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Hydrogel-based actuators: possibilities
and limitations
Leonid Ionov
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The rapid development of microtechnology in recent times has increased the necessity for the

development of devices, which are able to perform mechanical work on the micro- and macroscale.

Among all kinds of actuators, the ones based on stimuli-responsive hydrogels, which are three-

dimensional polymer networks strongly imbibed with water, deserve particular attention. This paper

aims to provide a brief overview of stimuli-responsive hydrogel actuators with respect to their sensitivity

to different stimuli, different kinds of deformation, the possibilities of generating different types of

movement, as well as their applications.
Introduction
The rapid development of microtechnology (microelectronics,

microfluidics, MEMS) in recent times has increased the necessity

for the development of devices, which are able to perform me-

chanical work on the micro- and macroscale [1]. There are several

approaches for the design of actuators based on the use of the

piezoelectric effect, fluid flow, magnetic and electric fields. Among

all kinds of actuators, the ones based on stimuli-responsive hydro-

gels deserve particular attention. Hydrogels are three-dimensional

polymer networks strongly imbibed with water and the amount of

water can approach up to 99 wt% of the hydrogel mass. Because of

this property, hydrogels are able to considerably swell and shrink

(>10 times in volume) when the amount of water in the polymer

network changes, which may occur in response to different stimuli

such as temperature (T), light, pH, ionic strength, among others.

In this respect, the behavior of hydrogels mimics the hydromor-

phic movement of plants, where twisting and bending is provided

by a change of the amount of water in the cells and tissues. Clearly,

hydrogels are able to act in solely aqueous media that, on the one

hand, limits their applications but, on the other hand, opens new

perspectives for applications where other kinds of actuators are not

desirable. For example, there are a variety of biodegradable and

biocompatible stimuli-responsive hydrogels that allow the design

of actuators for bioapplications. The character of deformation of

inhomogeneous hydrogels can be far more complex and depends
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on many parameters such as the shape and size of the hydrogel, the

character of distribution of inhomogenities and even whether the

hydrogel is free-standing or lays on a substrate. This paper aims to

provide a brief overview about stimuli-responsive hydrogel actua-

tors with respect to their sensitivity to different stimuli, possibili-

ties to generate different types of movement, as well as their

applications. The paper does not aim to provide an overview of

all papers in this broad field but rather to provide a complete

picture of the possibilities and limitations of this fascinating field.

Stimuli
The swelling degree of hydrogels is defined by the balance of free

energy for the network expansion, which depends on the cross-

linking density, and the molar free energy of mixing, which

depends on interactions between polymer chains and solvents

as well as mixing entropy (Flory–Rehner Theory). While the cross-

linking density of a hydrogel remains constant, the energetic and

entropic components depend strongly on temperature, solvent

quality, which in turn depends on temperature, pH, among others.

Thus, by changing temperature and pH one can affect the swelling

degree of hydrogels.

There are plenty of reports describing the fabrication of actuating

hydrogel films with different stimuli-responsive properties For ex-

ample, there are pH-responsive systems based on polyelectrolytes

[2–11]; thermoresponsive systems based on polymers with low

critical solution temperature (LCST) and upper critical solution

temperature behavior [12–18]; solvent sensitive systems
1369-7021/� 2014 Elsevier Ltd. 

http://dx.doi.org/10.1016/j.mattod.2014.07.002

Open access under CC BY-NC-ND license.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mattod.2014.07.002&domain=pdf
mailto:ionov@ipfdd.de
http://dx.doi.org/10.1016/j.mattod.2014.07.002
http://creativecommons.org/licenses/by-nc-nd/4.0/


Materials Today � Volume 17, Number 10 �December 2014 RESEARCH

R
E
S
E
A
R
C
H
:
R
ev
ie
w

[6,8,19,20]; systems sensitive to electric signal [21–23], enzymes [24]

and light, which are based on light-to-heat conversion [25–27],

molecule isomerization of azobenzene fragments [28] and photo-

deprotection of nitrobenzyl groups [29]. In all these cases, applica-

tion and removal of stimuli lead to deformation and relaxation of a

hydrogel, respectively. Very interesting actuation can be achieved

using an oscillating Belousov–Zhabotinsky (BZ) redox reaction,

which allows cyclical changes in shape of the hydrogel [30–32].

Such hydrogels consist of thermoresponsive poly(N-isopropylacry-

lamide) hydrogels with chemically linked ruthenium-based cata-

lysts for the BZ reaction. BZ generates oscillations in the redox state

of the catalyst that affects the LCST of thermoresponsive hydrogels

leading to its oscillations. For example, using the BZ reaction

Yoshida et al. [33] fabricated gels exhibiting autonomous peristaltic

motion without external stimuli, prepared by copolymerizing tem-

perature-responsive N-isopropylacrylamide with ruthenium

tris(2,20-bipyridine) (Ru(bpy)3) as a catalyst. In another approach,

Maeda et al. fabricated a self-oscillating gel actuator without exter-

nal stimuli by producing a gradient structure, which generates a

pendulum motion by fixing one edge of the gel [34,35]. Such

oscillating hydrogels can, for example, be used to direct particle

transport [33] in the way that BZ reaction results in local swelling of

the hydrogel changing with time. As a result, a moving wave of

swollen hydrogel is formed. The wave provides peristaltic motion of

the adsorbed microparticles.

The responsive properties of hydrogels with shape-memory

effect are very interesting. These hydrogels, which contain nitrile

groups, have patterned surfaces and are able to quickly bend or

twist depending on the pattern when immersed in a solution of Zn

salts. The deformed shape can be fixed in pure water. Immersion in

Zn salts leads to a slow relaxation to the original state. This effect is

based on simultaneous inhomogeneous shrinking and deforma-

tion of the hydrogel as well as a coupling (physical crosslinking) of

nitrile groups by Zn2+ ions. In this case two nitrile groups are

linked by one ion. The long-term exposure to Zn2+ ions leads to

saturation of nitrile groups with Zn2+ ions and each nitrile group is

bound to one Zn2+ ion. Therefore, the hydrogel keeps its shape

after removal from a salty solution and slowly relaxes to its original

shape when immersed in Zn2+ solution for a long time [36].

Thus, use of polymers with different responsive properties

allows the design of hydrogels sensitive to various stimuli such

as temperature, light, pH, among others, which can also be in the

physiological range. Moreover, the design of self-oscillating hy-

drogel actuators is possible.

Types of deformation
Typically, changing conditions, such as temperature, pH and light,

results in a homogeneous expansion or contraction of hydrogels in

all directions (Fig. 1a). Complex deformation such as bending and

twisting, as well as even more complex folding, is produced as a

result of inhomogeneous expansion/shrinking, which occurs with

different magnitudes in different directions [37,38]. The first

possibility to achieve such deformations is by applying an inho-

mogeneous field, for example, a gradient of temperature or con-

centration, to homogeneous materials (Fig. 1b). In particular, it is

known that a strip of an anionic hydrogel bends toward the

cathode in an electric field [39]. Doi et al. [40] predicted that

this bending behavior is governed by the concentration of the
dominant ions. Varghese and Arya have extended this theory and

demonstrated that the same anionic hydrogel can be made to bend

in two different directions by changing its crosslink density [41].

The second possibility to achieve bending is to use an inhomoge-

neous hydrogel, which consist of hydrogels with different swelling

properties (Fig. 1c). For example, the bilayer hydrogel strip bends

in the direction of the less expanding component that is similar to

bimetal strip [42]. The third possibility to generate complex and

extremely fast motion is to use snap-buckling deformation, which

is similar to the motion of a Venus flytrap (Fig. 1d). This can be

achieved using a hydrogel device with a doubly curved shape [43].

Anisotropic swelling of one side of such a doubly curved film

results in a fast switching of the direction of curvature. In fact,

among these four scenarios, the use of an inhomogeneous hydro-

gel (Fig. 1c) allows the design of actuators with the most complex

trajectory of deformation that will be discussed in the next sec-

tions.

Effect of hydrogel shape on character of deformation
The shape of hydrogels plays a decisive role and defines the

character of movement and final shape of deformed hydrogels.

Among all kinds of shapes one can distinguish between two main

groups: rods and layers.

Rods. Hu et al. were among the first to demonstrate reversible

bending of stimuli-responsive polymer bilayer sticks, which con-

sist of poly(N-isopropylacrylamide)-based polymers [46]. It was

shown that when both the polymer forming bilayers are swollen,

the bilayer is undeformed. Shrinking of one of the components

leads to a bending of the rod that is similar to the behavior of

bimetal strip. Later on, the possibility of bending in different

directions was demonstrated on a hydrogel bilayer formed by

polyacid and polybase [47]. At low pH the bilayer bends in the

direction of the polyacid layer because this layer shrinks. The

opposite scenario is observed at high pH. Similar to this work,

Lahann et al. fabricated a smart polymer rod where a stimuli-

responsive swellable polymer brush was grafted at one side. The

rod bend and the radius of curvature are inversely proportional to

the degree of swelling [48]. In fact all reports show that the bilayer

rod bends in the direction on the nonswollen side.

Layers. Similar to rods, hydrogel layers bend in toward the less

expanding component (Fig. 2a). The bending of the layer is

however more complex than the bending of the rods. In fact,

a rectangular hydrogel layer can bend either along its short or

long sides, or along the diagonal. To address this question,

Stoychev et al. investigated the bending/folding of rectangular

stimuli-responsive hydrogel-based polymer bilayers with differ-

ent aspect ratios and relative thicknesses placed on a substrate

(Fig. 2b) [14,49]. It was found that the long-side folding dom-

inates at high aspect ratios (ratio of length to width) when the

width is comparable to the circumference of the formed tubes,

which corresponds to a small actuation strain. Folding from all

sides occurs when the width and length considerably exceed the

deformed circumference. Moreover, it was found that the pres-

ence of the substrate plays a very important role by determining

the direction of folding (Fig. 2b). In particular, the free-standing

bilayer rolls along its short sides and scrolls are formed. By

contrast, the bilayer which lies on the substrate rolls along its

longer side and tubes are formed.
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FIGURE 1

Different mechanisms of deformation of swelling of hydrogels: (a)–homogeneous swelling of homogeneous poly-(N,N-dimethylacrylamide)-based hydrogel

(reprinted with permission of Ref. [44], Copyright (2011) American Chemical Society); (b) bending of homogeneous poly(sodium acrylate)-based hydrogel in

the gradient of field (scale bar 1 mm, reprinted from Ref. [45], Copyright (2009) American Chemical Society); (c) bending of inhomogeneous poly(N-

isopropylacrylamide)-based hydrogel bilayer (scale bar 5 mm, reprinted from Ref. [46], Copyright (1995) AAAS); (d) snap-buckling of polyethylene glycol-
based hydrogel (reprinted from Ref. [43], Copyright (2010) Royal Society of Chemistry). Insets in (a) and (b) show the shapes before deformation.
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The ratio of the bending curvature to the size of the film also plays

a very important role. We demonstrated that star-like polymer films

located on a water-impermeable substrate fold in one-step and

leading to the formation of capsules if the bending curvature is

large (Fig. 2c, left images). Folding of similar bilayers with a smaller

bending curvature is more complex and occurs in a multistep

manner (Fig. 2c, right images). In particular, homogeneous bilayer

films can undergo sequential steps of folding by forming various 3D

shapes with sharp hinges such as pyramid [50]. Step-by-step folding

of different elements of self-folding films can also be achieved by

local activation of selected areas of self-folding films by light [51].

Effect of structural inhomogeneity
It was observed that homogeneous hydrogels undergo a typically

homogeneous change of the volume if there is no gradient of

concentration or temperature. Applying a gradient of stimuli (tem-

perature, pH, light, among others) to homogeneous hydrogels can

lead to its bending [52]. Very recently it was demonstrated that one

can achieve very complex deformation of homogeneous hydrogels

using a local deposition of heavy metal ions in a charged hydrogel

(ionoprinting). This method is based on applying electrodes to

intrinsically homogeneous hydrogels. One of the electrodes is made

of copper and the electrochemical reaction leads to the formation of
496
copper ions, which diffuse in the hydrogel and change their swelling

properties. As a result the hydrogel bends, complex deformation

(formation of hinges, bidirectional bending) is achieved using

multiple electrodes [53].

Structural inhomogeneity plays a very important role and,

along with the shape, defines character of deformation. This

mechanism of controlling the character of deformation is imple-

mented in nature (Fig. 3a,b,f,g,k,l). For example, pine cone scales

and wheat awn are formed of two kinds of tissue [54–56]. In one of

them cellulose fibers are oriented along the scale that allows

bending (Fig. 3c,h). The orchid tree seedpod is also formed by

two-layer structure, while the cellulose fibers in each layer are

oriented at some angle with respect to each other that allows

twisting (Fig. 3m) [57]. These, nature-inspired mechanisms of

control of deformation were realized in the example of thermo-

responsive hydrogels with incorporated magnetic plates, which

are oriented in a specific direction during preparation of the

hydrogel by a magnetic field. The magnetic plates play the role

of cellulose fibers in plants. Similar to natural examples, hydrogels

are able to bend and twist depending on orientation of magnetic

plates (Fig. 3d,e,i,j,n,o).

In other reports, Hayward and Santangelo demonstrated that a

patterned polymer film consisting of patches with different swelling
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FIGURE 2

Different scenarios of deformation of bilayers based on poly(N-isopropylacrylamide)-based hydrogel (a) depending on the presence of substrate (b) and

shape of the film (c). Scale bar is 200 mm (b – reprinted from Ref. [49], Copyright (2012) American Chemical Society, c – reprinted from Ref. [15], Copyright

(2011) Royal Society of Chemistry and Ref. [50], Copyright (2013) Wiley-VCH Verlag GmbH & Co. KGaA). Scale bar is 200 mm.
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degrees is able to fold in a very complex way and the character of

folding depends on the pattern (Fig. 4a) [59,60]. When swollen in an

aqueous medium, a film consisting of high- and one low-swelling

stripes does not bend to the side of the less-swelling component,

that is the case of ‘classical’, but rolls into a three-dimensional shape

consisting of two nearly cylindrical regions connected by a transi-

tional neck (Fig. 4b). Films with radial gradient of swelling proper-

ties, where the outer part swells more than the central part, fold in

response to a change of temperature and form complex structures
(Fig. 4c). Kumacheva et al. investigated the folding of rectangular

films formed by stripes of two or three polymers with different

swelling properties [61,62]. Such films are unfolded when all poly-

mers have the same swelling properties (either equally swollen or

equally shrunk) and roll in different directions when polymers swell

unequally.

Structural inhomogeneity can also be used for the generation

of complex rod movement [63]. Similar to a bilayer, the birod

bends in the direction of the less expanding component (Fig. 5a).
497
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FIGURE 3

Deformation of natural actuators and synthetic actuators based on a poly(N-isopropylacrylamide)-based hydrogel with structural inhomogeneity. A conifer
pinecone (a) dried out and (b) fully hydrated. (c) Cartoon schematic indicating the predominant orientation of cellulose fibers within a pinecone scale

according to refs [54,55]. Synthetic pinecone scales constructed by orienting magnetic platelets in a similar bilayer structure within gelatin shown (d) as-

prepared and (e) fully hydrated. A wheat awn system (f ) dried out and (g) fully hydrated. Reprinted from Ref. [56] (reproduced with permission from AAAS).

(h) Cartoon schematic indicating the predominant orientation of cellulose fibers within a wheat awn according to Ref. [56]. Synthetic wheat awn systems
constructed by orienting magnetized alumina platelets in a similar bilayer structure within gelatin, shown (i) as-prepared and (j) fully hydrated. An orchid

tree seedpod (k) hydrated and (l) dried out. Reprinted from Ref. [57] (reproduced with permission from AAAS). (m) Cartoon schematic indicating the

predominant orientation of CMFs within the orchid tree seedpod according to Ref. [57]. Synthetic chiral seedpods constructed by orienting magnetic
platelets in a similar bilayer structure within gelatin, shown (n) as-prepared and (o) fully hydrated. All scale bars are 1 cm. Whole image is reproduced with

permission of Ref [58], Copyright (2013) Nature Publishing Group.
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FIGURE 4

Temperature-responsive swelling of bistrips based on a poly(N-isopropylacrylamide)-based hydrogel: (a) scheme; (b) folding of simple shape; (c) folding of a

complex shape with radial gradient of swelling properties. When the temperature of the aqueous medium is increased, the bistrip shrinks, unrolls, and

finally recovers a flat shape by 508C as the temperature is decreased [60]. Scale bar is 200 mm (reprinted from Ref. [60], Copyright (2012) Royal Society of
Chemistry and Ref. [59], Copyright (2012) AAAS).
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By making a sloped bilayer structure, the planar structure de-

scribed in Fig. 5b can be bent along the y-axis as well as twisted

around this axis when one of the layers is asymmetrically expand-

ed in a specifically selected solvent. When the bilayer actuating

device with triangular layers with respect to the y-axis is swollen, a

helical-type actuating sensor can be formed. A double twisted

helical photonic actuator can be formed as shown in Fig. 5c [19].

Applications
The reversible deformation of hydrogels can be used not only for

the design of micromanipulators (artificial muscles) but also for a
FIGURE 5

Schematic illustrations of deformation of inhomogeneous hydrogels (hydrogels w

(b) polypeptide-type twisting, (c) DNA-type twisting actuators based on poly-(2-h
(2011) Royal Society of Chemistry).
variety of applications such as sensors, optical devices with tunable

focal length and color, control of liquid flow in microfluidic

devices. Below are given some examples of application of actuating

hydrogels.

Sensors. One possible kind of application of inhomogeneous

hydrogels is sensors based on the detection of bending of inho-

mogeneous hydrogels (Fig. 6a) [1,64–67]. This can be realized

using an atomic force microscopy (AFM) setup – AFM cantilevers

are coated on one side with hydrogel and are able to bend depend-

ing on the swelling state of the hydrogel [64,65] In this way, pH-

[64], temperature-, ion-sensitive [66,67] and biosensors [65] were
here ‘blue’ and ‘red’ parts have different swelling properties): (a) bending,

ydroxyethyl methacrylate)-based gels (reprinted from Ref. [19], Copyright

499
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FIGURE 6

Examples of the application of hydrogels actuators: (a) cantilever sensor based on a polyacrylamide hydrogel, which bends when the environmental
conditions are changed (reprinted from Ref. [67], Copyright (2003) American Chemical Society); (b) smart optical lenses with tunable focal length based on a

poly(N-isopropylacrylamide)-based hydrogel (reprinted from Ref. [70], Copyright (2006) Nature Publishing Group); (c) materials with switchable coloration

based on a poly(N-isopropylacrylamide)-based hydrogel (reprinted from Ref. [83], Copyright (2012) Elsevier); (d) smart valves for control of liquid flow based
on poly-(2-hydroxyethyl methacrylate)-based hydrogel (reprinted from Ref. [77], Copyright (2001) American Institute of Physics); (e) swimmers based on a

polyethylene glycol-based hydrogel and walkers based on a poly(acrylic acid)-poly(allylamine hydrochloride) hydrogel (reproduced from Refs. [84,85],

Copyright (2011 and 2008) Wiley-VCH Verlag GmbH & Co. KGaA); (f ) examples of 2D and 3D microfabricaiton using polyethylene glycon and poly(N-

isopropylacrylamide)-based actuators (reproduced from Ref. [86], Copyright (2013) Wiley-VCH Verlag GmbH & Co. KGaA; Ref. [87], Copyright (2013) Wiley-VCH
Verlag GmbH & Co. KGaA; Ref. [62], Copyright (2013) Nature Publishing Group; Ref. [50], Copyright (2013) Wiley-VCH Verlag GmbH & Co. KGaA).
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developed. The advantage of this approach is simplicity: any AFM

device can be used for sensing.

Optical devices. Stimuli-responsive hydrogel microparticles can

be used as microlenses with a focal length that is tunable via

external stimuli, which depends on the particle size and, as result,

on the swelling degree [68,69]. In another possible scheme, the

membrane separating water and oil is mounded on ring formed by

macroscopic stimuli-responsive hydrogels (Fig. 6b) [70]. When

exposed to an appropriate stimulus, the hydrogel ring underneath
500
the aperture responds by expanding or shrinking. This leads to a

change in the volume of the water droplet located in the middle of

the ring. The net volume change – the change in the volume

enclosed by the ring and the change in water droplet volume –

causes a change in the pressure difference across the water–oil

interface that directly determines the geometry of the liquid

meniscus.

A change of the volume of the hydrogel can be used for the

design of materials with changing color. One way is although the
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incorporation of gold or semiconductor nanoparticles in stimuli-

responsive hydrogel particles [71,72]. In this case, the swelling and

shrinking of hydrogel particles results in the change of aggrega-

tion/disaggregation of the incorporated nanoparticles that change

their plasma resonance properties or fluorescence. Closely packed

stimuli-responsive hydrogel microparticles provide another possi-

bility for the design of photonic crystals with switchable optical

properties (Fig. 6c) [73–76]. In this case spherical particles form

densely packed arrays with periodicity defined by their size. The

reversible swelling/shrinking of particles leads to change in the

periodicity of the lattice that results in the change of the wave-

length of transmitted and reflected light.

Microfluidic devices. Control of liquid flow in microfluidic

devices is one of the potential applications of hydrogels actuators

[77–81]. The simplest possibility is to use large hydrogel pieces

which act as a smart valve (Fig. 6d). These valves allow the liquid to

flow when the hydrogel is shrunk and closes the channel when

swollen. Another possibility to control liquid flow is to use the

bending of a hydrogel bilayer. Such a setup was realized by Yu et al.

[77]. The valve consists of a bistrip formed by pH sensitive and pH-

indifferent hydrogels. Back pressure closes the leaflets, thereby

restricting backflow, whereas forward pressure opens the leaflets

and allows fluid to pass. The valve activates and deactivates in

response to solution pH due to the use of a pH-responsive hydrogel

in the leaflets. At high pH, the valve is functional and at low pH the

leaflets contract to close the valve. Therefore, the valve not only

functions as a one-way check valve, but also provides the ability to

call the valve into service when desired. Similar check valves were

found in mammalian veins [82].

Walkers and swimmers. In fact, the bending of a hydrogel can

easily be transformed to walking or swimming by applying cyclical

stimuli (Fig. 6e). In 1992 Osada et al. reported the deformation of a

polyelectrolyte hydrogel immersed in a surfactant solution caus-

ing swelling of the hydrogel [88]. The hydrogel bends toward the

cathode that allows control over the direction of bending via the

polarity of the applied voltage. Switching the polarity resulted in a

change of the bending direction. Thus, the gel demonstrated

bending and stretching upon cyclic change in the polarity of

the applied voltage. The specific deformation of the hydrogel

allowed its walking at a speed of 15 mm/min. Similar to this work,

Sun et al. developed a macroscopical hydrogel-based actuating

system, which is able to walk on a ratchet substrate. The system is

based on the bending of a hydrophobic–hydrophilic bilayer in

response to a change in humidity (Fig. 6e, lower panel) [84]. This

bilayer actuator could drive a walking device carrying a load 120

times heavier than the actuator and to walk steadily on a ratchet

substrate under periodic alternation of the relative humidity be-

tween 11 and 40%. This concept was further developed in later

works. For example, Velev and Dickey demonstrated walking of

electrically active hydrogel [89]. Bashir developed walkers by

combining hydrogels cardiomyocytes forming together a bilayer

structure which can walk [90].

Hydrogel-based actuators are also able to swim when their shape

changes cyclically. Different shapes have been used to design

hydrogel-based swimmers. Lee et al. used inhomogeneous defor-

mation of hydrogels and fabricated pH-sensitive hydrogel actua-

tors mimicking the shape and the swimming motion of octopus

and sperm (homogeneous hydrogel in electric field) [85]. Such
aquabots are able to produce directional motion in response to a

change of the electrochemical potential and can potentially be

used for biomedical applications to sense and destroy certain

microorganism. Smela et al. demonstrated more complex actu-

ation on the example of conjugated polymer actuators formed by a

bilayer consisting of polypyrrole and metal [91,92]. They showed

that such bilayer actuators are able to capture and release particles

[21,92].

3D microfabrication. In fact, most applications of actuating

hydrogels are related to the generation of force or force momen-

tum. By contrast, as it is shown above (Figs 2 and 4), the deforma-

tion of a hydrogel can also lead to a considerable change of shape:

this is used for the design of complex 2D and 3D systems in an

origami-inspired self-folding concept (Fig. 6f). In fact, utilization

of the folding of hydrogels for the design of structured materials is

highly attractive – it allows very simple, template-free fabrication

of very complex repetitive 2D and 3D patterns [93–98], which can

hardly be prepared using other very sophisticated methods, such

as two-photon and interference photolithography. One of the

advantages of self-folding hydrogels is the possibility of quick,

reversible and reproducible fabrication of 3D hollow objects with

controlled chemical properties and morphology of both the exte-

rior and interior. There are many factors, which make hydrogel-

based microfabrication particularly attractive [38,99,100]. First,

there are a variety of polymers sensitive to different stimuli that

allow the design of self-folding films, which are able to fold in

response to various external signals. Second, there are many

polymers changing their properties in physiological ranges of

pH and temperature, as well as polymers sensitive to biochemical

signals. Third, there are a variety of biocompatible and biodegrad-

able polymers. These properties make polymer-based self-folding

films very attractive for biotechnological applications. Fourth,

polymers undergo considerable and reversible changes of volume

that allow the design of systems with reversible folding. Fifth,

fabrication of 3D structures with sizes ranging from hundreds of

nanometers to centimeters is possible.

3D microfabrication using actuating hydrogels is particularly

attractive for the design of scaffolds and the fabrication of 3D

cellular constructs [101,102] that potentially allows the fabrica-

tion of 3D scaffolds for tissue engineering [86]. A very interesting

application of self-folding hydrogels was recently demonstrated by

Gracias et al. They used deformation of polymers to design 3D

microfluidic systems [103]. Another application related to a

change of shape of hydrogel structures is encapsulation and re-

lease. Cells were encapsulated in thermoresponsive poly(N-isopro-

pylacrylamide)-based self-folding films upon cooling below 308C
and could be released from the film, which unfolds above 308C.

This encapsulation and release is completely reversible and could

be repeated many times [14,15]. Very recently, fully biodegradable

self-folding films, which consist of commercially available biode-

gradable polymers, were also used to encapsulate cells [104]. Self-

rolled tubes obtained by rolling thermoresponsive bilayers with an

additional layer of platinum is able to swim in a solution of

hydrogen peroxide and the swimming can be activated/deacti-

vated by change of the shape of the tube [105].

Stimuli-responsive surfaces. Very recently Aizenberg et al. dem-

onstrated fascinating self-regulating oscillating hydrogel-based

actuators [106]. In this study, arrays of PNIPAM pillars were
501
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fabricated with a catalyst as a cap for each pillar. Intense exother-

mic reactions were localized at the tips of the pillars, also localizing

the increased temperature in this region. Once the temperature

reached the LCST, the rods bent into a region of liquid which was

designed to contain no reactants, allowing the pillars to cool below

the LCST. This caused the pillars to elongate once more and

continue the cycle. Simulation results show that such an oscilla-

tion is stable at long times, and could thus continue so long as the

supply of reagent continued.

Conclusions and outlooks
There are several advantages of hydrogel-based actuators. The first

is the possibility of the design of actuators sensitive to different

signals (pH, temperature, concentration, biosignals). Next, hydro-

gels undergo huge volume changes, which occur in relatively

narrow ranges of changes of temperature, pH, and ionic strength.

In spite of such big advantages, the use of hydrogel-based actuators

is limited to aqueous solutions. Here, one must note that while

water is really required for actuation, the design of hydrogel-based

actuators acting in air conditions is possible. In this case, water

molecules are adsorbed from air (humidity). It is clear that the

volume expansion in air is much smaller and the response time is

typically larger than in that in water. Another limitation of hydrogels

is the dependence of the response time on the size which is related to

slow diffusion of water molecules. The response time of hydrogels

with the size of several cm can be as large as several hours. This

problem can, however, be solved using porous hydrogels [45].

This review covered different possibilities toward the design of

actuators using hydrogels, discussed different mechanisms of

movement and gave an overview of their applications. In particu-

lar, the swelling of hydrogels can result in a variety of different

deformation scenarios, from simple changes of the size, to bending

and twisting, as well as multistep folding which is defined by the

shape of hydrogels, their structural inhomogeneity, among others.

This allows hydrogels to not only to perform mechanical work as

‘artificial muscles’ but also as sensors, active optical devices, smart

valves for microfluidic devices, encapsulation of cells and in the

design of biomaterials. One of the main advantages of hydrogel-

based actuators over other types is the possible biocompatibility/

biodegradability that leaves an opens perspective for the design of

resorbable actuators for in vivo applications. A very promising

application of actuating self-folding hydrogels is 3D microstruc-

turing. It was demonstrated that one can design various hollow

structures using self-folding hydrogels such as tubes, capsules,

cubes, pyramids, among others. Moreover, self-folding technology

allows for very straightforward design of 3D structures with pat-

terned walls that, for example, can hardly be achieved using

interference- and two-photon lithography. Therefore, this tech-

nique opens possibilities for 3D patterning of cells and the design

of scaffolds for tissue engineering.
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