spot for SLA printers around 140 um, so the feature sizes cannot be
printed in the low-micron range reliably. An industrial SLA printer can have
tolerances around 30 pm.

thus, the lasers need to be fast enough to excite this virtual state.
This is a nonlinear process and the polymerized cross-sectional
area scales with the inverse square of the laser intensity, so the
laser beam can enter the photoresist and only trigger polymeri-
zation in a small region around the focus point. Outside of this
small volume, the probability of two-photon absorption is
extremely rare, resulting in increased resolution. As shown in
Figure 3B, this polymerization method allows for a tight poly-
merization region, only on the focused region of the laser.
When compared with traditional photopolymerization
(Figure 3A), the polymerized region is much larger, resulting
in lower resolution.

For TPP, the laser radiation interacts with a photosensitive
material, creating a highly localized chemical reaction that poly-
merizes the substrate, creating the desired structure. The entire
TPP process consists of three separate processes: 1) initiation, in
which the photoinitiators reach the excited state due to two-
photon absorption and decompose to radicals, 2) propagation,
where the radicals combine with monomers, and 3) termination,
where monomer radicals are combined creating long cross-
linked chains and terminating the polymerization process. In
other words, the two-photon absorption triggers photodissocia-
tion (breaking of C—C bonds in the photonitiator), creating
highly reactive radicals that will bond with monomers, starting
the radical polymerization process. This process ends when a
radical reacts with another. In most cases, the photoresist mate-
rial formulation will have a photoinitiator, which is simply a
material with a low photodissociation energy, thus increasing
the overall material’s photosensitivity. This entire process, com-
bined with the tight focus of the high power/high repetition-rate
laser, allows the fabrication of complex 3D structures with very
high resolution, currently around 100 nm, as shown in Table 2.

As a comparison, SLA uses a UV laser to induce photopoly-
merization through single-photon absorption on the surface of

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.advintellsyst.com

Future
4D| Manufacturing ——Tpp —= PpsSL EDM
> Methods SLA
S
()]
€ 3D
]
(1]
O
Optical
2D| EBL
Lithography
1nm 75 nm 100 nm 3 um 25 um

Highest Single Axis Resolution

Figure 2. Plot of geometric dimension capability versus highest single axis resolution for the small-scale fabrication methods shown in Table 4. Future
manufacturing methods are trending to complex 4D geometries with low nanometer-level resolutions.

A Traditional Photopolymerization
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Figure 3. Schematic comparing traditional photopolymerization using UV light with TPP in the IR range with a femtosecond laser. A) With the absorption
of the UV photons (yyy), the electrons move to a higher energy state (S;), polymerizing the entire shaded region. B) The two-photon absorption reaches
an even higher electron state (S,) via the virtual state (Syinya), resulting in polymerization of only the focused region.

the material, thus only being able to fabricate structures using a
layer-by-layer approach. In contrast, as most photoresist materi-
als are near transparent in the infrared (IR) range and highly
absorbent in the UV range, TPP can be initialized with fast
IR laser pulses focused on a small volume of material
Therefore, TPP can fabricate materials with complex 3D geome-
tries, differently from the layer-by-layer approaches that other
methods use.

Furthermore, there is a wide variety of materials that can be
used for micro-3D printing, such as hydrogels or other organic
compounds, which will be discussed further in Section 4. This
provides a high degree of versatility because complex microstruc-
tures can be fabricated using functionalized materials, resulting
in multi-DoF structures. Here, we will be focusing on 4D struc-
tures fabricated by TPP, in which the four dimensions consist of
the three spatial dimensions plus time. In other words, 3D struc-
tures are able to change over time, as response to stimulus or
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environment. This response includes change in size, color, or
even complete degradation, among others.

4. 4D Printing Materials

One of the main advantages of TPP printing is its versatility and
multi-DoF capabilities that its wide range of materials enable.
There are two main types of materials used for TPP: single-phase
materials and multiphase materials (or nanocomposites). Single-
phase materials are completely miscible; however, their charac-
teristics depend on the blend type and print settings, such as
laser power and exposure time. The photoresist is activated by
the high energy density laser which results in efficient cross-
linking of the material. On the contrary, a nanocomposite is a
multiphase material that relies on light-triggered cross-linking
of organic and hybrid siloxane-organic photoresists. It uses fillers
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that can be dispersed in a wide range of materials, often provid-
ing novel and remarkable properties while keeping its original
structural integrity. Recently, a third type of material for TPP
printing has been gaining traction: biomaterial-based com-
pounds. These materials use widely studied biomaterials, such
as some types of proteins, and create a composition that can
be printed using TPP, giving it novel properties while being bio-
compatible, such as specific cell affinity.

4.1. Single-Phase Materials

One of the main attractive features of single-phase materials for
TPP is that they have a great performance from a processability
standpoint. Most issues encountered in the printing process are
due to irregularities in the material which usually arises from
immiscible particulates in the composites. However, this is
not a problem here because the material is homogeneous. On
the contrary, it is typically more difficult to achieve certain mate-
rial properties when compared with a multiphase material, such
as achieving magnetic and conductive properties. Next, different
single-phase photoresist blends will be presented along with the
properties they provide to the printed structure.

While TPP presents a suitable method for fabricating high-
resolution multi-DoF microrobots, they are susceptible to shrink-
age and collapse during the fabrication procedure. Therefore, it is
highly desirable to develop methods to enhance the mechanical
properties of the printed material. The easiest method is to
optimize the fabrication settings, such as exposure time and
laser power, effectively controlling the level of cross-linking.
In addition, using a development approach with a UV radiation
treatment has been shown to further cross-link the structure
resulting in improved stability.l'*”! Another method is to mix
different materials that are more rigid into the blend, such as
mixing polyvinylpyrrolidone (PVP)'*¥! or exciting a preexisting
polymer chain instead of simply the standard liquid monomer
solution.!"**!

For microrobotic applications, the actuation potential of a
material is of great importance, oftentimes even more than opti-
cal or mechanical properties. There have been many different
single-phase material formulations that actively respond to exter-
nal stimulation resulting in motion or change in volume. For
these applications, the use of different hydrogels is extremely
beneficial because, in general, they are made out of a network
of hydrophilic polymeric chains, which are able to absorb large
amounts of water and change volume. Hydrogels can be fabri-
cated in such a way that they will respond to external stimuli,
thus creating a smart material. Furthermore, the ability to
actively control the swelling of a microrobot is especially benefi-
cial for biomedical applications because it can be used as a mech-
anism to trigger the release of a drug payload or to biodegrade the
microrobot after its use, leaving no footprint behind.

Numerous studies have shown a wide variety of external stim-
uli that can cause swelling and shrinking of the TPP printed
structure. These stimuli include changes in pH,"*¥%% changes
in solvent environment,">"**?! light,">* and temperature-con-
trolled solvent intake/release,™** among others. Hu et al. have
developed a bioinspired hydrogel structure that presents shape
transformation due to changes in pH and is capable of trapping
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microobjects. To increase the swelling ratio, the cross-linking
density of the TPP process has to be relatively low, which can
result in poor mechanical strength. However, PVP was added
to the photoresist blend, increasing its viscosity and mechanical
strength. In another study, Tudor et al. designed a hydrogel blend
that is capable of high swelling ratios (around 300%) and can be
fabricated with submicron resolution. In addition, the swelling
ratio is temperature dependent, allowing volume changes only
above a certain temperature threshold. The use of LCEs has also
been investigated for TPP printing because these substances
behave similarly to liquids, but they show a high degree of ori-
entation along one particular (long) axis. Therefore, a polymer
chain fabricated with an LCE results in highly oriented structure,
causing swelling/shrinking in a preferred direction, displaying
an anisotropic response.">>! One of the downsides of using such
stimuli for shrinking and swelling is that they are diffusion-
based, so they are inherently limited in their response time.
Design parameters can be optimized both in the geometry
and in the material formulation to speed up the response time.
For many microrobotic cases, this actuation method is to be used
in drug delivery applications, in which speed of release does not
play a crucial role.

In addition to the tremendous versatility and great resolution
that TPP provides, one of the main factors for the success of this
fabrication method in biomedical applications is the fact that
many of the commercially available photoresists are inherently
biocompatible. These materials include OrmoComp, IP-DIP,
and poly(ethylene glycol) diacrylate (PEGDA). In most cases,
using a commercially available photoresist provides great func-
tionality and it has been studied more in-depth than custom
blends, making it a great starting point. Nonetheless, some prop-
erties, such as magnetism, cannot be achieved using a single-
phase material. One solution used by multiple studies is to coat
the structure in a metallic layer postfabrication, giving it mag-
netic properties.">***8 Another approach is to use a multiphase
material, as will be discussed further in Section 4.2.

Researchers have also developed novel biomaterial-based pho-
toresist resins that can be used in the TPP process to fabricate
biocompatible structures. The great advantages of using a bioma-
terial-based resin are that they will be biocompatible while retain-
ing the structural integrity and mechanical properties of the
polymer, and the cell affinity of the biomaterial. Several proteins
have been used as base materials for TPP printing, such as
bovine serum albumin (BSA). They have been deeply character-
ized, are low cost, and can provide different stimulus
responses.*>7'%1) Lastly, single-phase photoresist materials
can provide a wide range of versatility and functionality, such
as refractive index modulation and surface tunability (mainly
used for metamaterial applications), surface functionalization
(which is optimal in single-phase photoresists due to uniform
distribution of functionalized groups), and for the fabrication
of conductive structures.

4.2. Multiphase Materials
In general, multiphase materials for TPP can provide more func-

tionality and additional DoF in an actuation and sensing point of
view when compared with single-phase photoresist resins. Some
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material properties are much more difficult to achieve with sin-
gle-phase rather than multiphase materials, for instance, control-
lable magnetic properties. However, as mentioned before, a
single-phase material will be easier to fabricate because there
is only one phase to take into account when setting fabrication
conditions. As an example, magnetic nanoparticles (NPs) floating
in a photoresist resin can react with the laser radiation and locally
heat up, causing bubbles and resulting in defects to the fabri-
cated structure. Thus, material choice and concentrations must
be taken into account carefully, as they greatly affect the final
properties of the structure.

As in the case for homogeneous materials, enhancing the
mechanical properties of the printed structure can, in turn,
increase its complexity. One of the most common methods when
using multiphase materials is to add single or multiwall carbon
nanotubes (CNTs) to the photoresist mixture. During the fabrica-
tion, the CNTs can be aligned to the print direction and the
mechanical properties enhancement can be tailored based on
the length and diameter of the CNTs. Furthermore, CNTs have
been shown to also have conductive properties, allowing the fabri-
cation of specially tailored conductive polymers using TPP.[*6%1¢3!
There are other methods to fabricate a conductive polymeric struc-
ture using TPP, such as the use of a gold NPs precursor to create
conductive channels!"®*'%%! or other metals.l"*® The main issue of
using metals is that they have a high refractive index, which can
interfere with the laser, resulting in poor resolution and even local
heating of the resin that causes bubble formation.

For biomedical applications, such as cell stimulation and dif-
ferentiation, the use of custom-made 3D structures with piezo-
electric properties made possible by TPP is of great use. The
differentiation of osteoblast cells has been demonstrated using
a printed piezoelectric structure made out of OrmoComp (com-
mercially available photoresist) and barium titanate NPs."*”) TPP
can also be used to print structures onto piezoelectric materials,
which can use vibrations as an actuation method, as demon-
strated in the study by Kim et al.**®

www.advintellsyst.com

Another main consideration with TPP printed structures is
the Young’s modulus and mechanical stability of the printed
structures. Figure 4 shows a comparison between different mate-
rials commonly used in microfabrication, especially 3D/4D
printing. As shown, the Young’s modulus of hydrogel formula-
tions is significantly lower than the one for commercially avail-
able photoresists. Therefore, many studies add materials such as
PVP to increase the Young’s modulus of the printed structure. In
addition, laser power and exposure time can be set in a way to
control the mechanical properties of TPP printed structures and
even provide a pathway for actuation. Hippler et al.l'*”! used
poly(N-isopropylacrylamide) (PNIPAM) to fabricate a light-
responsive bilayer cantilever. By controlling the exposure param-
eters during the printing process, they were able to control the
cross-linking of the material, thus achieving different material
properties from each side of the cantilever. This design showed
highly attractive actuation properties, due to its high and entirely
reversible deformations (maximum curvature deformation of
0.15 um ™" for a cantilever length of 40 pm), fast response time
(within 100 ms), and versatile and robust fabrication process. In
general, multiphase materials are interesting and promising but
have issues with low-Young’s modulus, which might be a limit-
ing factor for microrobotic applications.

For many microrobotic applications, magnetic actuation is
widely used due to its inherit benefits, such as wireless actuation,
ease of integration, and ability to scale the systems. One of the
main methods to add magnetic properties to a TPP printed struc-
ture is to disperse magnetic NPs in the desired photoresist,
which still keeps the properties of the photoresist while adding
magnetic capabilities. Combining magnetic particles with hydro-
gels previously mentioned can provide novel results, such as a
remote controllable microrobot that is biocompatible and can
use swelling properties to create on-demand drug delivery.
Table 4 and 5 show a number of different materials used to fab-
ricate 4D printed microrobotic structures, their respective stim-
uli, and response associated with each.

Young’s — Common Fabrication Materials
Modulus (Pa) — Biological Media
10" 5
Bone - ] SU-8
107 4 PLA Single-Phase
3 Z- PVP Materials
109 . — ABS
E| ™ Commercial Photoresists*
Tendon .
5 ] Polyamide Fibers
10° 4
Skin — e
Colon 10 i
Blood Vessel 106 BOMS
] Alginate | Multi-Phase
10° 5 PEGDA Materials
Muscle ]
104 3 Acrylamide
Red Blood Cells ] ApaioeaEl J
Oocyte 108 -

Figure 4. Young's modulus of different materials commonly used in microfabrication and 3D/4D printing,

11797188 45 well as different biological

media.l"¥7'%%l Note: these are approximate values and the TPP fabrication settings, such as writing density, laser power, and exposure time, can greatly
influence the mechanical properties of the printed structures. *These include commercial photoresists such as IP-DIP, IP-S, and OrmoComp.
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Table 4. Summary of 4D printed multi-DoF microrobots using TPP fabrication and showcasing stimulus responses and possible applications. The
stimulus response/locomotion principle is corkscrew-like for all microrobot types listed unless mentioned in the notes column.

Material composition Geometry Size Actuation input  Number of DoF Robotic system 4D properties Ref.
PEGDA + PETA + Fe;0, 3D (rigid cylinders 200 x 8 um Oscillating 3 (1 translation+  Untethered  Biodegradable (water cleaved in  [172]
connected by compliant magnetic field 2 rotations) (hard) 12 h)/Drug delivery Figure 5A
springs) (undullatory
locomotion)
PEGDA + PETA + Fe;0O, 3D (artificial bacterial 28 x 3um Rotating 3 (3 rotations) Untethered Biodegradable (4 h)/Drug [203]
flagella-helical) magnetic field (hard) delivery
PEGDA + PETA + 3D (helical) 120 x 40 pm Rotating 3 (3 rotations) Untethered Drug delivery/Alternating [175]
Fe;0, + 5-FU magnetic field (hard) magnetic field causes plasmonic Figure 5D
heating for drug release and heat
therapy/Biodegradable
Gelatin methacryloyl + P2CK 3D (helical) 30 x 3.5um Rotating 3 (3 rotations) Untethered Drug delivery via enzymatic [204]
(photoinitiator) + Fe;O4 magnetic field (soft) degradation/Biodegradable
(added postprinting)
Gelatin methacryloyl + 3D (double helical) 20 X 6 pm Rotating 3 (3 rotations) Untethered Drug delivery via enzymatic [173]
photoinitiator + Fe;O4 magnetic field (soft) (MMP-2) degradation/
Biodegradable (5-118 h)
Methacrylamide chitosan + 3D (double helical) 20 x 6 pm Rotating 3 (3 rotations) Untethered  Drug delivery via light induction/  [174]
photoinitiator +- SPIONs magnetic field (soft) Biodegradable (204 h) Figure 5B
IP-DIP + Ni/Ti coating 3D (helical) 26 X 7pm Rotating 3 (3 rotations) Untethered  Able to attach and move immotile  [55]
magnetic field (hard) sperm cells/Drug delivery/
Biocompatible
IP-DIP + Ni/Ge coating 3D (helical) 100 x 30 pm Rotating 3 (3 rotations) Untethered  Structural color response/Drug  [158]
magnetic field (hard) delivery
SU-8 or IP-L + Ni/Ti coating 3D (helical) 8.8 x 2pm Rotating 3 (3 rotations) Untethered  Biocompatible, able to transport  [157]
magnetic field (hard) microparticle by caging Figure 5E
mechanism/Drug delivery
SU-8 + Ni/Ti coating 3D (screw inside cylinder 175 x 30 um Rotating 3 (3 rotations) Untethered Drug delivery via micro-vortex [176]
forming a syringe magnetic field (hard) and microsyringe mechanism  Figure 5F
micromachine)
SU-8 4 Fe3O4 + HlgC + 3D (helical, single twist- 60 X 9pum Rotating 3 (3 rotations) Untethered Surface functionalization with [178]
FITC type, double twist-type) magnetic field (hard) human immunoglobulin (HIgG) Figure 5C
and biocompatible/Drug delivery
NIPAm + Bis + Irgacure 819 3D (bilayer helix) 20 X 8 pm Light/Plasmonic 3 (3 rotations) Untethered Rapid shape morphing via 77
(photoinitiator) + Au NRs heating (soft) plasmonic heating (light)/Drug
delivery
Gelatin + methacryloyl + 3D (helical) 30 um in diameter Rotating 3 (3 rotations) Untethered Drug delivery via enzymatic [205]
multiferroic NPs and 100 pm magnetic field (soft) biodegradability/Cell stimulation
in length via magnetic fields

To summarize, in these past few years, most promising 4D
printed microrobots have used hydrogels, LCEs, and composite
materials. This section divided the smart materials into two cate-
gories: single-phase materials, which include LCEs and single-
phase hydrogels, and multiphase materials containing composite
materials and multiphase hydrogels produced through gray tone
lithography. It is worth noting that the LCEs!*”%'”! can operate in
an open (air) and aqueous environment under light stimulation
(fast response time). In comparison, the hydrogels require an
aqueous environment and a significant change in the pH or tem-
perature, therefore the slower response time. In addition, Jin
et al.®" have reported that the maximal responsiveness differen-
tiation of their hydrogels reached ~105%, which is, according to
them, larger than that reported in previous studies. Lastly, even
though homogeneous materials have better printing
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processability, they lack in versatility. By contrast, composite
materials provide better structural integrity, magnetic abilities,
and conductivity, among other features. Such features and more
combined with sophisticated designs are required to reach the
next generation of microrobots. Some of the first examples of
this kind of microrobots are given in the following section.

5. Current State of 4D Printed Microrobotics

As described in previous sections, the TPP process provides great
versatility for the design and optimization of smart microrobotics
due to its inherit capability of fabricating complex 3D structures
and the large number of materials that can be used. The large
range of printing materials and the high degree of customization
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Table 5. Summary of 4D printed structures (building blocks) using TPP fabrication. The applications and functionality can be leveraged to design and

fabricate the next generation of multi-DoF microrobots.

Material composition Geometry Size Stimulus Number of DoF  Robotic system/  Stimulus response/task Ref.
active continuous
deformation
PNIPAM 2D (cantilever) ~40 X 6 pm Light 1 Tethered (soft)/  Swelling and shrinking [169]
Yes (shape-changing)/ Figure 4A
Manipulation
IP-DIP + LCE 2D (four orthogonal 200 x 200 x 20 pm Light 1 Tethered (soft)/  Swelling and shrinking [170]
fingers) Yes (shape-changing)/
Grasping
IP-DIP + LCE 3D (four-legged walker) 100 x 50 x 10 pm Light 2 (1 translation 4+ Untethered (soft)/  Swelling and shrinking nm
1 rotation) Yes (stick-slip) /Manipulation
EMK + Aac + NIPAAm + 3D (hollow sphere) 60 pm diameter ~ Environment pH 1 Untethered (soft)/  Swelling and shrinking B31]
DPEPA Yes (shape-changing)/
Grasping, drug intake
(biomedical)
- 3D (hollow cylinder) 50 pm in diameter - - - -
and 200 pm
in length
- 3D (umbrella) ~60 pm - - -
EMK + Aac + NIPAAm + 3D (humanoid robot, ~300 x 400 x 400 pm Environment pH 1 Untethered (soft)/  Swelling and shrinking [32]
DPEPA race car) Yes (shape-changing) /Shape- Figure 6E
shifting
pH-responsive (poly(AAc- 2D (circles, squares, ~25 % 20 x 10 pm Environment 1 Untethered (soft)/  Swelling and shrinking [206]
co-AAm)) /temperature- arrows) pH/Heat Yes (shape-changing)/
responsive (PNIPAAmM) Manipulation
Poly(AAm-AMPS) 2D (two-armed hydrogel =30 x 17 x Tuym  Environment pH 1 Tethered (soft)/  Swelling and shrinking [194]
microcantilever Yes (shape-changing)/ Figure 6C
manipulator) Grasping
PEGDA + Glycerol + 3D (pyramid/dome) 30X 15 um Environment pH 1 Untethered (soft)/  Swelling and shrinking [150]
CEA + photoinitiator Yes (shape-changing)/ Figure 6B
Biodegradability and
biosensing
AAc + NIPAM + PVP + 3D (botanical-inspired ~ ~60 pm footprint ~ Environment pH 1 Untethered (soft)/  Swelling and shrinking [148]

TEA + DMF +
C21H28N20 +
C28H34013

leaf and circular cage)

Yes (shape-changing)/selective Figure 6D

caging of micro-objects

in the printing process itself allow for the fabrication of multi-
DoF microrobots. Therefore, the design of 4D printed microro-
bots using TPP has gained large attention lately, especially in the
biomedical field, due to the availability of an array printable bio-
compatible materials. In this section, different microrobot
designs will be discussed as well as basic motion primitives
designs, and promising techniques for the future of 4D printed
microrobots.

In general, 4D printed microrobots consist of a 3D structure
(spatially) which is able to change its properties over time (fourth
dimension), such as mechanical properties and shape, which may
or may not be triggered by an external stimulus. In addition, it is
important that these microrobots have a tool capable of interacting
with its surrounding environment, other than simple locomotion.

Sun et al. developed a hydrogel-based microrobot consisting of
rigid cylinders attached by compliant springs, which is magneti-
cally actuated using an oscillating magnetic field (Figure 5A).7%
This microrobot is composed of a combination of PEGDA,
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pentaerythritol triacrylate (PETA), and Fe3O, magnetic NPs,
which makes it biocompatible, biodegradable, and provides mag-
netic actuation. The PETA was added to enhance the structural
integrity of the overall structure. As the microrobot is biodegrad-
able within 24 h (water cleaved), one of its main applications
includes targeted drug delivery. Ceylan et al. have demonstrated
a hydrogel-based microswimmer using iron oxide magnetic par-
ticles that is able to undergo magnetic manipulation and is enzy-
matically degradable, using matrix metalloproteinase-2 (MMP-2)
as a biomarker to cause microrobot swelling releasing the drug
payload."”?! Tottori et al. used a combination of clever design and
magnetic actuation provided by metal coating methods to manip-
ulate microobjects using a helical microrobot with a modified
head structure,’*”! as shown in Figure 5B.

Bozuyuk et al. developed a magnetic propelled microswimmer
that is made out of chitosan, a natural polymer derivative, for
biocompatibility and biodegradability, superparamagnetic iron
oxide NPs (SPIONs) for locomotion, and doxorubicin, a
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Figure 5. A few examples of 4D printed microrobots with interesting properties, responses, and applications. A) Uses undullatory motion and rigid/
compliant structures to move. Reproduced with permission.l'’? Copyright 2020, MDPI. B) Microrobot with head capable of manipulating microobjects
and it is fabricated with commercially available photoresists. Reproduced with permission.!'>”! Copyright 2012, Wiley. C) Magnetic propulsion and light-
based drug release and biodegradation. Reproduced with permission.'”* Copyright 2018, American Chemical Society. D) Uses a rotating magnetic field
for locomotion and an alternating magnetic field to trigger drug release. Reproduced with permission.['”?! Copyright 2019, Wiley. E) Creates a microvortex
to absorb particles, move to a different location, and release. Reproduced with permission.['”® Copyright 2015, Wiley. F) Comparison between helical,
single, and double-twist design on magnetic microrobot with surface functionalized with human immunoglobulin (HIgG) and biocompatible.
Reproduced with permission.'”® Copyright 2014, Wiley.

chemotherapeutic drug, for drug delivery (Figure 5C).'” This  there are multiple different triggers for different tasks, resulting
architecture presents light-triggered drug delivery, which can in a high precision, efficient, and versatile 4D printed
be implemented in the future on a multi-DoF system in which  microrobot.
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As shown in Table 3 and Figure 5, most 4D printed structures
use magnetic actuation because it is a wireless method that can
provide high degree of control along with the possibility to be
used in biomedical applications, especially for in vivo studies.
Furthermore, magnetic fields can be used as an actuation
method and/or as a programmed stimulus which causes a
desired response in the TPP printed material. It should also
be mentioned that despite the fact that some of these structures
were printed using soft materials, they do not exhibit any active
continuous deformation abilities. Park et al. demonstrated a bio-
degradable and biocompatible helical microrobot (Figure 5D)
that presents corkscrew-like motion in low-Reynolds number
fluid when exposed to a rotating magnetic field."”> When an
alternating magnetic field is applied, however, the microrobot
undergoes plasmonic heating, resulting in degradation and sub-
sequent drug release. This microrobot can also be used for hyper-
thermia treatment, being able to raise the temperature locally
and on-demand. Huang et al. have developed a TPP-printed
micromachine consisting of a syringe inside a capsule which
uses a magnetic field to rotate a shaft that creates a microvortex
at the rear part of the device absorbing particles (Figure 5E).7¢!
In addition, when the direction of the rotating magnetic field is
reversed, the device’s cap is opened, slowly releasing the particles
in the desired location. Such a design can be used for targeted
drug delivery and biopsy applications, among others.

With the high versatility of materials used for TPP fabrication,
other actuation methods have also been explored for microro-
botic applications. Nishiguchi et al. have developed a light-
actuated microrobot made out of mainly PNIPAM and gold
nanorods (AuNRs)."””) This method takes advantage of different
cross-linking densities during the fabrication process to create a
helical bilayer microrobot. It undergoes plasmonic heating from
the light source, causing controllable shape change in the microro-
bot itself, actuating it through low-Reynolds number environments.

Most 4D printed microrobot works present a helical-type
shape Dbecause it has great mobility capabilities in low-
Reynolds number environments, simulating in vivo applications.
Helical-shaped microrobots also provide a high surface area,
which is beneficial for surface functionalization and other appli-
cations that involve chemical reactions with the microrobot’s sur-
face. Peters et al. have compared the surface area of helical,
single-twist, and double-twist designs for surface functionaliza-
tion applications,’”®) as shown in Figure 5F. It has been shown
that the double-twist design provides the higher surface area,
proving itself more efficient for applications that require surface
contact and chemical reactions.

Table 4 and Figure 6 show several examples of 4D printed
structures that were made possible by the use of TPP, providing
a wide range of applications, actuation methods, and stimuli
responses. Although possessing just a single DoF, structures
such as these serve as promising building blocks for the design
and fabrication of the next generation of 4D printed microrobots.
They offer great actuation and possibly sensing solutions, provid-
ing a basis for multi-DoF microrobots. Their novel stimulus
response mechanisms can be combined with the aforemen-
tioned microrobotic systems to develop the next generation of
4D printed, multi-DoF microrobots. For instance, the bilayer can-
tilever developed by Jin et al.*!) can serve as a basic unit along
with other building blocks for the development of novel

Adv. Intell. Syst. 2021, 2000216 2000216 (13 of 20)

www.advintellsyst.com

microstructures. Furthermore, an extensive analysis of the print-
ing parameters and their influence on the responsiveness of the
hydrogel was performed, which is of paramount importance for
further optimization and the ability to precisely and predictably
tailor the printed structure to the desired application and func-
tionality. For instance, several works use different hydrogel for-
mulations to create complex bio-inspired 2D/3D shapes that
undergo shape changing by the swelling and shrinking of spe-
cific parts of the structure. Xiong et al. developed a hydrogel-
based microcantilever manipulator using swelling and shrinking
properties of the material based on the environment's pH
(Figure 4A). Hippler et al.l"*”! developed a light-based microcanti-
lever (Figure 4B) by using a bilayer structure and combining
smart materials. Jin et al. have shown numerous 3D structures
that can perform particle trapping and release based on a pH-
responsive shape changing method (Figure 4C).*" Similarly,
Hu et al. have developed a botanical-inspired leaf-like structure
and circular cage that swells and shrinks based on the environ-
ment’s pH, trapping and releasing particles inside its structure
(Figure 4D).["*®)

Another example is Zeng et al.’s work on LCEs,”! in which a
light-stimulated system was developed. They presented a light-
powered box-shaped (60 x 30 x 10 um®) microscopic walkers.
The walker’s body is made of a homogeneously aligned LCE,
while its four legs are 3D printed from a commercially available
photoresist material, known as IP-DIP (Nanoscribe GmbH).
When exposed to greenlight the walker’s body contracts (by
20% in length), which makes the legs to come closer together.
Then, once the light is removed, the walker’s body relaxes again,
inducing a step forward in a stick-slip fashion. The tilted legs of
the walker ensure this stepping process, as they allow motion in a
single direction, forward. The walker is able to achieve a planer
locomotion behavior on a polyimide-coated glass surface with a
velocity reaching 4.7 ms™", and under a chopped laser excitation
of 532 nm, 50 Hz, and 10 W mm % Martella et al.l'"’% also used a
combination of LCEs and commercial photoresists (IP-DIP) to
fabricate a light-actuated microhand with four fingers, as shown
in Figure 4E. The fingers are made of an LCE, which allows for a
bending motion similar to that of a bilayer cantilever, thus ensur-
ing gripping action. The four fingers are first fabricated sepa-
rately and then assembled together using 3D printed rigid
elements made of IP-DIP (pathway “A”), which can be somewhat
challenging, especially with regard to the alignment of the micro-
fingers. Thus, the need for a second strategy was created (path-
way “B”) where the microhand is fabricated in one single block.
In both cases, terminal rigid elements (nails), made of IP-DIP,
are printed to limit adhesion during contact of the fingers, either
with the manipulated objects or between them, therefore ensur-
ing a proper reopening of the microhand.

The main difference between the works shown in Figure 5
and 6 lies in their continuous deformation capabilities. While
the first group appears to have static shapes and a lack of such
capability, Figure 4 has soft bodies that can display large contin-
uous deformations. Moving from one group to another can be
seen as a leap from one generation of traditional microrobotic
systems with mostly rigid bodies and 3D static shapes to another
generation of microrobotic systems with soft bodies and dynamic
shapes. Currently, compared with the former, the latter genera-
tion cannot be seen as genuine microrobots but rather as
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B Light off ——> Lighton ———> Light off

Figure 6. Examples of a few works that showcase different stimulus responses and serve as building blocks for the development of 4D printed
microrobots. A) Simple grasping using a hydrogel-based gripper. Reproduced with permission.'® Copyright 2011, Royal Society of Chemistry.
B) Light-triggered cantilever actuation. Reproduced with permission.['®® Copyright 2019, Nature Publishing Group. C) Shape changing microstructures
that optimize swelling/shrinking using bilayer cantilevers created by different printing density. Reproduced with permission.?'! Copyright 2020, Elsevier
B.V. D) Bioinspired structures capable of shape changing (pH-based) and particle trapping. Reproduced with permission."*8 Copyright 2020, Wiley.
E) Four-finger microhand. Reproduced with permission.'’” Copyright 2017, Wiley.

building blocks, as they only have a single DoF. Nevertheless,
they show great promise due to their flexibility, which allows
a safer interaction with their environment and a more secure
manipulation of dialect objects. In addition, their dynamic recon-
figurability allows for higher dexterity and versatility.

As presented, TPP is a highly versatile method both in the fab-
rication capabilities and in the materials that can be used.
Multiphoton absorption itself is able to create complex 3D struc-
tures with sub-100 nm resolution, and these systems allow for
even more customization by the modulation of the laser power
and exposure time, creating regions with different cross-linking
densities. All of these fabrication properties have been explored
to fabricate 4D printed microrobots with novel capabilities and
multi-DoF. Furthermore, there is a wide range of possible mate-
rials for TPP, including custom-made hydrogels and commer-
cially available photoresists. Therefore, the material selection
increases even more the capabilities of the fabricated microro-
bots. As the physical phenomenon of two-photon absorption
is well understood, numerous different material formulations
for TPP exist and will be developed in the future. The combina-
tion of materials with novel properties, along with mechanical
design with high control of its properties by the fabrication pro-
cedure itself, will create the next generation of 4D printed
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microrobots, capable of multi-DoF actuation and sensing.
Many of the works presented showcase stimulus responses that
can also be used as a sensing mechanism, such as environmental
pH or temperature. These sensing and actuation modalities can
be combined in the future, creating a new generation of multi-
DoF microrobots, especially for the biomedical field, which
greatly benefits from the inherit biocompatibility of many
fabrication materials. 4D printed hydrogel microstructures have
demonstrated interesting active continuous deformations and
shape-changing abilities. Notwithstanding the slow response
time (significant change in pH or temperature is required)
and the restrictions on their work environment (aqueous envi-
ronment only), they represent a prime candidate for microrobotic
applications in the biomedical field, due in a way to their biocom-
patibility and soft bodies. LECs driven by light have shown great
promise for microrobotic applications in aqueous as well as in an
open environment (air), as they have a fast response time and
display high active continuous deformations. Lastly, micro-
swimmers made from composites materials, driven by a magnetic
field, which also require an aqueous (viscous) environment,
were able to demonstrate high dexterity and mobility during
the execution of biomedical tasks, such as cells and drug delivery.
In addition, the TPP printing method is highly scalable, allowing
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for high production rates of microrobots. This can be the
difference that can make microrobots market-viable and result
in a real impact in the biomedical fields, with applications such
as microsurgery, biopsy, targeted drug delivery, and theranostics,
among others.

6. Future Outlook

For the past few decades, the field of microrobotics has been
developing at a fast pace and used in a wide variety of applica-
tions. With the development of novel microfabrication techni-
ques, microrobots have moved from tethered to untethered
systems with added versatility and reduced footprints. Initial
microrobotic works have focused on simple solutions for actu-
ation or sensing, which serve a purpose for narrower range of
applications. Most microrobots are fabricated using planar/
cleanroom techniques, which is a key design limitation because
it inhibits the exploration of the third dimension and the added
design complexity that comes with it. Recently, there has been a
larger research focus on multi-DoF microrobotic systems, be it a
combination of actuation and sensing techniques, or multiple
actuation modalities on the same system, among other combina-
tions. Following this trend, the development of more versatile,
highly capable, multi-DoF microrobots is likely to happen in
the near future. These microrobots will not be restricted to only
a few applications but will serve more general purpose applica-
tions due to their increased number of degrees of freedom and
versatility. Thus, these new mobile untethered microrobots are
likely to have similar capabilities of their untethered
predecessors.

As mentioned before, TPP provides a very promising solution
to break the current barriers on the development of the field and
will enable the fabrication of a new generation of microrobots.
From a purely structural perspective, TPP allows the fabrication
of complex 3D shapes and the modulation of the cross-linking
density within the same structure, resulting in a fine control
of how much each part of the structure can be actuated and
how it responds to stimuli. Furthermore, the fabrication method
can be performed with a wide variety of sensitive materials,
which, in turn, can be optimized for different stimulus
responses. 4D printing at its core is based on the 3D printing
of stimulus responsive materials, resulting in structural changes
(motion, properties, size, etc.) when triggered, giving rise to the
fourth dimension, time.

Currently, the most widely used microfabrication methods,
such as photolithography, are 2D based. In other words, a micro-
robot or microstructure is created based on the combination of
one or multiple layers with a fixed thickness. However, 4D print-
ing techniques break this paradigm and allow the fabrication of
almost arbitrary, complex 3D structures with many modes of
actuation. Therefore, it provides a great opportunity for novel
microrobotic designs and capabilities, but it also poses a chal-
lenge: there is a need to change the mindset when designing
the next generation of microrobots to take most advantage of
the 3D/4D fabrication method. As an example, 4D printing
allows the fabrication of innovative mechanism-based microro-
bots, such as origami-based, lamina emerging mechanisms
(LEMs) also referred to as “pop-up mechanisms,” and structures
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that include tensional integrity (tensegrity) principles. These
innovative microrobotic systems will open new challenges in
modeling, parameter identification, calibration, and control.

The inherit biocompatibility of many of the materials used for
TPP is a powerful tool which makes these microrobots highly
suitable for biomedical applications. Some of the novel applica-
tions include targeted drug delivery, sensing and diagnosis,
microbiopsy, and even minimally invasive surgery. Due to the
high degree of versatility of the TPP method, there are many pos-
sible combinations of stimulus response mechanisms, actuation,
and geometry, making possible the development of a wide variety
of highly robust, multi-DoF microrobots for many different
applications. Current actuation and responsive methods can
be improved to create a robust base in which the new generation
of microrobots can be built upon with the combination of novel
stimulus responses, actuation methods, and structural focused
design. This will result in microbots that are extremely robust
and can be used in general cases, but can be further tailored
to meet a specific application requirement. This involves chang-
ing the microrobot’s stimulus response based on the targeted
environment, use of different drug payloads, among other small
changes. In general, the future of microrobotics field relies on
the development of robust and versatile multi-DoF agents, and
TPP fabrication is one of the most promising fabrication meth-
ods to achieve this goal. One can also imagine the hybridation of
TPP and bioprinting techniques to open the possibility of 4D
printing multimaterial with various mechanical/electrical prop-
erties that can benefit microrobotics. While TPP provides a very
promising method for the fabrication of complex, multi-DoF
microrobots, it will also stimulate several key challenges of major
interest to develop the next generation of microrobots. First,
many of these materials are very soft, which makes it hard for
the microrobot to apply a large range of forces without causing
deformation in its structure. The inclusion of additives, such as
PVP, to the fabrication materials has been shown to increase the
Young’s modulus of the overall material. Second, the materials
used must display reversible and repeatable behavior. A purely
elastic material behavior during its operation would be in con-
trast with today’s 4D microrobots which generally present soft
elasto-plastic behaviors. Purely elastic behavior will allow the
implementation of more reliable control schemes making the
actuation and control of the multi-DoF microrobot more robust
and repeatable. To overcome this limit, the elastic behavior of the
structure can result from a combination of material properties
and a smart mechanism design.

Despite the many exciting opportunities and prospects for 4D
printed microrobots, many challenges remain to be met. For
instance, the healthcare field is a significant area of application
for microrobotics; developing better and more adequate biocom-
patible and biodegradable 4D material is essential. Although
many 4D printed polymers are generally nontoxic, the same can-
not be said about monomers and photoinitiators used for the fab-
rication. The effect of these residual materials on living systems
and their impact, in general, needs to be further investigated.
Furthermore, some of the utilized materials, such as hydrogels,
rely on an aqueous environment, which might limit their use and
application possibilities; however, it also makes them better
suited for certain applications, such as the biomedical field. In
addition, despite the wide variety of 4D printed microrobots
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reported, less effort has been made to explore the concept in real-
world applications. Therefore, future work on the efficiency of
the printing process and the performances and adaptability of
the printed microrobots’ response is crucial. For example, the
development of advanced materials with an independent multi-
response ability or genuine multimaterial 4D printed microro-
bots will allow for a truly spatially controlled response, thus
achieving more versatility and DoFs in terms of design and actu-
ation. Moreover, additional efforts in the study of robotic per-
formances (positioning accuracy, repeatability, useful life,
generated force, etc.) to meet key microrobotic requirements
(Table 5) are needed. 4D printed microrobotics as a research field
can help bring chemistry and polymer synthesis to microrobotics
community through multidisciplinary projects from funding
agencies worldwide, therefore contributing to the development
and advancement of future micromachines (bioinspired such
as Ant-Bot, Bee-Bot) and the next generation of microfactory.

There exists a gap between the potential and current state of
4D printed microrobots. Up to this point, most works in this field
focus on sophisticated demonstrations of different capabilities,
but real-world applications are still to be addressed. To bridge
this gap, self-contained, production-ready, highly dexterous,
multi-DoF microrobots which are able to sense their environ-
ment, communicate, collaborate, and even auto-degrade (when
necessary) are needed. As discussed, the development of novel
stimuli-responsive (smart) materials coupled with innovative
designs provided by TPP fabrication techniques is of paramount
importance because it is one of the most promising roads to the
next generation of 4D printed microrobots. The continued devel-
opment of 4D printing technologies and materials will enable the
development of a new generation of smart microrobotic systems
with embedded sensors and actuators, and with high adaptability
for very small structures.
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