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Fabrication and Functionality Integration Technologies for

Small-Scale Soft Robots

Shuo Zhang, Xingxing Ke, Qin Jiang, Zhiping Chai, Zhigang Wu,* and Han Ding*

Small-scale soft robots are attracting increasing interest for visible and
potential applications owing to their safety and tolerance resulting from their
intrinsic soft bodies or compliant structures. However, it is not sufficient that
the soft bodies merely provide support or system protection. More impor-
tantly, to meet the increasing demands of controllable operation and real-time
feedback in unstructured/complicated scenarios, these robots are required to
perform simplex and multimodal functionalities for sensing, communicating,
and interacting with external environments during large or dynamic deforma-
tion with the risk of mismatch or delamination. Challenges are encountered
during fabrication and integration, including the selection and fabrication of
composite/materials and structures, integration of active/passive functional
modules with robust interfaces, particularly with highly deformable soft/
stretchable bodies. Here, methods and strategies of fabricating structural soft
bodies and integrating them with functional modules for developing small-
scale soft robots are investigated. Utilizing templating, 3D printing, transfer
printing, and swelling, small-scale soft robots can be endowed with several
perceptual capabilities corresponding to diverse stimulus, such as light, heat,
magnetism, and force. The integration of sensing and functionalities effec-
tively enhances the agility, adaptability, and universality of soft robots when
applied in various fields, including smart manufacturing, medical surgery,

biomimetics, and other interdisciplinary sciences.

1. Introduction

With soft bodies and compliant structures, soft robots have
been widely utilized in various fields, including industrial
manufacturing, for applications such as medical surgery and
uncharted territory exploration, and a new interdisciplinary area
has been conceived accordingly." Over the last few decades,
from simple pneumatic grippers to complex robotic systems,
soft robots have been evolved through several generations along
with the development of soft materials (simple/composites),
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compliant structures, and the corre-
sponding fabrication methodologies.[">~]
Comparing to other soft robots, small-
scale soft robot that range from millim-
eter to centimeter, is the most effective
for limited space assignments or difficult/
risky accessible scenarios such as surgery
in biologic body cavities, rescue in messy
closed territory, on-site turbine blade crack
examination, battle field on-site spying/
navigation, and bionic investigation and
concealing, because its miniaturized soft
body yet compliant structure offers adjust-
able bulk that can be effectively actu-
ated at a certain power level.®%] However,
accounting for very limited volume bulk,
it is technically challenging to simulta-
neously achieve robust power actuation
modules onto small-scale soft bodies
without affecting their functional struc-
tures. Therefore, it is necessary though
challenging to codesign structures along
with actuations!! for following implemen-
tation/fabrication in confined intrinsically
soft and stretchable bodies, particularly in
continuum large deformations(*!

The presented implementation
approaches enable novel composite syn-
thesis, soft bulk modular shaping, and compliant mechanism
morphing that offer numerous design principles for funda-
mental fabrication and integration technologies for small-scale
soft robots. Nevertheless, based on these materials and struc-
tural foundations, enhancing the effectiveness of the soft robots
is a crucial issue that must be addressed by researchers.!'>1
By enhancing the diverse features of the electrical, optical,
magnetic, mechanical, and thermal-response units/modules,
small-scale soft robots can be endowed with more functionali-
ties, for example, bionic functions of color change, interface
adhesion, and object grasping/releasing. However, it is chal-
lenging to integrate more active and passive functional mod-
ules into small-scale soft robots for enhancing their capabilities
and improving their intelligence level, because it is unsubstan-
tial to integrate considerably more functional chips in the con-
fined bulk, compared with large-scale soft robots. Therefore,
technological advances in fabrication and integration strategies
are highly demanded. Recently, an emerging concept of subtle
mechanical construction is the enablement of passive response
via mechanism morphing computation/physical encoded
bodies, ! so-called mechanical/physical intelligence. This
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Figure 1. Typical small-scale soft robots on the basis of soft actuation body fabrication and functionality integration. A) A bioinspired dual-morphing stretch-
able origami robot. B) Highly stretchable electroluminescent robots with optical signaling and tactile sensing. C) An entirely soft, autonomous octopus-like
robot. D) A soft ultrathin electronic innervated adaptive fully soft robot. E) An insect-scale autonomous crawling robot driven by catalytic artificial muscle.
F) An 80 mg flyable RoboBee tethered with an external power source. Image in (A): Reproduced with permission.?%l Copyright 2019, The Authors, published
by American Association for the Advancement of Science (AAAS). Image in (B): Reproduced with permission.?!l Copyright 2016, AAAS. Image in (C): Repro-
duced with permission.? Copyright 2016, Springer Nature. Image in (D): Reproduced with permission.?l Copyright 2018, Wiley-VCH. Image in (E): Repro-
duced with permission.? Copyright 2020, The Authors, published by AAAS. Image in (F): Reproduced with permission.?’l Copyright 2015, Springer Nature.

strategy can partly simplify the diversity of employed materials,
yet is still limited in various active functionalities. Therefore,
being fundamental enabling technologies, fabrication and inte-
gration strategies pertaining to soft bodies cooperated with
functional modules, are of immense importance for achieving
multifunction and of practical value for the development of
small-scale soft robots.[181]

In this work, we review the fabrication and integration tech-
nologies of the soft bodies and functional modules of small-
scale soft robots. As shown in Figure 1, based on various
manufacturing techniques, not only actuation structures have
been developed with increasing structural complexity, but also
increasing functionalities are integrated on the surfaces or into
soft bulks. However, there are critical factors in designing and
fabricating small-scale soft robots, and we categorize and dis-
cuss them in five parts: materials, structure, actuation, func-
tion, and intelligence. Moreover, based on such five factors,
common and potential fabrication methodologies and strate-
gies for soft bodies together with actuation will be reviewed and
discussed. We further highlight a few integration fabrication
approaches of structure, actuation, and sensing parts that are
effective for integrating the functionalities and thus improving
the intelligence of small-scale soft robots. Finally, perspectives
on future small-scale soft robots and their application in the
potential working fields are briefly discussed.

2. Critical Design Factors of Small-Scale Soft
Robots

To construct a sophisticated small-scale soft robot system,
a number of critical factors should be considered. After
a systematical literature survey of the major design fac-
tors on small-scale soft robots, we categorized them into five
aspects: material, structure, actuation, function, and intelli-
gence (Figure 2), and each aspect further comprises several
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critical factors. These factors should be carefully considered
during the design and subsequent fabrication and integration
processes.

i) Material—Material is the fundamental factor in soft robot
fabrication. Not only the widely used commercial and
natural soft materials, such as silicone/natural rubber,
hydrogel, liquid crystal polymers, shape-memory polymer/
alloy, dielectric elastomer, ionic polymer metal composite
(IPMC), and their composites, but the amorphous liquid
matter, including liquid metal, ferrofluid, even biological
tissue fluid, can be used to construct behavior-controllable
small-scale soft robots.?*3! During material preparation,
modification and synthesis mechanism are often required
for improving and developing innovative materials with
new features and functionalities, to enhance soft materials’
processability and enrich assembled soft bodies’ capability.
For the general soft robots that equip with large even giant
body, subtle and robust stiff-soft composite and compliant
mechanisms are more reliable to hold the construction than
the purely soft materials. By contrast, small-scale soft robots
prefer all-soft or flexible materials because of less loading of
tiny scale than that of giant ones.

ii) Structure—To develop a stiffness well-matched body of
small-scale soft robots based on actuation mechanism and
structural optimization, the following must be considered:
varying stiffnesses,?273% hierarchical structures,*’] hetero-
geneous components,?®¥ compliant mechanism,?*# and
origami/kirigami.[*=! Hence, it requires more precise and
subtler structural design due to limited operation space on
small soft/flexible structures. Meanwhile for general sized
robots, structure configuring is much easier to manipulate
because of sufficient space than that of the small-scale ones.

iii) Actuation—Actuation is critical for the basic motion of
small-scale soft robots, directly determining its mobility
and action behaviors. To assure its excellent kinematic
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Figure 2. Critical design factors of small-scale soft robots: material, structure, actuation, function, and intelligence.

Adv. Mater. 2022, 34, 2200671

=

performance, a few essential characteristics are discussed
here: first, to enable its motion, the robot should be pref-
erably designed as untethered;>3 second, to guarantee its
performance, high energy density and high-efficiency actua-
tors are required;¥ third, to adapt to unstructured envi-
ronments, the actuators should preferably have multiple
motion modes,*>>% multifield response,’] and addressable
actuation capabilities.”® Small-scale soft robots possess
lightweight than general ones, which results in the former
being actuated with less power density to overcome resist-
ance that originated from gravity and friction, than that of
the latter. Such a difference brings more mechanism inves-
tigation on actuation fabrication and more options on effec-
tively power small-scale soft robots.

Function—In addition to basic and effective motion capabil-
ities, diverse functions need to be integrated into small-scale
robots to meet various demands in different scenarios. First,
the robots should be preferably equipped with multimode-

2200671 (3 of 32)

sensing capability that includes somatosensitive body and
environment perception skins.’*®! Second, the stiffness
of the small-scale robots could be tuned in situ according
to the specific conditions.°?-%8 Third, reconfiguration, self
healing mechanism, and mutual communication are alter-
native options for small-scale robots.[®>%*7% Finally, system-
level control is urgently required and is critical for prac-
tical applications. However, in current stage, it is difficult
for small-scale soft robots to incorporate all the functional
modules mentioned above because of size limitation. Con-
sequently, the functionalities of small-scale soft robots are
also limited, and they need to be tailored for each specific
application.

Intelligence—To realize advanced intelligence, simple
function integration may not be sufficient to meet the
increasing requirements for complex dynamic environ-
ments and highly interactive/dynamic scenarios. There are
still many aspects that should be considered, for example,
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cooperativity,"®”’) swarm 5367879 and cognitive capability.

For instance, robot swarms allow simpler, less expensive
daughter/modular robotic units to be flexibly reconfigured
into different forms of team depending on specific aims
of the task while being as effective as a larger, task-specific
monolithic robot that may be comparatively more expensive
and have to be rebuilt depending on the specific aims. Due
to the size limitation and constraints on individual robot’s
function, intelligence, such as cooperativity and swarm, is
more important for small-scale soft robots in that the collec-
tive behavior might supplement the functional incapability
of individual robots. These intelligences can empower them
with highly powerful capabilities and may significantly pro-
mote the development of the small-scale soft robots.#%

Overall, the above five aspects are critical for the design
and fabrication of small-scale soft robots. However, the cur-
rent studies have only realized some of them, without fully
leveraging their potentials, that would make them comparable
to their biological counterparts.’>3] Hence, it is necessary to
comprehensively codesign all aspects according to the targeted
demands. Meanwhile, the codesigning of robots necessitates
simultaneously consideration of fabrication processes as well,
and more advanced fabrication and integration methods need
to be developed for realizing the above factors. The following
two sections will discuss the typical fabrication and functional-
ized integration technologies in detail.

3. Fabrication Methodologies of Soft and
Compliant Bodies

Different from conventional rigid robots, soft/extensive body is
the most prominent yet the most challenging factor for the fab-
rication of soft robots.”] To effectively manufacture soft bodies
and compliant structures for soft robots in small-scale ranging
from millimeter to centimeter, materials’ synthesis and its coor-
dination with fabrication process have been extensively utilized.
In this section, we summarize the key approaches, challenges,
and opportunities of fabricating small-scale soft robots. Over the
past few decades, numerous fabrication methods have been pro-
posed to achieve subtle structures and mechanisms. We roughly
classify such methods into the following eight categories: tem-
plating, 3D/4D printing, laser machining, swelling, bonding, bio-
engineering, and origami and kirigami strategies (see Figure 3).

3.1. Templating

Templating, probably the most widespread fabrication method,
uses templates for the prototyping of soft robots. It is applicable
to various types of materials (silicones, liquid crystal polymers,
and magnetic-particle-modified polymers('?), and it satisfies
a wide range of dimensional requirements (from hundreds of
micrometers to dozens of centimeters!®l). The most distin-
guishable characteristic of templating is to utilize templates for
a specific shape formation of inner/outer or both surfaces of soft
robots. According to the fabrication procedure and templated
surfaces, we further categorize templating into three distinct
techniques: casting, lithography, and coating (see Figure 3A).

Adv. Mater. 2022, 34, 2200671

2200671 (4 of 32)

www.advmat.de

3.1.1. Casting

Casting usually uses a mold that templates the outer (or both
inner and outer) surfaces of the desired structure, to proto-
type the soft robots. During a mold-based fabrication, liquid
prepolymers are poured into the prepared mold and cured for
later demolding. As the molded materials replicate the shape
of mold, the fabrication resolution of profile is determined by
the precision of molds that are manufactured by 3D printing
in most cases. Therefore, in most cases, the resolution of 3D
printer directly determines the resolution of molded materials.
Depending on the working principle of 3D printer and its raw
materials, the resolution of printed mold ranges from 100 nm
to several hundred micrometers. Often, the molds can be used
repeatedly though high resolution will increase the expense of
fabrication. Therefore, it can be readily adopted for the mass
production of soft robots. Moreover, the structure of molds and
the sequential use of molds can be flexibly designed on demand
for the ease of fabrication.

Apart from the simple molding of a monolithic structure, %]
several molded parts can be bonded together for a programmed
actuation of robots.3>1931%4 Inextensible parts (papers or fibers)
are also frequently adopted in casting to restrain extension in
certain directions, thereby leading to the stretching, bending,
and curling of soft robots.*31%-17] For soft robots that have
complex inner structures, detachable modular molds are sug-
gested for the convenience of demolding.'% With supplemen-
tary techniques such as lamination casting, retractable pin
casting, and lost wax casting,!'”! casting enables the fabricating
of most of soft robots. However, due to the relatively weak con-
nection between two sequentially molded parts, those conven-
tional casting techniques might cause mechanical failure in
bonding interfaces. To avoid such mechanical failure, a simul-
taneous molding technique might be an effective solution.34
By placing a spacer between two molding areas and removing
it for curing, materials with different moduli can be fused and
cured together for a seamless connection of two parts. Alterna-
tively, Brun and co-workers recently reported a bubble casting
technique that harnesses interfacial flow in elastomers and pro-
gressive curation, for the production of monolithic pneumatic
actuators with tailored shapes.®!

3.1.2. Lithography

Compared with casting that uses a 3D mold for templating,
lithography, in general, is a 2D template method, and it usually
have a micro- or nanoscale resolution that makes it an intrinsi-
cally suitable fabrication technique for small-scale soft robots.
In our review, we mainly discuss two subcategories of lithog-
raphy that are photolithography and soft lithography, that are
common in the soft robotics field.

For small-scale soft robots, photolithography often involves
many other fabrication techniques, such as etching, atomic layer
deposition, and electrodeposition.*>!% Using these techniques
in a photolithography process, conductive layers, adhesive
layers, and responsive layers are patterned layer by layer with
a thickness that range from several nanometers to tens of
micrometers. Because all the procedures are conducted under
a stringent condition, small-scale soft robots can be fabricated
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Figure 3. Fabrication techniques for structures in small-scale soft robots. A) Fabricating the structure of soft robots by bubble casting, soft lithography, and
spray coating. B) Two materials fused deposition modeling (FDM), direct ink writing (DIW) with ferromagnetic-particle-doped ink, Digital Light Processing
(DLP)-based multimaterial printing and multimaterial ink-jetting are used for the 3D/4D printing of soft robots. C) Depending on the laser parameters,
different techniques such as laser cutting, laser engraving and welding, and laser surface tuning are utilized in the fabrication of small-scale soft robots. D)
A swelling-based multistable configuration of soft structures. E) Glue bonding, thermal bonding, self-healing, and surface modification are frequently used
bonding techniques that bind various parts together. F) Typical levels of biological structures, including bacteria and motile cells, living muscle tissues,
and insects, are reported to fabricate soft robots. G) Small-scale robots are created by the means of origami and kirigami. A) i) Reproduced with permis-
sion.B1 Copyright 2021, The Authors, published by Springer Nature. i) Reproduced with permission.2 Copyright 2014, Wiley-VCH. iii) Reproduced with
permission.[® Copyright 2020, The Authors, published by AAAS. B) i) Reproduced with permission.® Copyright 2020, The Authors, published by AAAS. i)
Reproduced with permission.> Copyright 2018, Springer Nature. iii) Reproduced with permission.® Copyright 2019, Wiley VCH. iv) Left: Reproduced with
permission.[¥”] Copyright 2014, Aerosint SA. Right: Reproduced with permission.®¥l Copyright 2015, AAAS. C) i) Reproduced with permission.®8 Copyright
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2021, The Authors, published by AAAS. ii) Left: Reproduced with permission.l®¥ Copyright 2014, Wiley-VCH. Right: Reproduced with permission.’®% Copy-
right 2019, The Authors, published by Springer Nature. iii) Top left: Reproduced with permission.B*! Copyright 2019, American Chemical Society. Top
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the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).1%3l Copyright 2022, The
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with a considerably high precision. Because of its compatibility
with other techniques, photolithography is potentially a versa-
tile fabrication technique for various materials of soft robots.
However, the fabrication process of photolithography is sophis-
ticated and time-consuming. Owing to the unbendable photo-
mask, the inability to fabricate nonplanar microstructure fur-
ther hinders the broader application of photolithography.

Soft lithography that was initiated in the 1990s, uses soft
materials for the lithography of materials and has been adopted
as a vital technique for micro- or nanoengineering."!! Further-
more, it also has a high fabrication precision of several nano-
meters. There are many useful techniques based on soft lithog-
raphy, "2l among which replica molding (REM) is the most
frequently used method employed for the fabrication of soft
robots. REM is analogous to the abovementioned casting. The
molds, however, are made of soft materials that are replicated
from different microstructured objects. Ubiquitous polymers,
such as poly(dimethylsiloxane) (PDMS), polyurethanes (PUs),
and polyimides, are widely used materials for the molds. Owing
to the flexibility of polymers, REM is capable of replicating not
only soft robots with flat surfaces,''3 but also structures with
curved surfaces."®! Although flexible REM molds can be fabri-
cated from available relief structures (for example, diffraction
gratings, transmission electron microscope grids, and assem-
bled polymer beads),""11] photolithography is still the primary
technique employed to fabricate REM molds for a predesigned
robotic actuation.®2'] Therefore, cheap and rapid techniques
are required to be an alternative to high-precision master
fabrications.

3.1.3. Coating

Distinguished from casting and lithography, coating can be
used to fabricate both 2D and 3D soft robots with fine struc-
tures. During a coating process, liquid prepolymers confor-
mally cover the surfaces of a templating object and finally form
the shape that is identical to the contour of templating surface.
Thickness of the coated materials is one of key parameters
that should be precisely controlled during the processing. The
coated thickness is strongly related to the rheological properties
of materials, and can be tuned on demand by adjusting relevant
technical parameters of fabrication. Based on the formation
technique of the coated layer, direct coating, blading coating,
spinning coating, spray coating, and dip coating are discussed
for their applications in small-scale soft robots.

As the simplest coating technique, direct coating templates a
thin film of substance by removing the solvent in a composite
solution. For instance, by evaporating organic solvent in the
solution, a thin layer of freestanding porous membrane is fab-
ricated."® Furthermore, by filtering the nanosheets in water
solution with a filter paper, a bilayer structure is formed.l"]
In case of the direct coating technique, a specific treat-
ment method should be determined by the physicochemical
properties (such as the boiling point and solubility in different
solvents) of the coating materials. In blade coating, a scraper is
used to blade the prepolymers into a thin film that covers the
substrate. Technically, a flat polymer sheet can be bladed by any
objects that might serve as scraper. Blade coating is influenced
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by many factors, such as blade velocity, blade parameter, and
viscosity of fluid,2%12!l that hinder accurate prediction. Hence,
preinvestigation of blading thickness before coating is neces-
sary. Since the viscous force does not need to counter the large
force that is generated from accelerations during film forming
(for example, gravity and centripetal force), relatively thick films
can be fabricated by blade coating. High viscosity liquid, such
as particle-functionalized polymers, can reach a thickness of
800 um or more.l??! By contrast, spinning coating is more suit-
able for thin films, of which the thickness ranges from several
micrometers to tens of micrometers. In case of thin films, by
directly applying liquid prepolymers/solutions onto a rotating
substrate and curing, spinning coating has demonstrated its
applicability for the fabrication of diverse materials. Examples
such as fluidic-pressure-driven polymers,!?3l magnetic-actuated
composites,”” humidity-responsive materials,* and photo-
sensitive elastomers'?®l have also been verified. In addition to
these flat films, thin films with relief structures are also real-
ized through additional photolithography steps.['2l Actuation of
these microstructured thin films will yield a relatively complex
motion of soft robots.!?3!

Different from the aforementioned 2D coating technique,
spray coating is targeted for both 2D and 3D coating; in
spray coating, coated objects are printed using atomized ink
through a nozzle.'”’l Atomized ink merges on the surface of
coated objects and eventually forms a continuous film on the
surface. Overall coating and selective coating (coating using
a mask) can both be realized by spray coating.®3] However,
nonuniform distribution of sprayed droplets often results in
an uneven surface, which makes it imprecise for the coating
of small features or the coating of sub-centimeter robots. Dip
coating that usually produces evenly coated surfaces, therefore,
is a suitable supplementary method for spray coating. In dip
coating, the coated objects need to be immersed into coating
materials and thereafter removed to allow the coating materials
to drip.l?8l The thickness of coated layer is dependent on the
viscosity of coating materials; higher viscosity will eventually
result in a thicker coated layer. If the thickness is not satisfac-
tory, additional dip coating steps are suggested to thicken the
layer. In case of certain dip coating processes, the coated objects
need not be removed after immersion; instead, the objects
are directly immersed in materials for continuous coating.'?%]
This new concept of dip coating shortens the time required for
liquid dripping and broadens the technical applicability of dip
coating for small-scale soft robots.

3.1.4. Challenges and Opportunities

Templating incorporates techniques based on traditional
molding, microengineering, and surface coating. Additionally,
new features for these techniques are being developed for the
fabrication of small-scale soft robots. Instead of pure struc-
tures, the actuation of these structures is the fundamental
requirement in soft robots. Consequently, templating technique
must advance toward the compatible fabrication of microchan-
nels for pressure-driven robots and of functionalized materials
for various field-actuated robots (such as magnetic, electrical,
and optical fields). For example, bubble casting proposed
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by Brun and co-workers internalized the characteristics of
blow molding that is a mature technique in industrial plastic
manufacturing.® It not only monolithically fabricates the
structure of soft robots as blow molding does in plastic man-
ufacturing, but also comprehensively utilizes the timespan of
polymer curation to achieve a programmable behavior of soft
robots. Continuous dip coating by Zhang and co-workers is
another example that modifies the conventional intermittent
coating to uninterrupted coating.'?! Leveraging the surface
charges on both coated objects and coating materials, func-
tional particles continuously aggregate on the surface and
form a membrane. This coating technique that is similar to
electroplating, enriches the fabrication technique of soft robots
and might inspire further interdisciplinary innovations for
templating.

Nevertheless, templating still is limited by a characteristic
problem in that small structures need to be molded by small-
structured templates. Of particular, for small soft robots with
exquisite features, high resolution templates are necessary
to ensure the shape fidelity of molded materials. In terms of
achievable resolution, templating provides a set of techniques
that supplement one with another for covering a wide resolu-
tion range. Specifically, casting is probably the most suitable
templating technique for centimeter scale robot that is tens of
or enough hundreds of the size of its resolution. Lithography
improves the resolution to sub-micrometers, which makes it an
attractive technique to fabricate millimeter and micrometer soft
robots. Coating is a technical-parameter-dependent technique
for the 3D realization of micrometer scale thickness. Given a
satisfactory resolution has been achieved by templating, two
possible advancements are proposed for the templates. On the
one hand, versatile or modular templates that are compatible
with diverse structures enhance the adaptability of templating.
On the other hand, cheap and high-precision microscale or
even nanoscale templates are highly demanded for the future
application of small-sized soft robots.

3.2. 3D Printing

The next-generation fabrication technology of soft robots will
be a simple one-step process, excluding the complex preproc-
essing and assembly of various parts. Using a coupled pro-
cessing technique, the entire soft robot with different modules
(such as power sources, actuators, and sensors) can be strongly
integrated. Although this aim is ambitious and challenging,
a soft and integrated robot, Octobot, has been demonstrated
for the first time, using 3D printing.?? Standard 3D printing
techniques mainly include fused deposition modeling (FDM),
direct ink writing (DIW), photocuring, and material jetting,
Figure 3B. In all these techniques, the starting materials (fila-
ment, ink, powder, or resin) transform from a mobile state to
a solid object. Furthermore, based on 3D-printed smart mate-
rials/structures, so-called 4D printing technology has been
widely exploited that can respond to the external stimuli (such
as, light, temperature, magnetic field, pH, and humidity) and
change their shapes. Overall, the 3D/4D printing techniques
provide promising and systematic tools for directly fabricating
soft robots.
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3.2.1. Fused Deposition Modeling

FDM is a widely used and proven 3D printing technology. In
this direct-writing process, a heated extrusion nozzle extrudes
molten thermoplastic polymers on the substrate, followed by
solidification upon cooling to form an additive solid 2D layer.
This technique provides a convenient and affordable strategy
for directly fabricating soft robots with complex structures.
With the aid of the supporting structure, hollow structures and
chambers can also be printed. Using FDM printing, soft grip-
pers have been fabricated and can be actuated by high-pressure
pneumatic.3%13 This printing technology is restricted by the
performance of thermoplastic polymers. Thermoplastic poly-
urethanes (TPUs) are widely used, yet the low flexibility (ten-
sile strength E > 26 MPa) and stretchability (strain rate < 660%)
restrict its application in ultrasoft robots. Moreover, the resolu-
tion (100-400 um) of FDM is highly limited by the aperture of
the nozzle (>0.1 mm) that hinders its application in printing for
small-scale soft robots.

3.2.2. Direct Ink Writing

DIW uses viscoelastic liquid ink (for example, silicone rubber
(PDMS/Ecoflex) liquid polymer resin, and hydrogels) as the
structure material, with suitable flexibility and stretchability.
An external pressure source (for example, plunger, peristaltic,
and air pressure pumps) extrudes the liquid ink from a nozzle,
and the corresponding extrusion speed can be regulated by
changing the pressure. Liquid ink is deposited on the substrate
layer by layer into a specific shape, and the solidification pro-
cess (heating or photoexposure) ensures its shape retention and
interlayer adherence simultaneously.

Furthermore, composting functional materials (for
example, magnetic particles and silicone-ethanol emulsions)
into the ink can afford 4D printing structures responding to
external stimuli, for example, magnetic field,™ light,132-134
temperature,!3>130] humidity,"¥ 38 electrical field (current/
voltage),39140 and pH,M%2] to deform or actuate. Kim et al.
adopted the DIW technique to print the self-folding microstruc-
tures that enable rapidly actuation by the magnetic field.” The
magnetic ink was prepared by embedding the ferromagnetic
particles into the elastomer matrix. During the fabrication, the
magnetic polarities of the printed ink can be controlled by the
magnetic field’s direction around the nozzle. The phase-change
materials, particularly liquid—vapor change, can also be used in
DIW fabrication. Mixing the volatile liquid (such as ethanol and
fluorine-based liquid) into the elastomer matrix allows the soft
structures to generate significant deformation and output stress
owing to the high-pressure gas by heating.* Gladman
et al. printed composite hydrogel architectures encoded
with localized, anisotropic swelling behavior controlled by
the alignment of cellulose fibrils along prescribed printing
pathways.[138]

Although DIW is compatible with most soft materials, there
are still some challenges. The printing quality is restricted by
the rheology of the fluidic ink (for example, viscosity, surface
tension, and evaporation rate), causing the printing resolu-
tion to be relatively large (>0.1 mm) and the rough texture.
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Moreover, investigation of the fabrication of hollow structures
is challenging owing to the lack of appropriate materials for
supporting structures.

3.2.3. Photocuring

Photocuring 3D printing adopts photosensitive liquid resin
as base material (PU-based, PDMS-based, and hydrogel) that
can be cured under light irradiation and still has suitable flex-
ibility and stretchability. Owing to its high printing resolution
(0.1-100 pm), rapid polymerization speed, and smooth printing
surface, photocuring 3D printing, particularly complex micro-
structure printing, can be comprehensively utilized in the fabri-
cation of small-scaled soft robots. Various types of photocuring
3D printing techniques have been demonstrated, including
stereolithography (SLA), Digital Light Processing (DLP), light
crystal display (LCD), and two-photon polymerization (2PP).
SLA is the first generation of photocuring printing technology
that uses the plane moving ultraviolet (UV) laser beam to cure
the resin, adopting the “dot-line-surface” printing strategy.
Influenced by the printing strategy, SLA features a low printing
speed, and its printing resolution is limited to 100 pm. DLP
and LCD printing exhibit speedier printing speeds and higher
resolutions (=10 pm) because the entire layer cross-section is
printed simultaneously. Unlike the aforementioned “layer
by layer” fabrication strategies, 2PP is unique owing to the
absence of this path limitation.! By utilizing the two-photon
absorption of near-infrared light to cure the resin, the 2PP
can print complex microstructures floating within the photo-
polymer and currently achieve the highest printing resolution
(=100 nm).

Due to high printing resolution and suitable material com-
patibility, photocuring 3D printing techniques allow the internal
microchannel and cavities to be easily printed and integrated
into soft robots. Recently, Zhang et al. reported miniature grip-
pers (sized 2-15 mm) with microscale channels that can grip
small objects actuated by pneumatic.®¥l Some research groups
have fabricated self-healing soft robots using hydrogel materials
that demonstrate significant elongation (over 1000%) and can
rebound after breaking.*6-8l The structures of these modular
soft robots can be repaired and assembled by various parts.

4D printing can also be achieved based on photocuring 3D
printing. Several studies have reported the stimuli-response
structures and actuators responding to ions,*! temperature,[>%
humidity,™V and light.>) Compared with those pneumatic and
electric tethered actuators, these stimuli-responded actuators
are effective in open, environmentally responsive soft robotic
systems.

3.2.4. Material Jetting

Material jetting uses inkjet print heads to jet the liquid resin
onto the platform layer by layer under UV light irradiation, to
cure the resin to hold its shape. This technology is highly effec-
tive for 3D multimaterial printing because an array of print
heads can be used on demand. The major commercial mate-
rial jetting 3D printers are the PolyJet (resolution from 10 to
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100 um) from Stratasys and Multijet from 3D systems Inc.
Using this multimaterial printing technology, many research
groups designed soft robotic systems using different materials
by assembling. For example, Bartlett et al. directly printed a
combustion-powered soft robot, the body of which transitioned
from a rigid core to a soft exterior.®l The stiffness gradients
of this robot range over three orders of magnitude (1 MPa to
1 GPa) that can minimize the stress concentration at the sur-
face of the two materials. For instance, Phamduy et al. fabri-
cated a robotic fish composed of rigid and flexible materials.>*
Recently, Hubbard et al. reported fully 3D-printed soft robots
integrated with soft actuators, fluidic circuitry, and body fea-
tures using the PolyJet 3D printer.>>! This innovative design
achieves various fluidic logical elements (such as transis-
tors and diodes) that can be directly embedded into the soft
robots. This incorporation of a multimaterial printing strategy
enhances the properties of specific features. For example, fea-
tures designed to deform during operation, such as diaphragms
and O-rings, can be constructed using a compliant material. By
contrast, those designed to be functionally static (for example,
fluidic channels, access ports, and structural casings) can be
developed using a rigid material.

3.2.5. Challenges and Opportunities

Despite 3D/4D printing technologies affording speed and effi-
ciency to soft robots, considerable investigations still remain
to be conducted. On the one hand, material research is fun-
damental to 3D/4D printing. In current stage, suitable 3D/4D
printing materials for soft robots are limited, and even fewer
functional materials (such as conductive materials, stimuli
materials, and biodegradable materials) have been presented.
On the other hand, the long fabrication process time (from
several hours to days) is still a significant hurdle for the mass
manufacturing of soft robots. Overall, 3D printing technologies
are convenient for digital manufacturing that can directly con-
nect with computer design with reality structures, especially
for prototype fabrication. Meanwhile, 3D printing technologies
can provide wide range of fabrication resolution (from 10 to
400 pm) to suit various small-scale robots’ fabrication. Thus, we
expect further research to focus on gradually forming design
paradigms to regulate and derive the small-scale soft robots’
fabrication.

3.3. Laser Machining

Laser machining is a mode-free fabrication approach that can
be widely used for rapid direct fabrication of soft robots or
indirect auxiliary methods. Leveraging laser manufacturing,
a series of facile and effective methodologies and techniques
were developed and proposed for obtaining a soft actuation
body recently.®816-158] The rich programmability and adjusta-
bility of laser with high resolution and output power affords the
universality of treating almost all types of materials, including
elastomers, plastics, and metals. Generally, by programming
different lasers with different power densities, it can be uti-
lized for various processing effects, such as high-energy laser
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for cutting, middle-energy laser for engraving, hardening, and
sealing, and low-energy laser for surface tuning, Figure 3C.
These varying processing strategies can provide a universal
platform technique for rapidly developing a soft actuation body.

3.3.1. Laser Cutting

Utilizing the relatively high-energy laser to process materials,
it is widely used for cutting the substrate materials into pref-
erable arbitrary patterns. It can serve as a general 2D fabrica-
tion method, rapidly forming soft actuation structure/body.
Utilizing this technique, many small-scale robots are enabled,
such as origami/kirigami soft structures/robots, soft magnetic
robots, and dielectric elastomer actuators. For instance, Sitti
and co-workers used the laser micromachining technique to
cut the protein motors into the specified design shape in order
to obtain the multifunctional and biodegradable self-propelled
protein motors.'™l It demonstrates immense potential for the
fabrication of such scaled robots.

3.3.2. Laser Engraving and Welding

In an attempt to develop soft system/body at a small scale with
more sophisticated structures such as gradient mechanical
structures and multiple pneumatic chambers, some of the
aforementioned methods or laser cutting become costly and
limiting alternatives. Favorably, due to its excellent program-
mability, it can also be used to realize various types of fabrica-
tion processes such as engraving, stiffening, and welding, by
utilizing it with an appropriate laser parameter. Utilizing laser
engraving, it can selectively ablate the materials from the orig-
inal substrate to form a gap, and to weaken its local mechan-
ical stiffness. This is usually used for serving as a hinge. Many
elegant studies were conducted based on such technique; for
example, Shea and co-workers used laser engraving technique
to define the interdigitated pattern to construct stretchable
pumps for soft machines.®” Leveraging the thermal effect of
laser, it can also be used to weld or seal different parts or mul-
tilayers. For instance, Mosadegh and co-workers used the laser
machining to weld the polyurethane to bond the edges of the
actuator, and they also proposed a laser cutting and welding-
based rapid method for fabricating thin pneumatic actuators
and robots.[15¢]

3.3.3. Laser Surface Tuning

In addition, using a relatively low energy-density mode, laser
can also be utilized for processing surface, to realize subtler
microstructures. Wu and co-workers used the laser to scan the
surface of the soft origami swimming robot to obtain a micro-
nanosurface, enhancing its effectiveness using superhydro-
phobic skin, thus affording higher kinematic performance in
water. Additionally, using the laser to tune the surface morphol-
ogies of the elastomeric sheets, Wu and co-workers also pro-
posed a laser selective surface-tuning-based swelling method to
construct soft origami robot.[*¢!
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3.3.4. Challenges and Opportunities

Despite the intensive progress in the laser techniques for the
fabrication of soft robots, there are still some challenges that
may limit its further applications: a) most of the current laser
methods are limited in 2D fabrication, and direct 3D laser fab-
rication of complex 3D structures/robots is rare; b) compared
with other integrated fabrication methods, laser machining
often needs to be supplemented by other methods; c) owing to
unignorable heat effect of widely used laser, some machining
error results in some sensitive materials; d) it necessitates opti-
mization matching of laser parameters and different materials
when processing heterogeneous materials. Owing to these
potential challenges, the research community must further
develop the corresponding mechanisms, enabling the effective
and elegant utilization of laser for developing more sophisti-
cated robots.

Overall, laser machining is an effective technique for the fab-
rication of small-scale soft robots, and is also suitable for the
fabrication of relative larger scaled soft/rigid/compliant robots.
The laser machining resolution of the commonly used materials
for soft robots (e.g., functional-particle-doped PDMS or Eco-
flex, TPUB>89150)) can reach =10-20 pm. With more advanced
laser equipment and proper selection of materials, the fabrica-
tion resolution will probably be improved to sub-micrometer
scale,™! which can satisfy most fabrication requirements for
constructing exquisite structure. There are many opportuni-
ties for robotic communities to develop more elegant small-
scale robots, for example, using dynamic laser equipment
with multiaxial degree of freedom can enable the direct pro-
cessing of the structure on 3D substrates that can significantly
improve the complexity of constructed structures. This tech-
nology can be harnessed to realize more sophisticated struc-
tures/robots by flexibly programming various laser operational
parameters.

3.4. Swollen Transforming

Here, swelling refers to a volume enlargement phenomenon
resulting from the diffusion effect, when a high-molecular
polymer is immersed into a specific solvent. Based on the
numerous types of polymers, such as such as silicone rubber,
hydrogel, liquid crystal elastomer, and dielectric elastomer,
this mechanism can be utilized to conduct the buckling pro-
cess. During the swelling process, on the one hand, the self-
morphing exhibits a predictable, controllable, and reversible
shape-shifting behavior that can be further programmed and
regulated by various polymer—solvent systems. On the other
hand, the diffused solvent or solution carried with the func-
tional particle and polymer solute can endow the entire struc-
ture bulk with integratable and accessible functionalities.

3.4.1. Hydrogel-Based Robotic Bulk

Hydrogel, a typically swellable polymer, has been thoroughly
investigated as a compliant material for soft robots owing
to its outstanding features, such as tunable stiffness and

(10 of 32) © 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

stretchability, high transparency, ion conductivity, biodegrada-
bility, and stable biocompatibility.'*”) When employing such a
solvent-absorbable material, anisotropic swelling behavior on
the heterogeneous structure can be observed in an appropriate
solvent environment that induces a stress/strain difference
between the localized components, resulting in complete ani-
sotropic deformation.['®™13] For instance, Wu and co-workers
have presented many findings on programmable multimor-
phing 3D configurations with composite hydrogel sheets that
have potential for the soft robotic bulk, Figure 3D.PV164163] 1n
addition, on the condition of responding to an electric field, the
3D-printed electroactive hydrogel model offers a controllable
soft robotic manipulation and locomotion.0166] Alternatively,
encoding composite hydrogel architecture with localized mate-
rials affords anisotropic swelling behavior, for example, cel-
lulose fibrils, thus, a novel method for biomimetic soft robots
4D printing is realized.'® Other researchers have proposed
transformable hydrogel composites that can be manipulated
based on thermal, optical, magnetic, electrical, chemical, and
hydraulic stimuli, for use in bilayer hybrid soft robotics through
layer-by-layer polymerization,[11%8] in gradient hydrogel-based
robots with complex shape deformations through 3D/4D
printing,®*71 and in various actuators and universal robotic
“skins” via photolithography and mask printing.[/2~7¢]

3.4.2. Silicone Rubber Robotic Bulk

Silicone rubber is a widely used elastomer in flexible elec-
tronics, soft robotics, and microfluidics, owing to its stretch-
ability, formability, and ease of fabrication and shaping.
This silicone-composed elastomer maintains nonpolar high-
molecular chains that are compatible with nonpolar organic
solvent, such as, acetone, isopropanol, hexanes, pentane, and
benzene, 7178l that allows the elastomer to be swollen and
expanded based on solvent penetrating and diffusion.7*18%
Based on this phenomenon, researchers have proposed a 3D
shape programming and reconfiguring approach on PDMS
sheets via surface topography modification.! The planar elas-
tomeric sheets can be swollen into the desired spatial construc-
tions by means of bending and twisting deformation according
to the surface microgrooves orientation. This paves the way to
precisely fabricate customized small-scale soft robotic bulk with
silicone rubber.

3.4.3. Other Active Swellable Materials

For developing swelling-responsive soft robotic bulks,
researchers have investigated various polymers, gels, and com-
posites that possess the ability of specific solvent absorption,
for example, porous polymer capable of exhibiting the aniso-
tropic swelling effect,''® IPMC with cation and anion migra-
tion caused differential swelling under electric field,! liquid
crystal elastomer/polymer,®2 and moisture-responsive bioin-
spired soft robots based on graphene oxide.'®3] These stimuli-
active materials provide interactive buckling and deswelling
behavior that can be coupled and combined to accomplish com-
plex soft bodies that can be actuated.
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3.4.4. Challenges and Opportunities

Swelling not only enables the development of 3D morphing
structures with precise manipulation and programmability, but
also bridges the solvent competition mechanism, soft matter
material design, and fabrication. However, some challenges
are still encountered during swelling. First, due to the physical
or chemical reaction induced by continuous solvent diffusing,
ion migration, and bond breaking and formation, the swelling
process may continuously proceed for a considerably long time,
resulting in an unstable and inconsistent ultimate deforma-
tion state. Thus, improving the repeatability and controllability
of swelling by precisely adjusting the usage amount of solvent
and designing interlocking constructions is challenging. Conse-
quently, for a certain polymer or a new synthetic composite, the
swollen system requires compatible solvent for effective penetra-
tion, diffusion, swelling, and deforming. Therefore, developing
on-demand and suitable polymer/composite-solvent systems for
multiple 3D configuration morphing is challenging yet urgent.

The swelling methodology provides a programmable self-
morphing process of configuring 3D soft robotic bodies. The
cooperation and competition between swelling and deswelling
can be harnessed to realize sequential actions for the autono-
mous locomotion of soft robots. Such a relationship induces
an anisotropic deformation that enables a feasible reconfigur-
ability of soft robot body. Moreover, inspired by natural living
beings, particularly the ones living in a liquid environment, the
swelling effect can be used for mimicking the liquid-responsive
robotic bulk that is of immense potential for fabricating solu-
tion-triggered transformable robot, to accomplish deployment
in uncharted liquid environment, such as medical robots in
human internal fluid environment.

3.5. Bonding

As most of the fabrication techniques are unable to directly
integrate all parts of the soft robots, bonding is a classic fabri-
cation technique used to bind parts together, and widely used
in the process of fabricating soft robots. Methods to enable
firm bonding are diverse. Chemical cross-linking of poly-
mers, intermolecular forces between long molecules, or even
strong field forces (for example, magnetic forces) are possible
mechanisms that enable the creation of connections between
two neighboring parts. Depending on the principles of con-
nection formation, the strength of bonds formed by different
bonding techniques varies. According to the demand of con-
nection strength, appropriate selection of bonding techniques
is important. Here, we mainly discuss three frequently used
bonding techniques that are glue bonding, thermal bonding,
self-healing, and surface modification, Figure 3E.

3.5.1. Glue Bonding

With a relatively low technical threshold, glue bonding is
widely applied in the fabrication of soft robots to form strong
bonds. Typical materials for this technique are prepolymers and
commercial glues. Prepolymer glues usually require additional
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auxiliary methods (for example, heating or ultraviolet light
treatment) for speedy and complete curations. Precursors of sil-
icones, such as PDMS Sylgard 184, dragon skin, and Ecoflex are
commonly used.l'*184 Because these silicones are easily acces-
sible and chemically compatible with each other, different parts
can be firmly bonded together ensuring strong connections;
these parts can withstand large deformations without delami-
nation."®5] However, contaminated interfaces between two con-
necting parts easily cause delamination. Clean interface is an
indispensable factor for this technique. As for the fabrication
resolution, Zhang et al. have achieved the bonding of milli-
meter scale and sub-millimeter scale parts for small soft robots
under the assistance of jigs, which is a stable and reliable tech-
nique for 3D structured soft robots.[4]

By contrast, the curing of commercial glue bonding is more
robust to contaminations and do not require additional heating
or ultraviolet light treatment. After all the parts are assembled
appropriately, glue is dropped on the connecting interfaces to
ensure firm connection.’"122] Because these glues are generally
instant adhesives (that cure rapidly), evenly dispersing them on
a surface as well as precisely controlling the dosage, particularly
for extremely small robots, is problematic.

3.5.2. Thermal Bonding

As a mature technique to fuse homogeneous or heterogeneous
materials together, thermal bonding is promising for facile
fabrication of soft robots. During a thermal bonding process,
thermoplastic materials are partly melted and reshaped into a
predesigned structure. After the heat is removed, thermoplastic
materials solidify again to form an integral part. Considering fea-
sibility in regular laboratory environments, these thermoplastic
materials are mostly low-melting-point materials that do not
easily react with air. Other materials, such as papers, fabrics, and
textiles, are also heat-sealable when they are coated with thermo-
plastic materials (thermoplastic polyurethane).'8¢18"] Although
some temperature-field-actuated artificial muscles can be fab-
ricated by thermal bonding,'®® many researchers use this tech-
nique to fabricate fluid-driven soft robots that are based on thin
films which can easily be processed by local heating.! In order
to customize the hollow structure within the thin film actua-
tors, either patterned heat press®>®¥189 or robotic-assisted heat
sealing™9U can be utilized to realize various fluid-tight robots
with a minimal channel width of around 500 pm. Generally, these
fluid-driven robots are based on pneumatic,18¢187.190 hydrauli-
cally amplified self-healing electrostatic,*>8%11 or newly reported
electropneumatic actuatorsl that strongly rely on the hollow
structures to generate different motions, including contracting,
folding, and curling. By programming the structure parameters
of these hollow structures, the complicated shape morphing and
sequential control of soft actuators can be further realized, and in
fact, researchers have leveraged a software suit for this.[3¢!

3.5.3. Self-Healing

Soft robots with self-healing property are those in which the
materials have the ability to resist damage and still maintain
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their functionalities. Some soft robots use reinforced materials
to prevent further escalation of damages,'”?! whereas other
soft robots use spontaneously remedial mechanisms to resist
damages."*1%] However, most of the self-healing soft robots
leverage intrinsic self-healing materials to recover from dam-
ages. These soft robots can reconnect the materials where
rupture occur with/without the existence of additionally
external energy (heating, for instance).'””"1%l From another per-
spective, the ability to heal the ruptures provides new opportu-
nities to integrate different parts of soft robots together. With
the aid of self-healing materials, no additional materials are
required for the bonding of different parts. Each part of the soft
robots can be fabricated individually and subsequently assem-
bled together for self-healing. The strength of healed inter-
faces depends on the mechanisms of self-healing materials.
Physicochemical interactions, such as hydrogen bonding/?%%
and metal-ligand coordination,’?°!l are generally weak bonding
interactions.l?2l Reversible covalent bonds, in contrast, are
strong connections. The formation of the physicochemical
interactions, in most cases, is spontaneous in regular labora-
tory environments, whereas covalent bonds require additional
energy input (thermal energy, for example). However, both
mechanisms have realized structurally strong robots that can
withstand large deformation.>29 Furthermore, self-healing
methods can also integrate modularized parts together into a
complex 3D structure, rendering more fabrication flexibility to
the construction of soft robots. 74203204

3.5.4. Surface Modification

Surface modification is an alternative for glue bonding of het-
erogeneous materials that are chemically incompatible. One
of the representative surface modification techniques is to
coat a thin layer (several micrometers) of nanoscale adhesive
metal particles to the connecting interfaces of two parts. For
instance, thin layers of Pd and Ti can be deposited to con-
nect the gold electrode with the piezoelectric polyvinylidene
difluoride (PVDF) films.32%] Another frequently utilized tech-
nique is grafting. Grafting agents should first be utilized for the
surface treatment.0027] After the surface treatment, partially
cured polymers are applied on the surface of grafted materials
for total curation, finally leading to a strong bonding interface
between the connecting materials. These strong bonds are
covalent bonds that require high energy to be broken. Conse-
quently, interfaces fabricated by this technique are capable of
enduring high strain. Although the fabrication process of this
technique is complicated, it can produce high performance and
mechanically stable soft robots.”’!

3.5.5. Challenges and Opportunities

With the gradual evolution of soft robots, the number of multi-
material robots is increasing. The stable and firm connection
between two materials becomes problematic. Loose connection
is prone to delamination when a large shear force is applied,
particularly in those connecting materials that have extremely
disparate moduli. Mechanical mismatch of two parts will lead
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to possible mechanical failure in the interfaces that in turn
results in the malfunction of soft robots. Although the existing
techniques have achieved a large amount of reliable interfa-
cial bonding of different materials, realizing robust bonding
between materials with dramatically different physical and
chemical properties is still challenging.”! Investigation into the
crack initiation and bond formation theories might be benefi-
cial for the research of soft material bonding.

However, novel mechanisms also thrive. For instance, the
ability to bond living organs with soft elastomer introduces new
possibilities for the realization of soft robots actuated by living
tissues.[?% Microscale soft robots actuated by magnetic field
can be fabricated in a modularized manner and assembled/
connected together by self-assembling.?*’! Two neighboring
parts in this study do not bond directly; rather, they are con-
nected loosely by their attractive magnetic force. Furthermore,
this self-assembly technique improves the fabrication reso-
lution to the level of tens of micrometers. This connecting/
bonding technique, which actually has been widespread in
the molecular scale, may inspire more loosely bonding strate-
gies for all levels of small soft robots. Soft robots are fabricated
for achieving specific tasks. As long as the connecting force
between two neighboring parts can endure the actuation of soft
robots, strong interface bonding may not be necessary; such a
field force bonding technique is a simple and effective bonding
technique for small-scale robots.

3.6. Bioengineering

Biohybrid soft robots have excellent biocompatibility owing to
the integration of artificial devices with living biosystems. It
is noted that the application of bioengineering technologies is
the reason behind this. In order to fully realize the potential
of living beings, various bioengineered technologies have been
utilized, including microscaled bacteria, living muscle tissues,
and small-scaled living insects, Figure 3F.

3.6.1. Bacteria and Motile Cell Engineering

In nature, some bacteria (typically sized from 1 to 3 um) have
sustainable and automatic motility with high speed (with speed
at least 100 body lengths s7!). Owing to the unique athletic
ability of these bacteria (such as Escherichia coli, Serratia marc-
escens, and Salmonella typhimurium), many research groups
have bonded the synthetic cargos (such as imaging agents,
genes, and drugs) with the bacteria to form microbacteria-
driven microswimmers.?'%21 Various characteristics have
been reported to attach the cargo with the bacteria, including
hydrophobicity,*'? wettability,?"! bioconjugations (for example,
biotin-streptavidin),?*21%! covalent binding (for example, car-
bodiimide cross-linking reaction),?'®! and polyelectrolyte coat-
ings.?"l Furthermore, the cargo can be rebonded or released
in response to external environment changes, such as specific
chemicals,?'? pH 24218 and UV light.?1%220 Actuated by the
bacteria’s flagella, these bacteria-driven microswimmers can
efficiently swim using nutrients of the local microenvironment
or inside the bacterial cell. In addition, microswimmers can
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also be externally guided and selectively delivered/deposited at
the target sites via magnetic steering through either magnetic
cargo units or natural magnetotactic bacteria.??!l For instance,
Alapan et al. reported that bacteria-driven microswimmers
used red blood cells rather than synthetic materials as autolo-
gous cargo carriers, offering notable advantages in stability,
deformability, biocompatibility, and biodegradability.?* These
micro-biohybrid robots can squeeze through microchannels
and release the available drugs at the precise location under
the magnetic field steering. Sperm cells have also been widely
utilized to fabricate biohybrid robots as they can automati-
cally move without cultivation.??2223] By encapsulating drugs
into the head of the sperm, these microrobots can be guided
by the external magnetic field to swim against flowing blood
and release drugs at the tumor.??!l Furthermore, nanoparticle
coating enables the localization of clusters of sperm cells via
ultrasound feedback.1?’]

Stem cell therapy has emerged as a promising method for
restoring damaged tissues, cartilage, and organs. To precisely
deliver stem cells at the defect site, magnetically actuated
microrobots have been demonstrated. By direct coating of the
magnetic nanoparticles on the surface of stem cells, Wang et al.
precisely delivered the microrobots into the deep and narrow
spaces inside the body with the image assistance of endos-
copy.” In addition, the stem cells can also be encapsulated into
a magnetic microscaffold and carried/fixed by the magnetic
field steering at the target area.??02”’] The microscaffold has
a biocompatible and biodegradable 3D porous structure, pro-
moting cell penetration and nutrient exchange. Moreover, using
2PP 3D printing technology can fabricate diverse structures of
the microscaffold, such as cylindrical, hexahedral, helical, and
spherical. Jeon et al. optimized the structure of the microrobots
and exhibited suitable rolling and corkscrew motions upon the
application of a rotating magnetic field.??8]

3.6.2. Living Muscle Tissue Engineering

Living muscle tissues have many unique characteristics, such
as softness, high-power density, and rapid response that are
suitable for actuating soft robots. Based on manipulation by the
tissue engineering, the living muscles can be integrated into
the soft robotic system to achieve biohybrid robots. The most
commonly used tissues of this type are cardiac and skeletal
muscles.

The primary cardiac muscles can exhibit spontaneous and
synchronous beating as long as glucose is available as an
energy source.??l The contractile force of a single cardiomyo-
cyte (dimension of 100 pm x 100 pm x 10 pum) is measured
as =10 uN,[?%% that is higher than the same scale of synthetic
actuators. These cardiac muscles are generally isolated from
the ventricles of infant rats. Subsequently, they are implanted
into artificial materials for 1-3 days of culturing, and generally
reach stability.?*»232 In recent decades, many cardiomyocyte-
powered soft robots have been demonstrated to achieve defor-
mation,?$24  walking,?*>2%  swimming,?¥] pumping,?®!
and other operations. For example, Nawroth et al. reported a
freely swimming jellyfish robot using the anisotropic tissue-
engineered cardiac muscles, generating peak stresses of
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10 mN mm™ to actuate the PDMS membrane.*”! Zhao and
co-workers assembled the bioengineered cardiomyocyte tissues
on synthetic inverse opal hydrogel films. This living structure
can change its volume and morphology with the cardiomyo-
cyte contraction, leading to its color change.?*1239.240] Because
cardiomyocytes present spontaneous contractions, difficulty in
the controllability of soft biohybrid robots is encountered. In
this case, optogenetics technology can express light-response
proteins in living cardiac cells, controllable by light stimuli.l2*!
By patterning these optogenetically modified cardiomyocytes
on an elastomeric body enclosing a microfabricated golden
skeleton, Parker and co-workers reported a biohybrid robotic
batoid fish.’®! By controlling the light frequency and position
to stimulate the specific contraction of cardiomyocytes, this
batoid fish can swim in the water ruling the predetermined
trajectory. Moreover, they developed a muscular bilayer struc-
ture consisting of two types of tissue-engineered muscles
expressing blue-light-sensitive (ChR2)?*2 and red-light-sensi-
tive (ChrismsonR)2* ion channels, respectively. By leveraging
the mechanoelectrical signaling of this bilayer construct, they
developed an autonomously swimming biohybrid fish with
feedback mechanisms for self-sustaining.?* This self-driven
spontaneous contraction enables the biohybrid fish to swim for
extended periods (108 days, equivalent to 38 million beats).

Skeleton muscle tissues present suitable adaptability and
precise controllability in biohybrid soft robots that can be
stimulated by the external electrical or optical signals to switch
from a rest state (off) to a contracted state (on). By fixing the
engineered skeleton muscles on the flexible scaffold or joint,
the biohybrid systems have potential applications in control-
lable crawling,2-2%] swimming,**®l and pumping.?* In order
to elongate the actuation times of skeleton muscles caused
by their spontaneous shrinkage, Morimoto et al. presented a
long lifetime (=1 week) antagonistic structure consisting of a
pair of alternate contraction skeleton muscles.*® Apart from
using external synthetic stimulation strategies, neuronal inte-
gration with skeletal muscle tissues provides a new synergistic
control framework for biosystems. Aydin et al. developed a
light-sensitive flagellar swimmer actuated by onboard neuro-
muscular units.?>! After the skeleton muscles were cultured in
the PDMS scaffold, the photosensitive motor neurons (ChR2,
derived from optogenetic mouse stems) were cocultured with
the skeleton muscles and outgrowth neurite extension.

3.6.3. Insect Machine Engineering

Insects are the largest groups of animals on the planet, whose
total number of extant species is estimated between six and
ten million.l*>?l They can be found in nearly all environments,
and their locomotion types mainly contain flight, walking, and
swimming. Research on insect-machine hybrid robots inte-
grating living insects with artificial devices has recently received
widespread attention. By using the insect itself as the robot,
researchers bypass the complex process of designing and fabri-
cating various essential parts of robots, fully applying the mus-
cular system and nervous system of the insects. This cyborg
system exhibits suitable environmental adaptability and unteth-
ered control for locomotion, such as walking!?*3! and flying.1>>
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There are various insects suitable for small-scale biohybrid
robots, including cockroaches,?>3! beetle, > locusts,””?! and
moths.?> In 1997, Holzer and Shimoyama presented the first
walking insect-machine hybrid robot, using microelectrodes
to directly stimulate the motor nerve of the live cockroach.l?®
In order to improve the control precision of the hybrid robots,
many researchers have developed various control algorithms
to optimize the bioelectrical stimulation strategy.?”2*1 As
directly using electrodes to provide stimulus to the nerves will
cause tissue damage, researchers have also presented a new
strategy by applying the electrical signal to the antennae of the
live insect for direction steering.1?>32>4

3.6.4. Challenges and Opportunities

Bioengineering provides a promising fabrication method for
small-scale biohybrid robots, fully reflecting the ingenious fea-
tures of creatures (structures, nervous systems, and environ-
ment sensing). However, there are still some challenges. One is
the limited working environment. Bioengineered cells, tissues,
and creatures need specific environments to maintain biolog-
ical activity, for example, temperature, pH, and nutrition. It is
of immense significance to enhance the adaptability of biohy-
brid robots by using synthetic designs (for example, protection
structures and materials). Furthermore, these biohybrid robots
have low sustained working times (from several hours to days)
that need to be integrated with continuous sources of nutrition
or power for long-term operation.

Beyond the challenges facing the field, there are several
additional promising avenues for the further development in
bioengineering. Bioengineering can be combined with other
techniques to enhance the functionality of biohybrid robots.
Many techniques (such as 3D printing,?®! flexible sensing,2¢%
and artificial intelligencel?>”)) have been utilized and have been
developed further. In addition, although the unique self-healing
ability of biosystems remains to be developed, only few studies
have been noted. The development of soft robots with bioengi-
neered components is a growing and exciting area of research.

3.7. Origami/Kirigami

Originating from exquisite paper construction arts, origami
and kirigami are conducted for fabricating subtle and complex
planar and stereo structures with programmable morpholo-
gies and shapes.?12621 The concept and strategy of origami
and kirigami are well-developed for significantly contributing
into theoretical geometry, architecture engineering, and folk
custom. Inheriting from these traditional paper arts, origami
and kirigami have been increasingly utilized for configuring
morphological and topological structures of robotic body and
bulk.[263-265] Being distinguished from bottom-up manufac-
turing techniques, origami and kirigami can be considered
as top-down approaches that require a dimension-reduction
(from 3D structures to 2D precursors) design and fabrication.
Therefore, they possess a wide range of morphologies and con-
structions, along with outstanding mechanical and topological
properties (Figure 3G).[266-26%]
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3.7.1. Origami

The configuring targets of origami are usually derived from
biological tissue structures and functional organs,?’l existing
architectures,””!l natural animals, and plants that demonstrate
unique mechanical, electrical, and even optical properties.
By geometric and mathematical computational designs, the
complex 3D structures can be mainly reduced into 2D planar
precursor with programmable and tunable hinges and joints.
Targeting the figurate construction, sequential folding pro-
cesses along the hinges are conducted for precisely fabricating
origami robots via shape transformation.

The most common targeting structure is generally based on
the nature-inspired morphologies, including those of crawling
creatures such as invertebrates (for example, worms?’2l and
scolopendra) and vertebrates (for example, snakes) whose loco-
motion is mainly based on muscle and joint shrinking and
mismatching; flying creatures feature with aerodynamic struc-
tural wings, such as self-folding earwig wing that is mimicked
by synthetic spring origami with pronounced stiffness and
fast-morphing programmability.*? Additionally, the traditional
origami works based on the folding of various types of paper,
plastic sheets, and thin films inspire the development of high-
performance structures with sophisticated mechanical proper-
ties,#Y tunable stiffness,”’3?" and transformable and reconfig-
urable constructions.?”®! For fabrication methodologies, apart
from directly folding following assembling, rapid fabrication
techniques such as multimaterial printing (3D and 4D printing)
are employed for fabricating the desired morphologies such
as biomimetic constructions,??! hierarchical structures,*”]
and metamaterials.l?#271 Alternatively, laminated manufac-
turing approaches, such as photolithography, laser machining,
transfer printing, pop-up, and other layer by layer assembling
provide planar precursors that are synthesized by smart mate-
rials for spatially enabled out-of-plane structures. Based on
these processing methods, various complex robotic systems
have been utilized through structurally intelligent construction.

In tandem with smart functional materials such as dielec-
tric elastomer, shape-memory alloys/polymers, and other
stimuli-response materials, small-scale soft origami robots can
be actuated by means of several triggers that include electric,
magnetic, and thermal stimuli. The responsive or trigger-active
materials not only enrich the selection and fabrication of soft
bulk, but also provide reliable and effective ways to actuate and
control the locomotion of robots. Furthermore, smart materials
enabled by compliant intelligent structures also offer a feasible
approach for establishing sensing circuits, thereby contributing
to improved manipulation of origami robots.

3.7.2. Kirigami

Kirigami is another art of paper cutting that provides a new
design strategy for developing deployable structures by pro-
grammable cutting notches at the joints. The integration of
structures in traditional kirigami works inspires researchers
to construct high-performance robotic bodies for shape mor-
phingl” and adaptive locomotion.?®"l This contributes to a
crucial and suitable application platform. Being different from
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the origami strategy, kirigami requires subtractive processing
that refers to cutting notches on creased patterns. It not only
avoids the disturbances among several intersecting creases, but
also provides a novel buckling methodology on the condition of
stretching, bending, or twisting.

Kirigami-designed structures show typical out-of-plane
designs with a large degree of freedom owing to selective cut-
ting and punching on planar, soft, and flexible sheets.?®!l There-
fore, the fabrication of kirigami-inspired precursor is diverse
and adaptable, including physical engraving by a cutting plotter
and chemical ablating via laser patterning. Following the lami-
nation of different material sheets with various properties, the
buckling kirigami robot bodies and skins are obtained with
spatial mechanisms and preferred locomotion control that are
crucial for precise tasks.!*203:280.282-284] Alternatively, printing
methods can also be employed for directly fabricating kirigami
structures.?® This kirigami paper cutting concept and strategy
will not only offer new designs of static robotic bodies, but also
encourage the investigation of reconfigurable robots with trans-
formable shapes and metastructural and even intelligent mech-
anisms for medical, biomimetic, and industrial applications. 28!

In brief, kirigami strategy demonstrates suitable compati-
bility with other fabrication methodologies, and thus can be uti-
lized in functional robotic bulk construction when introducing
different functional materials that can be modularly laminated/
integrated on planar precursor substrates; the key character-
istics include the stiffness gradient, piezoelectricity, shape
memory, and self-healing. Moreover, kirigami is also an elegant
methodology to develop metastructures that can be optimized
for 3D electronics in soft robot applications, such as human-—
machine interaction and robotic sensing and perception.

3.7.3. Challenges and Opportunities

Origami and kirigami provide a predictable bottom-up meth-
odology for the design and fabrication of sophisticated 2D
and 3D structures with compliant mechanism and intelligent
engineering, regardless of the interactions among different
composites that enable a customized and facile manipulation
in a normal environment. These two strategies can guide not
only the giant soft robots, but also microscale soft/flexible body
fabrication, which is of great potential for making future small-
scale soft robot. Nevertheless, challenges still remain pertaining
to the exploration of these two strategies. Of particular, the cur-
rent origami/kirigami-based research on soft robots mostly
employs stiff substrate materials such as plastic, paper sheet,
and circuit board that can be folded along creases; nonethe-
less, these materials are not sufficiently soft and stretchable
in extreme unstructured environments. Although elastomers
have been widely used in soft robotic body construction, it is
challenging to fabricate foldable creases and thus conduct fea-
sible origami process on elastomer bulk owing to the elasticity
and stretchability of various elastomers. Therefore, it severely
restricts the potential of the origami/kirigami elastomer. More-
over, the investigation of foldable soft-material-based creases
is crucial for utilizing origami/kirigami with elastomeric
materials or composite that may induce new features such as
impact adsorption and mechanical adaptability. In addition,
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it is necessary to investigate and transplant more ingenious
mechanics of folding (origami) and out-of-plane prototyping
(kirigami) techniques, for example, taking experience on archi-
tecture consideration, bioinspired- and metastructures.

Origami is always conducted along with kirigami, an indis-
pensable and effective guiding strategy for curved, complex,
topological robotic geometry fabrication. In tandem with elastic
and reversible creases, it will encourage the further develop-
ment of the bistable and multistable mechanism that is of
immense potential in diverse fields, including flexible and
stretchable electronics, human-machine interaction, compliant
mechanism, and soft robotics. In addition, based on physical
and chemical interactions between spatial morphologies of dif-
ferent 3D complex structures, it is feasible to achieve high-per-
formance self-locking constructions with customized triggers
and thresholds. Origami and kirigami redefine how we design,
fabricate, and use small-scale soft robots. These two strategies
combine material computing, 2D to 3D mapping, and folding
process, that could lead to various potential research directions
in mathematics and mechanical and physical science.

3.8. Outlook

Although the above summarized approaches have presented
diverse design principles and fabrication strategies on soft
bodies along with the actuators of small-scale soft robots, the
operating connection between different approaches should be
enhanced to improve the versatility and integrity of soft body
fabrication.l?®”l For instance, the origami and kirigami design
inspired from natural living structures can be utilized in con-
junction with modular assembly to achieve hierarchically het-
erogeneous biomimetic structures with high performances,
in the presence of a robust and stable interface between het-
erogeneous multimaterials under large deformation.?66-282 In
addition, 3D/4D printing was employed to modify the fluidic
mixture marbles that facilitated integrating soft body with more
features upon tuning the rheological properties of liquids.[?8!

It is crucial to render soft robots functional and useful, rather
than simply kinetic. Moreover, small-scale soft robots have
shown immense potential for various applications, including
exploration, medical surgery, and swarm tasks, owing to their
miniature bodies. However, it is important yet challenging
to integrate considerable functional units on/in limited soft
bodies. Therefore, an “all in one” methodology based on the
investigation methods of fabricating structures, actuations, and
functionalities, has been pursed.

4. Functionalized Integration

Soft and compliant structure body and various actuation mecha-
nisms enable the motion of small-scale robots, allowing them to
move in various scenarios and accomplish specific tasks. How-
ever, to adapt to more complex environments and interact with
highly dynamic scenarios, basic actuation/motion cannot aid
in coping with such complex or dynamic situations. Therefore,
function integration in small-scale robots is crucial for signifi-
cantly improving their comprehensive capabilities. To further
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empower small-scale soft robots with rich function and ability,
a plethora of integration techniques for functionalization have
been developed during the past decades.'00289-2%4 These func-
tionalized integration techniques enable extensive previously
inaccessible behaviors, for example, somatosensitive/proprio-
ceptive actuation and environment perception and response
(Figure 4A), self-control locomotion (Figure 4B), remote com-
munication (Figure 4C), energy harvest/storage/manage and
power transferring (Figure 4D), tunable stiffness (Figure 4E),
reconfigurable architectures (Figure 4F), self-healing (Figure 4G),
and biodegradable body.”>7>?*>-2%] Owing to the aforemen-
tioned properties and merits, functionalized small-scale robots
also demonstrate various elegant applications. In this section,
we highlight a few key advancements, challenges, and oppor-
tunities of functionalized integration techniques for small-scale
soft robots. To simplify our discussion, we roughly classify the
specific integration techniques into the following subcategories:
molding/bonding, 3D printing, transfer printing, and swelling
functionalizing (Figure 4H-K).

4.1. Molding/Bonding

Different from that in fabrication techniques, molding and
bonding techniques are discussed together in that they are
complementary techniques to integrate the functional part of
soft robots into/onto different locations. Specifically, molding
embeds the functional modules within the body of soft robots,
whereas modules integrated by bonding usually adhere to the
external surface of soft robots. Molding and bonding are both
straightforward techniques to integrate soft robots with various
functional modules. Generally, to ensure the stable integra-
tion of functional parts, molding is utilized to integrate func-
tional parts. However, bonding ensures fast functionalization of
robots. Because molding occasionally only shapes the contour
of functional parts, bonding is frequently used as an auxiliary
technique for the functionalization.[21-22114.301]

4.1.1. Proprioception and Active Environment Sensing

Both proprioception and environment perception have been
realized by sensing modules fabricated by molding and
bonding. The integration position of the sensing parts varies
relative to different perceptional targets. In order to maxi-
mally record the shape changing of soft robots, proprioceptive
sensors are usually integrated within the parts that undergo
large deformations when robots are actuated. For example,
fluid chambers,?%2 expanding surfaces of actuators,?®! are
ideal integration positions. Particularly, there are a few occa-
sions that indicate conflict with the principle. Thuruthel et al.
have reported an array of proprioceptive strain sensors that
are embedded on the upper surface of inextensible layer.?%4
Because there are several sensors integrated for the simulta-
neous perception of deformation and obtained signals that are
further analyzed by machine learning, these sensors are tai-
lored into different shapes and embedded at different positions
for distinct signals. Similarly, Meerbeek et al. also demonstrated
a machine-learning-based optoelectronic sensor to monitor the
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deformation of a soft actuator.*® The optic fibers that comprise
the optoelectronic sensor are aligned uniformly as a layer using
the soft lithography technique. These finely arranged fibers and
the corresponding machine learning method finally result in a
sensory system that can detect four deformation modes of soft
robots.

Distinguished from proprioceptive sensors, environment
sensors need to be exposed to external environments for
improved sensory signals, and they tend to be integrated in
inextensible parts to minimize the perturbance of deformation.
For instance, pressure sensor and thermal-sensitive sensor
fabricated by photolithography are integrated on the surface
of inactive parts.®l Active materials of a triboelectric nanogen-
erator are molded on both sides of a rigid skeleton to minimize
the interference caused by the deformation of soft parts.3%!
Typically, an actively perceiving and responsive soft robot has
been fabricated by the combined technique of mold casting and
drop coating.Bl Two sequential molding processes fabricate
two soft parts, between which the silver-flake-based electrode is
drop coated and encapsulated. This soft robot is able to achieve
both proprioception and environment perception. However,
because the signals resulted from body deformation and envi-
ronment stimulation are coupled, it is difficult to practically
distinguish them. Localized stiffness tuning technique that is
used to template strain-insensitive sensors can be adopted for
the integration of these soft robots.l3%

4.1.2. Calculation, Control, and Communications

Active interactive modules, such as signaling module, reconfig-
uration module, and computing module extend the functionali-
ties of soft robots. The ability of realizing visual communication
and disguise has been demonstrated by Morin et al.'™ and
Larson et al.2!l The functional layers of these soft robots are first
fabricated by soft lithography and then molded/bonded on the
actuation part to serve as an active color-tunable skin. In terms
of computation, digital logic gates are demonstrated based on
conductive materials.’ The elastic body of materials are first
molded with channels to accommodate the conductive mate-
rials. Subsequently, the conductive prepolymer is filled within
the channel for curation, finally forming a conductive metama-
terial. Further, Garrad et al. have embedded logic gates into soft
robots, demonstrating electrically reconfigurable soft robot.3%!
The so-called soft matter computer is fabricated by successive
molding and bonding techniques to ensure the correct posi-
tioning of electrodes and a stable connection. Embedded soft
matter computer simplifies the structural complexity of recon-
figurable soft robots, endowing soft robots with the capability to
perform local computing. Without local computing capability,
however, a more sophisticated templating process needs to be
conducted to fabricate a reconfigurable soft robot.}1%!

4.1.3. Energy Regulation
Rational energy regulation is a necessity for long-term and sus-

tainable actuation of untethered robots. Compact energy regu-
lation module for small-scale robots is reported to be fabricated
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by soft lithography molding and bonding techniques.?Z This
entirely soft controller provides continuous energy input for the
actuation of the deformation of soft robots for 10 min. Delicate
microscale channels regulate the fluid flow accurately, indi-
cating that lithography might be a promising fabrication tech-
nique for precise energy control.

4.1.4. Challenges and Opportunities

Although various functional parts integrated by templating
have been demonstrated, more functionalities are further
required to systematically develop a soft robot. Sensing, sign-
aling, and responding constitute a complete interactive loop for
soft robots. However, current templating techniques still fail to
integrate all these functionalities together, especially for small-
scale soft robots. The fabrication method of a jig-assisted 3D
fabricated can be adopted to integrate these functional parts
and improve the integration resolution to the level of sub-milli-
meter scales.'™ Moreover, despite the ability of the structure of
soft robots to physically adapt to diverse external stimuli, more
interactive responses require active control of the soft robots
that pose a high demand for the computation modules. Unfa-
vorably, the existing computation is in a primitive state that is
only capable of simple logical computation; scaling down these
computing modules is almost impossible at present. Therefore,
some soft robots directly bond traditional rigid circuit board for
signal processing and wireless communications.”! However, it
is remarkable that traditional photolithography is revolution-
izing the field of soft chips. With the edge-cutting technique of
soft material photolithography, millimeter-scale complex logic
circuits are realized,?" which might be molded within the soft
robots to further advance the computing modules of soft robots.

4.2. 3D Printing

As a convenient, speedy fabrication technology, 3D printing
can not only be used for printing soft robotic structures, but
also is suitable for functional integration. In the past few years,
the printing ability of all-printed robots has been demonstrated
through the integration of various functional parts (for example,
sensing, computing, and stiffness-tunable) into the soft robots
directly.

4.2.1. Sensing

Fabricating flexible embedded sensors without impacting
mechanical performance is crucial in soft robotics. Using 3D
printing technology, various flexible sensors, including resis-
tive and capacitive sensors,3”2-3l pressure sensors,18-3201 and
optoelectronic sensorsB21323 can be realized. Among them,
resistive and capacitive sensors are the most prevalent that
detect the variation of the electrical signals during the strain
and deformation of soft conductive structures. Using DLP
and DIW printing techniques, flexible conductive electrodes
(such as ionic hydrogels,?'?! elastomer composites of carbon
nanotubes,?* carbon black,?¥l and metal particles®*¥) can be
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fabricated. Furthermore, liquid metal (for example, EGaln or
Galinstan) can be directly deposited or injected into the elas-
tomer by DIW as the embedded circuit for stretchable resis-
tive sensors>”>31 that can reach a significant elongation (over
400% strain).’V] Soft optical sensors leverage high-precision,
low-hysteresis flexible waveguides for the reflection of the
optical signals internally, demonstrating low hysteresis and
high precision. The soft and stretchable elastomer optical fibers
can be readily fabricated using FDM printers.12!) Furthermore,
the optical fiber and the cladding layer can be simultaneously
printed using core-shell DIW.[324 By integrating the optical sen-
sors into the soft robotic systems, various types of deformation
(such as bending, stretching, and pressing) can be detected.[?]

4.2.2. Computing

In order to replace the rigid onboard electrical controller, which
could influence the deformation of the soft robots, fully soft
computing systems are under study. Using 3D printing tech-
nology, researchers presented pneumatic/hydraulic logic sys-
tems embedded into the soft robots. For example, Drotman
et al. used the FDM printer to fabricate the pneumatic circuits
consisting of logic components (soft valves and oscillators).132¢]
Furthermore, Hubbard et al. presented a fully 3D-printed soft
robot with integrated fluidic logic controllers.!>> This innova-
tive design achieves various soft physic logical elements (similar
to electronic devices such as transistors, diodes, and one type of
the transistors) that can be directly embedded into the soft robot.

Moreover, compliant structures and metamaterials also can
be utilized in mechanical computing. For example, the FDM-
printed structures with bistable flexure mechanisms can be
assembled as the logic systems to achieve the functionality of
mechanical computation.}?-3%%] Some complex metamaterials
(2D to 3D) structures can also be fabricated by 3D printing
and can respond to the external input.}3%-332 In summary,
3D printing provides a promising paradigm for realizing the
whole process from design to fabrication and enables topologic
optimization.

4.2.3. Stiffness Tuning

Soft robots have the appealing advantage of being highly flex-
ible and compliant to complex environments. However, low-
stiffness materials restrict the soft robotics system’s application
in tasks requiring relatively high load capacity. To realize the
stiffness tuning of soft robots in diverse scenarios, many
efforts have been made to embed stiffness-tunable materials
or structures (such as low-melt-point alloys['”)), thermoplastic
polymers, 33334 and jamming structures®®! in 3D-printed
soft robotic systems. Thermoplastic polymers (for example,
poly(lactic acid) (PLA)) can be gradually softened during
heating. Thus, many researchers reported stiffness-tunable soft
grippers embedded with variable stiffness modules, consisting
of 3D-printed PLA layers and heating electrodes.**>334 These
soft grippers can achieve variable stiffnesses in whole or in
part by controlling the specific heating areas. Although such a
design can achieve about 18-fold stiffness tuning, the stiffness
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of the softened PLA layer after heating is still much high for
the soft robots. Low-melt-point alloy, which can be melted to
fluid, offers another solution for broad range stiffness tuning of
soft robots. Zhang et al. reported a 120 times stiffness-tunable
3D-printed gripper integrated with the low-melt-point alloy,
which can rapidly switch the liquid and solid-state under Joule
heating and water cooling.'% Laminar jamming structures can
reach rapid stiffness tuning under the vacuum or electric field
control. Soft robotic systems can be easily controlled to achieve
variable stiffness change by integrating the jamming structures
in soft grippers or bodies.[336-338]

4.2.4. Challenges and Opportunities

Despite the promising developments in the fabrication of
various function parts, only a few works presented one-step
integrated printing. Most of the printed function parts require
secondary processing (such as bonding or assembling) to be
integrated with soft robots, and it reduces the reliability of
robotic systems. In addition, the intelligence level of physical
computing is still at the primary stage and remains to be fur-
ther optimized. Although some challenges exist, the feasibility
of fully integrated 3D-printed soft robots is evident. The future
goal in this field has the potential to develop all-printed soft
robots that can directly integrate multifunction parts, without
the need to attach wiring or assemble parts. In that case, every
part of the soft robot, including actuators, controls, and power
sources, can be printed using a single, on-demand 3D printer.

4.3. Transfer Printing

An increasing number of technologies require large-scale inte-
gration of disparate classes of separately fabricated objects
into spatially organized, functional systems. Transfer printing
is a set of techniques for 2D and 3D spatial rearrangement of
various material or functional parts from a donor to a receiver.
As a versatile platform technology, it offers a useful, yet flexible
tool for fabricating a high-performance, heterogeneously inte-
grated functional system at a relatively low cost.

During the transfer process, the energy release rate tuning
between different interfaces (stamp and transferred objects,
transferred objects and donor, and transferred objects and
receiver) is critical for successful implementation. To address
this, various approaches were proposed.l33340 Presently, the
utilization of transfer printing techniques for small-scale soft
robot function integration is relatively uncommon, but it is a
potential function integration technique. To systematically dis-
cuss this technique, in this section, the methods have been
classified according to their fundamental principles.

4.3.1. Kinetical Controlled Transfer Printing

Based on kinetically controlled switching between adhesion
and release of transferred objects to and from an elastomeric
stamp, some facile transfer printing methods have been pro-
posed. Typically, Rogers and co-workers developed a transfer
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printing technique based on the kinetic control of adhesion to
an elastomeric stamp.?*! Contacting a soft elastomeric stamp
against these transferred objects leads to conformal contact,
driven by generalized adhesion forces that are typically domi-
nated by van der Waals interactions. The adhesion between
the transferred objects and the stamp is rate-sensitive (that is,
kinetically controllable) owing to the viscoelastic behavior of
the elastomer. In this case, pulling the stamp away from the
donor substrate with sufficiently high peel velocity leads to
adhesion that is sufficiently strong to adhere, preferentially
the transferred objects to the surface of the stamp, lifting them
away from the substrate. The stamp, “inked” with these trans-
ferred objects, is brought into contact with a receiving (device/
robot) substrate. Removing the stamp with sufficiently low peel
velocity causes these transferred objects to adhere preferentially
to the device/robot substrate and to separate from the stamp.
The transfer can be performed uniformly with a flat stamp or
with a structured element that contacts and transfers only a
particular set of transferred objects from the donor substrate.
The physics that governs the kinetic dependence of the adhe-
sion process has its origin in the viscoelastic response of the
elastomeric stamp.

4.3.2. Microstructure-Based Transfer Printing

To guarantee the successful implementation of the transfer
printing, various microstructure-based approaches were devel-
oped. Several modalities of transfer printing can improve the
ability to modulate the adhesion through the use of micro-
structured stamps,**?l enhanced adhesion with pedestal-shaped
elastomeric stamps,¥] pressure-controlled contact area,3*!
and angled relief structures.?®! In each case, to guarantee the
transfer printing process, the key goals include strong adhe-
sion when the stamp retrieves an ink from a donor substrate
and weak adhesion when it releases the ink onto a target sub-
strate. To achieve this goal, these transfer printing methods will
also synergistically couple with other strategies, such as the
aforementioned kinematic dominated methods and the shear-
assisted methods. 34!

4.3.3. Triggered Transfer Printing

To achieve on-demand picking up and printing, several trig-
gered transfer printing methods were developed by introducing
laser, magnetic field, and vacuum. The adhesion between the
stamps and transferred objects can be controlled on demand
by the trigger of the external stimulus. Ferreira and co-workers
reported on a laser-driven micro-transfer-placement process
that leverages, instead of ablation, the mismatch in thermome-
chanical response at the interface of a transferable microstruc-
ture and a transfer tool to a laser pulse to drive the release of
the microstructure from the transfer tool and its transportation
to a receiving substrate.3¥] In addition, Song and co-workers
developed a simple yet robust magnetically actuated, aphid-
inspired design of an elastomeric surface that provides rapid
tunable and high reversible adhesion strength.3*! The mag-
netically actuated adhesive features open reservoirs filled with
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magnetic particles and encapsulated by a thin surface mem-
brane that can be deformed in a controlled manner via the
magnetic field, thus, to tune the adhesion. The combination
of the rate dependent effect and magnetic actuation of the thin
surface membrane offers continuously tunable adhesion with
an effective switchability and a swift response. By introducing
various trigger mechanisms to tune the adhesion of stamps
on demand enables broader operation windows for transfer
printing different transferred objects.

4.3.4. Laser-Tuned Selective Transfer Printing

In addition to the aforementioned methods, by introducing
laser selective surface morphology tuning, various facile and
elegant selective transfer printing techniques were developed
for liquid alloy printing or heterogenous cell transfer printing.
For example, by tuning the wettability of liquid alloy on a
soft substrate through a selective surface morphology modi-
fication, Wu and co-workers presented a flexography printing
technique of liquid alloy circuits on both planar and 3D com-
plex surfaces. This technique was enabled by the systemat-
ical investigation of the tuning mechanism and the relation
between liquid alloy wettability and surface morphology modi-
fication.?*] Recently, a more precise selective heterogeneous
integrated transfer printing technique was developed. By intro-
ducing the influence of the laser to the surface morphologies
and its adhesion of the stamp and transferred objects, Ke et al.
proposed a laser tuning selective-transfer-printing-based
heterogeneous integration technique.l'?? This method enables
selective adhesive transfer printing of modularized hetero-
geneous cells (for example, preanisotropic magnetized ferro-
magnetic and other functional cells). Leveraging this method,
the researchers realized various types of soft magnetic robots,
including 2D/3D-shaped, 2D/3D-magnetized, heterogeneous
responsive, multifield responsive, environmentally percep-
tive, and multifunction integrated robots, and even those with
functional updating, repairing, and recombination of daughter
robots enabled. Compared with width-based selective transfer
printing method,*>”! this method provides a broader opera-
tional window for the heterogeneous integration of various
functional parts.

4.3.5. Hydroprinting

A gentle fabrication process is critical to enable the adaption
of compliant electronic systems to the highly dynamic situa-
tion. A hydroprinting technique was developed by Jiang et al.
to address the challenge of integration of compliant electronic
systems on an unstructured object.3>! Specifically, a prepat-
terned liquid alloy circuit on a water-soluble poly(vinyl alcohol)
(PVA) film is placed on the surface of water and subsequently
swollen to obtain a layer of soft and viscous PVA gel. There-
after, by hydroprinting, such a prepatterned liquid alloy allow
can be transfer-printed on arbitrary objects (even for gentle
plants). Such a hydroprinting technique enables various previ-
ously inaccessible liquid alloy integrations on various complex
objects.
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4.3.6. Challenges and Opportunities

Despite the intensive progress in transfer printing and its influ-
ence on the function integration of small-scale soft robots, there
are still some challenges, for example, the transfer printing
technique is a skin empowerment technique that enables the
integration of the functional part on the surface of the soft
actuation body in most cases. In addition, the transferred ink/
objects depend on the transfer methods, and transfer printing
techniques are not applicable for all the ink/objects. These con-
straints limit its universality.

The advances of transfer printing enable relatively broad
applications; the ease with which most of these techniques
can be implemented with high throughput and engineering
control suggests their applicability not only in basic scien-
tific studies and engineering prototyping, but also in volume
manufacturing. From the results of current transfer printing
technologies, the size of transferred objects can cover from
sub-micrometers to centimeters. This technique is more suit-
able and effective for the integration of small-scale soft robots.
Although not many transfer printing techniques have been
utilized in function integration of small-scale robots, it is still
a potential and promising technique. With the introduction of
such a technique, it can realize the integration of mass function
by the deterministic assembly of micro- and nanomaterials into
organized, functional arrangements with 2D and 3D layouts.

4.4. Swelling Functionalizing

As stated in Section 3, swelling is a potential approach for the
development of soft and compliant bulk for soft robots via pro-
grammable and localized buckling. During solvent penetration
and diffusion, it is possible to infuse active particles and mole-
cules into the expanded bulk. Therefore, this process provides
effective functionality endowment during shape morphing.
Current works have presented various soft and compliant struc-
tures for multilocomotion, including crawling, rolling, turning,
and jumping, that act as the actuated bulk in soft robots.

4.4.1. Perceptibility Integration

Active and passive sensibility is of immense importance now-
adays for advanced and intelligent robots because it can offer
timely response and feedback that can enable the precise opera-
tion and control of soft robots. Swelling is a potential approach
to introducing additional stimuli-responsive materials into the
soft matter bulk. By combining the selective surface morphology
tuning and active-particle-infused solvent swelling, Zhang
et al. proposed a programmable and reprocessable method
to seamlessly integrate reconfigurable passive-sensing layers
on the surface using ferromagnetic, photochromic, or ther-
mochromic nanopowders.l Such a swelling method endows
the soft robot with not only switchable actuation locomotion,
but also environmental stimuli passive-sensing abilities that
enhances the multifunctionality of the robot and inspires bio-
mimetic feature designing. Alternatively, anisotropic swelling
behavior of hydrogel-carbon nanotube composites contributes
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to a flexible liquid sensor, enabling bidirectional monitor and
detection of the liquid leakage.’>? This swelling liquid sensor
design offers a distinctive perspective on the accurate position
and direction of soft robots in diverse liquid environments.
Swelling can be used to integrate tactile sensing layer as well.
Benefiting from being swollen in organic solvents, the buckled
carbon-nanotube-embedded elastomeric substrate provides an
out-of-plane serpentine surface for configuring the strain-sen-
sitive sensor®>3 for detecting deformation, induced by interac-
tion with the external environment. In addition, the sensing
and reaction to the external temperature, pH, and chemical
substances are realized based on the corresponding swelling-
integrated stimulus-sensitive materials.

4.4.2. Computing and Communication Ability Integration

Because the mismatched stiffness causes unstable interface
under deformation, it is still a significant challenge to the inte-
gration of logic-based rigid electronic chips on the soft bodies
of soft robots. To address this, researchers used various stim-
uli-responsive hydrogels as building blocks to configure the
diverse logic gates, including YES, NOT, XOR, AND, OR, NOR,
and NAND, realizing a conventional size change.** Such a
design strategy paves a new approach toward the integration
of on-board computing and communication capabilities into
small-scale soft robots and machines. Favorably, swelling is an
effective approach for the construction of shape-controllable
and material-integratable structures based on the bistable and
multistable compliant mechanism that affords potential appli-
cation in transformable logic modules.

4.4.3. Energy Regulation

Energy and power source is crucial for the actuation, locomo-
tion, and task assignment of soft robots. Benefiting from the
shape change induced by swelling, it causes a snap-through
buckling behavior. Transient shape changes during drying
induce a mechanism constraint and an internal diving force
for snap-through buckling that has been utilized for developing
autonomous snapping and jumping polymer gels.'2l This
swelling design mechanism inspires researchers to integrate
high power density output into jumping organisms and soft
engineered robots.

4.4.4. Challenges and Opportunities

Although it is common to apply shape change and morphing
during swelling, there still remain challenges. First, the swelling
process is continuous and isotropic that may result in a random
functional particle infusion and an uncontrollable doping and
function integration. Such a result is insufficient for high-
precision and accurate robot sensing and feedback. Second, a
suitable and effective swelling process requires suitable and
compatible soft-material-solvent system involving material
characterization, chemical mechanism, and mechanics. There
is scope for further investigation in this regard. Nonetheless,
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this swelling fabrication scheme provides a platform for pro-
ducing soft robots with programmable and reprocessable
shapes, actuation, and sensing. This scheme offers a rapid, flex-
ible tool for seamless integrating of multiple materials simul-
taneously into soft robots, thereby laying a solid foundation for
the development of multifunctional/high-intelligence robots.

4.5. Challenges and Opportunities

Despite the extensive research on techniques for functionalized
integration in small-scale soft robots, it is still at an early stage,
and the existing challenges and opportunities still remain to be
investigated further. Functionalized integration in the current
stage is relatively simple and only a few of small-scale robots
are at the system-level. Consequently, its performance is far
comparable with their biological counterparts and further prac-
tical applications are difficult. Therefore, further efforts should
be made to develop more advanced integration techniques for
highly integrated, function synergistic, system-level small-scale
robots, particularly the all-in-one techniques. It is also expected
that biological intelligence can be realized by sophisticatedly
codesigned structures and functions of robots.

5. Discussion and Perspectives

As summarized in Table 1, we contrast different techniques
from aspects of approximate resolution, fabrication dimen-
sion, materials, material stiffness, processing efficiency, cost,
and learning curve. Such a quantitative result not only clearly
suggests the advantages and shortcoming of discussed method-
ologies or strategies, but also holds the direction of small-scale
soft robot fabrication and functional integration. During the
past few years, to realize various behaviors, different fabrica-
tion and integration methods have been proposed and devel-
oped for small-scale soft robots in the millimeter to centimeter
scale.?6228] However, there remains numerous challenges
ahead for these small-scale robots to be widely adopted as valu-
able commercial products, and further recognized as powerful
tools in practical applications. Of particular, the materials intro-
duced in small-scale robot are not smart like the biological “cell
or tissue,” which limits their function and potential in terms
of microscale. Apart of this, current structures and actuation
mechanisms are not optimized for biological equivalence and
efficiency, hence leading to a quite ordinary performance and
not sufficient to handle a lot of harsh tasks.'?l Moreover, the
limited multifunction integration density and system-level
integration in small-scale robots are also not sufficient to sup-
port the expected elegant behaviors. In addition, at the current
stage, physical intelligence and more advanced intelligence are
rarely introduced in small-scale robots.®% These challenges dra-
matically limit their performances and behaviors in practical
applications.

In the near future, advances in the field will begin to yield
new consuming, healthcare, environment exploration, and
industrial technologies that will have a transformative impact
on how we interact with small-scale robots. Such advancements
will require continued efforts and progress in the fabrication
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and integration techniques. For the advances of the small-
scale soft robots, future fabrication/integration technologies on
small-scale robots need to consider a lot of factors and aspects.

1) All-in-one fabrication and integration technologies are pref-
erable for more stable mechanical interface and lower fab-
rication cost. For this goal, 3D printing will be a promising
fabrication and integration techniques for simultaneously
achieving fabrication of main actuation body and function
integration. Therefore, it will be significant and meaningful
to further develop the all-in-one 3D printing techniques and
develop more matched printed inks toward small-scale soft
robots.

2) Transfer printing is a set of techniques for 2D and 3D spatial
rearrangement of various material or functional parts from
a donor to a receiver. As a versatile platform technology, it
offers a useful, yet flexible tool for fabricating a high-per-
formance, heterogeneously integrated functional system
at a relatively low cost. This technology is promising to be
employed for constructing both actuation bulk and func-
tional skin of small-scale soft robots in the future, although it
is not widely used at the current stage.

3) Swelling is a potential approach for the development of soft
and compliant bulk for soft robots via programmable and
localized buckling. During solvent penetration and diffusion,
it is possible to infuse active particles and molecules into the
expanded bulk. By introducing new controllable competition
mechanisms, this method may enable a plethora of new ele-
gant and effective fabrication and functionalization strategies
for small-scale robots.

4) The rapid development of advanced bioengineering may
potentially enable a plethora of biohybrid soft robots by inte-
grating artificial living tissue, to really realize creature-like
robots/insect cyborg. Therefore, the development of small-
scale soft robots with bioengineered components will be a
growing and exciting area of research.

5) To significantly advance this field, for various fabrication
and integration technologies, it is critical to codesign every
aspect including materials, structure, actuation, function,
and intelligence.

Being an interdisciplinary area, in the foreseeable future, the
advancements from other fields will also be introduced in this
domain. With collaborations of diverse research communities,
small-scale robots can be codesigned sophisticatedly and be
rapidly implemented with more advanced fabrication and inte-
gration techniques. As shown in Figure 5, those fabrication and
integration techniques can be combined together to empower
those small-scale soft robots with bionic-level materials, struc-
tures, actuation, function, and even intelligence, hence poten-
tially rendering them biological equivalence and even afford
abilities more effective than the typical functionalities in order
to deal with complex situations. They can be potentially applied
in many important domains; here, we divide them into four
typical cases according to the existing literatures: i) biomedical
applications, such as minimally invasive robotic surgery in
hematologic system and targeted drug delivery in stomach,3!
ii) environment and confined/risky space exploration, such as
rescuing, planetary exploration, deep sea exploration, ecological
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Table 1. The contrast of different techniques from aspects of approximate resolution, fabrication dimension, materials, materials stiffness, processing

efficiency, cost, and learning curve.

Techniques Category Approximate Fabrication Materials Material stiffness  Processing Processing Learning
Subcategory resolution dimension efficiency cost curve
Templating Casting <200 um 3D Elastomersl*>#1:102] 10 kPa—-10 MPal*! * Kk % * *
Lithography (P for <1 uml*1% (p) 2D (P)/3D (S) Metalst"12] () 10 kPa-100 GPa * *hkk  kkk
photolithography, >1 nmB335-357 (S) and polymersl#110:355-357] (p and S)
S for soft
lithography)
Coating 1-100 um in 3D Various viscous materials (PDMS, 23] 1 MPa-1GPa * % * ok
thickness magnetic particle composite,”* poly(3,4-
ethylenedioxythiophene)-polystyrene
sulfonate (PEDOT:PSS),[? liquid crystal
elastomer,'] etc.)
3D/4D FDM 100400 pmEs8] 3D Thermoplastic (filament)[3 E>26 MPa * * * *
printing
DIW 1-100 puml'>2l 3D Viscoelastic liquid ink E<1MPaB?l * * Kk *
Photocuring 100 nm-100 3D Photocuring resin - * ok k * ok * *
Lm{359.360]
Material jetting ~ 10-100 puml*5°3¢0] 3D Liquid resin 1 MPa-1 GPal®®3T] ** * Kk %k *
Laser Laser cutting 10-100 um 2D Polymers (Ecoflex-based material,l*] 10 kPa-10 MPa 1 2,24 > *
machining shape-memory polymer(2%%))
Laser engraving and ~ 10-100 um 2D Laser-absorbable materials (e.g., carbon- 1-100 MPa * %k * * *
welding doped PDMS[E?)), thermoplastic polymers
(e.g., thermoplastic polyurethanel'*¢l)
Laser surface 10-20 um 2D Laser-absorbable materials 1-10 MPa * ok * ** *
tuning (e.g., carbon-doped PDMSH€])
Swelling Hydrogel-based >5 mm160:362] 3D Hydrogel 10 kPa-10 * % * *
robotic bulk M Pall64.165,363]
Silicone rubber >5mm 3D Silicone rubber 10 kPa—1 MPa * k * *
robotic bulk
Bonding Glue bonding <100 um 3D Polymers!®118%] 20 kPa—200 GPa * * *
Thermal bonding <100 um 2D Thermal plastic polymers (e.g., 1 MPa-100 GPa * % * *
thermoplastic polyurethanel®]) or
materials modified by thermal plastic
polymers[1®7)
Self-healing <100 nm 3D Self-healing polymers(1%6:364] 100 kPa-100 MPa * * *
Surface modifying <100 nm 3D Between hydrogels and elastomers?% 10 kPa-100 GPa * * % **
Between hydrogels and metals?2?]
Between polymers and metals!®320%]
Bioengi- Bacteria and motile  1-3 um[*°l 2D/3D Bacteria and cells 1-20 Palel * *kk  kokk
neering cells
Living muscle 2-20 mml248] 2D/3D Cardiac and skeletal muscles - * *hkk  hokk
tissues
Insects—machines 30-50 3D Living insect - * %k * *
rraml253.254,260]
Origami/ Origami 1-100 um 3D Hydrogels,[®%] elastomers, 46l 1 MPa-100 GPa * * * Kk K
kirigami plastics,® papers,[254 metalst*"12l
Kirigami 1-100 um 3D Papers, 24 plastics,® liquid 1 MPa-100 GPa * * 1 8,29
crystal elastomers, ) composites%%]
Transfer Kinetical controlled ~ >0.3 umf*! 2D/3D Elastomer, copper(**0l - * Kk * *
printing transfer printing
Laser-tuned 30-500 um 2D Liquid alloy, elastomer('? Liquid or >k ke * *
selective transfer 10 kPa—1 MPa
printing elastomer
Hydroprinting >70 um 2D Liquid alloyB*" Liquid 12,21 * *

Adv. Mater. 2022, 34, 2200671

2200671 (23 of 32)

© 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST



ADVANCED
SONCF NS MATERTALS

www.advancedsciencenews.com www.advmat.de

Biomedical Environment
applications exploration

Rescuing Planetary exploration

NifTi bilayer coating

R
Su-8
‘ 7 _
= glass

Material Structure Actuation

. Swarm & intelligent
Bionics .
S R manufacturing

Figure 5. Perspective: Advanced fabrication and integration techniques empower small-scale robots with bionic-level material, structure, actuation,
function, and intelligence that enable wide-scale applications in various scenarios, such as medical applications, unstructured environment explora-
tion and rescue, bionic research, and swarm and intelligent manufacturing. Fabrication and integration techniques. Middle figure: second row, first
panel: Reproduced with permission.’’2 Copyright 2019, The Authors, published by Springer Nature. Second row, second panel: Reproduced under
the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).573 Copyright 2020,
The Authors, published by MDPI. Second row; third and fourth panels: Reproduced with permission.’#l Copyright 2014, Wiley-VCH. Third row, first
panel: Reproduced with permission.”>l Copyright 2012, Wiley-VCH. Third row, second panel: Reproduced with permission.[®! Copyright 2018, Wiley-
VCH. Biomedical applications. Top right: Reproduced with permission.13¢°l Copyright 2019, The Authors, published by AAAS. Bottom: Reproduced with
permission.'2l Copyright 2020, Elsevier. Bionics. Top: Reproduced with permission.’’¢l Copyright 2013, AAAS. Bottom: Reproduced under the terms
of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).72 Copyright 2021, The Authors,
published by Springer Nature. Swarm and intelligent manufacturing. Top: Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0
International license (https://creativecommons.org/licenses/by/4.0).153 Copyright 2019, The Authors, published by Oxford University Press on behalf of
China Science Publishing & Media Ltd. Bottom: Reproduced with permission.’”!! Copyright 2021, Springer Nature.

remediation, turbine internal inspection, nearly invisible battle ~ No. 2021M701311) and the Postdoctoral Innovation Talents Support
field spying/navigation, and task implementation, iii) bionics, ~ Program (Grant No. BX20220126).

such as, bioinspired design and insect robots,?”? and iv)
swarm and intelligent manufacturing, such as in situ multi-
machine-cooperated intelligent manufacturing.”®3" In tandem
with feasible fabrication and integration technologies, small-  The authors declare no conflict of interest.
scale soft robots have a significant impact in the field of soft
robotics and facilitate various applications.

Conflict of Interest

Keywords
Acknowledgements all-in-one fabrication strategies, codesign, fabrication/integration
technologies, multifunctional soft robots, small-scale soft robots
S.Z. and X.K. contributed equally to this work. Z.W. and H.D. are grateful
for the support received from the National Natural Science Foundation Received: January 21, 2022
of China (Grant Nos. 52188102 and U1613204), and S.Z. acknowledges Revised: June 12, 2022
the Project funded by the China Postdoctoral Science Foundation (Grant Published online: November 29, 2022
Adv. Mater. 2022, 34, 2200671 2200671 (24 of 32) © 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST


https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[1] D. Rus, M. T. Tolley, Nature 2015, 521, 467.
[2] K. Chubb, D. Berry, T. Burke, Bioinspiration Biomimetics 2019, 14,
063001.
[3] M. W. Gifari, H. Naghibi, S. Stramigioli, M. Abayazid, Int. J. Med.
Rob. Comput. Assisted Surg. 2019, 15, e2010.
[4] S. Aracri, F. Giorgio-Serchi, G. Suaria, M. E. Sayed, M. P. Nemitz,
S. Mahon, A. A. Stokes, Soft Rob. 2021, 8, 625.
[5] F. Schmitt, O. Piccin, L. Barbe, B. Bayle, Front. Rob. Al 2018, 5, 84.
[6] S. Kim, C. Laschi, B. Trimmer, Trends Biotechnol. 2013, 37, 287.
[7] P. Rothemund, Y. Kim, R. H. Heisser, X. Zhao, R. F. Shepherd,
C. Keplinger, Nat. Mater. 2021, 20, 1582.
[8] M. Sitti, Nat. Rev. Mater. 2018, 3, 74.
[9] M. Eshaghi, M. Ghasemi, K. Khorshidi, Extreme Mech. Lett. 2021,
44,101268.
[10] Y. F. Zhang, N. Zhang, H. Hingorani, N. Ding, D. Wang, C. Yuan,
B. Zhang, G. Gu, Q. Ge, Adv. Funct. Mater. 2019, 29, 1806698.
[11] J. Tapia, E. Knoop, M. Mutny, M. A. Otaduy, M. Bacher, Soft Rob.
2020, 7, 332.
[12] E. W. Hawkes, C. Majidi, M. T. Tolley, Sci. Rob. 2021, 6, eabg6049.
[13] G.-Z. Yang, J. Bellingham, P. E. Dupont, P. Fischer, L. Floridi,
R. Full, N. Jacobstein, V. Kumar, M. McNutt, R. Merrifield,
B. J. Nelson, B. Scassellati, M. Taddeo, R. Taylor, M. Veloso,
Z. L. Wang, R. Wood, Sci. Rob. 2018, 3, eaar7650.
[14] H. Wang, M. Totaro, L. Beccai, Adv. Sci. 2018, 5, 1800541.
[15] M. Sitti, Extreme Mech. Lett. 2021, 46, 101340.
[16] H. Hauser, A. ). ljspeert, R. M. Fiichslin, R. Pfeifer, W. Maass, Biol.
Cybern. 2011, 105, 355.
[17] C. Paul, Rob. Auton. Syst. 2006, 54, 619.
[18] C. Laschi, B. Mazzolai, M. Cianchetti, Sci. Rob. 2016, 1, eaah3690.
[19] H. Lipson, Soft Rob. 2014, 1, 21.
[20] W. Kim, J. Byun, J.-K. Kim, W.-Y. Choi, K. Jakobsen, ]. Jakobsen,
D.-Y. Lee, K.-J. Cho, Sci. Rob. 2019, 4, eaay3493.
[21] C. Larson, B. Peele, S. Li, S. Robinson, M. Totaro, L. Beccai,
B. Mazzolai, R. Shepherd, Science 2016, 351, 1071.
[22] M. Wehner, R. L. Truby, D. ). Fitzgerald, B. Mosadegh,
G. M. Whitesides, |. A. Lewis, R. . Wood, Nature 2016, 536, 451.
[23] C. Wang, K. Sim, J. Chen, H. Kim, Z. Rao, Y. Li, W. Chen, ). Song,
R. Verduzco, C. Yu, Adv. Mater. 2018, 30, 1706695.
[24] X. Yang, L. Chang, N. O. Pérez-Arancibia, Sci. Rob. 2020, 5,
eaba0015.
[25] D. Floreano, R. ). Wood, Nature 2015, 521, 460.
[26] ). Zhang, Y. Yao, L. Sheng, |. Liu, Adv. Mater. 2015, 27, 2643.
[27] X. Tang, S.-Y. Tang, V. Sivan, W. Zhang, A. Mitchell, K. Kalantar-
zadeh, K. Khoshmanesh, Appl. Phys. Lett. 2013, 103, 174104.
[28] J. Wu, S.-Y. Tang, T. Fang, W. Li, X. Li, S. Zhang, Adv. Mater. 2018,
30, 1805039.
[29] V. Sivan, S.-Y. Tang, A. P. O’'Mullane, P. Petersen, N. Eshtiaghi,
K. Kalantar-zadeh, A. Mitchell, Adv. Funct. Mater. 2013, 23, 144.
[30] X. Fan, X. Dong, A. C. Karacakol, H. Xie, M. Sitti, Proc. Natl. Acad.
Sci. USA 2020, 117, 27916.
[31] H. Wang, S. Chen, H. Li, X. Chen, J. Cheng, Y. Shao, C. Zhang,
J. Zhang, L. Fan, H. Chang, R. Guo, X. Wang, N. Li, L. Hu, Y. Wei,
J. Liu, Adv. Funct. Mater. 2021, 31, 2100274.
[32] R. Seghir, S. Arscott, Sens. Actuators, A 2015, 230, 33.
[33] S. H. Jeong, S. Zhang, K. Hjort, . Hilborn, Z. Wu, Adv. Mater.
2016, 28, 5830.
[34] Z. Wu, S. Zhang, A. Vorobyev, K. Gamstedt, K. Wu, C. Guo,
S. H. Jeong, Mater. Today Phys. 2018, 4, 28.
[35] X. Ke, J. Jang, Z. Chai, H. Yong, J. Zhu, H. Chen, C. F. Guo,
H. Ding, Z. Wu, Soﬁ Rob. 2021, 9, 613.
[36] Y. Sun, H. K. Yap, X. Liang, J. Guo, P. Qi, M. H. Ang Jr., C. H. Yeow,
Soft Rob. 2017, 4, 251.
[37] Y. Hong, B. Wang, Z. Long, Z. Zhang, Q. Pan, S. Liu, X. Luo,
Z. Yang, Adv. Funct. Mater. 2021, 31, 2104737.

Adv. Mater. 2022, 34, 2200671

2200671 (25 of 32)

www.advmat.de

[38] C. Shi, Z. Zou, Z. Lei, P. Zhu, W. Zhang, |. Xiao, Sci. Adv. 2020, 6,
eabd0202.

[39] J. I. Lipton, R. MacCurdy, Z. Manchester, L. Chin, D. Cellucci,
D. Rus, Science 2018, 360, 632.

[40] H. Li, ). Yao, C. Liu, P. Zhou, Y. Xu, Y. Zhao, Soft Rob. 2020, 7, 491.
[41] K.Y. Choi, A. Akhtar, T. Bretl, in 2017 IEEE Int. Conf. Robotics Auto-
mation (ICRA), IEEE, Piscataway, NJ, USA 2017, pp. 6694-6699.

[42] W. Wang, B. Han, Y. Zhang, Q. Li, Y. L. Zhang, D. D. Han,
H. B. Sun, Adv. Funct. Mater. 2020, 31, 2006179.

[43] R. V. Martinez, C. R. Fish, X. Chen, G. M. Whitesides, Adv. Funct.
Mater. 2012, 22, 1376.

[44] ). A. Faber, A. F. Arrieta, A. R. Studart, Science 2018, 359, 1386.

[45] H. Suzuki, R. J. Wood, Nat. Mach. Intell. 2020, 2, 437.

[46] S. Zhang, X. Ke, Q. Jiang, H. Ding, Z. Wu, Sci. Rob. 2021, 6,
eabd6107.

[47] S. Li, D. M. Vogt, D. Rus, R. J. Wood, Proc. Natl. Acad. Sci. USA
2017, 114, 13132.

[48] C. Sung, R. Lin, S. Miyashita, S. Yim, S. Kim, D. Rus, in 2017 I[EEE
Int. Conf. Robotics Automation (ICRA), IEEE, Piscataway, NJ, USA
2017, pp. 580-587.

[49] Q. Liu, W. Wang, M. F. Reynolds, M. C. Cao, M. Z. Miskin,
T. A. Arias, D. A. Muller, P. L. McEuen, |. Cohen, Sci. Rob. 2021, 6,
eabe6663.

[50] Y. Hong, B. Wang, W. Lin, L. Jin, S. Liu, X. Luo, ). Pan, W. Wang,
Z. Yang, Sci. Adv. 2021, 7, eabf0795.

[51] X. P. Hao, Z. Xu, C. Y. Li, W. Hong, Q. Zheng, Z. L. Wu, Adv. Mater.
2020, 32, 2000781.

[52] S. I. Rich, R. J. Wood, C. Majidi, Nat. Electron. 2018, 1, 102.

[53] L. X. Lyu, F. Li, K. Wu, P. Deng, S. H. Jeong, Z. Wu, H. Ding, Natl.
Sci. Rev. 2019, 6, 970.

[54] Y. Kim, H. Yuk, R. Zhao, S. A. Chester, X. Zhao, Nature 2018, 558,
274.

[55] W. Hu, G. Z. Lum, M. Mastrangeli, M. Sitti, Nature 2018, 554, 81.

[56] H. Xie, M. Sun, X. Fan, Z. Lin, W. Chen, L. Wang, L. Dong, Q. He,
Sci. Rob. 2019, 4, eaav8006.

[57] C. Li, G. C. Lau Garrett, H. Yuan, A. Aggarwal, V. L. Dominguez,
S. Liu, H. Sai, L. C. Palmer, N. A. Sather, T. J. Pearson,
D. E. Freedman, P. K. Amiri, M. O. de la Cruz, S. I. Stupp, Sci. Rob.
2020, 5, eabb9822.

[58] T. Xu, J. Zhang, M. Salehizadeh, O. Onaizah, E. Diller, Sci. Rob.
2019, 4, eaav4494.

[59] X. Q. Wang, K. H. Chan, Y. Cheng, T. Ding, T Lj
S. Achavananthadith, S. Ahmet, ). S. Ho, G. W. Ho, Adv. Mater.
2020, 32, 2000351.

[60] B. Oh, Y. G. Park, H. Jung, S. Ji, W. H. Cheong, J. Cheon, W. Lee,
J. U. Park, Soft Rob. 2020, 7, 564.

[61] R. L. Truby, M. Wehner, A. K. Grosskopf, D. M. Vogt, S. G. M. Uzel,
R. ). Wood, |. A. Lewis, Adv. Mater. 2018, 30, 1706383.

[62] Q. Ze, X. Kuang, S. Wu, J. Wong, S. M. Montgomery, R. Zhang,
J. M. Kovitz, F. Yang, H. J. Qi, R. Zhao, Adv. Mater. 2020, 32,
1906657.

[63] ). Li, G. Zhong, H. Yin, M. He, Y. Tan, Z. Li, in 2017 IEEE Int. Conf.
Robotics Automation (ICRA), IEEE, Piscataway, NJ, USA 2017, pp.
4941-4946.

[64] B. C. M. Murray, B. N. Peele, P. Xu, J. Spjut, O. Shapira, D. Luebke,
R. F. Shepherd, in 2018 IEEE Int. Conf. Soft Robotics (RoboSoft),
IEEE, Piscataway, NJ, USA 2018, pp. 264-269.

[65] A. Tonazzini, S. Mintchev, B. Schubert, B. Mazzolai, ). Shintake,
D. Floreano, Adv. Mater. 2016, 28, 10142.

[66] A. Tonazzini, ). Shintake, C. Rognon, V. Ramachandran,
S. Mintchev, D. Floreano, in 2018 IEEE Int. Conf. Soft Robotics
(RoboSoft), IEEE, Piscataway, NJ, USA 2018, pp. 485-490.

[67] S. Yoshida, Y. Morimoto, L. Zheng, H. Onoe, S. Takeuchi, Soft Rob.
2018, 5, 718.

© 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[68] S. Rich, S.-H. Jang, Y.-L. Park, C. Majidi, Adv. Mater. Technol. 2017,
2, 1700179.

[69] H. Deng, K. Sattari, Y. Xie, P. Liao, Z. Yan, ). Lin, Nat. Commun.
2020, 71, 6325.

[70] ). A. C. Liu, J. H. Gillen, S. R. Mishra, B. A. Evans, J. B. Tracy, Sci.
Adv. 2019, 5, eaaw2897.

[71] E. Palleau, S. Reece, S. C. Desai, M. E. Smith, M. D. Dickey, Adv.
Mater. 2013, 25, 1589.

[72] W. Tang, C. Zhang, Y. Zhong, P. Zhu, Y. Hu, Z. Jiao, X. Wei, G. Lu,
J. Wang, Y. Liang, Y. Lin, W. Wang, H. Yang, |. Zou, Nat. Commun.
2021, 12, 2247.

[73] E. Acome, S. K. Mitchell, T. G. Morrissey, M. B. Emmett,
C. Benjamin, M. King, M. Radakovitz, C. Keplinger, Science 2018,
359, 61.

[74] S. Terryn, ). Brancart, D. Lefeber, G. Van Assche, B. Vanderborght,
Sci. Rob. 2017, 2, eaan4268.

[75] H. Lu, Y. Hong, Y. Yang, Z. Yang, Y. Shen, Adv. Sci. 2020, 7,
2000069.

[76] S. Li, R. Batra, D. Brown, H. D. Chang, N. Ranganathan,
C. Hoberman, D. Rus, H. Lipson, Nature 2019, 567, 361.

[77] H. Ding, X. Yang, N. Zheng, M. Li, Y. Lai, H. Wu, Natl. Sci. Rev.
2018, 5, 799.

[78] A. C. Hortelao, C. Simé, M. Guix, S. Guallar-Garrido, E. Julian,
D. Vilela, L. Rejc, P. Ramos-Cabrer, U. Cossio, V. Gémez-Vallejo,
T. Patifio, ). Llop, S. Sénchez, Sci. Rob. 2021, 6, eabd2823.

[79] M. Dorigo, G. Theraulaz, V. Trianni, Sci. Rob. 2020, 5, eabe4385.

[80] A. Miriyev, M. Kova¢, Nat. Mach. Intell. 2020, 2, 658.

[81] T. ). Jones, E. Jambon-Puillet, J. Marthelot, P. T. Brun, Nature 2021,
599, 229.

[82] E. Diller, M. Sitti, Adv. Funct. Mater. 2014, 24, 4397.

[83] X. Yang, W. Shang, H. Lu, Y. Liu, L. Yang, R. Tan, X. Wu, Y. Shen,
Sci. Rob. 2020, 5, eabc8191.

[84] Y.-F. Zhang, C. J.-X. Ng, Z. Chen, W. Zhang, S. Panjwani,
K. Kowsari, H. Y. Yang, Q. Ge, Adv. Mater. Technol. 2019, 4, 1900427.

[85] H. Lee, Y. Jang, ). K. Choe, S. Lee, H. Song, J. P. Lee, N. Lone,
J. Kim, Sci. Rob. 2020, 5, eaay9024.

[86] N. W. Bartlett, M. T. Tolley, J. T. B. Overvelde, J. C. Weaver,
B. Mosadegh, K. Bertoldi, G. M. Whitesides, R. J. Wood, Science
2015, 349, 161.

[87] C. Groth, N. D. Kravitz, P. E. Jones, ]. W. Graham, W. R. Redmond,
J. Clin. Orthod. 2014, 48, 475.

[88] Y. Yang, K. Vella, D. P. Holmes, Sci. Rob. 2021, 6, eabd6426.

[89] V. Cacucciolo, . Shintake, Y. Kuwajima, S. Maeda, D. Floreano,
H. Shea, Nature 2019, 572, 516.

[90] T. Lu, L. Finkenauer, J. Wissman, C. Majidi, Adv. Funct. Mater.
2014, 24, 3351.

[91] Y. Chen, H. Zhao, ). Mao, P. Chirarattananon, E. F. Helbling,
N.-s. P. Hyun, D. R. Clarke, R. J. Wood, Nature 2019, 575, 324.

[92] N. Kellaris, V. G. Venkata, G. M. Smith, S. K. Mitchell, C. Keplinger,
Sci. Rob. 2018, 3, eaar3276.

[93] J. Liang, Y. Wu, J. K. Yim, H. Chen, Z. Miao, H. Liu, Y. Liu, Y. Liu,
D. Wang, W. Qiu, Z. Shao, M. Zhang, X. Wang, |. Zhong, L. Lin,
Sci. Rob. 2021, 6, eabe7906.

[94] A. Pena-Francesch, H. Jung, M. C. Demirel, M. Sitti, Nat. Mater.
2020, 79, 1230.

[95] B. Wang, K. F. Chan, K. Yuan, Q. Wang, X. Xia, L. Yang, H. Ko,
Y.-X. J. Wang, ). J. Y. Sung, P. W. Y. Chiu, L. Zhang, Sci. Rob. 2021,
6, eabd2813.

[96] S.-). Park, M. Gazzola, K. S. Park, S. Park, V. D. Santo, E. L. Blevins,
J. U. Lind, P. H. Campbell, S. Dauth, A. K. Capulli, F. S. Pasqualini,
S. Ahn, A. Cho, H. Yuan, B. M. Maoz, R. Vijaykumar, J.-W. Choi,
K. Deisseroth, G. V. Lauder, L. Mahadevan, K. K. Parker, Science
2016, 353, 158.

[97] a) H. D. Nguyen, V. T. Dung, H. Sato, T. T. Vo-Doan, Sens. Actua-
tors, B 2023, 376 (Part A), 132988; b) P. Liu, S. Ma, S. Liu, Y. Li,
B. Li, Soft Rob. 2022, https://doi.org/10.1089/s0r0.2021.0137.

Adv. Mater. 2022, 34, 2200671

2200671

www.advmat.de

[98] a) Q. Ze, S. Wu, ). Dai, S. Leanza, G. lkeda, P. C. Yang,
G. H. laccarino, R. R. Zhao, Nat. Commun. 2022, 13, 3118;
b) Q. Ze, S. Wu, ). Nishikawa, ). Dai, Y. Sun, S. Leanza,
C. Zemelka, L. S. Novelino, G. H. Paulino, R. R. Zhao, Sci. Adv.
2022, 8, eabm7834.

[99] S. Babaee, Y. Shi, S. Abbasalizadeh, S. Tamang, K. Hess,
J. E. Collins, K. Ishida, A. Lopes, M. Williams, M. Albaghdadi,
A. M. Hayward, G. Traverso, Nat. Mater. 2021, 20, 1085.

[100] L. Hines, K. Petersen, G. Z. Lum, M. Sitti, Adv. Mater. 2017, 29, 1603483.

[101] B. Gorissen, D. Reynaerts, S. Konishi, K. Yoshida, J.-W. Kim,
M. De Volder, Adv. Mater. 2017, 29, 1604977.

[102] Y. Kim, ). van den Berg, A. J. Crosby, Nat. Mater. 2021, 20, 1695.

[103] D. Yang, B. Mosadegh, A. Ainla, B. Lee, F. Khashai, Z. Suo,
K. Bertoldi, G. M. Whitesides, Adv. Mater. 2015, 27, 6323.

[104] ). Zhang, Z. Ren, W. Hu, R. H. Soon, I. C. Yasa, Z. Liu, M. Sitti, Sci.
Rob. 2021, 6, eabf0112.

[105] R. V. Martinez, J. L. Branch, C. R. Fish, L. Jin, R. F. Shepherd,
R. M. D. Nunes, Z. Suo, G. M. Whitesides, Adv. Mater. 2013, 25, 205.

[106] B. Mosadegh, P. Polygerinos, C. Keplinger, S. Wennstedt,
R. F. Shepherd, U. Gupta, J. Shim, K. Bertoldi, C. ). Walsh,
G. M. Whitesides, Adv. Funct. Mater. 2014, 24, 2163.

[107] ). Zou, M. Feng, N. Ding, P. Yan, H. Xu, D. Yang, N. X. Fang,
G. Gu, X. Zhu, Natl. Sci. Rev. 2021, 8, nwab043.

[108] Z. Jiao, C. Ji, ). Zou, H. Yang, M. Pan, Adv. Mater. Technol. 2019, 4,
1800429.

[109] A. D. Marchese, R. K. Katzschmann, D. Rus, Soft Rob. 2015, 2, 7.

[110] T. G. Leong, C. L. Randall, B. R. Benson, N. Bassik, G. M. Stern,
D. H. Gracias, Proc. Natl. Acad. Sci. USA 2009, 106, 703.

[117] Y. Xia, G. M. Whitesides, Annu. Rev. Mater. Sci. 1998, 28, 153.

[12] A. A. Tseng, C. Kuan, C. D. Chen, K. ). Ma, IEEE Trans. Electron.
Packag. Manuf. 2003, 26, 141.

[113] R. F. Shepherd, F. llievski, W. Choi, S. A. Morin, A. A. Stokes,
A. D. Mazzeo, X. Chen, M. Wang, G. M. Whitesides, Proc. Natl.
Acad. Sci. USA 2011, 108, 20400.

[114] S. A. Morin, R. F. Shepherd, S. W. Kwok, A. A. Stokes, A. Nemiroski,
G. M. Whitesides, Science 2012, 337, 828.

[15] Y. Xia, E. Kim, X.-M. Zhao, ). A. Rogers, M.
G. M. Whitesides, Science 1996, 273, 347.

[116] Y. Xia, ). Tien, D. Qin, G. M. Whitesides, Langmuir 1996, 12, 4033.

[M7] M. Tyagi, J. Pan, E. W. H. Jager, Microsyst. Nanoeng. 2019, 5, 44.

18] Q. Zhao, J. W. C. Dunlop, X. Qiu, F. Huang, Z. Zhang, ). Heyda,
J. Dzubiella, M. Antonietti, J. Yuan, Nat. Commun. 2014, 5, 4293.

[119] H. Song, H. Lin, M. Antonietti, J. Yuan, Adv. Mater. Interfaces 2016,
3, 1500743.

[120] T. M. Sullivan, S. Middleman, J. Non-Newtonian Fluid Mech. 1986,
21,13.

[121] A. B. Ross, S. K. Wilson, B. R. Duffy, Phys. Fluids 1999, 11, 958.

[122] X. Ke, S. Zhang, Z. Chai, ). Jiang, Y. Xu, B. Tao, H. Ding, Z. Wu,
Mater. Today Phys. 2021, 17, 100313.

[123] B. Gorissen, T. Chishiro, S. Shimomura, D. Reynaerts,
M. De Volder, S. Konishi, Sens. Actuators, A 2014, 216, 426.

[124] S. Taccola, F. Greco, E. Sinibaldi, A. Mondini, B. Mazzolai,
V. Mattoli, Adv. Mater. 2015, 27, 1668.

[125] T. H. Ware, M. E. McConney, ). ). Wie, V. P. Tondiglia, T. J. White,
Science 2015, 347, 982.

[126] S. Konishi, S. Shimomura, S. Tajima, Y. Tabata, Microsyst. Nanoeng.
2016, 2, 15048.

[127] F. Aziz, A. F. Ismail, Mater. Sci. Semicond. Process. 2015, 39, 416.

[128] ). Paek, I. Cho, J. Kim, Sci. Rep. 2015, 5, 10768.

[129] X. Yan, Q. Zhou, M. Vincent, Y. Deng, J. Yu, ). Xu, T. Xu, T. Tang, L. Bian,
Y.-X. . Wang, K. Kostarelos, L. Zhang, Sci. Rob. 2017, 2, eaaq1155.

[130] H. K. Yap, H. Y. Ng, C.-H. Yeow, Soft Rob. 2016, 3, 144.

[131] M. A. H. Khondoker, N. Baheri, D. Sameoto, 3D Print. Addit.
Manuf. 2019, 6, 191.

[132] Y. Cheng, K. H. Chan, X.-Q. Wang, T. Ding, T. Li, X. Lu, G. W. Ho,
ACS Nano 2019, 13, 13176.

Prentiss,

(26 of 32) © 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST


https://doi.org/10.1089/soro.2021.0137

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[133] K. lwaso, Y. Takashima, A. Harada, Nat. Chem. 2016, 8, 625.

[134] Y. Luo, X. Lin, B. Chen, X. Wei, Biofabrication 2019, 11, 045019.

[135] C. Yu, Z. Duan, P. Yuan, Y. Li, Y. Su, X. Zhang, Y. Pan, L. L. Dai,
R. G. Nuzzo, Y. Huang, H. Jiang, ]. A. Rogers, Adv. Mater. 2013, 25,
1541.

[136] W. Fan, C. Shan, H. Guo, ). Sang, R. Wang, R. Zheng, K. Sui,
Z. Nie, Sci. Adv. 2019, 5, eaav7174.

[137] N. W. Bartlett, M. T. Tolley, J. T. B. Overvelde, ). C. Weaver,
B. Mosadegh, K. Bertoldi, G. M. Whitesides, R. J. Wood, Science
2015, 349, 161.

[138] A. S. Gladman, E. A. Matsumoto, R. G. Nuzzo, L. Mahadevan,
). A. Lewis, Nat. Mater. 2016, 15, 413.

[139] B. Xue, M. Qin, T. Wang, ). Wu, D. Luo, Q. Jiang, Y. Li, Y. Cao,
W. Wang, Adv. Funct. Mater. 2016, 26, 9053.

[140] D. Han, C. Farino, C. Yang, T. Scott, D. Browe, W. Choi,
). W. Freeman, H. Lee, ACS Appl. Mater. Interfaces 2018, 10,
17512.

[141] Y. Zhang, J. Liao, T. Wang, W. Sun, Z. Tong, Adv. Funct. Mater.
2018, 28, 1707245.

[142] C. Ma, T. Li, Q. Zhao, X. Yang, J. Wu, Y. Luo, T. Xie, Adv. Mater.
2014, 26, 5665.

[143] X. Li, H. Duan, P. Ly, X. Yi, Soft Rob. 2020, 8, 251.

[144] M. Antonelli, P. B. Zobel, W. D'’Ambrogio, Int. J. Mech. Eng.
Technol. 2018, 9, 320.

[145] A. K. Nguyen, R. J. Narayan, Mater. Today 2017, 20, 314.

[146] E. F. Gomez, S. V. Wanasinghe, A. E. Flynn, O. J. Dodo, . L. Sparks,
L. A. Baldwin, C. E. Tabor, M. F. Durstock, D. Konkolewicz,
C. ). Thrasher, ACS Appl. Mater. Interfaces 2021, 13, 28870.

[147] G. Zhu, Y. Hou, ). Xiang, ). Xu, N. Zhao, ACS Appl. Mater. Inter-
faces 2021, 13, 34954,

[148] M. Caprioli, I. Roppolo, A. Chiappone, L. Larush, C. F. Pirri,
S. Magdassi, Nat. Commun. 2021, 12, 2462.

[149] Z. Xiong, M.-L. Zheng, X.-Z. Dong, W.-Q. Chen, F. Jin, Z.-S. Zhao,
X.-M. Duan, Soft Matter 2011, 7, 10353.

[150] B. Zhang, H. Li, . Cheng, H. Ye, A. H. Sakhaei, C. Yuan, P. Rao,
Y.-F. Zhang, Z. Chen, R. Wang, X. He, |. Liu, R. Xiao, S. Qu, Q. Ge,
Adv. Mater. 2021, 33, 2101298.

[157] C. Ly, X.-C. Sun, H. Xia, Y.-H. Yu, G. Wang, X.-W. Cao, S.-X. Li,
Y.-S. Wang, Q.-D. Chen, Y.-D. Yu, H.-B. Sun, Sens. Actuators, B
2018, 259, 736.

[152] R. L. Truby, J. A. Lewis, Nature 2016, 540, 371.

[153] D. Rodrigo, O. Limaj, D. Janner, D. Etezadi, F. . G. de Abajo,
V. Pruneri, H. Altug, Science 2015, 349, 165.

[154] P. Phamduy, M. A. Vazquez, C. Kim, V. Mwaffo, A. Rizzo, M. Porfiri,
Int. . Intell. Rob. Appl. 2017, 1, 209.

[155] a) ). D. Hubbard, R. Acevedo, K. M. Edwards, A. T. Alsharhan,
Z. Wen, ). Landry, K. Wang, S. Schaffer, R. D. Sochol, Sci. Adv.
2021, 7, eabe5257; b) A. Kotikian, R. Truby, ]. W. Boley, T. J. White,
J. A. Lewis, Adv. Mater. 2018, 30, 1706164.

[156] A. A. Amiri Moghadam, S. Alaie, S. Deb Nath, M. Aghasizade
Shaarbaf, ). K. Min, S. Dunham, B. Mosadegh, Soft Rob. 2018, 5, 443.

[157] A. Pena-Francesch, J. Giltinan, M. Sitti, Nat. Commun. 2019, 10, 3188.

[158] B. Han, Z.-C. Ma, Y.-L. Zhang, L. Zhu, H. Fan, B. Bai, Q.-D. Chen,
G.-Z. Yang, H.-B. Sun, Adv. Funct. Mater. 2022, 32, 2110997.

[159] A. Wang, L. Jiang, X. Li, Y. Liu, X. Dong, L. Qu, X. Duan, Y. Lu, Adv.
Mater. 2015, 27, 6238.

[160] Y. Lee, W. ). Song, ). Y. Sun, Mater. Today Phys. 2020, 15, 100258.

[161] H. Zhang, X. Guo, ). Wu, D. Fang, Y. Zhang, Sci. Adv. 2018, 4,
eaar8535.

[162] M. D. N. I. Shiblee, K. Ahmed, M. Kawakami, H. Furukawa, Adv.
Mater. Technol. 2019, 4, 1900071.

[163] B. Ryplida, K. D. Lee, I. In, S. Y. Park, Adv. Funct. Mater. 2019, 29,
1903209.

[164] L. X. Hou, H. Ding, X. P. Hao, C. N. Zhu, M. Du, Z. L. Wu,
Q. Zheng, Soft Matter 2022, 18, 2149.

www.advmat.de

[165] C. N. Zhu, T. Bai, H. Wang, J. Ling, F. Huang, W. Hong, Q. Zheng,
Z. L. Wu, Adv. Mater. 2021, 33, 2102023.

[166] C. Cvetkovic, R. Raman, V. Chan, B. J. Williams, M. Tolish, P. Bajaj,
M. S. Sakar, H. H. Asada, M. T. A. Saif, R. Bashir, Proc. Natl. Acad.
Sci. USA 2014, 171, 10125.

[167] ). Zheng, P. Xiao, X. Le, W. Lu, P. Théato, C. Ma, B. Du, ). Zhang,
Y. Huang, T. Chen, J. Mater. Chem. C 2018, 6, 1320.

[168] J. Duan, X. Liang, K. Zhu, J. Guo, L. Zhang, Soft Matter 2017, 13,
345.

[169] F. Gao, Z. Xu, Q. Liang, B. Liu, H. Li, Y. Wu, Y. Zhang, Z. Lin,
M. Wu, C. Ruan, W. Liu, Adv. Funct. Mater. 2018, 28, 1706644.

[170] C. Wang, W. Huang, Y. Zhou, L. He, Z. He, Z. Chen, X. He, S. Tian,
J. Liao, B. Lu, Y. Wei, M. Wang, Bioact. Mater. 2020, 5, 82.

[171] A. Lépez-Diaz, A. Martin-Pacheco, A. M. Rodriguez, M. A. Herrero,
A. S. Vazquez, E. Vazquez, Adv. Funct. Mater. 2020, 30, 2004417.

172] ). Zhang, Y. Guo, W. Hu, R. H. Soon, Z. S. Davidson, M. Sitti, Adv.
Mater. 2021, 33, 2006191.

173] J. Zhang, Y. Guo, W. Hu, M. Sitti, Adv. Mater. 2021, 33, 2100336.

[174] Y. C. Cheng, H. C. Lu, X. Lee, H. Zeng, A. Priimagi, Adv. Mater.
2020, 32, 1906233.

[175] Y. Yu, H. Yuk, G. A. Parada, Y. Wu, X. Liu, C. S. Nabzdyk,
K. Youcef-Toumi, ). Zang, X. Zhao, Adv. Mater. 2019, 37, 1807101.

[176] L. Migliorini, T. Santaniello, Y. Yan, C. Lenardi, P. Milani, Sens.
Actuators, B 2016, 228, 758.

[177] ). N. Lee, C. Park, G. M. Whitesides, Anal. Chem. 2003, 75, 6544.

[178] R. Mukhopadhyay, Anal. Chem. 2007, 79, 3248.

179] J.-S. Yang, G.-H. Hsiue, J. Membr. Sci. 1998, 138, 203.

[180] D. P. Brennan, A. Dobley, P. ). Sideris, S. R. J. Oliver, Langmuir
2005, 21, 11994.

[181] S. Nemat-Nasser, Y. Wu, J. Appl. Phys. 2003, 93, 5255.

[182] Y. Zhang, Z. Wang, Y. Yang, Q. Chen, X. Qian, Y. Wu, H. Liang,
Y. Xu, Y. Wei, Y. Ji, Sci. Adv. 2020, 6, eaay8606.

[183] Y.-Q. Liu, Z.-D. Chen, D.-D. Han, J.-W. Mao, J.-N. Ma, Y.-L. Zhang,
H.-B. Sun, Adv. Sci. 2021, 8, 2002464.

[184] E. T. Roche, R. Wohlfarth, J. T. B. Overvelde, N. V. Vasilyey,
F. A. Pigula, D. ). Mooney, K. Bertoldi, C. |. Walsh, Adv. Mater.
2014, 26, 1200.

[185] S. A. Morin, Y. Shevchenko, ). Lessing, S. W. Kwok, R. F. Shepherd,
A. A. Stokes, G. M. Whitesides, Adv. Mater. 2014, 26, 5991.

[186] J. Ou, M. Skouras, N. Vlavianos, F. Heibeck, C.-Y. Cheng, ). Peters,
H. Ishii, in Proc. 29th Annu. Symp. User Interface Sofiware Tech-
nology, Association for Computing Machinery, New York 2016,
p. 121.

[187] V. Sanchez, C. |. Payne, D. ). Preston, J. T. Alvarez, |. C. Weaver,
A. T. Atalay, M. Boyvat, D. M. Vogt, R. J. Wood, G. M. Whitesides,
C. J. Walsh, Adv. Mater. Technol. 2020, 5, 2000383.

[188] M. Kanik, S. Orguc, G. Varnavides, J. Kim, T. Benavides,
D. Gonzalez, T. Akintilo, C. C. Tasan, A. P. Chandrakasan, Y. Fink,
P. Anikeeva, Science 2019, 365, 145.

[189] X. Wang, S. K. Mitchell, E. H. Rumley, P. Rothemund, C. Keplinger,
Adv. Funct. Mater. 2020, 30, 19083821.

[190] Q. Lu, J. Ou, J. Wilbert, A. Haben, H. Mi, H. Ishii, in Proc. 32nd
Annu. ACM Symp. User Interface Software Technology, Association
for Computing Machinery, New York 2019, p. 663.

[191] S. K. Mitchell, X. Wang, E. Acome, T. Martin, K. Ly, N. Kellaris,
V. G. Venkata, C. Keplinger, Adv. Sci. 2019, 6, 1900178.

[192] R. S. Diteesawat, T. Helps, M. Taghavi, ). Rossiter, Sci. Rob. 2021,
6, eabc3721.

[193] R. F. Shepherd, A. A. Stokes, R. M. D. Nunes, G. M. Whitesides,
Adv. Mater. 2013, 25, 6709.

[194] E. ). Markvicka, M. D. Bartlett, X. Huang, C. Majidi, Nat. Mater.
2018, 17, 618.

[195] M. ). Ford, C. P. Ambulo, T. A. Kent, E. J. Markvicka, C. Pan,
J. Malen, T. H. Ware, C. Majidi, Proc. Natl. Acad. Sci. USA 2019,
116, 21438.

2200671 (27 of 32)

Adv. Mater. 2022, 34, 2200671 © 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[196] S. Terryn, . Langenbach, E. Roels, J. Brancart, C. Bakkali-Hassani,
Q.-A. Poutrel, A. Georgopoulou, T. G. Thuruthel, A. Safaei,
P. Ferrentino, T. Sebastian, S. Norvez, F. lida, A. W. Bosman,
F. Tournilhac, F. Clemens, G. Van Assche, B. Vanderborght, Mater.
Today 2021, 47,187.

[197] E. Roels, S. Terryn, ). Brancart, R. Verhelle, G. Van Assche,
B. Vanderborght, Soft Rob. 2020, 7, 711.

[198] A. Naranjo, C. Martin, A. Lépez-Diaz, A. Martin-Pacheco,
A. M. Rodriguez, F. ). Patifio, M. A. Herrero, A. S. Vizquez,
E. Vazquez, Appl. Mater. Today 2020, 21, 100806.

[199] C.-H. Li, C. Wang, C. Keplinger, J.-L. Zuo, L. Jin, Y. Sun, P. Zheng,
Y. Cao, F. Lissel, C. Linder, X.-Z. You, Z. Bao, Nat. Chem. 2016, 8,
618.

[200] F. Herbst, D. Déhler, P. Michael, W. H. Binder, Macromol. Rapid
Commun. 2013, 34, 197.

[201] C.-H. Li, J.-L. Zuo, Adv. Mater. 2020, 32, 1903762.

[202] E. Roels, S. Terryn, F. lida, A. W. Bosman, S. Norvez, F. Clemens,
G. Van Assche, B. Vanderborght, |. Brancart, Adv. Mater. 2022, 34,
2104798.

[203] ). Cao, C. Zhou, G. Su, X. Zhang, T. Zhou, Z. Zhou, Y. Yang, Adv.
Mater. 2019, 31, 1900042.

[204] K. E.O’Harra, N. Sadaba, M. Irigoyen, F. Ruiprez, R. H. Aguirresarobe,
H. Sardn, ). E. Bara, ACS Appl. Polym. Mater. 2020, 2, 4352.

[205] Y. Wu, J. K. Yim, J. Liang, Z. Shao, M. Qi, J. Zhong, Z. Luo, X. Xan,
M. Zhang, X. Wang, R. S. Fearing, R. J. Full, L. Lin, Sci. Rob. 2019,
4, eaax1594.

[206] H. Yuk, T. Zhang, G. A. Parada, X. Liu, X. Zhao, Nat. Commun.
2016, 7, 12028.

[207] H. Yuk, T. Zhang, S. Lin, G. A. Parada, X. Zhao, Nat. Mater. 2016,
15, 190.

[208] H. Yuk, C. E. Varela, C. S. Nabzdyk, X. Mao, R. F. Padera,
E. T. Roche, X. Zhao, Nature 2019, 575, 169.

[209] C. Pauer, O. du Roure, J. Heuvingh, T. Liedl, J. Tavacoli, Adv. Mater.
2021, 33, 2006237.

[210] Z. Hosseinidoust, B. Mostaghaci, O. Yasa, B. W. Park, A. V. Singh,
M. Sitti, Adv. Drug Delivery Rev. 2016, 106, 27.

[211] A. V. Singh, Z. Hosseinidoust, B. W. Park, O. Yasa, M. Sitti, ACS
Nano 2017, 11, 9759.

[212] R. Fernandes, M. Zuniga, F. R. Sassine, M. Karakoy, D. H. Gracias,
Small 2011, 7, 588.

[213] R. W. Carlsen, M. R. Edwards, J. Zhuang, C. Pacoret, M. Sitti, Lab
Chip 2014, 14, 3850.

[214] Y. Alapan, O. Yasa, O. Schauer, ). Giltinan, A. F. Tabak, V. Sourjik,
M. Sitti, Sci. Rob. 2018, 3, eaar4423.

[215] S. ). Park, S. H. Park, S. Cho, D. M. Kim, Y. Lee, S. Y. Ko, Y. Hong,
H. E. Choy, |. J. Min, ). O. Park, S. Park, Sci. Rep. 2013, 3, 3394.

[216] ). Zhuang, B.-W. Park, M. Sitti, Adv. Sci. 2017, 4, 1700109.

[217] B.-W. Park, J. Zhuang, O. Yasa, M. Sitti, ACS Nano 2017, 17,
8910.

[218] D. Akin, J. Sturgis, K. Ragheb, D. Sherman, K. Burkholder,
J. P. Robinson, A. K. Bhunia, S. Mohammed, R. Bashir, Nat. Nano-
technol. 2007, 2, 441.

[219] O. I. Sentiirk, O. Schauer, F. Chen, V. Sourjik, S. V. Wegner, Adv.
Healthcare Mater. 2020, 9, 1900956.

[220] D. B. Weibel, P. Garstecki, D. Ryan, W. R. DiLuzio, M. Mayer, |. E. Seto,
G. M. Whitesides, Proc. Natl. Acad. Sci. USA 2005, 102, 11963.

[221] O. Felfoul, M. Mohammadi, S. Taherkhani, D. de Lanauze,
Y. Zhong Xu, D. Loghin, S. Essa, S. Jancik, D. Houle, M. Lafleur,
L. Gaboury, M. Tabrizian, N. Kaou, M. Atkin, T. Vuong, G. Batist,
N. Beauchemin, D. Radzioch, S. Martel, Nat. Nanotechnol. 2016,
11, 941.

[222] H. Xu, M. Medina-Sanchez, V. Magdanz, L. Schwarz,
F. Hebenstreit, O. G. Schmidt, ACS Nano 2018, 12, 327.

[223] V. Magdanz, S. Sanchez, O. G. Schmidt, Adv. Mater. 2013, 25,
6581.

www.advmat.de

[224] H. Xu, M. Medina-Sénchez, M. F. Maitz, C. Werner, O. G. Schmidt,
ACS Nano 2020, 74, 2982.

[225] V. Magdanz, I. S. M. Khalil, ). Simmchen, G. P. Furtado,
S. Mohanty, J. Gebauer, H. Xu, A. Klingner, A. Aziz, M. Medina-
Sanchez, O. G. Schmidt, S. Misra, Sci. Adv. 2020, 6, eaba5855.

[226] G. Go, J. Han, ). Zhen, S. Zheng, A. Yoo, M.-). Jeon, J.-O. Park,
S. Park, Adv. Healthcare Mater. 2017, 6, 1601378.

[227] G. Go, S.-G. Jeong, A. Yoo, . Han, B. Kang, S. Kim, K. T. Nguyen,
Z. )in, C.-S. Kim, Y. R. Seo, ]. Y. Kang, . Y. Na, E. K. Song, Y. Jeong,
J. K. Seon, J.-O. Park, E. Choi, Sci. Rob. 2020, 5, eaay6626.

[228] S. Jeon, S. Kim, S. Ha, S. Lee, E. Kim, S. Y. Kim, S. H. Park,
J. H. Jeon, S. W. Kim, C. Moon, B. J. Nelson, J.-Y. Kim, S.-W. Yu,
H. Choi, Sci. Rob. 2019, 4, eaav4317.

[229] V. Chan, H. H. Asada, R. Bashir, Lab Chip 2014, 14, 653.

[230] S.Yin, X. Zhang, C. Zhan, J. Wu, J. Xu, J. Cheung, Biophys. J. 2005,
88, 1489.

[231] Z. Chen, F. Fu, Y. Yu, H. Wang, Y. Shang, Y. Zhao, Adv. Mater. 2019,
317,1805431.

[232] Y. Shang, Z. Chen, F. Fu, L. Sun, C. Shao, W. Jin, H. Liu, Y. Zhao,
ACS Nano 2019, 13, 796.

[233] Y. Tanaka, K. Morishima, T. Shimizu, A. Kikuchi, M. Yamato,
T. Okano, T. Kitamori, Lab Chip 2006, 6, 230.

[234] V. Chan, J. H. Jeong, P. Bajaj, M. Collens, T. Saif, H. Kong,
R. Bashir, Lab Chip 2012, 12, 88.

[235] V. Chan, K. Park, M. B. Collens, H. Kong, T. A. Saif, R. Bashir, Sci.
Rep. 2012, 2, 857.

[236] ). Xi, J. J. Schmidt, C. D. Montemagno, Nat. Mater. 2005, 4, 180.

[237] ). C. Nawroth, H. Lee, A. W. Feinberg, C. M. Ripplinger,
M. L. McCain, A. Grosberg, |. O. Dabiri, K. K. Parker, Nat. Bio-
technol. 2012, 30, 792.

[238] Y. Tanaka, K. Morishima, T. Shimizu, A. Kikuchi, M. Yamato,
T. Okano, T. Kitamori, Lab Chip 2006, 6, 362.

[239] L. Sun, Z. Chen, F. Bian, Y. Zhao, Adv. Funct. Mater. 2020, 30,
1907820.

[240] F. Fu, L. Shang, Z. Chen, Y. Yu, Y. Zhao, Sci. Rob. 2018, 3, eaar8580.

[241] A. B. Arrenberg, D. Y. R. Stainier, H. Baier, ). Huisken, Science
2010, 330, 971.

[242] E. S. Boyden, F. Zhang, E. Bamberg, G. Nagel, K. Deisseroth, Nat.
Neurosci. 2005, 8, 1263.

[243] N. C. Klapoetke, Y. Murata, S. S. Kim, S. R. Pulver, A. Birdsey-
Benson, Y. K. Cho, T. K. Morimoto, A. S. Chuong, E. |. Carpenter,
Z. Tian, J. Wang, Y. Xie, Z. Yan, Y. Zhang, B. Y. Chow, B. Surek,
M. Melkonian, V. Jayaraman, M. Constantine-Paton, G. K.-S. Wong,
E. S. Boyden, Nat. Methods 2014, 11, 338.

[244] K. Y. Lee, S.-). Park, D. G. Matthews, S. L. Kim, C. A. Marquez,
J. F. Zimmerman, H. A. M. Ardofa, A. G. Kleber, G. V. Lauder,
K. K. Parker, Science 2022, 375, 639.

[245] C. Cvetkovic, M. H. Rich, R. Raman, H. Kong, R. Bashir, Microsyst.
Nanoeng. 2017, 3, 17015.

[246] R. Raman, C. Cvetkovic, S. G. M. Uzel, R. J. Platt, P. Sengupta,
R. D. Kamm, R. Bashir, Proc. Natl. Acad. Sci. USA 2016, 113, 3497.

[247] R. Mestre, T. Patifio, X. Barcel6, S. Anand, A. Pérez-Jiménez,
S. Sédnchez, Adv. Mater. Technol. 2019, 4, 1800631.

[248] M. Guix, R. Mestre, T. Patifio, M. D. Corato, ). Fuentes,
GC. Zarpellon, S. Sénchez, Sci. Rob. 2021, 6, eabe7577.

[249] Z. Li, Y. Seo, O. Aydin, M. Elhebeary, R. D. Kamm, H. Kong,
M. T. A. Saif, Proc. Natl. Acad. Sci. USA 2019, 116, 1543.

[250] Y. Morimoto, H. Onoe, S. Takeuchi, Sci. Rob. 2018, 3, eaat4440.

[251] O. Aydin, X. Zhang, S. Nuethong, G. ). Pagan-Diaz, R. Bashir,
M. Gazzola, M. T. A. Saif, Proc. Natl. Acad. Sci. USA 2019, 116,
19841.

[252] V. Novotny, Y. Basset, S. E. Miller, G. D. Weiblen, B. Bremer,
L. Cizek, P. Drozd, Nature 2002, 416, 841.

[253] T. T. Vo Doan, M. Y. W. Tan, X. H. Bui, H. Sato, Soft Rob. 2017, 5,
17.

Adv. Mater. 2022, 34, 2200671 2200671 (28 of 32) © 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[254] Y. Li, ). Wu, H. Sato, Soft Rob. 2018, 5, 365.

[255] A. ). Hinterwirth, B. Medina, J. Lockey, D. Otten, J. Voldman,
J. H. Lang, J. G. Hildebrand, T. L. Daniel, PLoS One 2012, 7,
e52725.

[256] R. Holzer, I. Shimoyama, in Proc. 1997 IEEE/RS] Int. Conf. Intelli-
gent Robot Systems, |EEE, Piscataway, NJ, USA 1997, pp. 1514-1519.

[257] Y. Wang, L. Lin, Q. Zhao, T. Yue, D. Meng, Y. Leung, IEEE Geosci.
Remote Sens. Lett. 2017, 14, 2457.

[258] T. Latif, A. Bozkurt, in 2012 Annu. Int. Conf. IEEE Engineering Medi-
cine Biology Soc., |EEE, Piscataway, NJ, USA 2012, pp. 972-975.

[259] H. Takahashi, T. Kinoshita, Z. Soh, T. Tsuji, in 2021 43rd Annu.
Int. Conf. IEEE Engineering Medicine Biology Society (EMBC), IEEE,
Piscataway, NJ, USA 2021, pp. 5011-5014.

[260] Y. Kim, A. Chortos, W. Xu, Y. Liu, J. Y. Oh, D. Son, J. Kang,
A. M. Foudeh, C. Zhu, Y. Lee, S. Niu, J. Liu, R. Pfattner, Z. Bao,
T.-W. Lee, Science 2018, 360, 998.

[261] D. Rus, C. Sung, Sci. Rob. 2018, 3, eaat0938.

[262] X. Ning, X. Wang, Y. Zhang, X. Yu, D. Choi, N. Zheng, D. S. Kim,
Y. Huang, Y. Zhang, J. A. Rogers, Adv. Mater. Interfaces 2018, 5,
1800284.

[263] A. Sedal, A. H. Memar, T. Liu, Y. Mengti¢, N. Corson, IEEE Rob.
Autom. Lett. 2020, 5, 2272.

[264] S. ). P. Callens, A. A. Zadpoor, Mater. Today 2018, 21, 241.

[265] C. Ai, Y. Chen, L. Xu, H. Li, C. Liu, F. Shang, Q. Xia, S. Zhang, Adv.
Eng. Mater. 2021, 23, 2100473.

[266] D. Rus, M. T. Tolley, Nat. Rev. Mater. 2018, 3, 101.

[267] |. Rossiter, S. Sareh, Proc. SPIE 2014, 9055, 90550G.

[268] F. Hu, W. Wang, J. Cheng, Y. Bao, Sci. Prog. 2020, 103, 36850420946162.

[269] S. Mintchey, ). Shintake, D. Floreano, Sci. Rob. 2018, 3, eaau0275.

[270] Y. Amir, E. Ben-Ishay, D. Levner, S. Ittah, A. Abu-Horowitz,
|. Bachelet, Nat. Nanotechnol. 2014, 9, 353.

[271] S. Li, H. Fang, S. Sadeghi, P. Bhovad, K.-W. Wang, Adv. Mater.
2019, 317, 1805282.

[272] C. D. Onal, R. ). Wood, D. Rus, IEEE/ASME Trans. Mechatron.
2013, 18, 430.

[273] Z. Zhai, Y. Wang, K. Lin, L. Wu, H. Jiang, Sci. Adv. 2018, 6,
eabe2000.

[274] Z. Zhai, Y. Wang, H. Jiang, Proc. Natl. Acad. Sci. USA 2018, 115,
2032.

[275] S. Felton, M. Tolley, E. Demaine, D. Rus, R. Wood, Science 2014,
345, 644,

[276] K.-J. Cho, J.-S. Koh, S. Kim, W.-S. Chu, Y. Hong, S.-H. Ahn, Int. J.
Precis. Eng. Manuf. 2009, 10, 171.

[277) ). ). Park, P. Won, S. H. Ko, Int. J. Precis. Eng. Manuf. 2019, 6, 147.

[278] ). T. Overvelde, T. A. de Jong, Y. Shevchenko, S. A. Becerra,
G. M. Whitesides, |. C. Weaver, C. Hoberman, K. Bertoldi, Nat.
Commun. 2016, 7, 10929.

[279] S. Miyashita, S. Guitron, S. Li, D. Rus, Sci. Rob. 2017, 2, eaao4369.

[280] B. Liu, Y. Ozkan-Aydin, D. I. Goldman, F. L. Hammond, in 2019
2nd IEEE Int. Conf. Soft Robotics (RoboSoft), |IEEE, Piscataway, NJ,
USA 2019, pp. 828-833.

[281] Y. Tang, Y. Li, Y. Hong, S. Yang, ). Yin, Proc. Natl. Acad. Sci. USA
2019, 116, 26407.

[282] A. Rafsanjani, Y. Zhang, B. Liu, S. M. Rubinstein, K. Bertoldi, Sci.
Rob. 2018, 3, eaar7555.

[283] A. Firouzeh, T. Higashisaka, K. Nagato, K. Cho, . Paik, IEEE Rob.
Autom. Lett. 2020, 5, 1883.

[284] H. Shigemune, S. Maeda, Y. Hara, U. Koike, S. Hashimoto, in
2015 IEEE/RSJ Int. Conf. Intelligent Robots Systems (IROS), |EEE,
Piscataway, NJ, USA 2015, pp. 1091-1096.

[285] Y. Chan, Z. T.-H. Tse, H. Ren, J. Bionic Eng. 2022, 19, 668.

[286] R. Jonathan, S. Sina, Proc. SPIE 2014.

[287] M. Ha, G. S. Canon Bermudez, J. A. Liu, E. S. Oliveros Mata,
B. A. Evans, |. B. Tracy, D. Makarov, Adv. Mater. 2021, 33, 2008751.

www.advmat.de

[288] J. Z. Gul, M. Sajid, M. M. Rehman, G. U. Siddiqui, I. Shah,
K. H. Kim, J. W. Lee, K. H. Choi, Sci. Technol. Adv. Mater. 2018, 19,
243,

[289] G. Stano, G. Percoco, Extreme Mech. Lett. 2021, 42, 101079.

[290] N. Ebrahimi, C. Bi, D. J. Cappelleri, G. Ciuti, A. T. Conn, D. Faivre,
N. Habibi, A. Ho3ovsky, V. lacovacci, I. S. M. Khalil, V. Magdanz,
S. Misra, C. Pawashe, R. Rashidifar, P. E. D. Soto-Rodriguez,
Z. Fekete, A. Jafari, Adv. Funct. Mater. 2020, 31, 2005137.

[291] Z. Tian, Y. Wang, Y. Chen, B. Xu, Z. Di, Y. Mei, Adv. Intell. Syst.
2020, 2, 1900092.

[292] M. llami, H. Bagheri, R. Ahmed, E. O. Skowronek, H. Marvi, Adv.
Mater. 2021, 33, 2003139.

[293] P. Won, S. H. Ko, C. Majidi, A. W. Feinberg, V. A. Webster-Wood,
Actuators 2020, 9, 96.

[294] H. Son, C. Yoon, Actuators 2020, 9, 115.

[295] I. D. Sirbu, G. Moretti, G. Bortolotti, M. Bolignari, S. Diré,
L. Fambri, R. Vertechy, M. Fontana, Sci. Rob. 2021, 6, eaaz5796.

[296] B.J. Nelson, I. K. Kaliakatsos, J. J. Abbott, Annu. Rev. Biomed. Eng.
2010, 72, 55.

[297] Y. Yan, Z. Hu, Z. Yang, W. Yuan, C. Song, J. Pan, Y. Shen, Sci. Rob.
2021, 6, eabc8801.

[298] N. Farrow, L. Mclintire, N. Correll, in 2017 IEEE Int. Conf.
Robotics Automation (ICRA), |EEE, Piscataway, NJ, USA 2017,
pp. 5525-5531.

[299] Y. Roh, M. Kim, S. M. Won, D. Lim, I. Hong, S. Lee, T. Kim,
C. Kim, D. Lee, S. Im, G. Lee, D. Kim, D. Shin, D. Gong, B. Kim,
S. Kim, S. Kim, H. K. Kim, B.-K. Koo, S. Seo, J.-S. Koh, D. Kang,
S. Han, Sci. Rob. 2021, 6, eabi6774.

[300] E. B. Joyee, A. Szmelter, D. Eddington, Y. Pan, Soft Rob. 2022, 9, 1.

[301] M. Garrad, G. Soter, A. T. Conn, H. Hauser, |. Rossiter, Sci. Rob.
2019, 4, eaaw6060.

[302] ). Chen, K. Han, ). Luo, L. Xu, W. Tang, Z. L. Wang, Nano Energy
2020, 77, 105171,

[303] S. Y. Kim, Y. Choo, R. A. Bilodeau, M. C. Yuen, G. Kaufman,
D. S. Shah, C. O. Osuji, R. Kramer-Bottiglio, Sci. Rob. 2020, 5,
eaay3604.

[304] T. G. Thuruthel, B. Shih, C. Laschi, M. T. Tolley, Sci. Rob. 2019, 4,
eaav1488.

[305] I. M. V. Meerbeek, C. M. D. Sa, R. F. Shepherd, Sci. Rob. 2018, 3,
eaau2489.

[306] ). Chen, B. Chen, K. Han, W. Tang, Z. L. Wang, Adv. Mater. Technol.
2019, 4, 1900337.

[307] Y.-C. Lai, ). Deng, R. Liu, Y.-C. Hsiao, S. L. Zhang, W. Peng,
H.-M. Wu, X. Wang, Z. L. Wang, Adv. Mater. 2018, 30, 1801114.

[308] Q. Su, Q. Zou, Y. Li, Y. Chen, S.-Y. Teng, J. T. Kelleher, R. Nith,
P. Cheng, N. Li, W. Liu, S. Dai, Y. Liu, A. Mazursky, J. Xu, L. Jin,
P. Lopes, S. Wang, Sci. Adv. 2021, 7, eabi4563.

[309] C. El Helou, P. R. Buskohl, C. E. Tabor, R. L. Harne, Nat. Commun.
2021, 12, 1633.

[310] T. Ranzani, S. Russo, N. W. Bartlett, M. Wehner, R. |. Wood, Adv.
Mater. 2018, 30, 1802739.

[311] Y-Q. Zheng, Y. Liu, D. Zhong, S. Nikzad, S. Liu, Z. Yu, D. Liu,
H.-C. Wu, C. Zhu, J. Li, H. Tran, J. B.-H. Tok, Z. Bao, Science 2021,
373, 88.

[312] ). Odent, T. ). Wallin, W. Pan, K. Kruemplestaedter, R. F. Shepherd,
E. P. Giannelis, Adv. Funct. Mater. 2017, 27, 1701807.

[313] K. Fu, Y. Yao, J. Dai, L. Hu, Adv. Mater. 2017, 29, 1603486.

[314] S. Rosset, H. R. Shea, Appl. Phys. A: Mater. Sci. Process. 2013, 110,
281.

[315] M. D. Dickey, Adv. Mater. 2017, 29, 1606425.

[316] C. Ladd, J.-H. So, J. Muth, M. D. Dickey, Adv. Mater. 2013, 25,
5081.

[317] S. Wang, Y. Nie, H. Zhu, Y. Xu, S. Cao, ). Zhang, Y. Li, J. Wang,
X. Ning, D. Kong, Sci. Adv. 2022, 8, eabl5511.

2200671 (29 of 32)

Adv. Mater. 2022, 34, 2200671 © 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[318] T. Xiao, C. Qian, R. Yin, K. Wang, Y. Gao, F. Xuan, Adv. Mater.
Technol. 2021, 6, 2000745.

[319] Z. Tang, S. Jia, C. Zhou, B. Li, ACS Appl. Mater. Interfaces 2020, 12,
28669.

[320] M. Ntagios, H. Nassar, A. Pullanchiyodan, W. T. Navaraj,
R. Dahiya, Adv. Intell. Syst. 2020, 2, 1900080.

[321] A. Heiden, D. Preninger, L. Lehner, M. Baumgartner,
M. Drack, E. Woritzka, D. Schiller, R. Gerstmayr, F. Hartmann,
M. Kaltenbrunner, Sci. Rob. 2022, 7, eabk2119.

[322] S. Thiele, K. Arzenbacher, T. Gissibl, H.
A. M. Herkommer, Sci. Adv. 2017, 3, €1602655.

[323] E. Nseowo Udofia, W. Zhou, Addit. Manuf. 2020, 31, 100912.

[324] D. ). Lorang, D. Tanaka, C. M. Spadaccini, K. A. Rose, N. J. Cherepy,
J. A. Lewis, Adv. Mater. 2011, 23, 5055.

[325] H. Bai, S. Li, ). Barreiros, Y. Tu, C. R. Pollock, R. F. Shepherd,
Science 2020, 370, 848.

[326] D. Drotman, S. Jadhav, D. Sharp, C. Chan, M. T. Tolley, Sci. Rob.
2021, 6, eaay2627.

[327] Y. Song, R. M. Panas, S. Chizari, L. A. Shaw, ). A. Jackson,
J. B. Hopkins, A. ). Pascall, Nat. Commun. 2019, 10, 882.

[328] H. Zhang, ). Wu, D. Fang, Y. Zhang, Sci. Adv. 2021, 7, eabf1966.

[329] T. Mei, Z. Meng, K. Zhao, C. Q. Chen, Nat. Commun. 2021, 12,
7234.

[330] A. Farzaneh, N. Pawar, C. M. Portela, J. B. Hopkins, Nat. Commun.
2022, 13, 1041.

[331] J. R. Raney, N. Nadkarni, C. Daraio, D. M. Kochmann, |. A. Lewis,
K. Bertoldi, Proc. Natl. Acad. Sci. USA 2016, 113, 9722.

[332] L. Jin, R. Khajehtourian, ). Mueller, A. Rafsanjani, V. Tournat,
K. Bertoldi, D. M. Kochmann, Proc. Natl. Acad. Sci. USA 2020, 117,
2319.

[333] L. Li, F. Xie, T. Wang, G. Wang, Y. Tian, T. Jin, Q. Zhang, Soft Rob.
2022, https://doi.org/10.1089/s0r0.2021.0025.

[334] Y. Yang, Y. Chen, Y. Li, M. Z. Q. Chen, Y. Wei, So_ft Rob. 2017, 4, 147.

[335] M. Xie, M. Zhu, Z. Yang, S. Okada, S. Kawamura, Nano Energy
2021, 79, 105438.

[336] Y. Yang, Y. Zhang, Z. Kan, |. Zeng, M. Y. Wang, Soft Rob. 2019, 7,
292.

[337) G. D. Howard, J. Brett, J. O'Connor, ]. Letchford, G. W. Delaney,
Soft Rob. 2021, 9, 497.

[338] Y. Wei, Y. Chen, T. Ren, Q. Chen, C. Yan, Y. Yang, Y. Li, Soft Rob.
2016, 3, 134.

[339] C. Linghu, S. Zhang, C. Wang, ). Song, npj Flexible Electron. 2018,
2, 26.

[340] A. Carlson, A. M. Bowen, Y. Huang, R. G. Nuzzo, . A. Rogers, Adv.
Mater. 2012, 24, 5284.

[341] M. A. Meitl, Z.-T. Zhu, V. Kumar, K. J. Lee, X. Feng, Y. Y. Huang,
I. Adesida, R. G. Nuzzo, ). A. Rogers, Nat. Mater. 2006, 5, 33.

[342] T.-H. Kim, A. Carlson, J.-H. Ahn, S. M. Won, S. Wang, Y. Huang,
J. A. Rogers, Appl. Phys. Lett. 2009, 94, 113502.

[343] S. Kim, A. Carlson, H. Cheng, S. Lee, J.-K. Park, Y. Huang,
J. A. Rogers, Appl. Phys. Lett. 2012, 100, 171909.

[344] S. Kim, J. Wu, A. Carlson, S. H. Jin, A. Kovalsky, P. Glass, Z. Liu,
N. Ahmed, S. L. Elgan, W. Chen, P. M. Ferreira, M. Sitti, Y. Huang,
J. A. Rogers, Proc. Natl. Acad. Sci. USA 2010, 107, 17095.

[345] S. Y. Yang, A. Carlson, H. Cheng, Q. Yu, N. Ahmed, J. Wu, S. Kim,
M. Sitti, P. M. Ferreira, Y. Huang, ). A. Rogers, Adv. Mater. 2012, 24,
2117.

[346] A. Carlson, H.-J. Kim-Lee, J. Wu, P. Elvikis, H. Cheng, A. Kovalsky,
S. Elgan, Q. Yu, P. M. Ferreira, Y. Huang, K. T. Turner, J. A. Rogers,
Appl. Phys. Lett. 2011, 98, 264104.

Giessen,

Adv. Mater. 2022, 34, 2200671

2200671 (30 of 32)

www.advmat.de

[347] R. Saeidpourazar, R. Li, Y. Li, M. D. Sangid, C. Lu, Y. Huang,
J. A. Rogers, P. M. Ferreira, J. Microelectromech. Syst. 2012, 21, 1049.

[348] C. Linghu, C. Wang, N. Cen, J. Wu, Z. Lai, ]. Song, Soft Matter
2019, 15, 30.

[349] S. Zhang, B. Wang, ). Jiang, K. Wu, C. F. Guo, Z. Wu, ACS Appl.
Mater. Interfaces 2019, 11, 7148.

[350] P. Peng, K. Wu, L. Lv, C. F. Guo, Z. Wu, Adv. Mater. Technol. 2018,
3, 1700264.

[351] ). Jiang, S. Zhang, B. Wang, H. Ding, Z. Wu, Small 2020, 16,
2003833.

[352] X. Li, Y. Yang, B. Xie, M. Chu, H. Sun, S. Hao, Y. Chen, Y. Chen,
Adv. Mater. Technol. 2019, 4, 1800476.

[353] H. Kim, E. Choi, M. Jung, O. Sul, S.-B. Lee, Nanotechnology 2019,
30, 285501.

[354] X. Zhang, Y. Wu, Y. Li, H. Jiang, Q. Yang, Z. Wang, J. Liu, Y. Wang,
X. Fan, J. Kong, Mater. Horiz. 2022, 9, 1431.

[355] Y. Xia, J. J. McClelland, R. Gupta, D. Qin, X.-M. Zhao, L. L. Sohn,
R. ). Celotta, G. M. Whitesides, Adv. Mater. 1997, 9, 147.

[356] B. D. Gates, G. M. Whitesides, J. Am. Chem. Soc. 2003, 125,
14986.

[357] D. Qin, Y. Xia, G. M. Whitesides, Nat. Protoc. 2010, 5, 491.

[358] R. F. Quero, G. Domingos da Silveira, ). A. Fracassi da Silva,
D. P. de Jesus, Lab Chip 2021, 21, 3715.

[359] H. Quan, T. Zhang, H. Xu, S. Luo, J. Nie, X. Zhu, Bioact. Mater.
2020, 5, 110.

[360] X. Wen, B. Zhang, W. Wang, F. Ye, S. Yue, H. Guo, G. Gao, Y. Zhao,
Q. Fang, C. Nguyen, X. Zhang, ). Bao, ). T. Robinson, P. M. Ajayan,
J. Lou, Nat. Mater. 2021, 20, 1506.

[361] M. Rafiee, R. D. Farahani, D. Therriault, Adv. Sci. 2020, 7, 1902307.

[362] D. Jiao, Q. L. Zhu, C. Y. Li, Q. Zheng, Z. L. Wu, Acc. Chem. Res.
2022, 55, 1533.

[363] Z. Xu, ). Fu, ACS Appl. Mater. Interfaces 2020, 12, 26476.

[364] E. Roels, S. Terryn, F. lida, A. W. Bosman, S. Norvez, F. Clemens,
G. Van Assche, B. Vanderborght, ). Brancart, Adv. Mater. 2021, 34,
2104798.

[365] L. Ricotti, B. Trimmer, A. W. Feinberg, R. Raman, K. K. Parker,
R. Bashir, M. Sitti, S. Martel, P. Dario, A. Menciassi, Sci. Rob. 2017,
2, eaaq0495.

[366] S. Y. Tee, J. Fu, C. S. Chen, P. A. Janmey, Biophys. J. 2011, 100,
L25.

[367] M. Zhang, H. Shahsavan, Y. Guo, A. Pena-Francesch, Y. Zhang,
M. Sitti, Adv. Mater. 2021, 33, 2008605.

[368] T. C. Shyu, P. F. Damasceno, P. M. Dodd, A. Lamoureux, L. Xu,
M. Shlian, M. Shtein, S. C. Glotzer, N. A. Kotov, Nat. Mater. 2015,
14, 785.

[369] Y. Kim, G. A. Parada, S. Liu, X. Zhao, Sci. Rob. 2019, 4, eaax7329.

[370] O. M. Wani, H. Zeng, A. Priimagi, Nat. Commun. 2017, 8, 15546.

[371] C. Zhou, Y. Yang, ). Wang, Q. Wu, Z. Gu, Y. Zhou, X. Liu, Y. Yang,
H. Tang, Q. Ling, L. Wang, ). Zang, Nat. Commun. 2021, 12,

5072.

[372] M. A. Skylar-Scott, ). Mueller, C. W. Visser, J. A. Lewis, Nature 2019,
575, 330.

[373] S. Zhang, Q. Jiang, Y. Xu, C. F. Guo, Z. Wu, Micromachines 2020,
11, 682.

[374] ). T. Muth, D. M. Vogt, R. L. Truby, Y. Mengiig, D. B. Kolesky,
R. ). Wood, |. A. Lewis, Adv. Mater. 2014, 26, 6307.

[375] S. Tottori, L. Zhang, F. Qiu, K. K. Krawczyk, A. Franco-Obregén,
B. ). Nelson, Adv. Mater. 2012, 24, 811.

[376] K. Y. Ma, P. Chirarattananon, S. B. Fuller, R. J. Wood, Science 2013,
340, 603.

© 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST


https://doi.org/10.1089/soro.2021.0025

ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

Adv. Mater. 2022, 34, 2200671

4

ADVANCED
MATERIALS

www.advmat.de

Shuo Zhang received his B.S. (2015) in material science and engineering from the Huazhong
University of Science and Technology (HUST), and his Ph.D. (2021) in mechanical science and
engineering from the HUST. He is currently working as a Postdoc in the State Kay Laboratory of
Digital Equipment and Manufacturing, HUST, China. He is focusing on design and processing of
soft materials/composites, compliant 3D structures toward soft sensors and robots.

Xingxing Ke received his B.S. (2018) in the School of Mechanical and Electronic Engineering
from the Wuhan University of Technology, China. He is currently a Ph.D. student in the State
Key Laboratory of Digital Equipment and Manufacturing, HUST, China. His research interests
include soft pneumatic robot design and fabrication, soft miniature magnetic robot design and
manipulation.

Qin Jiang received his B.S. (2019) in the School of Mechanical and Electronic Engineering from
the Huazhong Agriculture University of Technology, China. He is currently a Ph.D. student in the
State Key Laboratory of Digital Equipment and Manufacturing, HUST, China. His research inter-
ests include soft robotics and flexible electronics.

Zhiping Chai received his B.S. (2019) in the School of Mechanical Engineering from the Dalian
University of Technology, China, and his M.S. (2021) in the School of Mechanical Science and
Engineering, HUST, China. He is currently a Ph.D. student in the State Key Laboratory of Digital
Equipment and Manufacturing, HUST, China. His research interests include compliant mechanics
and soft intelligence.

2200671 (31 of 32) © 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST



ADVANCED
SONCF NS MATERTALS

www.advancedsciencenews.com www.advmat.de

Zhigang Wu received his B.S. (2001) in the Huazhong University of Science and Technology
(HUST), China and his Ph.D. (2005) in mechanical engineering from Nanyang Technological
University, Singapore. He is currently a Full Professor in the State Key Laboratory of Digital
Equipment and Manufacturing, HUST, China. Prior to current position, he was an Associate
Professor in the division of Microsystems Technology, Uppsala University, Sweden, and held a
Research Fellow at the Swedish Research Council. His research interests are concentrated on
processing and integration technologies of soft electronics and intelligent systems.

Han Ding is a Professor in the State Key Laboratory of Digital Equipment and Manufacturing,
HUST, China, and an Academician of the Chinese Academy of Sciences (CAS). He is currently the
Chairman of National Innovation Institute of Digital Design and Manufacturing, and the Chief
Scientist of the Major Research Program of National Natural Science Foundation of China. He
serves as an Editorial Board Member for National Science Review, CAS, an Editorial Board Member
for Science Bulletin, CAS, a Technical Editor for IEEE/ASME Transactions on Mechatronics, and a
Senior Editor for IEEE Robotics and Automation Magazine.

Adv. Mater. 2022, 34, 2200671 2200671 (32 of 32) © 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BA a1 3|qeatjdde au3 Aq peusenob afe ssjolie VO ‘88N JO sa|ni Joj Aeiq18UlUO 48]/ UO (SUOTPUOD-PUB-SWLBI W0 A8 | 1M AleIq 1 Ul UO//:SdNY) SUORIPUOD puUe s | 84} 88S *[£202/T0/0T] Uo AriqiTauluO AB|1M ‘80UeIoS JO AlseAluN BuoyzenH Aq T/9002202 eWPe/Z00T OT/10p/LL0d" A3 1M Akeid 1 jpul|uoy/Sdny Wwolj pepeoumoqd ‘25 ‘2202 ‘S60vTZST



