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Abstract—A shape changing material (SCM) morphs its shape upon external stimulus, and it offers a design of com-
plex 3-dimensional structures remotely, which can be potentially useful for biomedical tools, drug delivery, and soft
robotics. To actuate such structures through a physicochemical stimulus, stimuli-responsive materials have been stud-
ied over the past few decades. Several SCMs have been reported by combining novel stimuli-responsive materials,
micropatterning techniques and a unique actuation cue. In this review; we introduce a recent development in SCMs
within the aspects of their materials and structures to describe how the materials can be designed and actuated on
demand. Finally, we discuss the future direction and challenges for SCMs as physicochemically-powered actuators.
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INTRODUCTION

Stimuli-responsive materials have long been studied as a novel
matter in the design of physicochemically programmed tools. These
are mostly made of soft matter, where the volume can be swollen
or shrunk upon various environmental stimuli such as tempera-
ture, pH, electromagnetic waves, specific ions, and so on, driven by
the thermodynamic equilibrium [1,2]. This diversity enables the
development of stimuli-responsive materials as smart drug carri-
ers, chemical or optical sensors as well as beneficial ingredients for
foods and cosmetics. Recently, extensive studies have combined
the stimuli-responsive materials with micropatterning technolo-
gies to boost the development of novel tools, so called shape chang-
ing material (SCM) [3-5]. Stimuli-responsive SCMs refer to materials
that can change their structures or shapes upon stimuli. It can be
easily achieved by designing composite structures with stimuli-
responsive materials as an active layer and inert materials as a sup-
porting layer. With this anisotropic design of the microstructures,
an omnidirectional change in volume of the stimuli-responsive
materials is hindered by the supporting layer, resulting in a direc-
tional change in volume, which enables controlled shape change of
the materials. There are basically two different approaches for engi-
neering SCMs: surface wrinkling or self-folding by introducing a
solid supporting layer or a soft supporting layer, respectively. Al-
though these structures have quite similar shape-changing strate-
gies in their material design, these have been investigated for the
use in various fields of applications.

SCMs are also called as self-scrolling, self-rolling, self-curling, or
origami folding materials based on their mode of actuation and
are regarded as a promising tool to design physicochemically-pow-
ered actuators. With the proper design of the materials and shapes,
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we can manipulate the shape changing direction, curvature or fold-
ing angle, and, eventually; its 3-dimensional shape of the material.
For example, the active layer becomes the innermost or outermost
layer when its volume is shrunken or swollen, respectively. The
curvature of the materials is determined by the degree of change in
volume of the active layer according to the dimension and mechani-
cal properties of the materials. Thus, we can drive the material to
be folded, curled, twisted, or even formed into a more complicated
shape.

In this review, we introduce the recent development of soft and
stimuli-responsive SCMs. In particular, we mainly focus on the mate-
rial and chemical engineering aspects of the SCMs. The review is
categorized into two aspects: (1) in the first section, the material
aspects of SCM will be considered to introduce various stimuli-
responsive systems, and then (2) the structural aspects of the materi-
als will be discussed to introduce how the shape of material can be
designed for programmable actuation. Finally, we discuss the future
direction of SCMs as physicochemically-powered actuators, includ-
ing some challenges in the field.

MATERIAL ASPECTS OF SHAPE CHANGING
MATERIALS

1. Hydrogels

In developing SCMs, many researchers have focused on finding
novel materials as an active domain. Hydrogels are the most com-
mon materials; these swell by absorbing water through a sparse
polymeric network, as schematically illustrated in Fig. 1. The degree
of swelling of the monolithic hydrogel can be tuned according to
the crosslinking density, polymerization yield, and molecular struc-
ture of the materials. Therefore, SCMs can be simply realized by
combining swellable hydrogels with non-swellable supporting mate-
rials (Fig. 2(a)). Interestingly; a similar bilayer type of structure, such
as bimetallic strips, has been previously utilized for thermosets,
clocks, electrical devices, and so on. In addition, this mechanism is
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Fig. 1. Schematic illustration of reversible swelling/shrinkage of hy-
drogels response to temperature (top) and pH (bottom).

also frequently observed in nature [6,7]. The deposition of a metal
thin film on a hydrogel film can realize self-bending. Since the
hydration of the hydrogel exerts strain onto the film, the hydrogel/
metal composites show reversible bending. For example, Ma et al.
mimic a humido-sensitive blooming of a flower’s petals by fabri-
cating swellable poly(acrylic acid) (PAA)/poly(allyl-amine hydro-
chloride) (PAH) layer-aluminum bilayer, as shown in Fig. 2(b) [8].
By controlling the degree of hydration [9] or crosslinking the den-
sity of the materials [10], the same strain can be applied onto materi-
als, which may result in a different curvature of the bent structures.
In the same manner, a more complicated swelling-driven shape
change can be achieved by applying micropatterning technology,
which will be discussed later.

The great strength of hydrogels as an SCM is their capability to
achieve a dramatic change in volume upon an external stimuli. The
first temperature-responsive self-folding material (Fig. 2(c)) was
reported in 1995 by Hu et al. [11], and since then, poly(N-isopro-
pylacrylamide) (PNIPAM) has become a representative material
to fabricate stimuli-responsive SCMs. PNIPAM is a polymer that
has a lower critical solution temperature (LCST) near human body
temperature, reversibly changing its phase between the hydrated
state and dehydrate state. The volume of dehydrated PNIPAM is
known to be approximately 10% compared to that of its hydrated
state, which is enough of a deformation for self-folding. In fact,
most SCMs have used PNIPAM- or PNIPAM-based composite
materials as a backbone since these are easy to fabricate and actu-
ate in relatively moderate environmental conditions. The high vol-
umetric shrinkage of PNIPAM enables transformation of planar
bilayer films into tubular structures. The Ionov group fabricated
PNIPAM-based bilayer films with a very low aspect ratio to achieve
rolling of the film to encapsulate the microspheres, as shown in
Fig. 2(d) [12]. In addition, the dimension of the film is also con-
trolled using photolithography, which realizes long-side, short-side,
or diagonal curling of materials showing programmable actuation
[13].
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As a stimulus, light is a powerful tool since it enables the remote
and spatial control of actuation. Temperature-responsive hydro-
gels can also be light-responsive since light generates heat by addi-
tives, as shown in Fig. 2(e). Since light can be spatially and tem-
porally controlled, the shape change of the PNIPAM bilayer film
can be achieved with a greater degree of freedom. As shown in Fig.
2(f) and 2(g), reprogrammable SCMs are demonstrated by incor-
porating gold nanoparticles [14] or magnetic nanoparticles [15,16]
into PNIPAM hydrogels. The photothermal effect with nanoparti-
cles enables local heating of materials and enhances the actuation
kinetics of SCMs. In addition, Fig. 2(h) shows that the degree of
swelling is also controlled by manipulating the light intensity, remotely;
showing a facile way to control the SCMs. Recently, graphene oxide
was used for its photothermal effect on SCMs showing sunlight
driven actuation [17].

Another frequently used hydrogel is the one with pH-respon-
siveness. The pH-responsive swelling behavior of the hydrogel has
been previously well established [18]. When the backbone of the
hydrogel network has either cationic or anionic groups upon hydra-
tion, the charge neutralization process within the hydrogel network
derives swelling of polymer network. Specifically; the hydrogel with
a cationic group, such as an amide, or anionic group, such as a
carboxylate, swells more in acidic or basic condition, respectively,
since these absorb counterions, as shown in Fig. 2(i). Using these
characteristics, various hydrogels have been designed as pH-respon-
sive materials. For example, biocompatible hydrogels made of poly(2-
hydroxyethylmethacylate), (p(HEMA)) are copolymerized with
acrylic acid (AA) (p(HEMA-co-AA)) for base-swellable hydrogels
[19]. Then, these are fabricated with p(HEMA) as a bilayer using
two-step photolithography. The proper design of a planar bilayer
film offers the transformation of the film into 3-dimensional micro-
capsules in a basic solution (Fig. 2(j)). A similar active layer com-
posed of p(HEMA-co-AA) with poly(ethylene glycol) diacrylate
(PEGDA) and a supporting layer of poly(divinylbenzene) shows
reversible bending with a pH condition [20]. The curvature attri-
buted to the self-folding of the bilayer film is controlled by thick-
ness of the supporting layer due to the force balance between the
tensile force of the active layer and the material stiffness of the
supporting layer. On the other hand, the hydrogel with the amine
group swells in an acidic condition. PNIPAM, a thermo-respon-
sive hydrogel, can also be used as an acid-swellable hydrogel due
to its acrylamide group shown in Fig. 2(k) [21]. As far as biomedi-
cal applications are concerned, SCMs made of fully biocompatible
and biodegradable materials is practically important; among natu-
ral polysaccharides, chitosan is a good example with an amine
group. To achieve this, SCMs fully designed with natural polysac-
charides, chitosan and cellulose/carboxymethylcellulose, are used
for the actuation [22].

Some hydrogels are actuated with unconventional responses.
Maeda et al. used a unique chemical reaction, called the Belousov-
Zhabotinsky (BZ) reaction inside of PNIPAM gels for the peri-
odic actuation of hydrogels [23]. The BZ reaction catalyst, ruthe-
nium(IT) tris(2,2 “bipyridine) (Ru(bpy);"), is covalently bonded with
PNIPAM, and the molecular state of the catalyst is reversibly changed
from an oxidized Ru(IIl) state to a reduced Ru(Il) state. As a result,
the chemical waves drive a cyclic oscillation of the hydrogels, as
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Fig. 2. (a) Schematic illustration of shape changing material (SCM) made of stimuli-responsive hydrogels that can be actuated by hydration.

(b) Images of free standing aluminum and 30 layers of poly(acrylic acid)/poly (allylamine hydrochloride) bilayers at 12% relative
humidity (RH) (left) and 5% RH (right) at 60 °C showing shape changing upon hydration. Reproduced with permission [8]. Copy-
right 2009, American Chemical Society. (c) Schematics of temperature-responsive actuation of hydrogels. (d) Images showing tem-
perature-responsive actuation of poly(N-isopropylacrylamide)-co-poly(4-acryloylbenzophenone) (PNIPAM-ABP) and polycaprolactone
bilayer for capturing yeast cells at below lower critical solution temperature. Reproduced with permission [11]. Copyright 2011, The
Royal Society of Chemistry. (¢) Schematics of photothermally-triggered actuation of hydrogels. (f) Images of PNIPAM gels with gold
nanoparticles. As the light is selectively illuminated, surface plasmon resonance absorption of gold nanoparticle generate heat result-
ing deswelling PNIPAM gels. Reproduced with permission [14]. Copyright 2014, Wiley-VCH. (g) Photothermal actuation of PAAm
and PNIPAM/magnetic nanoparticle bilayers under visible light. Light absorption of magnetic nanoparticles make deswelling of PNI-
PAM layer. (h) A graph for reversible and controllable actuation of bilayer film. In accordance with light intensity, curvature (x) of
film is consistently controlled. Panel (g), (h) are reproduced with permission [16]. Copyright 2015, Nature Publishing Group. (i) Sche-
matics of pH-responsive actuation of hydrogels. Negatively or positively charged hydrogels are swells at alkalic or acidic conditions,
respectively. (j) Images for reversible folding of poly(hydroxyethylmethacrylate) and poly(hydroxyethylmethacrylate-co-acrylic acid)
bilyer film by pH. The planar film forms microcapsules at alkalic solution of pH 9 (left) and recovers its flat shape at acidic condition
of pH 4 (right). Reproduced with permission [19]. Copyright 2012, Wiley-VCH. (k) Acid-responsive folding of poly(N-isopropylacryl-
amide-co-2-carboxyisopropylacrylamide) and poly(N-isopropylacrylamide-co-N,N"-dimethylaminopropylacylamide) bilayer. A layer
containing carboxyisopropylacrylamide units swells at acidic solution, resulting bending of materials. Reproduced with permission
[21]. Copyright 2012, The Royal Society of Chemistry. (I) Schematics of periodic chemical reaction-driven actuation (left) and images
of self-walking motion of poly(NIPAM-co-ruthenium(II) tris(2,2"-bipyridine)-co-2-acrylamide-2-methylpropane sulfonic acid) gels on
ratcheted substrate (right). By the Belouzov-Zhabotinsky reaction, state of ruthenium changes from oxidized to reduced state periodi-
cally, resulting autonomous swelling/deswelling of gels. Produced with permission [23]. Copyright 2007, Wiley-VCH. (m) Schematics
of strain-triggered actuation of SCMs by degradation of hydrogels (left) and images for curling of poly(ethylene glycol) diacrylate, gel-
atin methacrylate-co-polyethylene glycol dimethacrylate (GeIMA-co-PEGDMA), and PNIPAM hybrid gels. Enzymatic degradation of
GelMA causes decrease of crosslinking density of GeIMA-co-PEGDMA layer resulting film curling. Reproduced with permission [25].
Copyright 2016, American Chemical Society.

shown in Fig. 2(1). The degradation of the gel with a biological sig-
nal induces a change in the shape of the hydrogels [24,25]. Athas
et al. harnessed gelatin methacrylate as a degradable layer by colla-
genase [25]. They fabricated PNIPAM and an alternating PEGDA-
gelatin methacrylate bilayer film. As the gelatin methacrylate layer
becomes degraded by the collagenase, as shown in Fig. 2(m), the
swelling force of the PNIPAM layer makes a change in the shape
of the materials.

Most hydrogel-based SCMs are actuated in a hydrated state.
Also, many actuation cues are closely related to the biological con-
ditions. The temperature-responsive hydrogels respond to body
temperature, and the pH-responsive hydrogels can be potentially
used as actuators in specific organs with different pH conditions.

Recent developments have shown that biological signals can trigger
the actuation of the materials, and these results imply the future
applicability of hydrogel-based SCMs as a soft robot in the human
body.
2. Shape Memory Polymers

Shape memory polymers can memorize the shape or mechani-
cal state, and these have the ability to recover their shape from a
deformed state to a permanent state, which offers programmabil-
ity as SCMs [26-30]. Unlike the hydrogel based on the SCM, which
always requires a wet environment, the shape memory polymer can
be actuated in both dry and wet states. A common shape mem-
ory polymer is controlled by the temperature. From its perma-
nent shape, it can be deformed into various shapes by elevating
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Fig. 3. Schematic illustration of shape recovery of shape memory
polymer. Shape of polymer is programmed above thermal
transition temperature (T,,,,), then cooled for shape fixation.
The shape can be recovered as we increase the temperature
to T,

the temperature to the thermal transition temperature (T,,,) of
the materials. The deformed shape is maintained below T, but
it readily recovers its shape when we increase the temperature to
T,ums as shown in Fig. 3. By using this characteristic, the commer-
cially-available shape memory polymer, Shrinky-Dinks, is used as
an SCM [27]. For photothermally triggered shape changes, light
absorption ink patterned on Shrinky-Dinks enables a programmed
deformation of the planar film when it is illuminated with infra-
red light. Since the deformation of the film occurs only at a tem-
perature above T, the structure becomes bistable at room tem-
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perature. A similar approach has also incorporated nanoparticles
into the shape memory polymers (Fig. 4(a)). Zhang et al. demon-
strated light-driven SCMs by using the photothermal effect of gold
nanoparticles [28,29]. Interestingly, the gold nanorods in the shape
memory polymer were shown to be aligned by polarized light
because of the anisotropic optical property of the gold nanorods.
They incorporated gold nanorods in poly(vinyl alcohol) film, and
then it was stretched to align the gold nanoparticles. In these states,
the deformed stretched film can be initially recovered to the stretched
state through parallel polarized light, as shown in Fig. 4(b). Although
the above examples only achieve irreversible actuation, it shows
the potential to use light as the actuation cue to control the shape
memory polymers.

The general shape of the shape memory polymer has limitations
for engineering: 1) the deformation process is irreversible, and 2) a
permanent shape cannot be redefined. To overcome these limita-
tions, the shape memory polymer with a crystallizing domain was
introduced to produce bi-directional reversible SCMs [31,32].
Briefly, reversible-shape memory polymers can be realized utilizing
multiple transition points, as shown in Fig. 4(c). Since the shape of
the polymer is programmed by heating over the glass transition tem-
perature (state I) followed by a cooling (state II), the crystalline
domains in the material can reversibly change its state upon mod-
erate heating (state IIT) and cooling. These multiple states are de-
signed through the copolymerization of materials. As shown in
Fig. 4(d), the multiphase polymers consisting of poly(a-pentade-
calactone) segments acting as the geometry-determining domains
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Fig. 4. (a) Schematic of shape recovery of shape memory polymer by photothermal effect. (b) A graph for polarization angle dependent
shape recovery of poly(vinyl alcohol) film incorporated with gold nanorods. Since photothermal effect of gold nanorods is maxi-
mized when the light polarization is parallel to the direction of gold nanorods, shape recovery is effected by polarization angle of
light. Reproduced with permission [28]. Copyright 2013, Wiley-VCH. (c) Schematic of reversible actuation of shape memory poly-
mer having multiple equilibrium states. (d) Images of reprogramming and reversible actuation of poly(@-pentadecalactone)/poly(&
caprolactone) composite film. The film is programmed above geometry determining temperature, T,,,, and is actuated at actuation
temperature, T, by controlling crystallization of each polymer domains. Reproduced with permission [31]. Copyright 2013, Wiley-
VCH. (e) Schematic of actuation of chemically-programmed shape memory polymers. (f) Dynamic mechanical analysis for thermal
relaxation of Nafion film at deprotonated (red) and re-protonated (blue) states (left). When the film is immersed in 1M NaOH
(deprotonation) and 1 M HCI (re-protonation), thermal relaxation temperature is around 260 °C and 100 °C, respectively. Selective
deprotonation of Nafion film show programmed shape changing at 120 °C (right). Reproduced with permission [33]. Copyright 2014,
Wiley-VCH. (g) Schematic of temporally controllable shape memory polymer having dual networks. (h) Two different cases for actua-
tion of N,N-dimethylacrylamide-co-methacrylic acid polymers, with different shape recovery paths. Case I is programmed identically
while relaxation time for three kinks in case II is programmed for different timescale resulting sequential actuation. Reproduced with

permission [35]. Copyright 2016, Nature Publishing Group.
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and poly(&-caprolactone) segments providing actuator domains,
display programmable and reversible shape changes [31]. Multi-
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Fig. 5. (a) Optical (left) and confocal microscope (right) images of
NIH/3T3 cell covered dodecahedron microplate before (left)
and after (right) folding by cell traction forces. Reproduced
with permission [36]. Copyright 2012, Public Library of Sci-
ence. (b) Graphics for cross-section of jellyfish (top) and jelly-
fish mimic SCMs made of poly(dimethylsiloxane) with muscle
tissues. (c) Movie snapshots for jellyfish-like movements by
applying 1 Hz, 2.5V cm™ of alternating current electric field.
The pace of actuation follows frequency of electric field. Panel
(b), (c) is reproduced with permission [37]. Copyright 2012,
Nature Publishing Group. (d) Design for expansion and con-
traction of DNA structures by reversible hybridization. Sin-
gle strand gap (yellow) between DNA-gold nanoparticles forms
duplex by filler DNA (orange) and the filler DNA can be re-
moved by stripper DNA (blue) followed by thermodynamic
equilibrium. (e) Actuation routes of dual addressable DNA-
gold nanoparticle bilayer film where each domain is pro-
grammed with different DNA sequences. (f) Movie snapshots
for programmed flop-flop actuation followed by actuation
routes in (e). Panel (d)-(f) is reproduced with permission [38].
Copyright 2017, Nature Publishing Group.
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programming of the shape memory polymer can also be achieved
by fixing the shape via chemical patterning (Fig. 4(e)) [33,34]. For
example, Kohlmeyer et al. used chemical locking of Nafion with
reversible deprotonation upon a change in the pH in the solution
to encode, erase, and re-encode the shape information of materi-
als, which makes the shape memory polymers have a high com-
plexity upon shape programming (Fig. 4(f)). One interesting shape
memory polymer that can program the time of actuation was
recently reported [35]. It is realized by designing dual polymer
networks: chemical networks between N,N-dimethylacrylamide
and methacrylic acid for energy storage and physical networks of
hydrogen bonding for controlled energy release, as shown in Fig.
4(g). Note that rearranging the hydrogen bonding only contrib-
utes to the kinetics of the shape recovery, maintaining the shape
deformation of the materials (Fig. 4(h)).

3. Specially Designed Materials

Beyond the materials described above, there are specially designed
materials with unique actuation cues. The cells naturally pull each
other through actomyosin interactions and actin polymerization,
generating a cell traction force. Kuribayashi-Shigetomi et al. com-
bined a patterned polymer substrate and cell traction force to gen-
erate 3-dimensional structures (Fig. 5(a)) [36]. The muscular cells
kinetic movements with an electric signal can be used directly for
a jellyfish-like shape change as shown in Fig. 5(b). By aligning the
muscular tissues on the elastic polymer substrate mimicking the
jellyfishs muscles, the biomimetic propulsion of the polymeric thin
film is demonstrated by applying an alternating current field [37].
The electric-field assisted propulsion of a jellyfish-like film in Fig,
5(c) suggests the utilization of multiple cells for engineering envi-
ronment-sensitive SCMs.

One of the biggest issues for the design of the SCM is to develop
an orthogonal stimulus for multi-responsive and programmable
actuation. Although the aforementioned stimuli, such as the tem-
perature, pH, electric field, and light have shown well-controlled
actuation, designing SCMs composed of multiple active layers is chal-
lenging since the independent actuation of an active layer using dif-
ferent stimulus is difficult. To address this problem, the sequence-
specific hybridization of the oligonucleotides can be engineered for
SCMs by tuning a pre-designed molecular structure of the oligo-
nucleotides. In particular, the structures of the single-stranded and
double-stranded oligonucleotides have different molecular lengths
per bases as the double-stranded oligonucleotides form helical struc-
tures. Based on this, the reversible hybridization of the oligonucle-
otides is applied to design the SCMs, as illustrated in Fig. 5(d).
The multilayer DNA films curl in various ways by controlling the
structure of the oligonucleotides [38]. Since the independent actu-
ation of the DNA film is possible, various actuation routes have
been discovered (Fig. 5(e)), which enables the robotic actuation of
the structures showing flip-flop actuation (Fig. 5(f)).

STRUCTURAL ASPECTS OF THE SHAPE
CHANGING MATERIALS

1. Homogeneous Bilayer Films
The SCM can be used to fabricate complex 3-dimensional struc-
tures out of 2-dimensional planar films. The lithographically pat-

Korean J. Chem. Eng.(Vol. 34, No. 9)
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terned 2-dimensional films become blueprints for 3-dimensional
structures by considering the final shape. As described above, a
basic way to designing the SCMs is to use two materials with dif-
ferent physical properties. Simple bilayer structure can be prepared
by superimposing two different homogeneous thin films. Then, the
change in shape is caused by the difference in the volume chang-
ing ratio between the layers. Therefore, the final shape of the film
is determined by the dimension of the initial shapes. For example,
the rectangular film curls in either long-side, short-side or diago-
nal-side in accordance with the thickness, width-to-length ratio,
and initial site of curling (Fig. 6(a)). When the active layer starts
expansion or shrinking, curling occurs preferentially from the periph-
ery of the film. For the rectangular film with a high width-to-length
ratio, therefore, long-side curling happens since it is energetically
favorable. On the other hand, diagonal curling occurs when the
width-to-length ratio of the film is close to unity; since curling is
preferentially initiated from the corners of the film (Fig. 6(b)) [13].

The dimension of the film also affects the degree and kinetics of
curling [20,39]. The thickness of the layers determines the torque
generated by the active layer and stiffness of the film. Therefore, the
degree of curling varies in a manner that is inversely proportional
to the thickness of the film, as shown in Fig. 6(c). In the same man-
ner, the speed of actuation can be enhanced as the supporting layer
becomes thinner. Recently; the direction and speed of the film curl-
ing have been also controlled by punching anisotropic holes in the
bilayer films [40].
2. Gradient Films

The monolithic film with the gradient micro/nanostructures
shows a gradual volume expansion or shrinkage. One example of
the gradient film is to use a nanoparticle-dispersed prepolymer
solution (Fig. 6(d)) [41-43]. The PNIPAM-silica composite hydro-
gels having a domain with concentration gradient of silica nanopar-
ticles are prepared through the electrophoresis of silica nanoparticles
[41]. Negatively-charged silica nanoparticles concentrated on one
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Fig. 6. (a) Schematic of a simple bilayer structure with active and passive layer. Shaping factors are width, length and thickness of film. (b)
Images of curled simple bilayers of poly(NIPAM-co-benzophenone acrylate) and poly-(methylmethacrylate-co-benzophenone acry-
late). Direction of curling is determined by dimension of film; long-side curling for 1,800 umx300 pm film and diagonal-side curling
for 1,000 pmx500 um film. Reproduced with permission [13]. Copyright 2012, American Chemical Society. (c) Thickness-dependent
bending curvature of poly(hydroxyethyl methacrylate)/poly(divinylbenzene) bilayer. Legends indicate thickness of active layer,
poly(hydroxyethyl methacrylate), and abscissa indicates thickness of supporting layer, poly(divinylbenzene). Reproduced with permis-
sion [20]. Copyright 2016, American Chemical Society. (d) Schematics of SCM with gradient structures. In this structure, the gradi-
ent can be crosslinking density, porosity, or composition of materials. (e) Illustration (left) and images (right) of gradient hydrogels
made of PNIPAM. Silica-PNIPAM composites (top) and silica removed porous PNIPAM materials (bottom) bend at 40 °C in oppo-
site directions. Reproduced with permission [41]. Copyright 2008, Wiley-VCH. (f) Scanning electron microscope image of hydrother-
mally synthesized PNIPAM with gradient porosity over cross-section. (g) Images of temperature-responsive curling of gradient porous
PNIPAM film with highly porous side inside. Panel (f), (g) are reproduced with permission [43]. Copyright 2015, Wiley-VCH. (h) Sche-
matics of heterogeneously patterned SCMs. Active and supporting layers can be patterned on supporting and active layers, respec-
tively, for advanced actuation. (i) Shape changing of heterogeneously patterned film made of poly(acrylic acid) (green), poly(1-
vinylimidazole-coacrylamide) (orange),and PNIPAM (gray). The film is curled with right-handed helix (left) in pH 9 poly(acrylic acid)
swells and with left-handed helix (right) in pH 1 as poly(1-vinylimidazole-coacrylamide) swells showing multiple shape changes.
Reproduced with permission [48]. Copyright 2016, The Royal Society of Chemistry. (j) Confocal microscope image of PNIPAM film
with axisymmetric swelling patterns. Crosslinking density of PNIPAM is spatially controlled by grayscale photomask. Reproduced
with permission [54]. Copyright 2016, The Royal Society of Chemistry.
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side of the PNIPAM film result in the other side of film becoming
stiffer, thereby causing a gradient volume shrinkage of the PNIPAM
film through an increase in temperature. After removing the silica
nanoparticles using hydrofluoric acids, the silica-embedded side
becomes porous, reversing the direction of bending (Fig. 6(e)). Luo
et al,, prepared gradient porous PNIPAM hydrogels directly through
hydrothermal polymerization [43]. As the polymerization proceeds,
the PNIPAM chains with hydroxyl groups precipitate, forming gradi-
ent-crosslinked structures (Fig. 6(f)). The shape changing behav-
iors are affected by the porosity of the films (Fig. 6(g)) in the same
manner with the gradient film that was previously described.

3. Heterogeneously Patterned Films

In a similar manner as with the bilayer structures, the chemi-
cally- or physically heterogeneous film transforms into various
shapes, triggered by external stimuli. The photolithography of two
different polymers can generate heterogeneous structures, as shown
in in Fig. 6(h). The strength of using a heterogeneous film is its
higher degree of freedom of programmability. By conducting mul-
tiple micropatterning processes in series, the heterogeneous film
can be folded, curled, twisted or shaped with various curvatures
into one mechanical state [25,33,44-52]. For instance, the rectangu-
lar film curls in a long-side, short-side and diagonal side, followed
by the direction of the alternating active domains. Controlling the
direction of bending for individual layers offers various possibili-
ties to change the shape. Such strategies can be used to realize heli-
cal structures by integrating two heterogeneous films. Wang et al.
prepared two diagonally patterned films made of PAA/PNIPAM
using photolithography [48]. Then, two identical patterns are assem-
bled face-to-face making orthogonally aligned PAA/PNIPAM do-
mains. Since two layers bend in opposite directions, the film forms
a saddle-like configuration, resulting in helical structures (Fig. 6(i)).
The diagonally-patterned active layers respond to different exter-
nal stimuli and can be multi-responsive, which shows the num-
bers of different mechanical states on the actuation [47].

The heterogeneous film can be prepared not only by using dif-
ferent materials, but also by spatially controlling the crosslinking
density of the active polymer [53-55]. Kim et al. fabricated a het-
erogeneous PNIPAM film by controlling the UV dose during photo-
polymerization. The crosslinking density of the film is spatially con-
trolled by using multiple UV illumination, which enables a con-
trolled buckling of the film and forms various axisymmetric and
non-axisymmetric structures [54]. A a similar approach was taken
using grayscale photolithography (Fig. 6(j)) [55]. This shows a great
potential to design programmed SCMs by controlling the internal
stress of heterogeneously patterned structures.

4. Films with Internal Structures

Natural structures transform into complex 3-dimensional shapes
using the mechanical stress of the organs. In particular, many plant
organ systems have either bilayer structures [6,7] or fibrous inter-
nal structures [56,57]. These natural architectures offer efficient
ways for the shape to change upon exposure to humidity, and pro-
vide a good inspiration for the material design. To mimic fibrous
structures, anisotropic materials such as nanofibers or nanoplatelets
have been engineered (Fig. 7(a)). Erb et al. incorporated aligned
aluminum oxide (ALO;) platelets to gelatin gels by applying a mag-
netic field [58]. To achieve this, the magnetic nanoparticles were
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Fig. 7. (a) Schematic of SCMs with aligned internal structures. (b)
Shape changing gelatin bilayers having aligned aluminum
plates in 0 and 772 angles, respectively, by applying magnetic
field. The film remains flat at dried states (bottom) and forms
twisted stated at fully hydrated states (top). Reproduced with
permission [58]. Copyright 2013, Nature Publishing Group
(), (d) (c) Computer simulation and (d) experimental results
for actuation of 3d printed hydrogels. Shape of materials after
swelling is determined by overall architecture of materials as
well as aligned cellulose within hydrogel scaffolds. Panel (c),
(d) is reproduced with permission [52]. Copyright 2016, Nature
Publishing Group. (¢) Schematic of SCMs with aligned liquid
crystals as an internal structure. (f) Change of strain responses
of liquid crystalline terpolymer networks made of 5-{n-(cho-
lesteryloxycarbonyl)-alkyloxycarbonyl}bicyclo[2.2.1]hept-2-ene,
poly(ethylene glycol)-functionalized norbornene, and 5-(acry-
loyl butoxycarbonyl)bicyclo[2.2.1] hept-2-ene. As tempera-
ture varies (red), crystalline phases change among isotropic
(iso), non-interdigitated bilayer (SmA,), and interdigitated
bilayer (SmA,)), repeatedly, and it results change of strain re-
sponses of film. Reproduced with permission [61]. Copyright
2011, American Chemical Society. (g) Light-driven actuation
of liquid crystal soft actuator made of polymethylhydrosilox-
ane (PMHS)/(4-butoxy-phenyl)-(4-hex-5-enyloxy-phenyl)-dia-
zene (AZ046)/4-pent-4-enyloxy-benzoic acid 4-butoxy-phenyl
ester (MBB) composite and PMHS/MBB composite as a
bilayer. For fabrication of bilayer, orientation of liquid crys-
tals is prepared as 45 degree shifted between each other and
NIR dye YHD796 is added for the actuation. The film is
twisted under NIR light (left) and bended under UV light
(right) due to the different liquid crystal orientation. Repro-
duced with permission [64]. Copyright 2016, Nature Pub-
lishing Group.

adsorbed on the ALO; platelets, and then an external magnetic field
was applied prior to gelation. The hydration of monolithic gelatin-
AL O; composite changes its shape using the direction-specific ori-
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entation of the ALO;, showing programmability (Fig. 7(b)). The
carbon nanofibers are also used as fibrous materials with photo-
thermal characteristics for programmable actuation [59]. Interest-
ingly, 3D printing technology is used with fibrous materials to
produce printable SCMs [52]. The shear forces generated by the
hydrogel prepolymer flow from the deposition nozzle align cellu-
lose fibrils parallel to the direction of flow, which determines the
anisotropic elastic modulus of the final products. As a result, the
curvature of the structures is precisely controlled and predicted, as
shown in Figs. 7(c) and 7(d).

Liquid crystals are known to form various crystalline states with
tunable optical properties. Of course, oriented liquid crystals shown
in Fig. 7(e) have an effect on the mechanical properties and struc-
ture of the materials [60-62]. The SCMs with twisted and splayed
liquid crystal structures have shown saddle-like, smooth structures,
respectively, through the orientation of liquid crystals [60,62]. In
addition, the reorientation of liquid crystals by the temperature also
drives the change in the shape of the materials [61,63,64]. Ahn et
al. used the reversible reorientation of the side-chain liquid crystal-
line polymer networks from smectic non-interdigitated to an
interdigitated structure that can expand or contract materials with
different strain responses (Fig. 7(f)). The bilayer liquid crystal elas-
tomers with differently orientated liquid crystals show dual-respon-
sive characteristic. Wang et al. bonded two liquid crystal elastomers
with a 45° shifted angle to form a chiral structure, helix upon actu-
ation [64]. In this strategy, each layer is designed to be actuated
with different light sources, UV and NIR lights, showing dual respon-
sive behaviors, as shown in Fig. 7(g).

5. Hinge and Patch Type Films

Inspired by traditional paper origami, active materials can be
used as a hinge to produce an overall structure folded into 3-dimen-
sional structures (Fig. 8(a)) [27,29,65-67]. Contrary to bilayer type
materials, hinge type materials do not require bending or curling
of their supporting materials since the active materials only connect
separated supporting patches as a joint. Therefore, active materials
are used to fold supporting patches as paper origami. The hinge-
type folding mechanism enables the transformation of planar films
into polyhedral structures. The early demonstration of hinge-type
SCMs uses metal thin films [68,69], and photolithographic pat-
terns of metal template with solder hinges are folded by melting
the solder at high temperatures. Molten solders drive the folding
of supporting patches resulting in various shape origami struc-
tures, and this is an irreversible process since the molten solder
cannot be recovered into its original shape. The hinges made from
polymeric materials broaden the types of stimuli that can be used
for actuation. By using polymeric hinge-type SCMs, folding and
unfolding have been demonstrated by melting, dissolution or deg-
radation of the hinges; the Gracias group has reported various
hinge-type SCMs. For example, polycaprolactone hinges are melted
for surface tension-driven folding in the same way with the one
made of solder (Fig. 8(b)) [70,71]. As a sacrificial domain, poly-
mer hinges are also used to release the stress on pre-stressed pla-
nar films driving the folding of the materials. For stepwise folding
and unfolding of the materials, Bassik et al. made two degradable
biopolymer hinges on the metal thin film which can be applied as
a microgripper [72]. The pre-stressed planar film is folded as a
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Fig. 8. (a) Nlustration of hinge-assisted folding of SCMs. Active mate-
rials are patterned as hinge (red) and supporting materials are
used as patches (gray). (b) Movie snapshots for irreversible
self-folding of SU-8 polymer sheets as active hinges, poly-
caprolactone, is liquefied at 58 °C. Reproduced with permis-
sion [70]. Copyright 2011, Springer. (c) Temperature-responsive
reversible folding (left, middle) of microgripper made of sup-
porting patches, poly(propylene fumarate), active hinges of
poly(N-isopropylacrylamide-co-acrylic acid). Deswelling of
active hinges enable tight gripping of clump of cells (right).
Reproduced with permission [66]. Copyright 2014, Wiley-
VCH. (d) Origami inspired folding of poly(p-methylstyrene)/
PNIPAM/poly(p-methylstyrene) trilayer film. Followed by tra-
ditional paper origami (left), supporting patches, poly(p-meth-
ylstyrne), are patterned for valley (inset, dotted line) and
mountain (inset, solid line) at bottom and top of active layer,
respectively, realizing the same self-folding structures (right).
Reproduced with permission [73]. Copyright 2015, Wiley-
VCH.

concave-down hinge that degrades by enzyme 1, and it is then
unfolded as a concave-up hinge that degrades by enzyme 2, show-
ing the gripping and release of the targets.

The stimuli-responsive hinges enable reversible folding of the
materials, and the active hinges made of the PNIPAM-co-acrylic
acid make the material temperature-responsive [66,67]. On the stiff
polymer backbone, polypropylene fumarate, PNIPAM-co-acrylic
acid is patterned as an active hinge. Hinge-type materials offer a
mechanically strong microstructure in comparison with the bilayer
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type of materials that require a soft supporting layer for transfor-
mation. As a result, folding the material provides sufficient force to
grip the materials as well as to excise the cells that can be applied
for biomedical and surgical applications, Fig. 8(c). The complexity
of the shape change is enhanced when we carefully design the pat-
terned structures. Literally speaking, complex origami folding is
realized at a microscale by using stimuli-responsive polymers. Na
et al. encoded a complex origami folding mechanism by introduc-
ing two patterned glassy polymers on the top and bottom sides of
the PNIPAM film [73]. The direction of the folding and unfolding
angles is pre-programmed in the glassy polymers by controlling the
folding patterns and thickness of the film, respectively. This shows
that the actuation of the SCMs can achieve multiple folding in
series (Fig. 8(d)), and is very useful in addressing the fundamental
problems of the folding mechanics and for applications as micro-
robotics and biomedical devices.

CONCLUDING REMARKS

Soft shape changing materials have been developed using a vari-
ety of materials and structures. Due to the technological advances
in micropatterning, the design of the materials from micro- to
nanoscale is no longer an issue. SCMs are now receiving a signifi-
cant amount of attention not only from a biomedical, material,
and chemical engineering standpoint but from mechanical engi-
neering as soft robots. To meet such demands, the material prop-
erties and degree of freedom for actuation have to be improved.
As far as the material properties are concerned, many studies have
focused on showing bending, curling, or folding of materials to
respond to external stimuli. The shape of the material before and
after the actuation is too simple to produce complex robot-like struc-
tures. Moreover, the kinds of materials and actuation cues are quite
limited with a few exceptions (Fig. 5), which should be further
diversified in the future. In addition, mechanically robust materi-
als are also required. In the case of the SCM made from hydrogels,
the actuation and sample preparation should be performed care-
fully due to a poor mechanical strength. Recently, a double-net-
work hydrogel that guarantees toughness as well as flexibility shows
a bright side of hydrogels as an SCM [74]. The speed of actuation
is another issue that can be improved by considering the actuation
energy generated during the volume phase transition of the mate-
rials. Inspired by natural structures, such as Venus flytraps, rapid
actuation, such as snapping, can be done by designing SCM to
have a doubly-curved (e.g, hyperbolic) structure [7]. Most of all,
the programmability of the material is of great importance for SCM.
For multiple and orthogonal actuation of active layers, advanced
actuation cues should be discovered. For example, DNA-respon-
sive materials can be engineered into SCM with a number of
orthogonal active layers thanks to the sequence-specific hybridiza-
tion [38]. This may enable a multi-unit actuation system. In addi-
tion, temporally controlled actuation will provide sequential actua-
tions to achieve the transformation of SCMs into multi-folded
structures.

Although we did not cover it in this report, programmability
can also be improved by adapting kirigami folding [75], and this
idea has already been adapted demonstrating mechanically robust,

highly stretchable, or optically anisotropic materials. Moreover, quite
a few studies have reported the actuation of soft robots, such as
walking [76], crawling [77], jumping [78] and so on, either using
soft material only or combining it with electronic devices. These
efforts will be combined with SCMs in the end, and the trend will
continue considering the potential of soft SCMs, which will con-
tribute to the design of various kinds of actuators and robots.
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NOMENCLATURE

SCM : shape changing material

PAA :poly(acrylic acid)

PAH : poly(allyl-amine hydrochloride)

PNIPAM : poly(N-isopropylacrylamide)

LCST : lower critical solution temperature

p(HEMA) : poly(2-hydroxyethylmethacylate)

AA  :acrylic acid

PEGDA : poly(ethylene glycol) diacrylate

BZ reaction : Belousov-Zhabotinsky reaction

Tyans : thermal transition temperature

ALQO; : aluminum oxide

ABP :4-acryloylbenzophenone

PAAm : poly(acrylamide)

GelMA : gelatin methacrylate

PEGDMA : polyethylene glycol dimethacrylate

PMHS : polymethylhydrosiloxane

AZ046 : (4-butoxy-phenyl)-(4-hex-5-enyloxy-phenyl)-diazene
MBB : 4-pent-4-enyloxy-benzoic acid 4-butoxy-phenyl ester
K : curvature
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