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/Abstract: Organisms exhibit strong environmental adaptabil-
ity by controllably adjusting their morphologies or fast loco-
motion; thus providing constant inspiration for scientists to
develop artificial actuators that not only have diverse and
sophisticated shape-morphing capabilities, but can also fur-
ther transfer dynamic and reversible shape deformations
into macroscopic motion under the following principles:
asymmetric friction, the Marangoni effect, and counteracting
forces of the surrounding conditions. Among numerous

-

available materials for fabricating bioinspired artificial actua-
tors, stimuli-responsive polymers are superior in their flexible
features and the ability to change their physicochemical
properties dynamically under external stimuli, such as tem-
perature, pH, light, and ionic strength. Herein, different
mechanisms, working principles, and applications of stimuli-
responsive polymeric actuators are comprehensively intro-
duced. Furthermore, perspectives on existing challenges and
future directions of this field are provided. )

1. Introduction

Nature, a miraculous and smart ecosystem, offers numerous
examples of systems that can dynamically change their struc-
tures and properties to adapt to the surrounding environment.
For example, pinecones,” wheat awn,”’ and orchid tree seed-
pods® exhibit various shapes from bending to twisting in re-
sponse to variations in the surrounding humidity. Meanwhile,
organisms, such as worms, frogs, and jellyfish, not only display
abundant deformable body postures, but can also further
transfer the dynamic and reversible deformations in body pos-
tures into macroscopic locomotion, such as walking,"” jump-
ing,”! and swimming."”’ The above instances reveal the power-
ful abilities of biological systems to undergo energy conversion
and execute tasks; thus providing inspiration for scholars to
develop a series of new materials to construct bioinspired ac-
tuators”’ (Figure 1) that can convert external stimulations into
mechanical deformations and perform various mechanical
works.

There are several materials can be used for preparing actua-
tors, such as metals,” inorganic nonmetallic materials,”” and
polymers." Among them, polymer-based actuators™ are
widely studied, owing to their soft nature, which is close to
that of the mechanical properties of biological tissues. Mean-
while, stimuli-responsive polymers have the ability to dynami-
cally change their physicochemical properties under external
stimulation, such as humidity,"? temperature (7),"® pH,'™
light,”' and ionic strength.'® Their responsive character re-
sults in the possibility of achieving shape deformations and
performing work, and thus, stimuli-responsive polymers are
promising in the fields of artificial muscles”"” and electrical
generators."® In addition, many stimuli-responsive polymers
are biocompatible and biodegradable, which ensures that
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polymeric actuators are suitable for different biomedical appli-
cations, such as tissue engineering,"” soft robotics,”” and flexi-
ble electronics.”"

The goal of this article is to highlight the evolution of bioin-
spired actuators based on stimuli-responsive polymers with di-
verse shape-morphing capabilities and controllable 3D locomo-
tion functions, as well as their design principles learned from
biological systems. First, the mechanisms of different shape-
morphing phenomena in biological systems are described, fol-
lowed by strategies in the design of bioinspired actuators
based on stimuli-responsive polymers. Then, we introduce the
construction of artificial locomotive systems with both shape
reconfiguration and motion capacities to mimic the move-
ments of natural organisms, such as worms, frogs, and jellyfish.
Finally, prospects and applications of stimuli-responsive poly-
meric actuators are summarized.

2. Bioinspired Shape-Morphing Actuators

Dynamic and reversible morphological alterations are ubiqui-
tous in biological systems, such as the closure of mimosa
leaves once touched, the opening of ripe seed pods to release
seedlings,””? and rapid changes in the stiffness of sea cucum-
bers® to avoid predators. The biophysical mechanisms of
such natural shape-morphing phenomena include an aniso-
tropic expansion/contraction in the biological body parts with
stiff fibrous structures embedded in soft tissues or dynamic in-
teractions among collagen fibrils. Several strategies have been
developed to mimic the working principle of biological sys-
tems to construct artificial shape-morphing actuators. The
strategies can be divided into two categories: gradient exter-
nal stimulation and nonuniform stress in stimuli-responsive
polymers.?¥ Typical instances of the former type are vapome-
chanically responsive polymers, such as agarose™® and polyvi-
nylidene fluoride® (PVDF) films, which can bend, twist, and
flip under gradient water vapor and acetone vapor atmos-
pheres, respectively, owing to inhomogeneous swelling. The
gradient stress in both in- and out-of-plane directions can be
realized by combining responsive polymers with special struc-
tural design. According to different responsive mechanisms
and working principles, responsive polymers can be divided
into the following categories: shape memory polymers
(SMPs),”” with the ability to freeze or activate the movement
of molecular chains; liquid-crystal polymers (LCPs),?® enabling
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modulation of the orientation of the mesogen groups; and
stimuli-responsive hydrogels,”” which are capable of volume
changes by swelling/shrinking based on interactions between
molecular chains and the solvent. Anisotropic structures in
stimuli-responsive polymers can be realized under the assis-
tance of multilayer design with different swelling ratios®” or
thermal expansion coefficients,®" gradient cross-linking density
by photolithography®? or molecular diffusion,®¥ well-aligned
microchannels,®¥ and embedding aligned stiff materials (glass
fibers,”? carbon nanotubes (CNTs)®%) in soft substrates. Fur-
thermore, complex, well-defined 3D configurations can be ach-
ieved with the assistance of the ancient arts of origami/kiriga-
mi®® and 3D printing of active materials.”” Recent decades
have witnessed the emergence and significant progress in the
development of bioinspired morphable active materials and
their widespread applications in energy conversion,®? artificial
muscle,?¥ soft robotics,”*” flexible electronics,”*" and tissue en-
gineering,*? and so forth. In the following parts, we summarize
the evolution and design principles of bioinspired artificial ac-
tuators based on various stimuli-responsive polymers.

2.1. Shape-Morphing Actuators Based on Vapomechanically
Responsive Polymers

Vapomechanically responsive behavior is common in nature,
such as the winding of plant tendrils,*” the opening of seed
pods,“¥ and the bending/twisting of cucumber tendrils.*’
Wheat awn, as a classic example, can change the shape from
bending to twisting owing to the asymmetric swelling of dif-
ferent body parts of seed dispersal units.”) Meanwhile, the cel-
lulose microfibrils are well aligned along the long axis in the
cap and randomly oriented in the ridge area; this contributes
to the clear variation in stiffness, and thus, leads to nonuniform
stress to trigger the specific shape-morphing direction.”’ The
high-efficiency utilization of the day-night rhythm in atmos-
pheric humidity for driving the reconfiguration of wheat awns
has attracted extensive interest from scholars to transfer this
unusual working principle of natural systems into artificial bio-
inspired intelligent materials. The asymmetric swelling can be
achieved by combining external vapor gradient with respon-
sive polymers to obtain strong affinity to different vapor mole-
cules, such as water,”® acetone” ethanol,”® chloroform,”
hexane,”” and tetrahydrofuran.®"

Among various solvent vapors, water vapor is out of the or-
dinary, owing to its innocuity and wide existence in nature.
The moisture-induced reconfigurations of artificial smart mate-
rials can be realized by combining hydrophilic polymers con-
taining abundant hydroxy, carboxyl, or amino groups, with
special structural design. Langer et al. developed a water-re-
sponsive film with a dynamic polyol-borate network embed-
ded in a rigid polypyrrole substrate, which showed hydrolysis
and reforming of borate ester bonds upon water sorption and
desorption, respectively, leading to asymmetric swelling and
deswelling under the gradient water vapor and subsequently
rapid and reversible curling (Figure 2A,B).5? Li etal. synthe-
sized chitosan/graphene oxide composite films with nacre-like
brick-and-mortar microstructures.®™ The obtained film showed
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humidity-induced bending properties and the capability to lift
objects 50 times heavier than its own weight. Zhang et al. pre-
pared cellulose stearoyl ester film by means of solvent cast-
ing.”¥ The resulting films showed reversible folding and un-
folding, similar to rhythmical bending motions, under a local
moisture gradient, owing to the absorption and desorption of
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Figure 1. Schematic illustration of the evolution of artificial actuators based on stimuli-responsive polymers with diversity shape-morphing abilities and con-
trollable locomotion. Reproduced from refs. [3, 36, 60, 81, 119, 121, 133, 146, 152, 177, 181, 186, 188], with permission from Nature Publishing Group, the
American Association for the Advancement of Science (AAAS), and Wiley-VCH Verlag GmbH & Co. KGaA.

water molecules at the film surface. However, the above in-
stances are all focused on single-responsive systems. The eco-
system is of high diversity and complexity in which multi-re-
sponsiveness is necessary in various environments; thus arous-
ing interests for developing multiresponsive actuators.”™ The
multiresponsive properties can be achieved by precise molecu-
lar design or hybrid strategies. Naumov et al. achieved remote-
ly controlled actuators in response to both gradient humidity
and UV-light illumination by introducing UV-light-responsive
azobenzene-based polymers into the hydrophilic agarose
films; thus resulting in rapid and controllable deformation (Fig-
ure 2C,D).®¥ Furthermore, they designed a new molecule, 1,4-
bis(para-hydroxystyryl)benzene, with a pH-responsive fluoro-
phore and trans—cis photoisomerization, and blended it with
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agarose to construct a multiresponsive hybrid film.”” The film
could effectively utilize the chemical potential of light and
moisture gradients and transfer them to mechanical work for
electricity generation. Meanwhile, the film possessed strong
fluorescence and acidochromic abilities, which opened up ave-
nues for adjusting the optical, mechanical, and chemical prop-
erties. Precise molecular design has greatly enriched the avail-
able materials for constructing reconfigurable actuators. How-
ever, without anisotropic structures, it is impossible to achieve
controllable complex 3D deformations. To solve this problem,
Naumov et al. incorporated well-aligned glass fibers into hu-
midity-sensitive agarose substrates to mimic the functions of
cellulose microfibrils in plant tendrils; thus achieving controlla-
ble 3D deformation (reversible bending, curling, and twisting),

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Bioinspired artificial actuators based on vapomechanically responsive polymer composites: A), B) a water gradient induces the reversible shape de-
formation of ultrathin polymeric film consisting of a rigid matrix (polypyrrole) and a dynamic network (polyol-borate). Reprinted from ref. [52]; copyright
2013 AAAS. Q), D) Photogated locomotion of agarose film containing azobenzene groups under a humidity gradient. Reproduced from ref. [56]; copyright
2015 Nature Publishing Group. E), F) Dynamic blooming of an artificial flower under an acetone vapor gradient. Reproduced from ref. [60]; copyright 2017

Wiley-VCH Verlag GmbH & Co. KGaA.

owing to asymmetric swelling/contraction under gradient hu-
midity.?? Although the strategy of moisture-induced reconfigu-
ration is facile and green, humidity-responsive actuators are
usually suppressed by water saturation, which prevents the re-
covery of their original shapes. Therefore, perpetual actuation
without fatigue remains a big challenge.

Organic vapor responsive polymers®® are another kind of
commonly used materials for preparing bioinspired shape-
morphing actuators with superior fatigueless deformation abili-
ties, owing to their rapid evaporation rates. Yuan et al. unique-
ly combined porous topography, an electrostatic complexation
gradient, and the interaction between organic solvent mole-
cules and poly(ionic liquid) polymers to achieve ultrafast ace-
tone-vapor-induced shape changes in only 0.1 s.*¥ Our group
successfully fabricated PVDF and polyvinyl alcohol (PVA) bilayer
structural films with well-aligned microchannels in the PVDF
layer.®® The resulting bilayer films showed programmable 3D
coiling upon exposure to acetone vapor with the assistance of
kirigami principles to change the orientations of the micro-
channels, which would also mimic the dynamic flower bloom-
ing process (Figure 2E,F) under an acetone vapor gradient. The
nonuniform stress was produced by the mismatch swelling
ratio along the depth direction and the inhomogeneous me-
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chanical strength distribution in the plane direction. The ultra-
fast, rapid, responsive speed and excellent cycle performance
of artificial vapomechanically responsive materials highlight
their potential as smart hybrid materials for applications in soft
robotics and energy harvesting. However, there are still huge
challenges to simultaneously achieve quick and durable recon-
figurations stimulated by nontoxic vapors, which would be a
key problem to solve in this field.

2.2. Shape-Morphing Actuators Based on SMPs

In nature, many organisms exhibit dynamic and reversible mor-
phological changes under solvent-free conditions. For example,
mimosas close their leaves upon being touched. The Venus fly-
trap shows automatic closure of leaves under a mechanical
trigger for hunting prey. These amazing features of biological
systems have motivated numerous studies to develop artificial
actuators based on soft stimuli-responsive materials with re-
markable shape programmable abilities under a solvent-free
atmosphere. SMP is a typical kind of stimuli-responsive poly-
mer, which exhibits actuating behavior under a solvent-free at-
mosphere, that can be deformed and fixed into a temporary
shape and recover its original, permanent shape owing to the

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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freezing of molecular chains (i.e., reduction of chain mobility)
or the activation of molecular mobility under external stimu-
lus.®™ Two prerequisites for constructing SMP-based actuators
are a stable polymer network, which determines the original
shape, and a reversible switching transition that is responsible
for fixing the temporary shape.®” The stable polymer network
can be formed by chemical cross-linking,”® crystallization,’*”
molecular entanglement,® or interpenetrated networks,
whereas the reversible switching transition can be achieved by
introducing crystallization/melting transition,”’ anisotropic/iso-
tropic transition,”® vitrification/glass transition,”® reversible
molecular cross-linking,”” and supramolecular association/dis-
association.”>”" The obtained artificial actuators can be pro-
grammed into diverse and sophisticated configurations by
manual folding under external stimuli, such as temperature,
light, and magnetic fields. Among them, thermally activated
SMPs are the most ubiquitous type used for the construction
of shape-morphing actuators, of which the shapes can be
changed according to environmental temperature, with re-
spect to the switching temperature (Ti..), which reversibly
alters polymer chain mobility. The most commonly used
switching temperature for SMP-based actuators is the glass
transition temperature (T,), which exists in all amorphous poly-
mers and can be characterized by changing the polymers from
a glassy, immobilized state to a rubbery, flexible state. Addi-
tionally, melting temperature (T,) is also related to the phase
transition, which exists in thermoplastic elastomers with multi-
ple melting transitions. For example, block copolymers can ex-
hibit shape memory behavior by using the lower T, as the
switching temperature; heating the material beyond the
higher T, will result in a polymer melt and the permanent
shape may be altered.”"

Since the first report on SMPs, methacrylic acid ester resin,
with an “elastic memory” that could resume its original shape
upon heating, numerous SMPs with different structures have
been synthesized in laboratories or by commercial companies.
Popular ones include cross-linked polyethylene,” polynorbor-
nene,” polyurethane,” polystyrene-based SMPs,”® epoxy-
based SMPs,”” lactone-based polymers,”® polyglycolide (PGA),
polylactide (PLA), and poly(e-caprolactone) (PCL). Several of
the abovementioned examples (e.g., PCL and PLA) are biocom-
patible, biodegradable, and possess arbitrary shape program-
mable capabilities that benefit their applications in biomedical
fields, such as biomedical implants,”® smart surgical sutures,®”
and tissue-engineered scaffolds for 3D endothelialization'
(Figure 3A-D).

Artificial actuators based on thermally activated SMPs not
only attain macroscopic 3D shape-morphing abilities, but also
have the capability of memorizing micro-/nanostructures.®”
However, the thermally activated shape-morphing behavior re-
quires an overall temperature increase in both materials and
their surroundings. It is therefore difficult to achieve local
strain relaxation in a contactless manner. To address this prob-
lem, many efforts have been made to develop remote activa-
tion methods, instead of direct heating, such as photochemical
activation (light-induced reactions® or photoisomerization®),
photothermally triggered shape recovery by adding photother-
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mal agents (e.g., gold nanorods (GNRs),*” gold particles,”® gra-
phene,®” CNTs,®® metal complexes,® and organic dyes®”) into
the polymer matrix, joule heating generated by an electrical
current,® induction heating through an alternating electro-
magnetic field,”® and shearing oscillation heating induced by
ultrasound.®®

A majority of traditional SMP composites showed thermal
actuation with dual shape memory effects (SMEs), of which
shapes can only switch from one temporary shape to another
permanent shape.”¥ In past decades, increasing attention has
been paid to multi-SMPs,” which can remember one or more
shapes, in addition to the original, permanent shape, and re-
cover the permanent shape step by step from two or more
predefined temporary shapes. The underlying molecular mech-
anism of multi-SMPs is the existence of a single, broad, phase-
transition range® or several discrete transitions in thermal®”
or molecular switches.” Xie reported a perfluorosulfonic acid
ionomer, Nafion, which had only one broad reversible phase
transition, that exhibited dual-, triple- and even quadruple-
SMEs with high tunability without any changes to the material
composition.”” Furthermore, the appearance of 3D printing
techniques coupled with origami/kirigami design® makes it
possible to construct complex hierarchical structures, such as a
cardiovascular stent (Figure 3E), Eiffel Tower™® ™" (Figure 3F),
bird (Figure 3G), or multilayer flowers.""?

The SMP-based actuators described above show one-way
SMEs (also referred to as an irreversible SME). Such actuators
cannot achieve any temporary shapes without the application
of an external force upon recovering their permanent shapes;
this is extremely limiting for their application in the fields of ar-
tificial muscles and self-locomotion robotics. Thus, numerous
efforts have been made to develop new SMPs for preparing
new types of artificial actuators that can exhibit two-way
SME"®! (QW-SME) or reversible SME, of which two reversible
switchable shapes can be thermomechanically programmed
and reprogrammed. The underlying mechanism of 2W-SME is
that cooling induces the crystallization of semicrystalline poly-
mer films, leading to molecular elongation under tensile load-
ing and heating induces the contraction of polymer networks
(shape recovery).®? Liquid-crystalline elastomers,"* with or-
dered mesogenic moieties and elastic properties, and thermal-
ly activated semicrystalline polymers, with one or two semi-
crystalline phases,"® are commonly used materials for con-
structing 2W-SME actuators. Recently, Xie etal. designed a
single-component soft robot based on a crystalline SMP net-
work with thermo- and photoreversible bonds." In combina-
tion with an origami method, the resulting film can be pro-
grammed into various 3D morphologies, such as a crane and
an elephant, with reversible shape memory abilities. The avail-
able working performance under both dry and wet conditions,
tunable transition temperature, reversible SME, biocompatible,
and biodegradable properties of SMPs make them highly at-
tractive in various areas, such as artificial actuators, wearable/
implantable devices, and soft robotics. However, the shaping
process still requires the assistance of external forces. Achiev-
ing self-shaping SMP-based actuators will be an important di-
rection for this research field in the future.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Bioinspired artificial actuators based on SMPs: A)-D) Preparation and shape memory properties of shape-morphing scaffolds with seeded human
umbilical vein endothelial cells. Reprinted from ref. [81]; copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. E)-G) Shape recovery behavior of macro metha-
crylate based SMPs with multiple, complex configurations prepared by means of stereolithography. Reproduced from ref. [41]; copyright 2016 Wiley-VCH

Verlag GmbH & Co. KGaA.

2.3. Shape-Morphing Actuators Based on LCPs

Shape-morphing actuators based on LCPs,"*” similar to SMP-
based actuators, can also be controlled/triggered under sol-
vent-free conditions. Since the first theoretical studies in 1997
on artificial muscles based on LCPs by de Gennes et al.,"® nu-
merous researchers have been attracted to LCP-based artificial
actuators, owing to their excellent integration of the anisotrop-
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ic features of liquid-crystal (LC) phases and the rubber elasticity
of polymer networks. Such materials are fabricated by a two-
step cross-linking technique, in which reactive mesogenic
groups are oriented under mechanical stretching of the poly-
mer during or shortly after the first stage of the reaction, fol-
lowed by a second-stage cross-linking reaction to fix the align-
ment of mesogenic groups, finally forming highly aligned
LCPs. The average alignment direction of the mesogenic

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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groups is called the director and the magnitude of the orienta-
tional order of the molecular orientation is defined as a scalar
order parameter, S.""? LCPs exhibit anisotropic contraction or
extension along the director orientation as the order parame-
ter changes under external stimuli, such as temperature,"”
light,™ humidity,""? and pH."*? Earliest research focused on
the thermoinduced mechanically responsive behavior of LCPs.
Macroscopic contraction in the 2D direction is induced by
heating above the liquid-crystalline (typically nematic)-isotrop-
ic (or paranematic) phase-transition temperature. The majority
of studies on LCP-based actuators based on thermomechanical
effects focus on macroscopic ones, with sizes on milli-/centi-
meter scales. However, for many practical applications, micro-
or nanosized actuators are desirable. Keller et al. adopted a
soft lithography technique called replica molding to prepare
micron-sized responsive pillars made from nematic LCPs."™ If
the temperature exceeded the nematic-isotropic phase-transi-
tion temperature, the pillars suspended in silicone oil under-
went a contraction in the order of 30-40%; thus these pillars
have potential in modulating surface properties, such as
roughness, wettability, and adhesion.

Apart from thermomechanical LCPs, light-responsive LCPs
containing azobenzene chromophores'>" are other typical
materials widely used for fabricating bioinspired actuators,
owing to their precise bending along any chosen direction by
using linearly polarized light. The selective absorption of light
in a specific direction results in the trans—cis isomerization of
azobenzene groups,""'*"" leading to a tiny decrease in the mi-
croscopic size and order parameter of LCPs, which contribute
to volume shrinkage in the film surface (more than 99 % of the
incident photons are absorbed by the surface with a thickness
of less than 1 um), and subsequently, bending of the whole
film. Traditional azo-based LCPs with the director orientation
parallel to the film surface rely on polarized light irradiation,
which greatly restricts their applications. To address this limita-
tion, Broer et al. developed a splay-bend configuration with a
gradual orientational variation along the thickness direction.®
The bending direction and axis of the film are both deter-
mined by the splayed molecular alignment, instead of the di-
rection of incident light. Bioinspired actuators based on LCPs
containing azobenzene groups showed fast bending deforma-
tion under UV-light irradiation. However, the harmfulness of
UV light to the human body, especially to the skin, has inspired
researchers to design visible/near-infrared (NIR) light-respon-
sive systems. The group of Yu added low-power-excited trip-
let-triplet annihilation-based upconversion luminescence (TTA-
UCL) and upconversion nanophosphors into azo-containing
LCP films; thus achieving red- and NIR-light-triggered bending
deformation.”! Furthermore, they constructed robust tubular
microactuators based on linear LCPs, which exhibited asym-
metric geometry variation upon visible-light irradiation at A=
470 nm with an intensity gradient, resulting in capillary forces
for liquid propulsion (Figure 4 A-D)."® The appearance of tub-
ular microactuators greatly broadens the applications of LCPs
in the field of microreactors, microfluidic chips, and micro-op-
tomechanical systems.
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The abovementioned instances and other similar studies
only change the molecular director in only one direction;"
thus giving twisted nematic and splayed configurations that
bend or curl under external stimuli. By contrast, for organisms,
complex shape-morphing phenomena are often affected by
their hierarchical structures, which usually involve director
alignment gradients in both out-of-plane and in-plane direc-
tions. Yang et al. developed a double-layer LCP film with differ-
ent layers consisting of different LCPs with distinct orientation
directions, which had the capacity to undergo reversible 3D
transformations between two different states (bending and
chiral twisting) under the respective irradiation of UV and NIR
light.” Furthermore, the introduction of photopatterns* and
3D printing"™" (Figure 4E) makes it much easier to construct
3D reconfigurable actuators, which exhibit more complex 3D
configurations, such as an accordion-like shape% cone
shapes (Figure 4F), a mesh-shaped array (Figure 4G), saddle
shapes (Figure 4H), a conical array (Figure 41),"*" and diverse
surface topographies."” Although tremendous progress has
been achieved in constructing various sophisticated 3D topo-
logical structures from LCPs, existing LCP-based actuators
cannot be reutilized owing to the structures being fixed
during cross-linking; thus leading to materials waste and
higher costs. To address this issue, the group of Ji introduced
exchangeable bonds in the place of permanent cross-linked
networks of LCPs through a concept previously demonstrated
for vitrimers, realizing easy processing and alignment, especial-
ly for remolding induced by a transesterification reaction be-
tween an ester and a hydroxyl group, and opening up a new
avenue for the design of novel artificial actuators based on
LCPs."*®! Fast response speeds and excellent performances of
LCPs in a dry atmosphere make them promising candidate ma-
terials in artificial muscles, iris-like devices,"*” lab-on-chip sys-
tems, and so forth. However, the unsatisfactory biocompatibil-
ity of LCPs limits their applications in vivo.

2.4. Shape-Morphing Actuators Based on Stimuli-Responsive
Hydrogels

Stimuli-responsive hydrogels are 3D networks formed by hy-
drophilic molecular segments imbibed with abundant water,
which can mimic the swelling/shrinking behavior of plant cells
under external stimulation, such as temperature,'*' light,'*
pH,"?” biological signals,"® ions,"* and electric™*® and mag-
netic fields."*” They are particularly promising for biomedical
applications, such as dynamic 3D cell cultures,"* implantable
muscular tissue scaffolds,"® shape-adaptable flexible electron-
ics (Figure 5A-F),"*¥ and branched microvasculature,“? owing
to their excellent soft properties. Among them, thermally ac-
tuating hydrogels based on PNIPAM are widely investigated
because the unique lower critical solution temperature (LCST)
of 32°C is near the temperature of the human body."** In-
spired by the nonuniform growth of biological systems, many
efforts have been made to translate these working principles,
anisotropy, into the design of artificial actuators with controlla-
ble shape deformations. The simplest method to construct
nonuniform systems is to use a bilayer design with an active
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layer and a passive layer. Different swelling/shrinking ratios of
the two layers trigger the bending behavior of the whole
sheet. lonov et al. designed a bilayer hydrogel with a PNIPAM
active layer and a hydrophobic PCL passive layer."** Different
3D configurations, such as long-side rolling, diagonal rolling,
and all-side rolling, were obtained by adjusting the length,
width, and thickness of the two layers. Chu et al. fabricated a
PNIPAM-based bilayer hydrogel cross-linked by clay in which
diverse layers have different cross-linking densities; thus ach-
ieving excellent responsive bending and elastic properties.'*
Many efforts have been made to comprehend the underlying
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mechanism of the bending of such bilayer structures. A classi-
cal model was initially proposed by Timoshenko™® in 1925
and later extended,”*” by assuming that the bilayer structures
could bend in only one direction with uniform curvature.
Alben et al. found that the bending direction was determined
by the existence of doubly curved regions at the curled edges,
which lowered the energy."*® The edge effects became stron-
ger as the length to width ratio increased. These investigations
revealed the deformation direction of artificial actuators with
bilayer structures. However, simple bilayer actuators with two
homogeneous layers cannot achieve a complex 3D shape
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VCH Verlag GmbH & Co. KGaA. G)-J) Various artificial six-petal flower structures in a 0.1 m solution of CaCl, comprised of microchannels aligned at 0, 90, and

0/90°. Reproduced from ref. [152]; copyright 2019 AAAS.

transformation, owing to the lack of heterogeneous structures
in the in-plane direction. Inspired by natural systems, complex
configurations need mechanical gradients in both depth and
planer directions. Therefore, researchers have developed new
technologies to fabricate anisotropic hydrogels with different
swelling ratios in both in-plane and out-of-plane directions.
Nie et al. adopted a two-step photopolymerization to synthe-

Chem. Asian J. 2019, 14, 2369 - 2387 www.chemasianj.org

2378

size a PNIPAM/poly(2-acrylamido-2-methylpropane sulfonic
acid) (PAMPS) bicomponent hydrogel sheet with PAMPS pat-
terns in different directions to achieve planar to multiple 3D
configuration (helix, cylinder, dome-like, and saddle-like struc-
tures) transformations under external stimulation, owing to dif-
ferent swelling ratios and different Young’s moduli of the two
components.?*®  Additionally, Hayward etal. developed a
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simple method of halftone gel lithography by using only two
photomasks, resulting in hydrogels containing highly cross-
linked dots embedded in a lightly cross-linked matrix to obtain
constant Gaussian curvatures (spherical caps, saddles, and
cones) or zero-mean curvature (Enneper’s surfaces), as well as
more complex and nearly closed shapes."* The groups of
Nelson"* and Studart™ reported an anisotropic PNIPAM hy-
drogel with embedded well-aligned stiff iron oxide particles ar-
ranged by an external magnetic field; thus achieving a planar
to helix transformation. Additionally, the incorporation of an
origamit*/kirigami™*? design facilitates the construction of
more sophisticated topographies, such as Randlett’s flapping
bird." Furthermore, the rapid development of 3DU"*/4D
printing™ technologies facilitate the fabrication of arbitrarily
complex configurations, such as carton faces and the Sydney
Opera House. Lewis et al. printed composite hydrogel architec-
tures that were encoded with localized, anisotropic swelling
behavior controlled by the alignment of cellulose fibrils along
prescribed 4D printing pathways, to obtain beautiful Dendrobi-
um helical structures, which had potential as a platform tech-
nology to generate a variety of dynamically reconfigurable ma-
terials with tunable functionality in hydrogels because compo-
site inks could be extended to a broad range of matrices and
anisotropic fillers.!"*

Although shape-morphing actuators based on stimuli-re-
sponsive hydrogels have shown abundant 3D deformations,
they still face two major challenges. The first one is the slow
response speed, owing to the low diffusion rates of solvent
molecules. In this regard, porous fibrous structures, holes, or
macropores are introduced into the hydrogel sheets by elec-
trospinning and the use of pore-forming reagents, which sig-
nificantly enhance the transport of water molecules undergo-
ing hydrogel swelling or shrinkage and accelerate the response
speed. The second one is that direct thermoactuation of
PNIPAM-based hydrogels requires heating to increase the tem-
perature of the environment above the LCST of PNIPAM, which
cannot achieve locally precise control over shape deformation
in a contactless manner. To overcome this challenge, many ef-
forts have been made to develop remote activation methods
instead of direct heating, such as photothermal actuation by
adding photothermal agents (CNTs,"*” tin oxide,'*** graphene
oxide,"* gold nanoparticles™® and GNRs"*), Joule heating
generated by an electrical current,™® and heating induced by
an alternating electromagnetic field."*"

lonic cross-linking polymers are also classic materials for pre-
paring hydrogel-based actuators because their cross-linking
can be altered by some biocompatible ions, such as calcium
ions and ferric ions. Velev etal. used an electrically assisted
ionoprinting method to change the local mechanical proper-
ties of the gel by ionic binding; thus evoking localized stress
large enough to cause rapid folding."® The group of Wang
employed ion inkjet printing to prepare poly(sodium acrylate)
based hydrogel sheets with appropriate patterns on one or
both surfaces."*"” Many complex 3D shapes can be obtained
from shape transformations upon the swelling/deswelling of
hydrogels, for example, artificial flowers and non-Euclidean
plates. Recently, our group reported a universal method for
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constructing an ionic cross-linked hydrogel sheet that enabled
controllable 3D shape deformation and maintained the desig-
nated shapes without continuous stimuli.*? To be specific, a
monolayered sodium alginate (SA) hydrogel sheet with period-
ically arranged microchannels (Figure 5G) cross-linked by Ca*
ions, with a deep cross-linking density gradient, showed rever-
sible deformation to give inside-out configurations triggered
by biocompatible ions (Na*/Ca?*), of which the degree of
shape deformation could be dynamically adjusted. From this
design, various 3D tubular, double-helix, and flower-inspired
architectures (Figure 5H-J) were obtained by changing the ori-
entations of the microchannels. These reversible and bidirec-
tional ion-triggered shape-morphing hydrogels have great po-
tential in many biomedical fields, including tissue engineer-
ing,'™ artificial camouflage skins,™*¥ and soft robotics."*
However, in some special applications, such as artificial muscle,
the mechanical properties of the hydrogel-based actuators
should be further reinforced by appropriate strategies.

3. Bioinspired Locomotion Actuators

In nature, there are not only numerous instances of diverse in
situ shape-morphing behavior, but also abundant organisms
that can further transfer reversible shape deformations into
macroscopic locomotion, such as the telescopic forward
motion of inchworms, the slithering of snakes, the peristalsis-
like movement of annelids, swimming of fish, jumping of frogs,
or hopping of kangaroos; thus providing endless inspiration
for the design of artificial locomotion actuators. Many domes-
tic"® and foreign scholars™” start from micro-/nanofabrica-
tion™® to design motor actuators under fuel-driven stimu-
lus™® and various sources of external stimuli,"®® which have
great potential application in targeted delivery in real tissues
and clinical diagnosis. Herein, we introduce the state of the art
of macroscopic locomotion actuators based on stimuli-respon-
sive polymers.

According to different locomotory mechanisms, artificial ac-
tuators based on stimuli-responsive polymers can be roughly
divided into the following three modes: walking, jumping, and
swimming. The telescopic forward motion of inchworms and
slithering of snakes can be included in walking systems be-
cause their mobility is driven by mechanical motion and asym-
metric friction.'®" For jumping systems, both energy accumula-
tion and rapid release processes are indispensable,®? whereas
swimming systems with the ability to dive through, float
along, and move on the water surface require assistance from
hydrodynamic effects, such as buoyancy,"® and the counter-
acting force of the surrounding fluids."® Many efforts have
been made to transfer the locomotion principles of biological
systems to the design of artificial motion actuators by combin-
ing stimuli-responsive polymers with reversible shape-morph-
ing capabilities in response to external stimuli (temperature,’®
pH," light,"®” and electric"®® and magnetic fields"®") and as-
sistance from an anisotropic external field, such as asymmetric
friction, buoyancy, and the counteracting force of surrounding
fluids. Bioinspired locomotion actuators based on stimuli-re-
sponsive polymers can be employed in specific situations in
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which traditional robotics cannot be used, such as grasping
fragile objects and moving across unknown, irregular, and
shifting terrain.””

3.1. Walking

Walking is the most common locomotion mode in biological
systems, especially for organisms such as inchworms,"””
snakes,"’" and armadillos.'’? The driving force for forward
motion comes from periodic body deformations and asymmet-
ric friction. The periodic body deformations can be realized by
simply switching on—off of external stimulation, whereas asym-
metric friction can be achieved by using ratchet substrates,®®
surfaces with gradient roughness,"7®' and asymmetric struc-
tures or mechanical properties in the body."” Dickey et al. de-
signed an artificial walker by binding legs consisting of two
types of polyelectrolyte hydrogels, which showed opposite
bending directions under an electric field."*" The asymmetric
distribution of mobile ions under the electric field created in-
homogeneous osmotic pressure, which induced the swelling
and deformation of the hydrogel legs. Meanwhile, local me-
chanical properties were tuned to adjust friction between the
legs and substrate to promote asymmetric anchoring. The al-
ternating electric field caused periodic bending of the two
legs, leading to unidirectional motion with a low velocity of
2.5 mmmin~". The low diffusion rate of the hydrogel decreases
the walking speed to a great extent, which motivates the de-
velopment of new artificial walkers by using other materials or
under other locomotion types. Chen etal. designed a LCP-
based trilayer actuator with embedded reduced graphene
oxide."” Turning on a NIR light and moving it from one side
to another could generate a moving wave along the strip,
leading to fast upward bending and downward unbending
triggered by reversible LC-to-isotropic phase transitions during
the on-off states. The rapid photoisomerization of the LCP
contributed to the fast walking speed of 6 mmmin~'. However,
an inherent limitation of inchworm-like telescopic forward
motion is the high friction force owing to a large contact area,
which results in a slow-moving speed. Inspired by the rapid
rolling of the body of an armadillo, Javey et al. designed a tub-
ular bilayer actuator based on polycarbonate/single-walled
CNTs."7" Asymmetrical sunlight irradiation resulted in a de-
crease of the curvature on the light-facing side of the actuator,
which led to the displacement of the center of gravity and
thereby formed a torque to drive the motor away from light
on a flat surface at a speed of approximately 360 cmmin™',
which was about 600 times faster than that of the inchworm-
like walking actuators. Although a rapid walking speed has
been realized, it still presents great challenges in the precise
control over sophisticated multidirectional movement. The
group of Kwon prepared an actuator through the hybrid
design of combining programmable heterogeneous magnetic
anisotropy and spatially modulated photopatterning, which
was achieved by the self-assembly of superparamagnetic nano-
particles and subsequent photopolymerization to fix the
aligned states."® Then, actuation was easily regulated by
varying the direction of the external magnetic field lines; thus
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achieving multiple movement types such as snake-like slither-
ing (Figure 6A-D) and caterpillar-like telescopic forward
motion (Figure 6 E,F). Recently, Wang et al. reported an unteth-
ered soft millirobot with a multiple tapered soft feet architec-
ture (Figure 6G), which exhibited superior adaptivity to various
harsh environments with an ultrafast locomotion speed (>
40 limb lengths™'; Figure 6H,l), an ultrastrong cargo-delivery
capacity (>100 own weight; Figure 6J), and an excellent ob-
stacle-crossing ability (standing up 90° and across obstacles
> 10 body height; Figure 6K) under magnetic manipulation."””
Bioinspired artificial actuators with controllable locomotion
have great potential in many fields, such as target cargo deliv-
ery, movable laminated sensing, and soft robotics.

3.2. Jumping

Jumping or hopping is also a universal movement style in ter-
restrial organisms, such as frogs, kangaroos, and locusts. For in-
stance, during a maximal jump, a frog accelerates from a sta-
tionary crouched position to high vertical and forward veloci-
ties in under 100 ms."”® The muscles of the frog generate a
high level of mechanical power to induce rapid increases in
potential and kinetic energy. The driving force of hopping for-
ward includes the following two steps: energy accumulation
and rapid release of stored energy, requiring rapid deformation
to a large degree and a fast elastic recovery rate. Inspired by
biological systems, many efforts have been made to construct
artificial actuators with hopping ability. The group of Fang fab-
ricated a device with two legs consisting of doubly curved hy-
drogel plates with embedded microfluidic channels."’? If a sol-
vent droplet was applied, swelling-induced opening of the
legs consequently made the device sit on the ground. As the
solvent evaporated, the legs snapped closed quickly, generat-
ing a thrust to make the device jump off the ground, with an
estimated power density of 34 mWg~' comparable to that of
human muscle (100 mWg~")."® Inspired by human finger flick-
ing behavior (Figure 7 A), which can release a large force, Chen
et al. designed a bilayer composite actuator based on rolled
CNTs/polydimethylsiloxane (PDMS), which showed symmetrical
petal shapes and good mechanical flexibility and tough-
ness."@ Upon exposure to light, the photothermal effect of
CNTs induced expansion of the irradiated regions, leading to
an unrolling trend. However, deformation was temporarily
blocked by unexposed areas with energy accumulation. If the
accumulated energy increased to a critical value, the stored
strain energy in the tubular bilayer was suddenly released in
an instant, which triggered the jumping behavior (Figure 7B-
D). Although these artificial actuators have shown good hop-
ping behavior under external stimulation, continuous rapid
jumping remains challenging, owing to extreme difficulties in
the irreversible and repeated deformation of materials with de-
sirable frequency. To realize repeatable and rapid hopping-type
locomotion, Aida etal. fabricated an ultrathin film (1.3 um
thick, 10 ug weight) consisting of a m-stacked CNP formed by
one-pot vapor-deposition polymerization.'®"” Under UV irradia-
tion for about 1 s, the film jumped vertically up to 10 mm (Fig-
ure 7E), which was 10000 times greater than the film thick-
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ness. The amazing actuation behavior arose from the rapid de-
sorption of water molecules from the film surface, owing to
photothermal effects. Meanwhile, it could jump many times
(above 10000 times) without deterioration of the properties of
the material, owing to its mechanically tough and flexible
properties. Artificial actuators with jumping ability can quickly
overcome obstacles and avoid risks, which greatly benefits
their potential applications in many areas, such as planetary
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exploration, search and rescue, reconnaissance, and entertain-
ment.

3.3. Swimming

Although walking and jumping are common forms of locomo-
tion for terrestrial organisms, swimming is a unique motion for
organisms living in water. For example, swimming fish can dy-
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namically adjust the underwater depth by varying the volume
of bladders to change the local density of the whole body."®
Rays can swim forward through the waving motion of pectoral
fins."® Most microorganisms, as well as spermatozoa, swim by
relying on cilia and flagella, which perform nonreciprocal pro-
pulsive motions, namely, corkscrew-like movements or beating
and waving."® The mechanism of swimming lies in the hydro-
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dynamic effects between the biological body and surrounding
fluids, such as the Marangoni effect,"®” buoyancy,®® and the
counteracting force of surrounding fluids."®” Inspired by
aquatic organisms, many researchers have constructed artificial
actuators with biomimetic swimming capabilities. Shi et al. fab-
ricated a functional device with rough structures and chemical-
ly grafted PNIPAM polymer chains, which displayed a diving-
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floating cycle in response to heating; the surface wetting prop-
erty changes from superhydrophilic to superhydrophobic after
the phase transition of PNIPAM.'"® Liu et al. prepared a real-
time depth-controllable swimming gel by incorporating crystal-
line polymers with NIR-responsive photothermal agents."*?
The increase in the local temperature owing to the photother-
mal effect would trigger melting of the crystals, which would
subsequently decrease p and thereby result in surfacing of the
gel. To enable a swimming motion in the horizontal direction,
Shi et al. prepared a self-propelling boat by attaching a photo-
responsive microactuator to the stern of the hydrophobic
boat."® Upon exposure to UV light to trigger the decomposi-
tion of photoresists, the surface tension after releasing the sur-
face underneath was about 65 mNm™', which was different
from the surface tension between water and the released sur-
factant (72 mNm™"), and subsequently led to a surface tension
gradient and further a Marangoni effect to drive the boat in a
straight line at a speed of 3 cms™". To control the steering of a
swimming actuator, researchers have tested other swimming
modes to design artificial swimmers that enable controllable
motion. Parker et al. designed a tissue-engineered soft-robotic
ray by patterning dissociated rat cardiomyocytes on an elasto-
meric body enclosing a microfabricated gold skeleton (Fig-
ure 8 A-D)."® The rat cardiomyocytes were modified by means
of optogenetics to allow for phototactic guidance, steering,
and turning maneuvers. Light irradiation induced sequential
muscle activation through serpentine-patterned muscle cir-
cuits, leading to coordinated undulatory swimming. The speed
and direction of the ray could be adjusted by changing the
light frequency and independently eliciting movement of right
and left fins; thus allowing the biohybrid machine to maneu-
ver through an obstacle course. The group of Nelson com-
bined the alignment of iron oxide in a solution of PNIPAM and
fixing of the oriented particles through photopolymerization
to construct anisotropic structures, in which the aligned stiff
particles acted as reinforcements to control the programable
shape-morphing direction of the composite hydrogel™ A
soft micromachine with a tubular body and a helical tail was
obtained by adjusting the orientation of iron oxide particles.
The 3D precise and controllable corkscrew-like swimming
action was achieved by rotating external uniform magnetic
fields.

Although great progress has been made in designing artifi-
cial actuators with controllable locomotion, great challenges
still exist in achieving multimodal locomotion. Recently, Sitti
et al. designed a small-scale soft-robotic device consisting of
magnetic neodymium-iron-boron (NdFeB) microparticles and
a silicone elastomer."® The whole robotic body was first rolled
into a tube on a glass rod and then underwent a magnetiza-
tion process along a certain direction. After elastic recovery to
its flat shape, a robotic device with anisotropic orientation of
NdFeB in the body was obtained. Multimodal locomotion be-
havior, such as rolling, diving, surface swimming, climbing,
jumping, walking, and crawling (Figure 8E-I), were realized by
dynamically adjusting the strength and direction of the exter-
nal magnetic field, which endowed the robot with the ability
to perform tasks in precipitous conditions. Bioinspired actua-
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tors with controllable swimming abilities or multimodal loco-
motion are promising devices for stealth sailing, reconnais-
sance, and biomedical applications such as targeted drug de-
livery and cell manipulation.

4. Summary and Outlook

Biological systems show dynamic and reversible morphological
alterations and further transition to multimodal locomotion for
adapting to variable environments. Inspired by nature, many
efforts have been made to construct artificial actuators with
abundant and complex 3D shape-morphing abilities under ex-
ternal stimulation. Some of them can further transfer reversible
shape deformations into diverse locomotion modes with the
assistance of external fields. Herein, we have provided an over-
view of the mechanisms and working principles of bioinspired
artificial actuators based on stimuli-responsive polymers. The
near-tissue mechanical strength, biocompatibility, and biode-
gradable properties endow polymeric actuators with great po-
tential in tissue engineering, soft robotics, flexible electronics,
and artificial muscle.

Despite the last few years having witnessed the rapid devel-
opment of bioinspired actuators based on stimuli-responsive
polymers, there remains a considerable disparity in precise 3D
shape deformation, maneuverability, and movement efficiency
between artificial actuators and natural systems that needs to
be conquered through interdisciplinary efforts from chemistry,
materials science, mathematics, micro-electromechanical sys-
tems (MEMS), biology, and so forth. From our perspective, the
evolution of this promising field will move in the following di-
rections. First, a comprehensive and elaborate theoretical
model will be commonly used to guide complex structural de-
signs that combine advanced micro-/nanofabrication methods
based on MEMS processes, electrospinning, 3D printing, and
so forth. Meanwhile, new functional materials will be devel-
oped through molecular design, chemical synthesis, and mate-
rial processing; thus endowing the materials with multiple
functions and adjustable mechanical properties. Furthermore,
precise 3D reconfiguration and maneuverable locomotion with
high efficiency will be achieved by incorporating precise struc-
tural design into new functional materials. Second, stimuli-re-
sponsive polymers will be further processed into functional de-
vices that have practical applications in the following fields: in
vivo targeted navigation and drug delivery, minimally invasive
therapy, tissue repair, tissue regeneration, energy accumula-
tion, and so forth. Third, the responsive behavior of artificial
actuators will be controllably adjusted by coordinating multi-
ple external stimulations. In summary, compared with intelli-
gent biological systems, which show rapid and precise 3D
shape transformation and controllable 3D locomotion, artificial
polymeric actuators have a long way to go for improvements
in their response speeds, sophisticated heterogeneous struc-
tures, movement frequency, and accurate control. There is
therefore no doubt that within the next few years exciting
technologies based on shape-adaptive and locomotive poly-
mer-based materials will be in the forefront of research.
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