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Review

Microfabrication Using Shape-Transforming Soft Materials

Indra Apsite, Arpan Biswas, Yuqi Li, and Leonid Ionov*

The fabrication of hollow and multicomponent micro-objects with complex 
inner structures using state-of-the-art subtractive, formative, and additive 
manufacturing technologies is challenging. Controlled shape transformation 
offers a very elegant solution to this challenge. While shape transformations 
on macroscale can be achieved using either manual or automatic manipu-
lation, shape transformations on microscale can better be realized using 
shape-changing polymers such as hydrogels, shape-memory polymers, liquid 
crystalline elastomers, and others. This review discusses the properties of 
different classes of shape-changing materials, the principle of shape trans-
formation, possibilities to achieve complex shape transformation, as well as 
applications of shape-changing materials in microfabrication and other fields.
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machines to control them. The same can 
be applied for 3D printing. Different 3D 
printing methods like fused deposition 
modeling (FDM; extrude thermoplastic 
filaments above its melts temperature) 
and laser sintering are very successful for 
the fabrication of centimeter-large objects; 
they fail when are used for fabrication 
of the submillimeter and microsized 
object.[1,2] Stereolithography allows 10 µm 
resolution but is limited for the use of cer-
tain materials and has difficulties with the 
fabrication of hollow objects. Two-photon 
polymerization allows unprecedented 
resolution, but it is limited for very spe-
cific substances and is very expensive and 

slow.[3] Molding may be considered as the cheapest technology 
for fabrication of small elements if one does not consider that 
molds have to be fabricated firsthand by some other techniques. 
Fabrication of hollow objects and multicomponent objects with 
complex inner structure is even more challenging.

One possibility for the fabrication of complex shapes is the 
use of controlled shape transformation. The most brilliant 
example of the applicability of controlled shape transformation 
for the fabrication of complex shapes is the Japanese art of paper 
folding—Origami. While folding of macroscopic objects can be 
done either manually or by using special machines, folding of 
micro-objects is not trivial—the machines, which allow micro-
manipulation, are expensive and allow low throughput. One 
suitable solution is to use special materials, which are capable 
of controlled shape transformation. All these materials possess 
different mechanical and actuation properties that make them 
more suitable for some and less suitable for other applications 
(Table  1). This review discusses basic principles of design of 
such materials, their mechanical and actuation properties, 
principles of complex shape transformation, and application of 
shape transformation in the field of microfabrication and others.

2. Shape Changing Materials

Shape changing polymers are smart polymeric materials that 
are capable of changing their shapes in the presence of certain 
external stimuli.[4] All shape-changing polymers have several 
features, which allow their reversible shape-transformation. 
First, they must be able to demonstrate elastic deformation that 
is commonly provided by the presence of crosslinking points. 
Namely, crosslinking points are responsible for the reversibility 
of deformation. These crosslinking points can be either cova-
lent or physical bonds such as crystallites, glassy-hard domains, 
H-bond, ionic interactions, etc. and molecular switches, which 
are sensitive external stimuli. Based on these, some polymeric 

1. Introduction

The development of methods for fabrication is important for 
every aspect of our life: from building of houses, assembling of 
cars to microelectronic devices. There is broad pallet of methods 
for fabrication of macroscopic object including subtractive 
manufacturing (lathe, cutting, milling), additive manufacturing 
(3D printing), and formative manufacturing (molding). Some 
of these methods are computerized that allows programmable 
fabrication of very complex parts. While most of these methods 
provide acceptable quality at a reasonable price of macroscopic 
objects, attempts to downscale them and to increase resolution 
results in a tremendous increase in costs. In particular, the 
milling machine (subtractive manufacturing) is efficient for the 
fabrication of centimeter larger objects, and the size of the drill 
determines the resolution. Fabrication of millimeter and sub-
millimeter objects requires very fine drills and very expensive 
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building blocks have been recognized which are appropriate for 
demonstrating shape-changing behavior (Figure 1). Covalently 
connected polymer frameworks are the most common example 
of shape-changing polymers in which switching segments are 
connected via covalent bonds and produce net points (Netpoint 
is typically the connection point of the polymer chains which 
helps in determining the permanent shape of shape-changing 
polymers) (Figure  1a). In some shape-changing polymers, 
the covalently connected frameworks have some side chains 
attached to the main chain, which can form a segregated 
phase, as observed in (Figure  1b). Sometimes the reversible 
bonding between two side chains also helps in showing shape-
changing behavior (Figure  1c). The triblock copolymers with 
multiphase morphologies (Figure 1d) or some copolymers with 
liquid crystal elastomer as a switching segment also belong to 
this class (Figure  1e). Furthermore, the physical interactions 
like dipole–dipole interactions, hydrogen bonding or ion rich 
domains are also capable of producing net point for showing 
shape-changing behavior (Figure 1f).[5,6] Apart from these mole-
cular architectures, sometimes processing and capillary pheno
menon also plays some role in producing shape-changing 
behavior in polymers. Elastic deformation is also observed for 
semicrystalline and glassy polymers at low deformation degree.

Second, polymer chains must be in the state when they are 
mobile or undergo a transition between mobile and immobile 
states. Thus, polymers can demonstrate shape-changing pro
perties either above their glass transition/melting point or at a 
temperature close to it. Third, shape-changing polymers must 
be sensitive to stimuli that are provided by the presence of cer-
tain chemical groups or additives, which are sensitive to pH, 
ionic strength, light, electromagnetic field, magnetic field, etc.[7] 
Meanwhile, all polymers demonstrate sensitivity to temperature 
when the temperature is varied around glass transition/melting. 
In this part of the review, the principles or mechanisms which 
are responsible for triggering the shape-changing behaviors in 
different classes of polymers will be discussed thoroughly.

2.1. Relaxation Phenomena (Shape-Memory Polymer)

Shape memory behavior is an entropic phenomenon, and it is 
associated with the relaxation behavior of the polymer chains or 
segments.[8,9] Many mechanisms have been proposed to describe 
the shape memory behavior of polymers considering the relaxa-
tion behavior of polymeric segments. Typically, shape memory 
polymers (SMPs) consist of switching segments that are capable 
of reversible phase transformation at a transition temperature 
(glass transition or melting temperature transition) and shape 
determining segments or net points that prevent the permanent 
deformation.[10–12] In initial shape, the polymer chains remain in 
a coiled state which is the low energy state (highest entropy), and 
any macroscopic deformation above the transition temperature 
(glass or melting) keeping the network structure intact would 
cause conformational changes of polymer chains along with 
enhancement in the energy state (Figure 2a).[8] The freezing of 
that conformation below the transition temperature allows the 
system to maintain its high energy state. Further, heating above 
transition temperature helps the molecular chains to recover 
their permanent configuration utilizing the entropic energy. 

So, the storage and release of entropic energy through confor-
mational changes is the driving force for executing the shape 
memory behavior in polymers. The relaxation behavior or vis-
coelastic property of the molecular chains of SMPs also contrib-
utes to the molecular mechanism of shape memory behavior. 
Hence, the thermoviscoelastic model is perfect to describe the 
shape-memory phenomena in polymers. Initially, different 
thermoviscoelastic models have been proposed considering 
stress relaxation as a simple phenomenon,[13–15] and it is very 
easy to describe such simple relaxation behavior only by one 
Maxwell or Kelvin–Voigt element. However, in a real case, the 
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relaxation phenomenon is very complex for polymers because of  
their complicated structure, and it requires multiple para
meters to describe. For example, Mulliken and Boyce proposed  
a model considering two Maxwell branches to describe α and β 

transitions in polymers due to different strain rates.[16] Further, 
Zhao et al. reported that the isothermal crystallization behavior 
with the time of a polymeric network is the responsible factor 
for triple/multiple shape-memory behaviors in polymers.[17] 
The isothermal crystallization generally consists of primary and 
secondary crystallization. In primary crystallization, the crys-
tals are formed through nucleation of the amorphous chains of 
the polymers without any intervention on the confinement of 
the crystals while the secondary crystals grow in the part of the 
amorphous regions which are already interfaced by the primary 
crystals.(Figure  2b) Usually, the secondary crystals are thinner 
(low melting temperature) as compared to primary crystals 
(high melting temperature), and when this thickness difference 
becomes significant, it produces distinct melting endotherms. 
These multiple melting endotherms help the polymer to show 
triple or multiple shape-memory effect.[18] The energy released 
during the melting of the crystals helps the polymeric materials 
to regain its permanent shape. Behl et al. reported temperature-
sensitive polymer actuation considering the broad melting 
temperature range of a semicrystalline polymer network.[19] 
According to them, crystallites with different melting temper-
atures act as bricks as well as temperature-responsive volume 
changing units. The crystallites with a lower melting tempera-
ture are responsible for reversible actuation while the crystal-
lites with a high melting temperature act as a skeleton forming 
domains. (Figure 2c) The macroscopic shape actuation of sem-
icrystalline polymers is only possible if the domains are aligned 
in the matrix and are connected covalently. A “spring model” is 
proposed by Biswas et  al., considering the molecular flipping 
of some crystalline parts to demonstrate the molecular mecha-
nism of reversible bidirectional shape memory behavior.[20] In 
this model, the soft segments (blue color) of the polymer are 
sandwiched between hard segments (red color) and some hard 
segments are also distributed within the soft segment part in 
the presence of strong interaction. (Figure 2d) Now, above the 
transition temperature, the distributed hard segment starts to 
move toward the consolidated hard segments along with the 
coiling of the liquid soft segment that again redistributed within 
the soft segments during cooling. Thus, reversible flipping of 
the tiny hard segments with heating–cooling cycles at the mole-
cular level helps to trigger reversible shape memory behavior in 
polymers macroscopic levels.

2.2. Dielectric Elastomer

Dielectric elastomers are another kind of shape-changing 
polymers, whose actuation is based on relaxation. Dielectric 

Table 1.  Mechanical and actuation properties of various shape-changing materials.

Materials Young’s  

modulus  

[MPa]

Tensile/actuation  

stress [MPA]

Elongation at  

break/actuation  

strain [%]

Actuation  

time

Recovery  

ratio [%]

Lifting  

weights  

[times]

Work  

density [j g−1]

Ref.

Hydrogels 0.008–5.6 0.01–8.3 150–1500 10–600 s 90–99 25–60 N/A [61–68]

Shape memory polymer 0.82–349 8.9–24.3 130–1240 10–1500 s 81–99.3 600–3500 N/A [69–75]

Dielectric elastomer 0.03–5 0.1–4 4.5–215 1.0 ms–1.0 s N/A 1.0–16.7 0.03–0.15 [25,76–80]

Liquid crystal elastomers 2.0–177.8 0.038–25 120–475 1.0–1200 s 85–99 250–5680 N/A [81–86]
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Figure 1.  Examples of some typical molecular architecture which are 
suitable for showing shape-changing behavior: a) The covalent bonds 
between the switching segments (red color) produces net points 
(gray color); b) the side chain acts as switching segment in this case; 
c) the reversible bonding between the functional group (red color) acts 
as molecular switches; d) ABA triblock system acts as the switching seg-
ments and produces the net point at junction; e) the organized mesogens 
in liquid crystal elastomers acts as the switching domains; f) the physical 
interaction like dipole–dipole interactions, H-bonding, etc. produces the 
net point. Reproduced with permission.[5,6] Copyright 2013, Royal Society 
of Chemistry.
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elastomers are placed between two compliant electrodes and acts 
as a compliant capacitor model. The application of voltage to the 
electrodes placed on the opposite side of the elastomer creates 
opposite net charges, which form stress (Maxwell stress) in the 
elastomeric film due to electrostatic attraction (coulombic attrac-
tion). This so-called Maxwell stress triggers the thinning of the 
dielectric elastomer which is further compensated by the expan-
sion in the plane of elastomer (Figure 3a). This expansion strain 
is sufficient enough to activate the shape-changing behavior in 
the dielectric elastomer.[21] However, the uniform electric field 
throughout elastomer restricts the switching of the elastomer to 
a new shape, but the presence of a passive layer can introduce 
the bending actuation in the material. According to the com-
pliant capacitor model, the actuators can show either in-plane 
expansion,[21] liner actuation,[22,23] or bending.[24] The stress 
and strain produced by the parallel plate actuation are equal in 
both perpendicular direction (σx = σy = −1/2σz),[25] which is not 
desired all the time, and to overcome this limitation different 
strategies have been considered. For example, the attachment 
of a passive layer with the flexible dielectric elastomer and the 
electrode on both sides helps in converting the voltage induced 
linear expansion into a flexural actuation.[24] Figure 3b shows dif-
ferent bending behavior of the bilayer structure consisting of a 
dielectric elastomer (active layer) and fibers (passive layer), with 
varying fiber configuration. In an another approach, Hajiesmaili 
and Clarke demonstrated that the shape morphing of dielectric 
elastomers can be manipulated by varying the spatial distribu-
tion of the electric field using an internal mesoarchitecture of 
the electrodes.[26] The actuation of a strip into a torus structure 
with positive curvature (outer part of the torus) or negative cur-
vature (inner part of the torus) can be achieved by changing the 
width of the electrode gradually from bottom to top, as observed 
in Figure 3c. The strip with decreasing electrode’s width from 
bottom to top (11 to 1  mm) results in torus structure with 

positive curvature while strip with increasing electrode’s width 
results in torus structure with negative curvature.

2.3. Volume Change (Swelling Hydrogels)

Shape changing hydrogels are water-swollen crosslinked frame-
works, which are capable of reversible swelling/deswelling 
with changes in environmental water contact due to change of 
affinity of polymer chains toward the water.[27,28] The degree of 
swelling of any hydrogels is directly associated with crosslinking 
density and molar free energy of mixing which is again the func-
tion of interchain interactions, solvents, and entropy of mixing 
(Flory–Rehner Theory). So, if the average molar mass of the con-
necting moieties between two adjacent network nodes is Mc, the 
crosslinking density (νc) of the crosslinked polymeric network can 
be calculated using the Flory–Rehner equation (Equation (1))[6]
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where, χ12 is responsible for Flory solvent–polymer interaction, 
ρ is the density of the network, V1 is the molar volume of the 
solvent and the ϕ2 is the volume fraction of the polymer in the 
swollen state (ϕ2  = Vd/Vsw; Vd is the volume in the dry state, 
and Vsw is the volume in the swollen state).

For hydrogels with a constant crosslinking density, the 
entropic and energetic components can be influenced by the 
temperature and solvent quality, which again associated with 
temperature, pH, and other parameters. So, the degree of 
swelling of hydrogels can be influenced by the temperature, 
pH and other parameters.[29] Hydrophobic interactions play an 
important role in the molecular mechanism of shape-changing 
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Figure 2.  Relaxation as a driving force in shape memory behavior: a) the molecular mechanism of shape memory behavior in a chemically crosslink 
polymer moiety. The stored energy in the molecular backbone after fixing the deformed shape through cooling provides sufficient energy during the 
recovery process, Reproduced with permission.[8] Copyright 2015, Elsevier; b) time depended crystallization in the amorphous part of the polymer 
chain responsible for the triple shape memory behavior, Reproduced with permission.[17] Copyright 2015, Elsevier; c) in this model, the crystallites  
are like bricks and reversible melting and crystallization of some bricks with a low melting temperature with temperature cycles triggering reversible 
shape memory actuation, Reproduced with permission.[19] Copyright 2013, United State National Academy of Science; d) in this spring model, revers-
ible flipping of some tiny crystallites along with the actuation domain triggering the reversible shape-changing behavior. Adapted with permission.[20] 
Copyright 2016, American Chemical Society.
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hydrogels. The cooling induced segregation of polymer chains 
in a hydrophilic medium in the presence of hydrophobic inter-
action and further heating induced dissociation of aggregations 
of the polymer chains collectively triggering the shape-changing 
behavior in some temperature-sensitive shape-changing 
hydrogels.[30] (Figure  4a) The hydrophobic interaction pro-
vides addition crosslinking, which helps in fixing the tempo-
rary shapes. Further, the loss of this additional crosslinking at 
elevated temperature provides sufficient energy to recover the 
permanent shape. Apart from thermal stimulation, sometimes 
the complexation between the metal ion and organic moiety can 
also trigger the shape-changing behavior in hydrogels.[31,32] The 
additional crosslinking provided by the complexation between 
the metal ion and organic moiety helps in obtaining the tempo-
rary shape in shape-changing hydrogels. Further, the changing 

in the oxidation state of the metal ion in the presence of external 
stimuli triggers the shape recovery process through the elimina-
tion of the additional crosslinking. (Figure  4b) In some cases, 
reversible supramolecular interactions such as host–guest inter-
actions, red-ox interaction or antigen–antibody interactions 
triggering the shape fixing process producing some additional 
crosslinking in the hydrogel. Again, the elimination of that 
crosslinkings in the presence of pH or antigen stimuli helps in 
recovering the permanent shapes, as observed in Figure 4c.[33–36]

2.4. Nonuniform Strain (Liquid Crystal Elastomer)

Anisotropic shape changing in response to an external stim-
ulus is a widespread phenomenon in liquid crystal elastomers 

Adv. Funct. Mater. 2020, 30, 1908028

Figure 3.  The actuation of dielectric elastomers: a) The linear expansion of the dielectric elastomer due to the production of electrostatic force in the presence 
of compliant electrodes on the elastomer film, Reproduced with permission.[21] Copyright 2000, American Association for the Advancement of Science; b) the 
actuation of a bilayer structure of dielectric elastomer and fibers. i) The side view of the bilayer, ii) the actuation without fibers, iii,iv) side of bending of the 
bending actuation of the bilayer in presence of different number of fibers, v–viii) the bending behavior with varying number and arrangement of the fibers in 
the bilayer structure, Reproduced with permission.[24] Copyright 2015, Wiley-VCH.; c) demonstration of morphing behavior of a dielectric elastomer with the 
width of the electrode. The flat sheet of the elastomer produces torus structure with positive curvature when the width of the electrodes decreases from bottom 
to top. However, the reverse phenomenon takes place when the width of the electrodes increases gradually from bottom to top. The scale bar is 20 mm. 
Reproduced under the terms and conditions of the Creative Commons CC BY 4.0 license.[26] Copyright 2019, The Authors, published by Springer Nature.
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(LCEs). LCEs belong to a unique class of materials with pro
perties of elastomers (entropic elasticity) as well as liquids crys-
tals (self-organization).[37,38] LCEs are capable of remembering 
their previous state after phase transformation in the pres-
ence of stimuli, which enable them to contract and expand 
reversibly.[39–41] In the presence of the weakly crosslinked net-
work, liquid crystal elastomers represent a state in between 
solids and liquids. Further, they have long-range orientational 
ordering due to the mesogenic moieties. Hence, under applied 
stress, a curvature elasticity along with deformation of this 
order is observed in liquid crystal elastomers. The combina-
tion of these two physical properties in a material help in 
emerging a qualitatively new state of matter in which the meso-
genic polymer chains are capable of continuous orientational 
ordering because of the high molecular mobility of the polymer 
chains. Further, the mobile nature of the axis of orientational 

symmetry breaking allows it to respond against applied elastic 
strains, and the whole system behaves like a Cosserat medium 
in which internal torques are permissible, and therefore, elastic 
stress may be nonsymmetric.[42] According to the molecular 
model of nonuniform deformations within the elastic limit of 
LCEs, developed by Trentjev et al., the free energy of deforma-
tions is a function of large nonsymmetric affine strains in the 
rubbery network and gradient of curvature deformations in 
the director field. Further, the elastic constants for the nonu-
niform directors in the presence of elastic strain depends on 
the polymer step length anisotropy.[42] Again, de Gennes et al. 
suggested a strong uniaxial deformation in LCEs without any 
significant change in volume, in response to a decrease in tem-
perature across the isotropic to liquid crystal transition, is due 
to the change in the orientational order of liquid crystals.[43] 
Later, Finkelmann and Kundler reported that the nematic to 

Adv. Funct. Mater. 2020, 30, 1908028

Figure 4.  The different shape-changing mechanism in hydrogels: a) The hydrophobic interaction induced aggregation of side chains of polymers, trig-
gering the shape-changing behavior in hydrogels, Reproduced with permission.[30] Copyright 2012, Elsevier. b) The change in the degree of crosslinking 
due to the change in the oxidation state of the metal ion in presence of stimulus, triggering shape-changing phenomenon, Adapted with permission,[31] 
Copyright 2014, Royal Society of Chemistry; c) according to this molecular model, the antigen-induced change in the crosslinking density responsible for 
the reversible actuation in hydrogel; Reproduced with permission.[36] Copyright 1999, Springer Nature.



www.afm-journal.dewww.advancedsciencenews.com

1908028  (7 of 21) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

isotropic phase transition in LCEs is the driving force behind 
the temperature-induced spontaneous deformation along the 
director axis.[40] Naciri et al. prepared LCEs fibers with the side-
on attachment of the liquid crystal mesogens.(Figure  5a) The 
processing induced alignment of the mesogen groups along 
the axis of the fiber allow the anisotropic contraction of the 
fiber along the fiber axis in the presence of external stimuli 
through the disorganization of the mesogenic groups.[41] Pei 
et  al. reported the actuation behavior of liquid crystal elasto-
mers with transferable crosslinking. The actuation process 
follows an alternative mechanism for mechanical relaxation. 
LCEs produce high alignment of liquid crystals instead of 
external stress relaxation through the creep of nonliquid crystal 
temporary framework with transferable links.[44] Ikeda et  al. 
reported photo-induced 3D anisotropic deformation in LCEs 

(Figure  5b) containing the azobenzene derivatives as liquid 
crystal mesogens and swollen in a solvent or heated above the 
glass transition temperature.[45] The azobenzene groups are 
sensitive to light and show photoresponsive cis–trans isomeriza-
tion on exposure to light, which causes a significant change in 
length.[46] The limited absorption of light allowing only the sur-
face mesogens to show photo isomerization which leads to the 
bending or 3D deformation in the developed materials. Further, 
a near-infrared spectroscopy responsive reversible mechanical 
actuation is achieved in graphene/LCE nanocomposite, where 
the graphene acts as photoactive constituents.[47] The in situ 
UV photopolymerization along with concurrent hot stretching 
organizes of the liquid crystal mesogens, and the extensive 
interactions between the graphene and mesogens allow the 
graphene sheets to distribute uniformly in the matrix. Now, the 

Adv. Funct. Mater. 2020, 30, 1908028

Figure 5.  Nonuniform strain-induced shape-changing behavior: a) The processing induced (electrospinning) organization of the liquid 
crystal mesogens provides sufficient energy for showing shape actuation through anisotropic strain recovery, Reproduced with permission.[41] 
Copyright 2003, American Chemical Society; b) the photoisomerization of the surface liquid crystal domains of the LCEs due to limited absorp-
tion of light results self-folding of the shape through nonuniform strain recovery, Reproduced with permission.[49] Copyright 2006, Wiley-VCH; 
c) the photothermal property of graphene and hot stretching induced self-organization combined to trigger the shape-changing phenomenon, 
Reproduced with permission.[47] Copyright 2015, Wiley-VCH; d) the stretching induced organization of the molecular sheets improves the crys-
tallization behavior of the materials, which trigger the anisotropic reversible shape-changing behavior in conventional polymers. Reproduced 
with permission.[8] Copyright 2015, Elsevier.
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photothermal effect of graphene along with the high self-organ-
ization of the mesogens collectively trigger the photoresponsive 
reversible actuation phenomenon in nanocomposite (Figure 5c) 
and entropy driven elasticity is the driving force behind this 
large reversible deformation in the reported LCE which is one 
of the advantages of this material over other conventional poly-
meric materials.[48]

Apart from LCEs, some conventional polymers are also able 
to show anisotropic shape-changing behavior. Lendlein’s group 
reported a thermoresponsive reversible bidirectional shape-
changing phenomenon in a block copolymer made of polycap-
rolactone (PCL) and poly(ω-pentadecalactone) (PPD) building 
blocks[50] and proposed a molecular mechanism that triggers 
the reversible shape-changing phenomenon (Figure 5d). Shape 
C is the permanent shape of the polymer in which the polymer 
chains are randomly oriented. The programming through 
uniaxial deformation changed the conformation of both the 
crystalline domains (PCL and PPD), as observed in shape A. 
Further, the heating–cooling cycles allow only the PCL domain 
to melt or crystallize while the PPD domain remains unchanged 
and produce the network anisotropy for PCL domain without 
external force. Overall, the programming induced conforma-
tional anisotropy deforms the PPD domain, and the constrain 
produced by the deformed PPD domain helps the PCL domain 
to be in oriented conformation.[51] The crystallization induced 
elongation and melting induced contraction of the length with 
heating–cooling cycles along the programming axis produces 
the reversible shape-changing behavior in this material.

2.5. Surface Tension

Surface tension or the capillary force becomes a very relevant 
and dominating driving force for showing shape-changing 
behavior in soft materials or materials with small dimensions as 
surface force starts to dominate over the bulk force of gravity at 
a smaller level.[52] Sometimes, this surface force is so strong that 
it destroys the thin structure of micro or nanoscale devices.[53] 
There are many reports in which the capillary action or sur-
face tension functions as the driving force for shape-changing 
behavior or arranging and adjusting the 2D rigid objects at the 
surface of the water.[54] To understand the relative importance 
of surface energy with respect to bulk elasticity, a liquid droplet 
with surface tension γ is considered over an ideal smooth and 
uniform solid surface.[55] (Figure 6a) After deposition, the droplet 
makes an angle θ with the surface of a rigid substrate,which is 
classically adjusted through a balance among all surface forces 
at the interaction line. If the typical extent of deformation at the 
pinched region is δ, then it can be defined by Equation (2)[56]

δ γ θ
E

~ sin 	 (2)

where, E is the elastic modulus of the material, and γ sin θ is the 
vertical component of surface tension, which helps in deforming 
the substrate by pulling the substrate.[57] Further, consider an 
elastic plate (length L, width w, and thickness h) coated with a 
thin liquid layer with surface tension γ. The contact of this plate 
with a rigid cylinder (radius R) coated with same liquid layer 
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Figure 6.  Surface tension as the driving force in shape-changing behavior: a) Model describing surface deformation at the solid–liquid interface 
due to surface tension, Reproduced with permission.[55] Copyright 2008, American Chemical Society; b) the model helps in optimizing different 
responsible factors for bending of an elastic plate (red color) in contact with any cylinder (both coated with a thin layer of liquid), Reproduced 
with permission.[58] Copyright 2010, Institute of Physics Publishing; c) according to this model, the self-folding is driven by the capillary interac-
tions at the triple junction; the symmetric red dash line denotes the bending point in both square and trigonal schematic models, Reproduced 
with permission.[59] Copyright 2009, United State National Academy of Science; d) the deformation map describing the role of elasticity (E), 
gravity (G), surface tension (S) in defining the shape of a soft material. Reproduced with permission[60] Copyright 2013, Amerian Chemical 
Society.
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leads to the wrapping of the cylinder by the plate (Figure  6b) 
which results in enhancement not only in the surface energy 
by 2γwL but also in the elastic energy by BwL/2R2; where B is 
the bending modulus of the elastic plate and B = Eh3/12(1 − ν2), 
E and ν are the elastic modulus and Poisson ratio of the mate-
rials. Hence, the wrapping is only possible if the radius of the 

cylinder γ>R
B/
23

; where γB/  =  LEC (elasto-capillary length). 

So, the characteristic length of the flexible plate should be less 
than the radius of the rigid cylinder for spontaneous wrap-
ping.[58] Guo et al. reported the self-folding behavior of thin-film 
single crystal silicon and proposed a mechanics model identi-
fying the responsible parameter.[59] According to this model, 
the folding behavior of the thin film is driven by the capillary 
interaction at the triple junction. Figure  6c shows that the 
thin sheets are like tapered cantilever beam and the capillary 
force works on the beam at a particular position (Lp) with an 
extent of γt where t is the width of the beam or length of the 
contact line at Lp and this capillary force should be enough to 
overcome the bending resistance of the beam for self-folding of 
the thin films. A deformation map is proposed by Xu et al. to 
understand the influence of different parameters on the surface 
tension drove shape-changing behavior and to optimize differ-
ence influencing factors for successful folding.[60] The map is 
prepared using polar coordinate system and considering two 
extreme conditions; i) in which the deformation is exclusively 
driven by the surface tension and the overall strain due to the 
surface tension is in the order of α γ µ= d/ , μ is the shear mod-
ulus and d is the length of the axis, and ii) in which the gravity 
is the dominating factor and average strain is in the order of 
β ρ µ= gd/  where the ρ is the mass density and g is the gravi-
tational force. (Figure  6d) The map is divided into five region 
depending on the role of the elasticity (E), gravity (G), and sur-
face tension (S) in defining the shape of the material.

3. Principles of Complex Shape Transformation

The shape-changing behavior of polymeric materials can be 
precisely programmed by their geometry and structure. Here, 
we discuss how different kinds of complex actuations are real-
ized in different shape-changing materials. [87]

The folding behavior of a material can be defined as deforma-
tion of a material keeping the in-surface distance between the 
two distinct points of the material without self-intersections.[88] 
The folding is a sharp curvature of the material, which results 
due to the deformation of the material along a crease and pro-
duces a narrow hinge area with sharp angles.[89,90] Folding can 
be achieved in a material utilizing the stress mismatch between 
the active and passive layers.[91–93] For example, the hinge 
printed with active materials (shape-changing material) and 
other parts printed with inactive materials results in folding in 
the presence of the appropriate stimulus. The 4D printed struc-
ture developed by Tibbits folds into a precisely truncated octa-
hedron in the presence of water stimuli.[94]

Bending can be defined as the disseminated deformation in 
the material throughout the deflected area resulting in curva-
ture in the material.[89,95] Bending can be achieved by attaching 
two materials with different degrees of swelling or shrinking 

behavior. The bilayer structure will bend to keep equal strain 
at the interface of the bilayer on activation by the stimuli.[93] 
Zhang et  al. fabricated a lightweight 3D composite structure 
that remains flat on heating due to the release of internal strain 
but starts to bend on cooling to room temperature.[96] There is 
some basic difference between folding and bending, such as 
folding results due to localized deformation while bending hap-
pens due to global deformation in the material.[97] Further, in 
the presence of continuously applied force during bending, the 
shape changing results rolling deformation in the material. The 
main difference between bending and rolling is rolling con-
sists of multiple gradients while bending consists of only two 
gradients.

Twisting behavior can be achieved in a material by using 
in-plane stretching. The combination of two anisotropic active 
layers of a similar kind with stretching direction perpendicular 
to each other results in self-twisting in the bilayer structure. 
Shape changing material with a small width is favorable for 
showing twisting behavior.[98] The printing of fibers with cer-
tain angle results twisting in shape.[96]

Helixing can be characterized by the smooth distortion of 
the material in space, which results in a three-dimension curva-
ture.[92] Helixing deformation can be achieved in a bilayer struc-
ture through the uniaxial stretching or shrinking of the active 
layer with a nonzero angle between the axis of stretching and the 
axis of bilayer structure.[99] The basic difference between twisting 
and helixing is that the axis of twist is centered in twist shape 
while helixing possesses multiple axes.

The buckling deformation can be achieved by the applica-
tion of compressive stress above a critical value, which results 
in sudden sideway failure in a flat structural membrane.[100] 
The compressive stress can be generated through the in-
plane organization of different active and passive elements. 
Menan et  al. discussed four different ways, such as material 
tessellation, in-plane material gradients, nonhomogeneous 
exposure to stimuli and application mechanical stress, to 
generate buckling deformation.

Curving can be defined as the deviation in the geometry of an 
object from its plane or flat shape. This type of shape-changing 
behavior can be achieved through the unequal stress generation 
in between the active and passive layer. The different degrees 
of swelling of two layers in the presence of stimuli can produce 
unequal stress in the material.[94] Further, the stress gradient 
could be generated by the application of varying intensity of the 
stimuli along with the thickness of the material.[101]

The topographical changes can produce distorted or uneven 
shape in the material, which is quite similar to the physical 
properties of ground terrain. The surface topography can be 
defined as the local deviation of a surface from its flat plane. 
The concentric circles in the presence of suitable stimuli pro-
duce mountain and valley-like features.[102] Further, it can also 
be realized under compressive loading.[94]

The unequal swelling/shrinking behavior of a bilayer struc-
ture with similar stiffness and layer thickness results in wave or 
curling shape in response to an appropriate stimulus.[94,103] The 
basic difference between waving and curling is the consistency 
of the wave after distortion. Further, curling possesses irreg-
ular curves while waving consists of more symmetric curves. 
The wave shape can be tuned by changing the position and 
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materials of each layer. The trilayer structure developed by Wu 
et al. consists of an active layer of SMP and two passive layers. 
The heating induced activation of SMP of the trilayer structure 
results in a wave shape.[93]

3.1. Complex Deformation of Stress Relaxation-Based 
Shape-Changing Polymers (Shape Memory Polymers)

Complex shape changing in SMPs is highly associated with the 
complex programming of the permanent shape of the SMPs 
into temporary shape, and different kinds of stimuli can play 
an important role in executing this complex shape-changing 
phenomenon.[104,105] Thus, complex actuation in shape-memory 
polymers can be achieved without structuring but by their 
deformation. This not only increases the versatility of program-
ming as well as helps in predicting the pathway.

Exposure to the whole sample to conditions when which 
polymer chains become mobile results in simultaneous actu-
ation of all parts of a sample—it simply returns to its initial 
shape. Sequential folding can be achieved when samples are 
exposed to localized stimuli such as light. Indeed, heating of 
sample with laser light allows site-specific shape transfor-
mation, which is determined by the permanent shape. For 
example, the photothermal or magnetothermal effect of nano-
particles or dyes can play an important role in the production 
of heat in the presence of light or magnetic field.[106,107] The 
more advance complex programming can be achieved using 
the light of different wavelengths, which produces heat after 
absorbing light selectively by some special dyes.[108,109] Liu et al. 
developed a simple method to show complex shape changing in 
a prestrained polymer sheet. They printed ink using a desktop 
printer onto the polymer sheet, and irradiation with light allows 
the printed zone to produce heat which triggers the gradient 
shrinking of the polymer chains across the thickness of the 
polymer sheet. This shrinkage causes the polymer sheet to fold 
immediately.[106] Similarly, sequential folding can be achieved 
by printing different color ink over the polystyrene sheet and 
then irradiate the polymer sheet with LED light of particular 
color to trigger the folding process. Figure  7a shows the 
sequential folding of a nested box on exposing to red and green 
light, respectively, on which red and green ink is printed with a 
desktop printer. The folding of the nested box taking place due 
to the photothermal effect produced by the inks printed over 
it.[108]

Another way to achieve complex deformation of shape-
memory polymers is to use a multicomponent object. For 
example, the electromechanical or thermos-mechanical shape 
changing can be achieved after programming the composite 
utilizing its broad glass transition temperature.[110] This 
composite acts like an ion polymer–metal composite and the 
transportation of ions and water molecules along with the elec-
trostatic force under the influence of applied voltage, trigger the 
electromechanical shape-changing phenomenon in this com-
posite. Simultaneous application of temperature and electric  
stimulus helps the composite material to show very complex 
shape transformation behavior, as observed in Figure 7b. The 
temperature triggers the twisting and bending while the elec-
tric field activates the oscillation. Tolley et al. reported a com-
plex shape-changing phenomenon of shape memory polymer 

composite under uniform heating.[111] The polymer composite 
is fabricated by putting the prestrained SMP in between two 
papers, as observed in Figure  7c. The heat-induced contrac-
tion of the SMP resulting bending in the laminate structure, 
perpendicular to the axis p and toward the gap until the two 
sides of the upper layer come in contact, fighting against the 
force of gravity at the free end. Although multilayer shape 
memory polymers have some advantages like good and easily 
tunable elastic properties, although their fabrication is still 
time-consuming and complex in nature. To overcome this 
issue, Jin et al. developed a crystalline shape memory polymer 
with thermo and photoreversible bonding to produce complex 
shape actuation.[112] In this case, two different responsibilities 
are assigned to two different reversible bonding. The network 
anisotropy and location of actuation are generated through 
the activation of photoreversible bonding in a spatial-selective 
manner while shape-memory behavior is controlled by the 
thermoreversible bonding. The combination of the effects of 
these two different type of reversible bonding triggers complex 
shape transformation, from simple 2D films to 3D structures 
(Figure 7d).

3.2. Complex Deformation of Shape-Changing Polymers  
with Volume Change (Hydrogels)

In most cases, the hydrogels and other volume changing 
polymers exhibit shape-changing behavior because of their 
isotropic volume expansion and contraction in response to a 
stimulus. Complex shape changing such as bending, twisting, 
and folding can be achieved by inhomogeneous expansion or 
contraction of the material in different directions.[113] At the 
end, the way how shape-transformation occurs depends on the 
structure of hydrogel. For example, the bending behavior can be 
produced through the introduction of bilayers of two different 
polymeric materials with different expansion co-efficient while 
the twisting behavior can be achieved using bilayers of different 
materials with gradually changing thickness ratio between two 
layers. Twisting is achieved when the ratio between the thick-
ness of parts with different swelling properties changes gradu-
ally along with the sample.

More complex actuation can be achieved when several bilayer 
elements are combined with each other and with nonactuating 
parts. Small bilayer connected to nonactuating elements can 
be used to introduce sharp edges. The curvature of the edge is 
determined by parameters of the bilayer, and the bending angle 
also depends on the size of the bilayer. Figure  8a shows that 
the attachment of the bilayer structure in the structure of film 
triggers the formation of hinge shapes. The bilayer structure is 
patterned using noncontact photolithography of the hydrogel 
which is composed of N-isopropyl-acrylamide (NIPAm), 
acrylic acid (AAc), and poly-ethylene oxide diacrylate (PEODA). 
The “Venus Flytrap” shape reversible closes and opens with 
changing the pH due to different degrees of swelling of the two 
different layers.[114] Similarly, patterned polymer film with areas 
of different swelling magnitude results in similar phenomena.

Bilayers can bend in one direction that restricts possibilities 
for microfabrication. Hayward and co-workers have proposed a 
very interesting solution to this problem—they have fabricated 

Adv. Funct. Mater. 2020, 30, 1908028



www.afm-journal.dewww.advancedsciencenews.com

1908028  (11 of 21) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

trilayer structure when the top and bottom layers do not swell, 
and the middle layer is a stimuli-responsive hydrogel. Bending 
to one or another side can be achieved when either top or pas-
sive bottom layers are missing. The patterned sheet developed 
by Hayward and his co-worker using pendent benzophenone 
containing poly(N-isopropyl acrylamide) copolymers showing 
self-actuating behavior on changing temperature (Figure  8b). 
The heating (49 °C) induced deswelling, recover the flat shape 
while cooling (22 °C) induced swelling helps to obtain the ini-
tial hybrid shape.[115] Figure  8c describes the folding behavior 
of the trilayers structure in which the active hydrogel layer is 

sandwiched in between two passive layers, and the small gaps 
in the upper or lower side help the trilayer structure to bend in 
one or other side. The photo-crosslinkable trilayer pattern struc-
ture developed by Na et al. shows reversible complex shape-
changing behavior utilizing temperature-dependent swelling/
deswelling behavior of the active hydrogel layer.[116] Another way 
of achieving folding behavior is to use the swelling pathways, 
which are determined by the shape of the film, as observed 
in Figure  8d. In which, a six-ray star-like bilayer structure of 
poly(N-isopropyl acrylamide-co-acrylic acid) (P(NIPAM-AA)  
and poly-(methyl methacrylate) (PMMA) shows complex 
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Figure 7.  Complex shape-changing behavior of shape memory polymer through stress relaxation: a) The sequential shape-changing behavior 
of a SMP coated with different dyes, which activate the shape-changing behavior using photothermal effect, Reproduced with permission.[108] 
Copyright 2017, American Association for the Advancement of Science; b) the oscillation of the shape of a multiple SMP-metal composite is 
observed in presence of constant electric field (a sinusoid AC voltage of 3.7 V initial amplitude and 1 Hz frequency) and with varying temperature, 
Reproduced under the terms and conditions of the Creative Commons CC by 4.0 license.[110] Copyright 2016, Springer Nature; c) the active layer 
of SMP sandwich between two inactive layers of paper folds perpendicular to the p until the sides of the two-layer touches with each other i). 
The self –folding behavior of a trilayer structure due to the contraction of SMP layer on activation ii), Reproduced with permission[111] Copyright 
2014, Institute of Physics Publishing; d) the thermo and photo reversible bonding triggers the complex 2D to 3D shape transformation in a SMP. 
Reproduced with permission.[112] Copyright 2018, American Association for the Advancement of Science.
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multistep folding through edge activation.[117]Further, the intro-
duction of anisotropic volume expansion using either fibers or 
platelets can produce complex shape changing in a material 
(Figure  8e)).[118] Gladman et  al. reported the complex shape-
changing behavior of a polymer composite due to anisotropic 
swelling behavior. The processing induced alignment of the cel-
lulose fibrils controls the swelling of the composite and results 
in complex 3D morphologies in the presence of the stimulus.[95] 
The extent of bending depends on the elastic modulus, swelling 
ratio, thickness ratio of the layers (m  = abottom/atop), and the 

total thickness of the bilayer (h = atop + abottom). The mean and 
Gaussian curvatures scale, respectively
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where, the c1,c2, c3….etc. are the elastic constants that are 
assigned by their swollen equilibrium value. Hence, there are 
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Figure 8.  Various strategies to introduce complex shape changing in polymers by using structure: a) pattern bilayer: reversible actuation of “Venus 
Flytrap” shape of bilayer hydrogel of poly (N-isopropylacrylamide-co-acrylic acid)/poly(ethylene oxide) diacrylate (NIPAm–AAc/PEODA) with pH 
change, Reproduced with permission.[114] Copyright 2010, Elsevier; b) patterned film: reversible shape-changing behavior of hydrogel of pendent 
benzophenone containing poly(N-isopropyl acrylamide) copolymers. The heating induced deswelling helps to get the flat structure while cooling 
induced swelling produces the initial structure, Reproduced with permission.[115] Copyright 2012, American Association for the Advancement of 
Science; c) the heating leads to deswelling and cooling induced swelling of photo crosslinkable trilayer pattern structure triggers the reversible self-
folding phenomenon, Reproduced with permission.[116] Copyright 2015, Wiley-VCH; d) self-folding behavior of a star shape bilayer structure though 
the edge activation, Reproduced with permission.[117] Copyright 2013, Wiley-VCH; e) the complex changing behavior due to anisotropic swelling 
behavior of composite. Reproduced with permission.[95] Copyright 2016, Springer Nature.
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variety of possibilities to produce complex shape-changing 
behavior in hydrogel-based systems.

3.3. Complex Deformation of Shape-Changing Polymers  
with the Nonuniform Strain (Liquid Crystal Elastomers)

Complex shape-changing behavior in liquid crystal elastomers 
can be attained either through in-depth or/in-plane variation 
of molecular orientation[119–124] or by using photoresponsive 
mesogens, which are capable of deforming upon irradiation 
with light.[125,126] Hence, folding in liquid crystal elastomers can 
be controlled by organized irradiation with light and by control-
ling the distribution of molecular directors. van Oosten et  al. 
reported complex shape-changing behavior in an LCE con-
taining two different dyes (A3MA and DR1A).[119] It is explored 
that the self-organization and anisotropic orientation of meso-
gens controlling complex folding. According to Figure  9a(i), a 
gradual change in the orientation of the mesogen units with 
the thickness of the materials, a parallel orientation in the top 

to a perpendicular orientation at the bottom with respect to the 
substrate at bottom. This type of splayed molecular orientation 
is controlling not only the folding direction but also the axis of 
folding of the film. Different complex folding is achieved using 
varying compositions of the two dyes and using the light of dif-
ferent wavelengths and different compositions. (Figure  9a(ii)) 
In the dark, no folding is observed, but in the presence of ultra-
violet light, the yellow part responsible for A3MA dye starts 
bending. At the same time, the red part responsible for DR1A 
dye remains unbent. Again, in the presence of visible light, the 
reverse phenomenon is observed; the red part starts bending 
while the yellow part remains unbent. Finally, in the presence 
of both UV and visible light, a flap bending throughout the 
length is observed because of the simultaneous absorption of 
light by the DR1A at 360  nm and A3AM at 440  nm. So, the 
switching between these four states in the presence of dif-
ferent light generates cilia motion. Haan et al. introduced com-
plex shape-changing behavior in LCEs through the developed 
of series 3D patterned structure of liquid crystal units. In the 
presence of appropriate stimuli such as pH or temperature, an 
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Figure 9.  Complex shape changing due to nonuniform strain: a) The orientation of the liquid crystal units gradually changes from top to bottom 
in the LCE film i); The extent of bending of the film in the presence of different wavelength of light. The A3AM dye-containing yellow part bents in 
the presence of ultraviolet rays while the DR1A containing the red part of the film bents in the presence of visible light. A cilia motion is observed 
in the film on the simultaneous application of a different source of light ii), Reproduced with permission.[119] Copyright 2009, Springer Nature;  
b) forward and backward rolling motion of a spring-like motor, made of LCE inner side and outer side, respectively, due to the torque produced by 
structured irradiation with UV-light. Reproduced with permission.[125] Copyright 2017, Wiley-VCH.
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accordion-like deformation can be achieved in a striped shape 
selecting the appropriate composition of the reactive mesogen 
mixture. A large deformation can be achieved through this type 
of out of plane shape changing by contracting a monodomain 
sample with the uniform nematic director.[124] A novel strategy 
has been introduced by Lu et  al. to improve complex shape-
changing behavior in LCEs by enhancing the photoinduced 
mechanical force.[125] The basic idea is to store the mechanical 
energy in the polymer backbone through deformation (such as 
stretching or twisting) and use that stored energy during the 
light-induced shape transformation. The irradiation with light 
not only produces mechanical force through the direct light to 
mechanical energy conversion upon cis–trans photo isomeriza-
tion of the azobenzene liquid crystal unit as well as activate the 
release of the prestored deformation energy. The combination 
of these two forces helps in producing wheels or spring-like 
motors, as observed in Figure 9b. The motion in a spring-like 
motor is generated through the production of UV light-induced 
torque, while forward or backward direction of the motion 
depends on the processing of the bilayer structure of BOPP and 
LCE. When the LCE layer is in the upper side of the ribbon 
backward movement takes place while it is in the inner side of 
the ribbon reverse movement takes place.

4. Application of Shape-Transforming Soft Materials

Depending on shape-transforming material type, the principle of 
transformation and stimuli, these materials can be used in var-
ious fields like smart textiles, tissue engineering, soft robotics, 
microfluidics, sensors, drug delivery, optical devices, and elec-
tronic devices (Figure  10). All applications can be divided into 
several groups. Mechanical actuators and soft robotic systems 
belong to the first group and relay of both amplitudes of defor-
mation and force generated during deformation (described by 
stroke-force dependence). Some applications utilize shape trans-
formation to affect other properties. Examples of such appli-
cations are lenses (focal length is changed) and smart textiles 
(appearance and heat exchanges are changed). The third group 
of applications utilizes shape transformation to generate shapes, 
which otherwise are not possible or difficult to achieve. An 
example of such kind of application is tissue engineering.

4.1. Stroke-Force Dependence

4.1.1. Soft Robotics

Soft robotics is one of the fastest-growing fields of applica-
tion for shape-transforming materials. In comparison to 
metal-based hard materials, soft materials offer multifunc-
tionality and reconfigurability.[127] The use of soft materials 
in robotics, allow us to access small inaccessible regions, to 
manipulate delicate objects, and to have safe interactions with 
robotic design system.[128] Shape transforming soft materials 
are even more interesting for soft robotics applications than 
other soft materials, due to their shape change there is limited 
need for hydraulic or pneumatic pumps to actuate and induce 
the motion in the system. Shape transforming materials have 

showed that with proper design they can achieve such bioin-
spired locomotions as walking, jumping and swimming, which 
are solely based on their shape-changing characteristics.[129] As 
an example, Han et al. designed electroactive hydrogels that by 
changing the electric field was able to grip and transport objects 
and do bidirectional locomotion[130] (Figure 11a). By using dig-
ital light processing (DLP) based micro 3D printing technique, 
they were able to get various size 3D structures with high reso-
lution, fast actuation and ease control. These kinds of hydrogels 
have the potential to be used as actuating material for artificial 
muscle design and soft robotics. Though there is one problem 
with this kind of soft robot, the electric field is required. One 
option to solve this issue and prepare wireless actuator that is 
controlled by using light. Huang et  al. described light driven 
liquid-crystal soft robotic system where UV light and white 
light works as “power and signal lines”[131] (Figure 11b). Liquid 
crystal film was able to achieve shape transformation with light 
due to azobenzene molecules that are included in the film, 
with UV irradiation azobenzene molecules switch from cis to 
trans isomer that changes the length of molecule and induces 
bending of the film. The prepared soft robot was able to swim 
in water and carry loads. Light driven soft robots have potential 
to be used in micro machines and robotics .

4.1.2. Microfluidics

Fluid manipulation in channels with dimensions of tens of 
micrometers is called microfluidics; this field is constantly 
growing as it could improve various fields: chemical synthesis, 
biological analysis, optics, information technology, etc.[132] Micro-
fluidic devices by itself is usually small in scale, whereas their 
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Figure 10.  Scheme showing the shape-transforming soft material prin-
ciple of transformation, stimuli, and applications.
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equipment that is required to control the device could be large 
(pumps, valves, mixing units). Due to shape-changing properties 
and force that is generated during actuation, shape-transforming 
materials are well suited for valve preparation in microfluidic 
channels. For example, recently D’Eramo has shown the poten-
tial to use temperature-responsive hydrogel as poly(N-isopropy-
lacrylamide) (PNIPAM) for microfluidic valves[133] (Figure 11c). 
At 40 °C (above LCST), PNIPAM hydrogel shrinks, but in the 
room temperature, hydrogel swells, closing the valve in this 
case. They have prepared 780 microcages, were able to open 
and close in 250 and 600  ms, respectively. They were able to 

use these cages for single-cell handling and the nuclear acid 
amplification test (NAAT), which proves systems functionality 
for microfluidics. Another interesting approach is to fabricate 
stimuli-responsive microchannels that can be open and closed, 
used for bulb mixing, and can form U, T- junctions described 
by Wong et al.[134] (Figure 11d). They prepared electrospun Janus 
bilayers from polyvinyl chloride (PVC) and PCL, which mim-
icked Mimosa pudica opening and closing. They showed the 
possible design of complex microchannel fabrication and as well 
they were able to achieve high flow rates (4.7  µL s−1) that are 
two orders of magnitude higher than traditional wicking-based 
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Figure 11.  Overview of different application of shape-transforming soft materials: a) 3D printed electroactive hydrogel soft robotic manipula-
tion and locomotion. Adapted with permission.[130] Copyright 2018, American Chemical Society; b) miniaturized swimming soft robot controlled 
by remote light signals. Scale bar 3  mm. Adapted with permission.[131] Reproduced under the terms and conditions of the Creative Commons 
CC BY 4.0 license.[131] Copyright 2015, Springer Nature; c) microfluidic actuators based on temperature-responsive PNIPAM hydrogels. Adapted 
with permission.[133] Adapted under the terms and conditions of the Creative Commons CC BY 4.0 License.[133] Copyright 2018, Springer Nature;  
d) Mimosa origami: self-organization of a rectangular-shaped Janus bilayer. Adapted with permission.[134] Copyright 2016, American Association 
for the Advancement of Science; e) hybrid sensor with temperature-responsive PNIPAM hydrogel as a spacing transducer. Adapted with permis-
sion.[138] Reproduced under the terms and conditions of the Creative Commons CC BY 4.0 license.[138] Copyright 2018, Springer Nature; f ) 3D 
printed soft materials with programmed ferromagnetic domains. Adapted with permission.[139] Copyright 2018, Springer Nature; g) 3D morphable 
mesostructures for microelectronic devices. Adapted with permission.[140] Copyright 2018, Springer Nature; h) structures with switchable thickness 
based on Janus fibers for smart textile application. Adapted with permission.[144] Copyright 2017, American Chemical Society; i) stimuli-responsive 
theragrippers for chemomechanical-controlled drug release. Adapted with permission.[150] Copyright 2014, Wiley-VCH; j) smart optical lenses with 
tunable focal lengths based on PNIPAM hydrogel. Adapted with permission.[153] Copyright 2006, Springer Nature; k) shape morphing scaffolds for 
3D endothelialization, photographs showing the temporary planar shapes (25 °C) and the permanent shapes (37 °C). Scale bar 1 cm., 3D tubular 
organization of HUVECs on the bilayer in permanent tubular shape (green color, stained by Calcein AM) cultured. Adapted with permission.[158] 
Copyright 2018, Wiley-VCH; l) bright-field image taken after 10 d of incubation of C2C12 cells in the internal part of the PEGDA tube and the 3D 
reconstructed confocal image of the partially aligned cells. Green and blue colors represent the cytoskeleton and cell nuclei, respectively. Adapted 
with permission.[159] Copyright 2018, Wiley-VCH; m) 4D biofabrication of porous tubular PCL/PNIPAM scaffolds. Adapted with permission.[160] 
Copyright 2017, American Chemical Society; n) Wireless folding of multijoint robots. Adapted with permission.[163] Copyright 2017, The American 
Association for the Advancement of Science.



www.afm-journal.dewww.advancedsciencenews.com

1908028  (16 of 21) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

devices. These both approaches show the future possibility to 
fully design microfluidic device from fast, responsive shape 
transforming soft materials.

4.1.3. Sensors

Fast response time, various stimuli, and macroscopic shape 
change are assets of shape transforming soft materials that 
make them attractive for sensor development. Shape trans-
forming materials like hydrogels can respond to stimuli like 
temperature, pH, specific ions, and chemicals, which makes 
them suitable for sensing. Usually, atomic force microscope 
(AFM) cantilevers are used to make hydrogel-based sensors; 
one side of the cantilever is covered with hydrogel layer, and 
AFM cantilever bends accordingly to the swelling state of 
hydrogel.[135–137] The bending of the cantilever can be detected 
by a change in reflection of the laser beam of the cantilever sur-
face. This kind of sensing method is simple and easy to use; any 
AFM device can be used for this method. Zhang et al. described 
more advance sensing by using stimuli-responsive hydrogel as 
a spacing transducer in-between nanodiamond and magnetic 
nanoparticles[138] (Figure 11e). The use of nanodiamond center-
based magnetometry provides the ability to use the system for 
quantum biosensing, but unfortunately, they are unable to 
sense parameters like pressure and temperature and can be 
influenced by parameters like pH and nonmagnetic biomol-
ecules. As a solution to these problems, they use hydrogel that 
fully covers nanodiamond, and then they docked magnetic nan-
oparticles on top of the hydrogel shell. Due to hydrogel swelling 
and shrinking, there is a sharp variation in the separation dis-
tance of diamond and nanoparticles, which makes a change in 
the magnetic field, and these changes can be detected easily by 
nanodiamond center. The hybrid sensor showed reversibility 
and stability for more than one week and higher sensibility 
then nanodiamond alone in the same conditions. With proper 
design and this hybrid system can be used for sensing other 
physiological parameters: pH, enzymes, sugar, and other types 
of nonmagnetic biomolecules.

4.1.4. Electronic Devices

Shape transforming soft materials can be used in electronic 
devices because of their ability to change the form as well gen-
erate the force as mentioned before. For example, Kim et al. have 
designed 3D printed soft materials that contain programmed 
ferromagnetic domains that were able to exhibit electric func-
tions[139] (Figure 11f). These ferromagnetic domains were printed 
using composite ink of magnetizable particles, fumed silica 
particles, and rated silicone rubber matrix. During 3D printing, 
they applied a magnetic field to the dispensing nozzle to align 
the magnetic particle in ferromagnetic domains. When the mag-
netic field is applied to the printed substrate, it induces torques 
on the embedded ferromagnetic particles forming stresses that 
lead to macroscale material response. To test designed structure 
ability to be used as flexible electronics, they added components 
like PDMS insulator, conductive silver ink, magnetic ink, and 
two-color LEDs. By changing magnetic field direction, they were 

able to switch on red or green LED, depending on magnetic par-
ticle arrangement in the ferromagnetic domain. This platform 
can be further examined with various elastomer and hydrogel 
matrices as well as the change of magnetic particles. Rodgers 
and their group have been working on various shape-trans-
forming electronic devices.[140–142] Their latest research describes 
microelectronic devices that can be actuated by multistable 
buckling mechanics[140] (Figure  11g). Prepared mesostructures 
could be reconfigured in three to four different states, showing 
their versatility. To show the potential of using these shape trans-
forming materials for electronic devices, they integrated silicon 
n-channel metal-oxide-semiconductor field-effect transistors 
(n-MOSFET) and µ-LEDs on top of 3D mesostructure. To show 
potential for wireless communication of these microelectronic 
devices, they used passive radiofrequency circuits and conceal-
able antennas.

4.2. Shape Transformation Affect Material Properties

4.2.1. Smart Textiles

Smart textile is a promising application for shape memory poly-
mers (SMPs). Smart textiles can be designed by using single 
actuating SMPs fibers that are incorporated in textiles; this 
single fiber actuates with the change of humidity and/or tem-
perature, which leads to shrinking and folding of the whole tex-
tile. This concept has been shown by designer Leenders using 
a hairdryer and incorporating nitinol fiber inside of textile, with 
increase and decrease of the temperature sleeves of textile can 
be rolled up or down.[143]

As another option, we described the method of producing 
non-crosslinked shape-transforming Janus fibers for smart tex-
tile applications.[144] 3D printing and melt-spinning were used 
to obtain Janus fibers consisting of fusible PCL as first polymer 
and acrylonitrile butadiene styrene (ABS) or polylactide (PLA) 
as the second polymer. ABS and PLA were chosen as the second 
polymer because of their high softening point (Figure  11h). 
This Janus fiber model was able to show reversible actua-
tion due to the contraction of PCL polymer in the presence of 
entanglements during crystallization and relaxation of stressed 
nonfusible side during melting. Design fibers demonstrate 
various advantages in comparison to existing smart fibers 
like fast actuation rate, reversible actuation, actuation tempera-
ture range from 0–70 °C, and high plasticity for repair when 
the fiber is deformed or broken.

4.2.2. Drug Delivery

The main challenge of drug delivery is to transfer the neces-
sary concentration of drugs to the intended site of action. As 
high doses are necessary in most cases, there is a high risk of 
potential side effects and reduced efficiency when the drug is 
absorbed in various parts of the human body and cannot reach 
the intended site.[128,145–147] As a solution to this problem, sci-
entists are working on multiple systems that could reach the 
intended site in a controlled manner and could release drugs 
based on specific environmental cues.[148] Shape transforming 
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soft materials can be used for drug encapsulation and can be 
controlled by adding on removing stimuli, thus being a good 
model for targeted drug delivery. Nevertheless, drug release 
depends on the surface to volume ratio, which makes changes 
of the surface to volume ratio during swelling of stimuli-
responsive material especially interesting for drug delivery.[7,149] 
Gracias and his group have designed stimuli-responsive ther-
agrippers for chemomechanical-controlled release of fluo-
rescent dyes and commercial drugs like mesalamine and 
doxorubicin[150] (Figure  11i). They used photolithography to 
design theragrippers that consisted of rigid poly(propylene 
fumarate) segments and stimuli-responsive poly(N-isopropy-
lacrylamide-co-acrylic acid) hinges. Due to thermos-responsive 
hinges, gripper closes above 32 °C temperature allowing it to 
grip onto tissue when it reaches body temperature from a cold 
state. Theragrippers showed improved site-specific delivery and 
time-tunable drug release, making it suitable for applicability in 
the gastrointestinal tract.

4.2.3. Optical Devices

Microlenses with tunable focal length can be designed using 
stimuli-responsive hydrogels. In this case, focal length 
depends on particle size, which changes with the swelling 
degree of hydrogel after external stimuli are added to the 
system.[29,151,152] Another approach describes water–oil inter-
face liquid microlenses that are mounted on a ring formed 
by macroscopic stimuli-responsive hydrogel [153](Figure  11j). 
When appropriate stimuli were added to the system, the 
hydrogel ring underneath the aperture expanded or shrunk. 
The actuation of hydrogel induces volume change of water 
droplet in the middle of the ring. Variations of the volume 
enclosed by the ring and volume of the water droplet gen-
erate pressure difference across the water–oil interface that 
regulates the geometry of the liquid meniscus. These lenses 
showed a fast response rate and did not require a complicated 
external control system.

4.3. Shape Generation During Transformation

4.3.1. Tissue Engineering

While the world’s populations are increasing and aging, sci-
entists have focused on tissue engineering field to solve the 
challenge of organ and tissue shortage and provide a new treat-
ment for patients.[7,128,154] Using tissue-engineering techniques, 
we can replace, preserve and regenerate different tissues and 
organs.[128,154,155] Material ability to transform its shape is prom-
ising for the field of tissue engineering; because of dynamic 
shape change, we would be able to achieve less invasive surgical 
procedures.[156] Shape-transforming soft materials can be used 
for various tissue regeneration as cardiac, bone, skeletal, vas-
cular and endothelial.[7,157]

An important feature for shape transformation soft materials 
is their easy and reversible transformation from flat 2D sheet 
to the 3D tubular structure. This approach is crucial for tubular 
human tissue formation like skeletal muscle bundles, ves-

sels, and arteries, osteons, axons, etc. For example, Zhao et al. 
described shape morphing scaffolds for 3D endothelialization, 
where they co-electrospun functional polycaprolactone (PCL) 
and methacrylated gelatin (GelMA) layer on top of biocompat-
ible shaping SMPs film for better cell adhesion[158] (Figure 11k). 
Endothelial cells showed high seeding efficiency and cell via-
bility on shape morphing constructs that were able to perform 
shape transformation in physiological temperature. These 
tubular structures showed potential for small diameter vascular 
graft formation with improved endothelialization. Similarly 
Vannozzi et  al.[159] (Figure  11l), showed the potential of using 
poly(ethylene glycol) diacrylate (PEGDA) bilayers for implant-
able fascicle-like muscle cell fabrication. Two different mole-
cular weight PEGDA was used to achieve and control folding 
behavior, based on each layer thickness. Cardiac and muscle 
cells exhibited high cell viability and preserved their contrac-
tile function. As well, electrospun bilayers with no supportive 
layer had showed potential to be used in tissue engineering 
for cell encapsulation. Apsite et al. designed multilayer electro-
spun mesh system consisting of PCL and PNIPAM, that can 
self-fold in physiological conditions and sustain cell viability[160] 
(Figure 11m).

4.3.2. Shape-Transforming Origami

Term Origami is used to describe folding paper art coming 
from Japan, where a 2D flat sheet is folded in various complex 
3D structures like crane, rhino, and various other animals. 
Following simple axioms and theorems it is possible to fold 
any soft or rigid material, which makes this principle more 
attractive to industrial applications as solar panels, space tel-
escopes, stents for medical purposes, high tech origami, gro-
cery bags, vacuumatics, programmable matter folding.[161] 
Shape transforming has been widely used for development of 
foldable devices. R. Wood and his group have developed wire-
less multijoint folding robots based on shape memory polymer 
origami-based foldable robot that was able to self-fold, actuate 
and even degrade in acetone or water.[162] Origami robot was 
thermally activated and due to cubic neodymium magnet that 
was incorporated in polystyrene robot, they were able to con-
trol direction of locomotion using magnetic field. These kinds 
of origami-based complex 3D structures can be in future used 
in vivo. In most recent research, they prepared device that 
was based on electromagnetic power transmission and reso-
nance selectivity[163] (Figure  11n). They achieve folding using 
magnetically active shape memory alloy (SMA) actuator as the 
electrical load, which does not require any physical contact 
and allows to actuate each SMA individually or in groups. The 
advantage of this method is that you can prepare robotic sys-
tems small weight like 0.8 g and still have high energy density.

5. Summary and Outlook

There is considerable progress in the development of materials 
with shape-changing properties as well as in understanding 
and programming of shape transformation that allows a broad 
variety in shapes. The controlled shape transformation can be 
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utilized for diverse applications including soft robotics, micro-
fluidics, sensory, electronic devices, smart textiles, drug delivery, 
optical devices, tissue engineering. In spite of significant pre-
pared progress in all these areas, properties of available mate-
rials are not always optimal from point of view of particular 
applications. For example, shape transformation requires high 
mobility of polymer chains and is observed above melting/glass 
transition point. Moreover, reversibility of actuation requires 
crosslinking of polymers. In other words, polymers have 
properties of elastomer in the state when they actuate. Elastic 
modulus of elastomer depends on crosslinking density and 
typically is in the order of megapascals. Crosslinking density is 
even lower in swollen elastomers (gels), and therefore, they are 
even softer. The force generated during the actuation of shape-
changing polymers is roughly elastic modulus multiplied by 
actuation amplitude. This force is usually much lower than the 
force generated by hard motors/actuators. Therefore, shape-
changing polymers are unable to compete with classic motor-
based actuators in conventional robotics. On the other hand, 
due to their softness, shape-changing polymers have distinct 
advantages in the “soft” applications such as soft robotics, tissue 
engineering, flexible optics, where “hard” actuators cannot be 
applied. Moreover, due to their softness, shape-changing poly-
mers allow considerable amplitude of shape transformation 
at lower absorbed energy. Although basic principles of appli-
cation of shape-changing polymers in these fields have been 
successfully demonstrated, their practical application is still 
problematic because each of these “soft” applications put new 
requirements for properties of materials. For example, optical 
devices may require either high transparency of polymers or 
their special optical properties. Bio-related applications like 
tissue engineering and drug delivery require biocompatible and 
biodegradable shape-changing polymers, which are also able 
to change their shape at the conditions acceptable for living 
matter. Thus, the first open problem is the precise tailoring of 
the properties of shape-changing polymers.

The second problem is the weakness of the materials. Shape 
transformation is often accompanied by considerable local defor-
mations, which may lead to rupture of materials. Therefore, the 
development of self-healing shape-changing materials can be one 
of the future directions of development. Although the task may 
look simple because there are many approaches for the design of 
self-healing materials, the real solution for this problem is diffi-
cult. In fact, the self-healing of cracks is commonly based on the 
interdiffusion of chain segments and the reversibility of bonds. 
Both these processes assume plastic deformation of materials, 
i.e., actuator will undergo not pure elastic but visco-elastic defor-
mation and reversibility of actuation will not be complete.

The third big challenge in the field of microfabrication using 
controlled shape transformation is miniaturization. Fabrication 
of micrometer—size shape-changing structures is a multistep 
procedure, which is very expensive and requires the use of 
sophisticated equipment. Recently, 3D printing became very 
popular for fabrication shape-changing structures that have 
even led to the development of the new area in 3D printing–4D 
printing. There are several most widely used 3D printing tech-
niques, but no one of them allows the fabrication of microstruc-
tures at low costs. Indeed, fused deposition modeling (FDM) 
printing allows fabrication of multicomponent structures, 

but its resolution is ca 100–200  µm. Stereolithography allows 
a much better resolution, which is ca 10 µm, it can hardly be 
used for fabrication of multicomponent objects as it requires a 
constant exchange of photopolymer. Ink-jet printing and sim-
ilar drop-based technologies allow high resolution but operate 
with low viscosity liquids such as oligomer/monomer solution, 
which have to be photopolymerized afterward. Melt electrospin-
ning writing is a very interesting method for the fabrication of 
very fine structures from viscous polymer melts. This method 
is however based on the deposition of continuous fibers and 
fabrication of dots and discrete elements not possible. All this 
means that currently a combination of different 3D printing 
methods is needed for microfabrication of shape-changing 
structures.

Forth challenge related to microfabrication is the precise 
programming of shape transformation. There are brilliant 
works[164,165] demonstrating impressive possibilities to program 
the folding, there are still unsolved problems related to stability, 
reversibility, and possibilities to reprogram the folding. For 
example, there is no report about a shape-changing material 
which allows full flexibility of folding when (i) the same film 
can be folded and unfolded in a variety of ways and (ii) there is 
a possibility to decide if folding is reversible or irreversible, that 
must allow fixation of folded structures. The reason for these 
effects is the intrinsic properties of individual shape-changing 
materials. As an illustration, the hydrogel-based shape-
changing film can fold in various ways depending on their 
structure. On the other hand, as soon as stimuli are removed 
the shape of folded objects changes. The same happens when 
the hydrogel layer dries.

In summary, the microfabrication using shape-changing 
polymers is a rapidly developing field, and many new excellent 
works are published on this topic each day. Despite this, there 
are still many problems to be solved before microfabrication 
using shape-changing polymers became real technology.
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