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Programming the shape-shifting of flat
soft matter

Teunis van Manen, Shahram Janbaz *, Amir A. Zadpoor

Additive Manufacturing Laboratory, Department of Biomechanical Engineering, Delft University of Technology (TU Delft), Mekelweg 2, Delft 2628CD,
The Netherlands

Shape-shifting of flat materials into the desired 3D configuration is an alternative design route for
fabrication of complex 3D shapes, which provides many benefits such as access to the flat material
surface and the ability to produce well-described motions. The advanced production techniques that
primarily work in 2D could then be used to add complex surface features to the flat material. The
combination of complex 3D shapes and surface-related functionalities has a wide range of applications
in biotechnology, actuators/sensors, and engineering of complex metamaterials. Here, we categorize
the different programming strategies that could be used for planning the shape-shifting of soft matter
based on the type of stresses generated inside the flat material and present an overview of the ways
those mechanisms could be used to achieve the desired 3D shapes. Stress gradients through the
thickness of the material, which generate out-of-plane bending moments, and compressive in-plane
stresses that result in out-of-plane buckling constitute the major mechanisms through which shape-
shifting of the flat matter could be programmed. We review both programming strategies with a focus
on the underlying physical principles, which are highly scalable and could be applied to other
structures and materials. The techniques used for programming the time sequence of shape-shifting are
discussed as well. Such types of so-called “sequential” shape-shifting enable achieving more complex
3D shapes, as the kinematics of the movements could be planned in time to avoid collisions.
Ultimately, we discuss what 3D shapes could be achieved through shape-shifting from flat soft matter
and identify multiple areas of application.

Introduction

Shape-shifting of initially flat materials into programmed 3D
configurations is an emerging area of research that holds a lot
of promise for development of complex materials with unprece-
dented functionalities and properties. A wide range of shape-
shifting phenomena are seen in nature and often originate from
the spatial arrangement of the structural elements and their dif-
ferential responses to the different types of stimuli. For example,
dimensional transformation of active elements in response to
external stimuli could activate the process of change in the shape
of materials such as what pine cone [1,2] and Mimosa Pudica [3]

* Corresponding author: Janbaz, S. (sjanbaz@tudelft.nl).

show via the evolution in their extracellular systems. Inspired by
nature, synthetic materials have been developed that show
highly complex shape transformations once triggered by certain
stimuli. Combined with surface-induced functionalities, shape-
shifting materials could present functionalities that are unique
and relevant for multiple areas of application.

Shape-shifting in synthetic materials may be based on differ-
ent physical principles such as capillary forces, residual stresses,
or the energy released from active polymers [4]. Such active
materials may respond to stimuli such as light [5,6], humidity
[7], temperature [8], or pH [9], among others. Three main classes
of stimuli-responsive polymers have been used in shape-shifting
materials [10] and will be shortly introduced here. First, the

1369-7021/© 2017 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecornmons.org/licenses/by-nc-nd/4.0/).
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swelling/de-swelling of polymer gels has been widely used as a
driving force for changing the shape of materials. In response
to different stimuli such as temperature or pH, the water uptake
inside the crosslinked network could be changed, resulting in
reversible volumetric expansion or shrinkage [10,11]. Large swel-
ling ratios up to four orders of magnitude could be obtained,
although a large swelling ratio is often linked to a reduced stiff-
ness [12]. However, most hydrogels have limited mechanical
properties (i.e. E < 0.5 MPa) [13], while the response time is long
as compared to other active materials (i.e. up to several hours for
material thickness of 1 mm) [14]. Many swellable polymers have
good biocompatibility as well as biodegradability, which make
them suitable materials for biomedical applications [15,16]. The
second class of active polymers are liquid crystalline elastomers
(LCE). LCE materials are composed of a liquid crystalline material
aligned inside a polymeric network [17,18]. Because of the aniso-
tropic alignment of those molecules, the material stifftness along
the alignment direction is larger than those along other direc-
tions. Upon activation by different stimuli such as temperature
or humidity, the material alignment order will decrease, resulting
in highly anisotropic dimensional changes. In contrast to most
swellable polymers, the response time of LCE is much shorter
[18]. A third widely reported class of active materials are shape
memory polymers (SMP), which exhibit the ability to store a
temporary shape inside the structure of the material [19,20]. By
increasing the temperature above glass transition temperature,
Tg, the material softens and can easily be deformed. After reduc-
ing the temperature below Tg, this temporary shape will be
stored as memory inside the material. Upon activation by differ-
ent stimuli such as high temperature or light, the relaxation of
the polymer results in recovery of the permanent shape. SMP
materials exhibits good mechanical properties, although the
material stiffness drops dramatically at high temperatures [21].
The main drawback of using SMP as active material is that the
dimensional changes are irreversible. Moreover, the material
response has to be first programmed inside the material. For a
more comprehensive and in-depth review of the structure and
functionalities of those and other stimuli responsive materials,
the interested reader is referred to other excellent review papers
[11,18,19]. In this paper, we review the strategies that could be
used to program the shape-shifting of flat soft matter into com-
plex 3D shapes driven by the mechanical forces induced in those
active materials. Since many of the presented strategies are based
on general physical principles, they could be applied regardless
of the type of polymeric materials and the stimulus. Readers
interested in the underlying molecular mechanisms or shape-
shifting in the broader context of formation of 3D constructs
are referred to other recently published reviews [4,14,22]. Here,
we focus on the different deformation mechanisms of shape-
shifting of flat soft matter from a mechanical point of view,
which could serve as a guide for the rational design of shape-
shifting materials.

Let us consider a slender (i.e. small thickness as compared to
other dimensions) elastic body incorporating a number of active
and passive elements. The deformation of such a body could be
approximated using the Kirchhoff-Love assumptions [23,24].
In this approach, the deformation of the slender body is repre-
sented by the deformation of the mid-plane consisting of the

changes in the planer dimensions and curvature. The elastic
energy of the plate could therefore be written as the sum of a
stretching term and a bending-related term. Once triggered by
the activation stimulus, both bending moments and axial forces
may be generated, respectively inducing out-of-plane bending
(Fig. 1a) and out-of-plane buckling (Fig. 1b). Creating those two
types of forces are the main working principles on which the pro-
gramming strategies are usually based. Both out-of-plane bend-
ing moments and axial (compressive) forces could create the
out-of-plane deformations that are required for transforming
the shape of a flat material to complex 3D shapes.

It is obvious why an out-of-plane bending moment will cause
out-of-plane deformation. The required bending moment is
often generated by inducing a gradient in the planar stresses
along the thickness of the material upon activation. Different
strategies may be used to program such a material response to
an activation stimulus (Fig. 1a). In the following section of the
paper, we have categorized the reported strategies into three
major categories.

As for the (compressive) axial forces, the material will first
exhibit a pure stretching state upon activation. Since stretching
energy scales linearly with the material thickness while the bend-
ing energy has a cubic dependency on the thickness, a bending
configuration is energetically favorable over pure stretching for
thin constructs [25]. Compressive stresses above a certain critical
value will therefore induce out-of-plane buckling of the flat struc-
ture, thereby minimizing the elastic energy (Fig. 1b). Different
techniques to program the generation of compressive stresses
will be reviewed in the third section of the paper.

We will discuss both types of the programming strategies with
a focus on the mechanics of deformation and the parameters
used to program and control the deformations. In addition to
the final shape, the material could be programmed to undergo
a specified sequence of deformations over time, thereby achiev-
ing more complex shapes. That type of so-called “sequential”
shape-shifting will be discussed in the fourth section of this paper.

Bending strategy

As previously stated, a stress gradient along the thickness of the
material is required for generating the bending moment. Various
approaches comprising different stimuli-responsive materials
have been used in the literature for creating the stress gradient,
which will be discussed in this section.

Multilayer

A widely applied strategy for generating the bending moments is
to combine two layers of different materials into a bilayer con-
struct (Fig. 1a). The swelling/shrinkage mismatch between both
layers in response to activation stimuli, while sustaining the
same strain at the interface between both layers, could result in
different types of deformation. Dependent on the layer thick-
nesses and the induced strain, both surface wrinkling or bending
may be programmed [26]. For example, surface wrinkling may be
generated due to the compressive stresses applied on a thin stiff
top layer by a thick soft substrate, while global bending could
arise in bilayers with comparable stiffness and layer thickness.
Here, only out-of-plane bending will be considered. Upon
activation, the deformation of the main straining layer is
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Two different strategies for programming 2D/3D shape-shifting. (a) By generating a stress gradient along the thickness of the material, a bending moment
may be generated resulting in out-of-plane bending. The different approaches have been divided into three sub-categories. (b) Compressive stresses may
induce out-of-plane buckling. Four different categories have been identified within the buckling strategy.

constrained by the second layer and therefor one layer is loaded
in tension while compressive stresses are observed in the other
layer. The generated bending moment results in global bending
of the constructs, thereby (partially) releasing those internal
stresses. The general theory of bilayers, developed by
Timoshenko [27], states that a bilayer made of two materials with
different thermal expansion coefficients result in a uniform
curvature, which is inversely proportional to the thickness. The
normalized curvature k can be expressed as
xh 6(1+m)’

K:E:3(l+m)2+(1+mn)(m2+ﬁ)

where « is bilayer curvature, h is thickness, Ao is the mismatch
in the thermal expansion coefficients, n is the stiffness ratio of
both layers and m is the thickness ratio of both layers. Fig. 2a
depicts the dependency of the normalized bilayer curvature on
the thickness ratio of layers and material stiffness ratio. A max-
imum value of 1.5 is found for the normalized curvature.
Although this theory is derived for bi-metallic strips with small
thicknesses (i.e. h < L), its general concept is applicable also to
predict the behavior of polymeric materials with different
activation mechanisms [22]. In this section, we will discuss
structures comprising multiple isotropic material layers as well
as multilayer constructs with anisotropic material properties.

Isotropic multilayers
Isotropic swelling/de-swelling of polymers has been reported in
many studies as the activation mechanism to drive the bending

of bilayer constructs [28-38]. Guan et al. fabricated slender
bilayer strips (95 x 20 x 4.8 ym) from hydrogels with different
amounts of swelling using a soft lithography production process
[30]. The curvature of the bilayer strip could be controlled based
on the swelling ratios, which originate from different polymer
compositions. Keeping the thickness ratio between the active
and passive layers around 15, a reduction in the radius of curva-
ture from 80 pm to 30 um could be achieved based on an increase
in the swelling ratio from 15% to 42%. Due to the increase in the
swelling ratio, a larger bending moment could be generated,
resulting in a larger curvature. More complex 3D microstructures
could be made by different combinations of bilayers strips
(Fig. 2b). The effects of layer thickness on the radius of curvature
is experimentally studied by Egunov et al. by varying the thick-
ness ratio between 1/3 and 4, while keeping the thickness of
the passive layer constant around 0.32 mm [29]. As the bending
stiffness has a cubic dependency on the thickness, while the gen-
erated bending moment increases only quadratically with the
thickness, the bilayer curvature reduces as the thickness
increases. For thickness ratios close to 1, the results were in good
agreement with the Timoshenko’s bilayer theory and a normal-
ized curvature of about 1.5 was achieved. In accordance to the
results of Guan et al. and the general theory of bilayers, a linear
relationship between the radius of curvature and swelling ratio is
found [29,30]. The other parameter influencing the radius of cur-
vature is the material stiffness ratio, as it adjusts the resistance of
the bilayer against deformation [39]. It is important to realize
that swelling may strongly affect the stiffness of the active layer.
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(@) The normalized curvature of bilayer samples according to the Timoshenko's theory. (b) Shape-shifting of a cross-shaped bilayer into a 3D constructs.
Reproduced with permission from [30]. Copyright 2005 by the American Chemical Society. (c) The two principal curvatures of rectangular isotropic bilayer
samples as a function of the strain mismatch between both layers. Two regimes with different deformation modes are shown for a bilayer with a thickness of
145 nm. Adapted with permission from [40]. Copyright 2011 by the American Chemical Society. (d) A double-curved bilayer sample photographed on a
reflective surface. Reproduced from [29] with permission form The Royal Society of Chemistry. (e) The curving of a star-shaped bilayer construct. Reproduced
from [32] with permission from The Royal Society of Chemistry. (f) Two-step folding of a star-shaped bilayer specimen [33]. Copyright 2013 by John Wiley &
Sons, Inc. Reproduced by permission of John Wiley & Sons, Inc. (g) Schematic illustration of using passive disks to control the folding angle. (h) Trilayer
constructs with a heat-shrinking core. The dashed line indicates the expected folding angle as a function of the gap width. Experimental results are indicated
with blue dots [61]. Reproduced by permission of IOP Publishing. (i) Trilayer samples with a swelling core. The linear dependency of the folding angle on the
gap width has been verified by experiments using different thicknesses of the expanding core [63]. Copyright 2015 by John Wiley & Sons, Inc. Reproduced by
permission of John Wiley & Sons, Inc.

In general, the thickness ratio has a stronger effect on the radius
of curvature as compared with that of the stiffness ratio.

shape approximates a single-curve, as the in-plane stretching
required for a double-curved shape is formidably high. The high

Timoshenko’s bilayer theory is essentially a 2D model. Other
parameters related to the 3D geometry of the actual structures,
which are not captured by that theory, could influence the defor-
mation characteristics. Both theoretical and experimental studies
about bilayers of isotropic elastic materials show that the flat
material adopts a double-curved shape for a small strain mis-
match [29,40-48]. For a larger strain mismatch, the resulting

levels of required in-plane strains could be seen when one tries to
wrap a plastic sheet around a sphere. Rolling in one direction
therefore becomes energetically favorable for strain mismatches
exceeding a certain threshold (Fig. 2¢) [29,40,42-47]. This bifur-
cation from double-curvature to a major single curvature mode
depends on both geometrical parameters (e.g. bilayer sheet
dimensions  [29,34,40,42,44,46] and layer thicknesses
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[31,43,47]) and material properties (e.g. stiffness ratio [46,47]),
which all affect the balance between stretching and bending
energies. For example, a rectangular bilayer with an aspect ratio
of 1 and relatively large thickness compared with its other
dimensions adopts a spherical shape (Fig. 2d). Larger samples
with the same thickness resulted in cylindrical shapes [29]. The
rolling direction of the single curvature mode is determined by
the aspect ratio (i.e. the ratio between the strip width and length)
of the bilayers [40]. Unconstrained bilayer strips preferably curve
along the shortest direction [40], which is in agreement with the
observations reported by Guan et al. [30]. Numerical investiga-
tion of shape-shifting for different shapes of flat bilayers showed
that the geometry highly influences the curvature direction as
well [49]. A star-shaped polymeric bilayer produced by the depo-
sition of a 4 pm layer of passive polymer on top of a thermo-
responsive swellable polymer with equal thickness has been pro-
posed for reversible encapsulation and release of cells (Fig. 2e)
[32]. The isotropic swelling of the active layer in an aqueous envi-
ronment in response to temperature changes resulted in the
bending of the star arms towards each other.

Controlling the diffusion pattern of water into the swellable
polymeric bilayer could be used to program the activation pat-
tern [33,35]. A star-like bilayer of active and passive polymer pro-
duced based on the deposition of active and passive layers on top
of a flat silicon substrate has been used to restrict the diffusion
directions [33]. The water could only diffuse inside the active
layer from the edges, which results in the deformation being
dependent on the outer contour of the initially flat bilayer.
Because of the small bilayer thickness (<1.5 pm), rolled tubes
with small radii of curvature will form along the perimeter of
the bilayer followed by bending of the arms at the intersection
of adjacent tubes (Fig. 2f). In contrast to unconstrained bilayers,
the edge-activation and the adhesion of the polymer to the sub-
strate cause the bilayer to preferably curve along the longest
direction [50].

Multi-material 3D printing provides additional freedom to
program the printed construct through spatial arrangement of
the active and passive materials. Raviv et al. printed bilayer struc-
tures with an isotropic swellable layer and a passive soft polymer
layer [51,52]. In-series arrangement of bending bilayers and pas-
sive disks, which act as stoppers, has been proposed to control
the level of deformation. The folding angle could then be set
by changing the distance between the passive disks (Fig. 2g).
An in-plane arrangement of active architected elements could
then form a planar grid-like structure, which could produce
curved structures upon activation. The same principle of using
end-stops has been also applied in multiple trilayer structures
as a technique to control the amount of deformation [53-61].
By sandwiching a shrinking layer between two structural layers,
the deformation of the active layer is constrained, while small
gaps in one of the structural layers allow for local bending
(Fig. 2h). By applying a global stimulus, the generated stress in
the active layer is locally transformed into a bending moment,
resulting in bending along the folding lines. Self-folding of ori-
gami structures has been reported based on the rational pattern-
ing of hinge gaps on both structural layers of a sandwich material
with a heat-shrink polymer core [59,61]. The edges of the gaps in
the structural layers act as mechanical stoppers and allow for pro-

gramming the desired folding angle by adjusting the gap width
[59,61]. Accurately control of folding angles up to about 120°
has been reported (Fig.2h) [61]. A swelling polymer, upon
increase of humidity, has been also used as the active material
to fold origami structures at microscale [62,63]. By adjusting
the gap width in one of the structural layers the length of the
remaining bilayer could be set resulting in a linear relation
between gap width and folding angle (Fig. 2i). Folding angles
ranging from O up to 180° have been reported [63].

Anisotropic multilayers

In order to program more complex shape transformations, one
additional programming parameter could be included in the
form of anisotropic material properties. By inducing stresses only
in the desired direction, the deformation characteristics (e.g. the
direction of rolling) could be decoupled from the geometry of the
initially flat material (e.g. aspect ratio or outer contour) [64]. Self-
helixing elements have been fabricated using a (mainly) uniaxial
expanding/shrinking active layer for a nonzero angle ¢ between
the main straining direction of the active layer and the main axis
of the bilayer strip (Fig. 3a) [65,66]. Inspired by the opening of
chiral seed pods, not only self-bending and self-helixing bilayers
but also self-twisting strips could be made through combining
two similar anisotropic active layers with main straining direc-
tions that are perpendicular to each other (Fig. 3b) [67-70].
Dependent on the dimensionless strip width w = w+/x/t, twist-
ing or helixing will be the dominant deformation mode, where w
is the strip width, tis the bilayer thickness, and «, is the reference
curvature (i.e. the curvature induced along the main straining
direction, Fig. 3b). The twisting mode is dominated by in-plane
stretching, while bending is dominant in helixing bilayers
[67,69,71]. By increasing the widths of self-twisting samples,
the stretching energy increases very rapidly while the bending
energy of helixing constructs is only linearly related to the sam-
ple width [67,71]. Twisting is therefore energetically favorable for
small widths, while self-helixing strips will be formed for w > 1.
Based on the angle ¢ and the strip width w, both self-helixing
and self-twisting could be programmed with different values of
radius r and pitch p (Fig. 3¢) [69].

Different methods have been reported for the inclusion of ani-
sotropy within the multilayer samples. A widely reported
approach is programming SMP material through uniaxial
stretching. For example, multi-material 3D printing has been
used to produce bilayer strips of elastomeric materials with
SMP fibers embedded in one of the layers (Fig. 3d) [72,73]. The
samples were stretched at high temperatures and cooled down
below Tg, while maintaining the straining. The programmed
stress is stored as memory inside the SMP fibers, while being
retained as elastic energy in the elastomer. The release of the
stress causes the elastomeric layer to recover, resulting in the
bending of the strip [73]. Reheating the sample will release the
frozen memory, thereby recovering the original flat shape. The
active self-bending elements have been integrated with passive
panels to create a self-folding box (Fig. 3d). The same research
group reported 3D printing of bilayer specimens comprising
two elastomeric layers and embedding SMP fibers with different
Tg values [74]. The specimens revealed similar programming and
recovery cycles, but shape-shifting could be activated with
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The methodology and production of anisotropic bilayers. (a) Dependency of the pitch p on the alignment angle ¢. (b) Both twisting and helixing could be
programmed in anisotropic bilayers. (c) The effect of alignment angle ¢ and strips width have been investigated using paper models [69]. Reproduced with
permission from AAAS. (d) Programming of SMP bilayers by manually stretching of the sample has been used for different shape-shifting structures.
Reproduced from [73] with the permission of AIP Publishing. (e) Spatial programming of LCE material using a digital projector. Reproduced from [79] with
permission from The Royal Society of Chemistry. (f) Alignment of anisotropic platelets using a rotating magnetic field. Scale bars: 5 mm. Reproduced by
permission from Macmillan Publishers Ltd: Nature Communications [68], copyright 2013. (g) Extrusion of hydrogels embedding fibrils to program anisotropic
swelling. Reproduced by permission from Macmillan Publishers Ltd: Nature Materials [82], copyright 2015. (h) Simultaneous programming and fabrication of
anisotropic shrinkage in SMP filament. Reproduced from [83], published by The Royal Society of Chemistry.

temperature instead of the release of the pre-strain [74]. A maxi-
mum normalized curvature of ~0.75 has been realized [74].
Using both approaches, a linear relationship between the pro-
gramming strain and curvature was found, while the orientation
of the SMP fibers within the elastomeric strip could be changed
in order to program self-helixing instead of self-rolling (Fig. 3d)
[72,74]. This approach has been further extended through
production of initially curved bilayers comprising two SMP layers
with different Tg values [75]. The samples have been pro-
grammed by concurrent flattening and stretching at elevated

temperatures, thereby enabling the formation of both upward
and downward curvatures upon activation. Uniaxially pre-
programmed SMP material could be used as well as the active
material in bilayer specimens [65]. Combined with a passive elas-
tomeric layer, self-rolling and self-helixing have been realized by
increasing the temperature. Finally, confined swelling of an
isotropic hydrogel could be used for directional programming
of SMP [76]. Trilayer strips have been printed using a multi-
material 3D printer with a top layer of SMP, a middle layer of
porous elastomeric material embedded with hydrogel, and an
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elastomer bottom layer. Submersion in water results in the swel-
ling of the hydrogel layer, while the increase in temperature
reduces the stiffness of the SMP layer. Driven by the swelling
of the hydrogel, the stiffness difference between the SMP and
elastomer causes the specimen to curve along its shortest direc-
tion, thereby uniaxial stretching the SMP layer. After cooling
and drying the sample, reheating leads to shape-recovery of the
SMP layer and the strip curves back to its initial flat state [76].
As the shape-shifting is driven by the swelling of hydrogel, the
process is reversible.

Uniaxial alignment of liquid crystal in a polymer network
offers another strategy to introduce anisotropic mechanical
properties in the active layer [10,66,77-79]. Boothby et al. used
a spatially patterned photoresponsive dye coating on top of a
glass slide for programming molecular orientation during the
synthesis of a 30 pm thick layer of LCE material [79]. By using
a digital projector of polarized light, a patterning resolution of
30 x 30 pm could be achieved (Fig. 3e). The LCE layer has been
combined with a layer of an isotropic swellable polymer, result-
ing in different types of shape-shifting based on the anisotropic
stiffness of the LCE upon submersion in water (Fig. 3e) [79]. Mul-
tiple shapes could be programmed in the same bilayer upon acti-
vation by high temperature, resulting in the shrinkage of the LCE
layer along its molecular direction and expansion in the orthog-
onal direction.

Alignment of anisotropic additions in a hydrogel solution has
been also reported for material reinforcement [68,80,81]. Erb
et al. used a rotating magnetic field to align anisotropic platelets
in a layer of hydrogel during the curing process (Fig. 3f) [68,80].
The platelets stiffen the material mostly in one direction, which

photopolymerization electrophoresis

low intensity

high intensity

(2]
Q

Curvature k [mm™]

0 1000 2000
-— Irradiation time [min]

FIGURE 4

causes the hydrogel composite to show anisotropic swelling
upon submersion in water. After curing, a second layer was
deposited with a different anisotropy direction to create a com-
posite bilayer [68]. This approach has been incorporated in
multi-material 3D printing through different alignment of the
metallic additions within each layer of liquid resin [81]. Another
strategy used for localized programming of anisotropy is 3D
printing of swellable polymer ink embedded with cellulose fib-
rils, which align in the extrusion direction [82]. The printed
fibers exhibit anisotropic swelling upon submersion in water
[82]. Bilayer structures have been printed, which show both
self-rolling and self-twisting as well as combinations of those
basic shape-shifting modes [82] (Fig. 3g). We have recently
reported a new 4D printing technique capable of simultaneously
fabricating and programming of SMP constructs [83]. During the
process of FDM printing, directional strains (up to 40%) could be
programmed inside the SMP material along the printing direc-
tion, thereby enabling programming of shape-shifting based on
printing patterns. This approach has been used for printing of
bilayer bending actuators as well as monolayer passive panels,
which could be integrated to form origami constructs (Fig. 3h).

Material gradients

Instead of combining multiple different materials into a multi-
layer construct, a gradient in the material properties of a mono-
layer construct could be used to generate a stress gradient along
the thickness of the material. This programming strategy offers
some advantages as compared to bilayer structures. Firstly, the
high shear stresses at the interface of two different materials will
be avoided, thereby eliminating the risk of delamination and/or

magnetics ionoprinting

electrode

e |

imprinted region

(@) Four different techniques which have been reported for production of shape-shifting materials with a through the thickness gradient in material
properties. (b) Self-assembly of different origami and kirigami constructs. Scale bars: 500 um. Reproduced by permission from Macmillan Publishers Ltd:
Nature Communications [84], copyright 2011. (c) Self-folding of a cubic box. The radius of curvature could be tuned based on the irradiation time. Scale bar:
2 mm. Reproduced from [87] with the permission of AIP Publishing. (d) Self-folding of a manually programmed SMP box [89]. Copyright 2010 by John Wiley &
Sons, Inc. Reproduced by permission of John Wiley & Sons, Inc. (e) Folding of complex origami constructs. Scale bars: 5 mm. Reproduced from [90]. (f) Curving
of a hydrogel strip after ionoprinting. Drying of the sample results in curving in the opposite direction. Scale bars: 5 mm. Reproduced by permission from
Macmillan Publishers Ltd: Nature Communications [96], copyright 2013. (g) Self-helixing and self-twisting specimens. Scale bars: 5 mm. Reproduced from

[101].
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interfacial sliding. Secondly, fabrication of multilayer structures
often requires multiple fabrication steps, which could be reduced
in the case of a single material layer.

Based on the above-mentioned programming strategy, poly-
merization of a photocurable polymer resin has been reported
in several studies as a simple approach for production of self-
rolling structures [84-86]. During the polymerization process,
the light is exposed from one side while being partially absorbed
by the polymer, which results in a gradient in light intensity
along the material thickness (Fig.4a). Jamal et al. used this
approach to create a gradient in the crosslinking density of a
layer of swellable material [84]|. The stiffness of the material
increases with higher crosslinking density, thereby reducing
the swelling ratio of the material. Submersion in water therefore
results in curving. Passive panels have been made by using high
energy light exposure, giving rise to fully crosslinked materials
[84,85]. Bidirectional curving has been achieved by light expo-
sure from both the top and bottom sides. Different patterns of
light exposure have been used for production of complex con-
structs comprising passive panels with thicknesses of about
10 pm and bidirectional folds with radii of curvature of
~200 pm (Fig. 4b) [84]. A similar technique of using laser for par-
tial relaxation of pre-strained polymer sheets has been used for
programming stress gradients [87,88]. Semi-transparent samples
were pre-strained at high temperatures (above Tg) and were
exposed from one side to light to trigger stress relaxation [87].
Light absorption in the semi-transparent polymer results in a dif-
ference in light intensity at the top and bottom sides of the sam-
ple, thereby programming a different amount of stress relaxation
through the thickness of the material. After programming the
stress relaxation, the release of the pre-strain results in the curv-
ing of the specimen. Dependent on the irradiation duration and
intensity, the desired stress gradient could be programmed, while
non-irradiated passive panels are produced using a photomask
(Fig. 4c) [87]. Manual programming of a single layer of SMP
material has also been reported [89]. Flattening of a 3D deploy-
able SMP sample above its Tg has been used for programming
the desired stress gradient, which is stored in the material by low-
ering the temperature. Upon temperature increase above Tg, the
desired 3D shape recovers (Fig. 4d). The concept of volume
shrinkage of a photocurable polymer resin during the polymer-
ization process has been recently reported as shape-shifting tech-
nique [90]. Based on the light intensity gradient along the
thickness of material, a stress gradient could be created, which
results in spontaneous curving of the structure after release from
the substrate. This technique has been used for assembly of ori-
gami structures at the macroscale (Fig. 4e) [90].

A gradient in the material properties could also be generated
by creating a gradient of particles along the thickness of an active
material in order to locally reduce the swelling/shrinkage ratio
[91-95]. Asoh et al. used electrophoresis during the photo-
polymerization process to program a gradient of electrically
charged particles in a swellable polymer (Fig. 4a) [91]. Deswelling
of the polymer, in response to increase in temperature, is inhib-
ited by the charged particles, resulting in curving of the material
[91]. Liu et al. used a magnetic field to create a gradient of mag-
netic nanoparticles in a swellable polymer (Fig.4a) [92]. An
increased particle concentration increases the deswelling rate

while reducing the deswelling ratio, resulting in curving of the
initially flat material in one direction followed by curving in
the opposite direction [92]. The intensity and orientation of
the applied magnetic field is used to spatially program the mag-
netic nanoparticles gradient, which gives local control of the cur-
vature of the material upon deswelling.

Ionoprinting offers another strategy for programming of a
bending moment in a single layer of material [96,97]. By apply-
ing a potential field, metallic ions could be embedded inside
hydrogel layers. The ions will diffuse from the electrode and
bond to the hydrogel network, thereby enhancing the localized
crosslinking and resulting in stiffening and deswelling of the
material [96,97]. Subsequent drying of the hydrogel may induce
a second shape transformation as further deswelling in the
imprinted region is inhibited due to the high amount of
crosslinking (Fig. 4f).

A gradient in the nematic direction of liquid crystals in a poly-
mer network could be used as well to program self-rolling and
self-helixing strips in response to temperature change and
humidity [98-105]. In this approach, the main straining direc-
tion (and not the amount of swelling/shrinkage) is varied over
the thickness of the material. Similar to the bilayer strips with
two active anisotropic layers, both self-helixing and self-
twisting could be programmed dependent on the strip width
and angle ¢ (Fig. 4g) [100,101].

Localized activation

Non-homogenous exposure of the material to the activation
stimulus is another strategy to induce a stress gradient along
the thickness of a monolayer material. Using this strategy, a
dynamic gradient in swelling/shrinkage could be created inside
the material, as the diffusion of the applied stimulus (e.g. heat
or solvent) inside the material takes time. Continuous exposure
to the activation stimulus will cause the diffusion to be com-
pleted, resulting in uniform swelling/shrinkage through the
material thickness, thereby inhibiting out-of-plane bending.

One-sided activation of initially flat material by exposure to
humidity is reported by Holmes et al. [106]. Placing a droplet
of a favorable solvent at one side of a thin elastic planar material
leads to the localized swelling of the material. Dependent on the
viscosity of the solvent, the time at which the maximum curva-
ture is reached has been shown to vary over two orders of mag-
nitude (~0.1-10 s) for a beam with a thickness of about 1 mm.
Soon after activation, the normalized curvature attains its maxi-
mum value of about 0.33 which is only 22% of the theoretical
limit for bilayer constructs (Fig. 5a). Similar trend of deformation
is found by Reyssat et al. and a maximum curvature equal to 40%
of the theoretical maximum could be achieved [107].

In contrast to humidity, light could be applied with both high
spatial and temporal resolutions, thereby offering an attractive
approach for accurate programming of shape-shifting [108].
Wang et al. produced a hydrogel monolayer, which at one side
was embedded with nanoparticles to transform the irradiated
light into heat, resulting in localized de-swelling of the hydrogel.
The direction of bending was determined by the microstructure
(i.e. through the thickness gradient of nanoparticle concentra-
tion), while the amount of deformation depended on the
exposure time and irradiation power density [109]. A similar
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(@) Normalized curvature as a function of time, normalized by the effective
diffusivity D and material thickness h as follows: ¢ = tD/h%. Scale bars:
3 mm. Reproduced from [106] with permission from The Royal Society of
Chemistry. (b) Self-folding of a cubic box activated by exposure to infrared
light. Continuous exposure results in the entire material being activated.
Reproduced from [112] with permission from The Royal Society of
Chemistry.

approach has been used for relaxation of 0.3 mm thick pre-
strained SMP sheets, which were completely covered by black
ink [110]. One-sided irradiation with laser (beam width: 500-
1700 pm) locally heats the black ink, thereby heating the under-
lying polymer above its glass transition temperature, Tg, leading
to strain recovery. Using this method, the desired shape-shifting
pattern could be “written” in the material with a laser [110].

Instead of using a localized stimulus, the material sensitivity
to a global activation stimulus could be programmed in the
material as well [111,112]. Liu et al. patterned optically transpar-
ent sheets of pre-strained SMP with black lines, which transform
the global exposure to infrared light to localized increase in the
temperature (Fig. 5b) [112]. Folding angles up to 120° could be
achieved by changing the width of the patterned lines, which
sets the length of the curving region. By increasing the exposure
time, the structure will curve back to the flat state, while exhibit-
ing uniform shrinkage. Both sides of the transparent material
could be patterned with black lines in order to program bidirec-
tional folding, thereby creating a powerful tool for production
of origami and kirigami constructs [113]. The bending direction
of similar constructs could be also programmed by patterning
the hinge regions with a thin structural layer covered with black
ink [114]. Upon activation, shrinkage at the top side is con-
strained and the material will curve in the opposite direction,
once the heat has diffused through the thickness of the construct
[114].

An interesting direction for further research would be tuning
the dynamic behavior of the constructs through spatial program-
ming of the diffusion of activation stimuli. By programming the
microstructure of material, both the diffusion rate and diffusion
patterns could be set as desired.

Buckling strategy

In this approach, there is no need for through the thickness gra-
dient in the material properties. By programming the in-plane
arrangement of different active and passive elements, the desired
compressive stresses could be generated upon activation. Exter-
nally generated compressive forces are used as well to induce
out-of-plane buckling in a layer of passive material. Both meth-
ods have been implemented in a wide range of shape-shifting
materials.

The local distances between the adjacent points on a surface
are described by the metric tensor g of that sheet. By program-
ming the in-plane dimensional changes, a target metric g is pre-
scribed and compressive stresses could be generated. Those in-
plane stresses could be relieved when the construct adopts a
3D shape, thereby minimizing its elastic energy which can be
expressed as the surface integral of the elastic energy density
function w (for the sake of simplicity written for the one-
dimensional case):
w= éEt(g -3+ iEt%Z
where E is the material stiffness tensor, t is the material thick-
ness, and « is the surface curvature [24,115]. As presented in
the introduction, it could be seen that the elastic energy is com-
posed of a stretching term, which is a function of the in-plane
stretching and a bending term which is related to the surface cur-
vature. In the case of an infinitesimal thickness, the bending
term is negligible and a stress-free state could be obtained when
the metric tensor of the surface matches the target metric.
However, such a stress-free configuration does not always exist,
which results in a shape as close as possible to the target metric.
By increasing the material thickness, the balance between the
stretching and bending energies results in deviations from the
target metric.

The buckling strategy is observed in nature as well in the form
of differentially growing soft tissues [116-118]. For example, sim-
ple in-plane growth processes provide the mechanism for the
shaping of leaves and other thin membranes.

Material tessellation

Instead of stacking multiple layers which exhibit different
dimensional changes in response to certain stimuli, the different
materials could be tessellated in a single layer construct as well. A
widely-used method for production of material tessellations is
the photo-polymerization of swellable hydrogels. Controlled by
the amount of light exposure, the conversion of monomers
and the degree of crosslinking are enhanced, thereby increasing
the material stiffness. When submerged in an aqueous medium,
the swelling ratio of the hydrogel is dependent on the crosslink-
ing density. By controlling the pattern and amount of light expo-
sure, regions with different swelling ratios could be created to
generate in-plane compressive stresses upon activation.
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FIGURE 6

Multiple material tessellations resulting in different shape-shifting materials. (a) A bistrip of differentially swelling strips adopts a cylindrical shape upon
submersion in an aqueous environment. Scale bar: 200 um. Reproduced from [119] with permission from The Royal Society of Chemistry. (b) Parallel
alignment of multiple strips could be used to program self-helixing dependent on the orientation angle ¢. Scale bar: 1 cm. Reproduced by permission from
Macmillan Publishers Ltd: Nature Communications [124], copyright 2013. (c) Programming of multiple shape transformations using different responsive
materials. Scale bar: 1 cm. Reproduced with permission from [123]. Copyright 2013 by the American Chemical Society. (d) Axisymmetric material tessellations
used for programming of a negative Gaussian curvature. Scale bar: 1 cm. Reproduced from [29] with permission from The Royal Society of Chemistry. (e)
Alignment of a liquid crystal in a single layer of material resulting in a saddle-like shape [104]. Copyright 2012 by John Wiley & Sons, Inc. Reproduced by
permission of John Wiley & Sons, Inc. (f) Incorporation of cuts in the material tessellation allows for programming more complex shapes including the Sydney
opera house. Scale bar: 1 cm. From [126]. Copyright 2016 by John Wiley & Sons, Inc. Reproduced by permission of John Wiley & Sons, Inc.

One simple example of a swellable material tessellation in sin-
gle layer constructs is the parallel alignment of two hydrogel
strips with high and low swelling ratios (volumetric expansion
of 4.3 and 2.2, respectively) [119]. Swelling in an aqueous envi-
ronment results in self-rolling around the width direction of
the bistrip, which allows the high-swelling strip to adopt a longer
length as compared to the low-swelling strips, thereby minimiz-
ing its strain energy (Fig. 6a). The balance between the stretching
and bending energies at the interface of both strips results in a
transition region whose dimensions have been found to be
dependent on the thickness and width of the individual strips
[120,121]. Samples with parallel arrangement of multiple strips
with alternating high and low swelling ratios have been prepared
as well [122-124]. Dependent on the orientation of the strips
with respect to the longitudinal direction of the sample, self-
rolling and self-helixing elements could be created (Fig. 6b)
[123,124]. This concept may be extended by producing samples
with strips in both the length and width directions of the sam-
ple, which are responsive to different stimuli (e.g. temperature
and pH). In this way, multiple shape transformations could be
programmed in initially flat structures (Fig. 6¢) [123-125]. How-
ever, this approach seems to be limited to cylindrical shapes
while the minimum feature size (i.e. width of individual strips)
has to be larger than about 5 times the sample thickness in order
to achieve global buckling, which is a serious restriction on the

minimum sample dimensions [120]. For smaller strips, the sam-
ples remain flat, although anisotropic in-plane deformations
have been observed as well. In contrast to multilayer self-
rolling structures, there is a nonlinear relationship between the
rolling radius on the one hand and the mismatch in swelling
ratio and sample thickness on the other, resulting in a normal-
ized curvature that is dependent both on the swelling mismatch
and thickness [120]. The experimental results of Byun et al. show
a maximum normalized curvature of about 0.1 for a sample
thickness of 11 um and a linear swelling mismatch of 2.0 [120].
Given the nonlinear dependence on both parameters, further
reduction of the thickness and increase of swelling mismatch
may result in larger values of the normalized curvature.
Axisymmetric material tessellation is another approach used
for programming shape-shifting to double-curved 3D geometries
into flat materials [29,126-128]. For example, a high-swelling
disk surrounded by a low-swelling ring results in a dome-
shaped surface upon activation, while a saddle-shaped surface
could be created by interchanging the material properties of
the disk and ring (Fig. 6d) [29,128]. In both cases, the maximum
curvature could be achieved when the diameter of the inner disk
is about 75% of the outer ring diameter [126,128]. Similar sur-
faces could be generated by using a disk with azimuthal align-
ment of liquid crystals in a polymer network [104]. Upon
temperature increase, the disks shrinks in the tangential direc-
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tion, while it expanding in the radial direction, resulting in a
conical shape. A saddle-like shape could be created when using
the radial alignment of the liquid crystals (Fig. 6e) [104].

Another study reported the use of a digital projector for 3D
printing of hydrogels [126]. By programming the light exposure
at every ‘pixel’ of a monomer solution in between two glass
slices, the cross-linking density of the material was spatially con-
trolled [126]. A large variety of double-curved surfaces could be
programmed in flat hydrogels using this strategy (Fig. 6f) [126].

By patterning a single layer of material, both cylindrical and
double curved shapes could be created based on the pattern of
material tessellation. In most cases, hydrogels have been used
as the active material in such designs, meaning that the applica-
tions are limited by the low-stiffness values and the requirement
to have an aqueous environment. Moreover, the reported exam-
ples are limited to simple geometries. Given the programmed in-
plane swelling/shrinkage, the 3D configuration could be pre-
dicted through minimization of the elastic energy. This forward
problem has been solved for some of the presented examples
[119,120,128]. However, being able to solve the inverse problem,
i.e. what deformations have to be programmed for generation of
a desired shape, would be required for practical applications and
is a promising direction for further research.

In-plane material gradients

In contrast to the previously discussed discrete variations in the
in-plane swelling/shrinkage ratios, smooth gradients in swel-
ling/shrinkage ratios could be used for generation of stress-free
3D shapes. Sharon et al. used the injection of a solution with
controllable monomer concentration into a Hele-Shaw cell to
program radial gradients in the swelling ratio into a thin disk
(thickness: 0.3-0.5 mm, radius: 50 mm) [129,130]. Dependent

b

400um

FIGURE 7

number of waves n [-]

on the programmed gradient, both wave-shaped and dome-
shaped surfaces were formed upon submersion in a high temper-
ature water bath (Fig. 7a). The axisymmetric dome-shaped con-
figuration deviates only slightly from the desired stretch-free
state as the bending energy content is limited due to the small
material thickness [130]. In the case of a negative Gaussian cur-
vature, the effect of material thickness on the final shape is more
dominant as is clear from the number of wrinkles for different
thicknesses. An increasing number of wrinkles corresponds to a
larger bending component as well as decreased stretching energy
[130]. The number of wrinkles were therefore found to be
roughly proportional to %3, where ¢ is the material thickness
(Fig. 7b) [131].

Another approach is to use a gradient in the grey values of
the photomask during the photo-polymerization process to
program smooth gradients in the cross-linking of a swellable
polymer disk [123,132]. The localized swelling ratio could also
be programmed through lithography to pattern highly cross-
linked dots in a swellable polymer with a low cross-link den-
sity matrix [133]. By controlling the amount of highly cross-
linked dots as well as the dimensions of the dots in a certain
area, the average swelling ratio could be programmed. A nearly
closed spherical shape could be made by programming gradi-
ents in areal swelling ratios ranging from 2 to 8 (Fig. 7¢)
[133]. Potentially, arbitrarily complex shapes could be made
using this technique, which is illustrated by an example com-
prising both regions with positive and negative Gaussian cur-
vatures (Fig. 7c). As the buckling direction is determined by
small imperfections, different surfaces could be obtained after
activation for similarly programmed flat materials (Fig. 7c)
[133]. Complex surfaces with non-constant Gaussian curva-
tures are therefore difficult to create.

0 05 1.0 15

material thickness t [mm]

500um

(a) A radial gradient in swelling ratio could be used for programming of both dome-shapes and saddle-shapes [130]. Reproduced with permission from AAAS.
(b) Experimentally obtained dependency of the number of wrinkles on the material thickness. Reproduced with permission from [131]. Copyright 2011 by the
American Physical Society. (c) Complex patterns of in-plane swelling ratios have been used for programming of a spherical shape as well as a surface
comprising multiple regions with positive and negative Gaussian curvatures [133]. Reproduced with permission from AAAS.
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Non-homogenous exposure

Non-homogenous exposure to the activation stimuli has been
also used for programming a large variety of shape transforma-
tions. As the shape-shifting is not programmed inside the mate-
rial but is based on the ‘pattern of activation’, many different
configurations could potentially be realized within the same con-
struct. One example is the embedding of nanoparticles inside a
hydrogel sheet, which enables transformation of the illuminated
light into heat, thereby promoting the deswelling of the hydro-
gel [134]. Complex double-curved surfaces could be programmed
based on the pattern of light exposure [134]. The same approach
of “light writing” for programming of shape-shifting has been
used for local relaxation of pre-strained SMP through laser-
assisted heating [135]. Attaching stretchable micro-electrodes to
a single sheet of thermo-responsive hydrogel allows for the local
control of temperature using Joule heating, thereby enabling the
programming of different swelling/de-swelling ratios [136]. Mul-
tiple shape transformations may then be programmed in one
structure by controlling the input power of each electrode [136].

Mechanically induced buckling

Compression of a stiff top layer by induced dimensional changes
in a soft substrate is widely used to induce surface wrinkling
[22,137-139]. Buckling of the thin top layer is energetically
favorable over compression, causing the wrinkles to pop-up. Fur-
ther compression of the bilayer could also cause delamination at
the interface of both layers, resulting in buckle-delamination
instead of surface wrinkling dependent on the stiffness ratio of

both materials and the interfacial defects [140]. By spatially pro-
gramming the adhesion between the layers, delamination occurs
in a controlled manner, thereby offering a strategy for out-of-
plane shape-shifting (Fig. 1b). Spontaneous delamination has
been reported as well but will not be considered here [141].

Controlled out-of-plane buckling of nanoribbons was first
reported by Sun et al. using a pre-strained soft substrate (thick-
ness ~ 4 mm) locally bonded to semiconductor nanoribbons
(thickness ~ 500 nm) [142]. Upon releasing the substrate, the
thin top layer will be subjected to compressive forces, resulting
in out-of-plane buckling (Fig. 8a). The semiconductor material
behaves like a flexible material as the thickness of the top layer
is very thin and shows a low bending stiffness. The same
approach but using different top layer geometries and well-
defined bonding sites is reported for production of complex 3D
shapes at the mesoscale on top of a soft substrate (Fig.8b)
[143]. Additional complexity could be added in the form of spa-
tial variations in thickness of the top layer in order to locate the
folding lines, thereby allowing for programming of both origami
and kirigami constructs (Fig. 8c) [144]. Another study reported
the addition of multiple overlapping top layers to create more
complex topologies (Fig. 8d) [145]. More details on the shape-
shifting strategy of mechanically induced buckling could be
found in other reviews [4,146]. An interesting future direction
may be the use of different active materials as a substrate, which
allows for spatial variations in the amount of compression,
thereby offering the ability to program more complex 3D
topologies.

Mechanically induced buckling used for programming of different 3D constructs. (a) Thin nanoribbons on top of a thick substrate. Reproduced by permission
from Macmillan Publishers Ltd: Nature Nanotechnology [142], copyright 2006. (b) Complex 3D structures at the micro-scale [143]. Scale bar: 200 um.
Reproduced with permission from AAAS. (c) Two kirigami structures made by addition of folding lines. Scale bar: 200 pm. From [144]. Copyright 2015 by John
Wiley & Sons, Inc. Reproduced by permission of John Wiley & Sons, Inc. (d) Complex 3D configurations made using multiple releasable stiff top layers. Scale
bar: 2 mm. Reproduced from [145].
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Sequential shape-shifting

Different strategies to program 3D shapes in initially flat con-
structs have been discussed so far. To achieve more sophisticated
shapes, it is desirable to not only program individual shape trans-
formations but also the time sequence of the deformations. For
example, this type of sequential folding could be applied in rigid
panel origami to fold highly complex structures without locking
the deformation by self-collisions. Moreover, appropriate locking
mechanisms could be incorporated in folded structures to
improve the structural/mechanical integrity of the target
configuration.

Local application of the stimulus is one approach for program-
ming the sequence of folding [54,56,135,147]. This strategy has
been applied in a pre-stressed bilayer strip patterned with a stiff
polymer layer which prevents curving of the construct [147].
Softening of the polymer layer upon heating by a laser allows
for bending of the bilayer strip [147]. The sequence of folding

T=20°C T=60°C
b
N
hydrogel ionoprinting

t=0s

FIGURE 9

t=2s

is programmed by controlling the pattern of laser light exposure.
The same strategy but using Joule heating instead of laser light
has been reported as well [54,56]. The hinges are activated one
by one by controlling the power input at different electrodes,
which allows for the self-assembly of highly complex structures.

Another strategy to program the folding sequence is to tune
the material response to a time-dependent global stimulus by
locally controlling the material properties [148-151]. 3D printing
of origami structures with hinges made from a SMP with differ-
ent Tg is reported in several studies as a tool for programming
the sequence of folding [148-150]. Slowly increasing the temper-
ature causes the hinges to start folding one by one dependent on
their Tg. Both the Tg of each hinge and the time-dependent
increase in the temperature are parameters that could be used
to program the folding sequence. The same approach but using
a swellable polymer has been reported by So et al. [151]. The tem-
perature dependency of the thermos-responsive polymer could

o

200um
T=90°C T=170°C
. «” & QJ
'y ~
5mm
low pH solvent  ethanol/water
mixture

Sequential shape-shifting. (a) Sequentially closing of a box based on the environmental temperature. Reproduced with permission from [151]. Copyright 2017
by the American Chemical Society. (b) Selective unfolding of an ionoprinted hydrogel box based on the solvent. Reproduced from [152]. (c) Sequential shape-
shifting based on different responses to the same activation stimulus. Reproduced from [83]. Published by The Royal Society of Chemistry.
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be programmed based on the polymer composition, resulting in
sequential shape transformation by a time-dependent increase or
decrease in the temperature (Fig.9a). Another variant of pro-
gramming sequential (un)folding based on change in activation
stimulus is ionoprinting of hydrogel using electrodes of different
materials. It is then possible to imprint regions with different
cations that show different deswelling behaviors based on the
pH and hydrophilicity of the solvent (Fig. 9b) [152].

A third approach is to spatially program the diffusion rate of a
global stimulus in the active material [83,153-155]. One study
reported the patterning of lines with different grayscales at one
side of a transparent pre-strained SMP sheet, which were acti-
vated by exposure to UV light [153]. Light absorption at the pat-
terned lines leads to localized increase in the temperature.
Dependent on the grayscale of the patterned lines, different
amount of light energy is transformed into thermal energy
thereby programming the onset time of the folding as the
shape-recovery starts when the temperature approaches Tg.
Because the patterned lines are applied only on one side of the
material, the induced shape-recovery leads to out-of-plane curv-
ing [153]. A similar method has been reported based on using dif-
ferent color inks that can selectively absorb different spectrum of
light which provide more freedom for controlling the process of
shape-shifting [154]. Another study reported programming of
the time-dependent shape-recovery of pre-strained SMP material
embedded in a polymer matrix based on the interfacial area
between the polymer matrix and the active material [155]. By
increasing the interfacial area, the heat transfer from environ-
ment to the active SMP core could be enhanced, thereby control-
ling the onset time of the shape-shifting. Another method for
programming the heat transfer inside SMP material is by tuning
both the porosity and thickness of the 3D printed SMP bilayers
[83]. The shape recovery will only commence when (almost)
the whole element approaches Tg, as the stiffness of the material
is much higher at low temperatures. Using this strategy, sequen-
tial folding has been incorporated into different designs (Fig. 9¢).

Discussion

Two main strategies to program shape-shifting in initially flat
materials were identified based on the type of internally gener-
ated stresses. Both strategies offer design routes towards genera-
tion of 3D constructs from flat soft matter but differ in their
programmability options and the achievable shape transforma-
tions. Depending on the type of application and the design
requirements, one of the programming strategies may be favored
over another. In this section, we will discuss the benefits and dif-
ficulties of both approaches and the areas where they could be
applied (as summarized in Table 1).

Programming parameters

The shape-shifting materials within the bending strategy all rely
on the programming of a stress gradient along the thickness of
the material. Not only the geometrical parameters and material
properties but also the programming and activation conditions
could be used to program the desired 3D configuration in ini-
tially flat materials. Both the bending stiffness of the structure
and the induced stress gradient may be tuned to program the

desired radius of curvature of bending elements. In agreement
with the Timoshenko’s bilayer model, the bending curvature
increases with reduced material thickness [27]. Other geometrical
parameters such as the width and aspect ratio of the hinge influ-
ence the bending stiffness as well. Besides the geometrical param-
eters, several material properties have been changed and are
shown to influence the shape-shifting. For example, the bending
stiffness is influenced by the stiffness of the bulk material while
the desired stress gradient is generated by the dimensional
changes of the active material. The activation conditions such
as the exposure time and activation energy, among other param-
eters are also used to program the stress gradient. In addition to
the deformation amplitude (e.g. the radius of curvature) the
direction of deformation (e.g. rolling or helixing) could be pro-
grammed as well. For example, the aspect ratio is shown to deter-
mine the rolling direction, if isotropic materials are used.
Depending on the direction of material anisotropy, the desired
pitch of a self-helixing structure could be also programmed.
Finally, the shape of the target configuration may be changed
by adjusting pattern of the exposure to the activation stimulus.
Although the programming of bending structures has been
mostly discussed within the context of multilayer constructs,
these general concepts are also applicable to the other bending
approaches. For example, programming parameters such as
thickness or direction of anisotropy will affect the shape-
shifting in a qualitatively similar way as discussed for bilayers.

As opposed to the bending strategy, buckling is programmed
through in-plane variations in swelling/shrinkage ratios, thereby
generating the required compressive stresses. Based on the pro-
grammed target metric (i.e. induced in-plane dimensional
changes), the structure will adopt a 3D shape by out-of-plane
buckling. The buckled surface adopts a curved shape with a cur-
vature based on the balance between the stretching and bending
energies, which could be adjusted by changing the material
thickness. Similar to the what was discussed for the other strat-
egy, the activation parameters (e.g. exposure time or exposure
pattern) could be used to program the in-plane compressive
stress.

Programmable shapes

By inducing a stress gradient along the thickness of the material,
a bending moment is generated which inherently leads to single-
curved structures. Using the bending strategy, mostly devel-
opable shapes (i.e. zero Gaussian curvature) have been created
as such shapes possess (almost) no stretching energy which is
energetically favorable for thin constructs. Under certain condi-
tions, such as small strain or relatively large thickness, non-
cylindrical shapes could be created as well. Examples are a
dome-shaped surface in case of isotropic swelling/shrinkage
and self-twisting elements when the main straining direction
of the anisotropic materials is varied through the thickness. As
the programming strategy based on the generation of bending
moment inherently results in structures with zero Gaussian cur-
vatures, while the desired folding angle could be controlled by
many different parameters, the strategy is a suitable candidate
for folding of (semi-) rigid panels. Especially, trilayer constructs
are often used for folding of origami structures [61,63]. It has
been shown that smooth surfaces with varying curvatures could
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Summary of the different programming strategies.

Achievable shapes

Strategy

Advantages

Limitations

Potential applications

Rolled shape
Helix
Twisted shape

Bending

create complex 3D geometries

Buckling

curvature

e Local double curved shapes which show

globally a developable shape

Combinations of basic modes can

e Shapes with nonzero Gaussian

Multilayer (Sec 2.1)

4

Material gradients (Sec
2.2)

*

Localized activation
(Sec 2.3)

¢

Material tessellation
Sec 3.1)

In-plane material
gradients (Sec 3.2)

Localized activation
(Sec 3.3)

O

Mechanically induced
buckling (Sec 3.4)

4

Highest curvature

Accurate control of both direction and amount
of curving based on dimensions and material
properties

Versatility in selection of material

Single material
No risk of delamination

Single curvature

Simple fabrication

Possibility of programming multiple shapes in
same material based on activation

Few fabrication steps

Single material
No risk of delamination
(almost) stress-free 3D configurations possible

Single material

Simple fabrication

Possibility of programming multiple shapes in
same material based on activation

Highly complex geometries can be made [143]

High shear stresses at interface between layers
Multiple fabrication steps

Limited curvature
Complex fabrication process

Limited curvature
Accurate control over activation necessary

High shear stresses at interface between two
materials

Considerable amount of residual stresses
remain after buckling

Imperfection sensitive

In-plane resolution limited to about 5-10
times the material thickness [120,133]

Complex fabrication process
Imperfection sensitive

Accurate control over activation necessary
Imperfection sensitive

Multiple fabrication steps
Structures remain connected to large substrate

Folding of metamaterials
[190-192,197]

Drugs delivery/cell
encapsulation [168]

3D tissue scaffolds [177]
Microgrippers [179-182]
Deployable  constructs
[55,185]
Sensors/actuators [18]

Sensors/actuators [104]
Shaping of sophisticated
3D shapes [126,133]

Flexible electronics
[142,188,189]
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FIGURE 10

(a) Approximation of smooth (double-) curved surfaces using tessellations of the Miura-ori origami. Reproduced by permission from Macmillan Publishers Ltd:
Nature Materials [156], copyright 2015. (b) Kirigami elements could be used for folding of complex double-curved surfaces. Reproduced from [157]. (c)

Locking elements could be implemented using sequential folding.

be approximated by folding of a flat sheet using origami tessella-
tions (Fig. 10a) [156]. Folding of kirigami elements (i.e. voids are
included in the flat material) could also be used for algorithmic
design of a large range of discretized target shapes including
double-curved surfaces (Fig. 10b) [157]. Other techniques based
on for example curved creases or concentric pleats could also
result in geometries with apparent intrinsic curvature [158].
Ornamented with a secondary level of surface nano-patterning
these techniques can serve as a general platform for fabrication
of functionalized metamaterials.

Compared with the bending strategy, buckling provides
access to a wide range of shapes incorporating both mean and
Gaussian curvature. For example, nearly developable surfaces
(i.e. zero Gaussian curvature) could be created through the paral-
lel alignment of strips with different swelling ratios, although the
samples locally adopt a double-curved shape. Furthermore, sim-
ple dome-shapes and saddle-shapes have been reported, which
could be generated through programming of an axisymmetric
target metric. By incorporating cuts in flat materials, more com-
plex 3D configurations have been created such as a 3D theater
complex similar to the Sydney Opera House (Fig. 6f) [126]. How-
ever, as the buckling strategy is instability-driven, the direction
of out-of-plane deformation is difficult to control. Because of
this, (almost) no buckled constructs exhibiting multiple regions
with both negative and positive Gaussian curvature have been
reported. As programming the in-plane dimensional changes
generally will lead to buckled surfaces with nonzero Gaussian
curvature, the folding direction and folding angle could be accu-
rately controlled using bending elements, which shows how
combining both strategies could enable expanding the range of
achievable target shapes.

Sequential folding has only been reported as a tool in the fold-
ing of (semi-)rigid panels. By planning the sequence of folding,
the space of achievable shapes could be largely extended as
self-collision between the panels may be avoided (Fig. 9¢). In
addition to increasing the range of achievable shapes, the integ-
rity of the resulting (origami) structures may be improved as illus-
trated in Fig. 10c. Using sequentially folded collar faces, the

stability and controllability of rigid panel folding could be
enhanced as well [153].

Applications

Using shape-shifting of initially flat material for the production
of 3D shapes offers two promising advantages, which give rise
to many new applications. First of all, shape-shifting provides
access to the material surface, thereby allowing the use of 2D pro-
duction techniques (Fig. 11a). Secondly, the presented tech-
niques could be wused for programming well-prescribed
motions. A number of biomedical applications as well as other
applications, which benefit from those advantages, will be high-
lighted here.

Medical applications

Multiple areas for biomedical application of shape-shifting have
been identified by Randall et al. [159]. Packaging and delivery of
drugs has been mentioned as one of those applications [160].
Important features of drugs delivery systems are size, shape,
porosity, and surface texture, among other attributes which are
necessary for accurate control of both targeting and release of
drugs [161-164]. The usage of high-tech 2D production systems
makes it possible to incorporate many of those features into a flat
construct. Upon activation, hollow polyhedral containers could
be created that incorporate those important surface features.
For example, self-assembly of hollow constructs with precisely-
patterned porosity is reported, which allows for a well-
controlled release of drugs [165]. Self-folding devices may be
applied in cell encapsulation as well [166]. Cell encapsulating
systems are used to create a safe microenvironment to protect
the encapsulated cells from the outside environment while act-
ing as a platform for drugs delivery [167]. Once more, the ability
to produce flat structures with highly detailed surface features
using conventional 2D production techniques makes the appli-
cation of self-folding devices attractive. Successful implementa-
tion of self-folding devices with the aim of cell capturing has
been also reported (Fig. 11b) [168].
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The potential applications of shape-shifting materials. (a) A self-helixing bilayer strip decorated with different surface patterns. Scale bars inset: 1 mm.
Reproduced from [65]. Published by The Royal Society of Chemistry. (b) A self-folding box used for encapsulation of living fibroblast cells. Scale bars: 1 mm.
Reproduced from [168] with permission from Springer. (c) Fibroblast cells growing on a self-folded scaffold. Reproduced from [177] with permission from
Elsevier. (d) Closing of a microgripper. Reproduced with permission from [182]. Copyright 2010 by the American Chemical Society. (e) Self-folding polyhedron
embedded with electric circuits [186]. Reproduced with permission from AAAS. (f) Two self-folded cubic boxes embedded with optical features [190].
Copyright 2011 by John Wiley & Sons, Inc. Reproduced by permission of John Wiley & Sons, Inc. (g) Self-assembly of multiple unit-cells. Reproduced with
permission from [190]. Copyright 2010 by the American Chemical Society.

Tissue engineering has been also pointed out as a field for
application of self-folding devices [159]. 3D tissue scaffolds
mimic the in vivo situation the best while being able to control
the formation of tissue through adjustment of the scaffold prop-
erties [169,170]. For example, mechanical properties as well as
the scaffold geometry influence the differentiation of stem cells
[171-173]. Cell differentiation is also facilitated by the nanoto-
pography of the 3D scaffold [174-176]. The challenge to produce
3D scaffolds with well-controlled mechanical and geometrical
properties makes shape-shifting materials an attractive alterna-
tive to other 3D production techniques. The ability to grow cells
on a self-assembled 3D scaffold is reported by Jamal et al.
[177,178]. By patterning different materials on top of an initially
flat material, a 3D scaffold with well-controlled curvature could
be created (Fig. 11c) [177].

Miniaturized medical devices are the third area of biomedical
application which will be discussed here. In this application area,
shape-shifting materials are utilized because of their ability to
produce well-controlled and programmed motions. Production
of self-folding micro-grippers as a surgical tool is reported in sev-
eral studies (Fig. 11d) [179-182]. The devices could be manipu-
lated using external magnetic fields, while different types of
stimuli (e.g. thermal or chemical) may be used to activate the
gripper.

Shape-shifting materials have also other applications in
biotechnology such as the unfolding of a stent or wound-
closure using shrinking sutures [183,184].

Other applications

Shape-shifting materials could be exploited also in many non-
medical applications including sensors/actuators [18] and self-
folding devices [55,185]. Two main areas of application will be
discussed here, namely 3D electronics and origami-based
metamaterials.

Both access to the flat surface and the ability to produce 3D
shapes make shape-shifting materials attractive for production
of 3D electronics [186,187]. Panels embedded with different
types of circuits have been, for example, folded into the target
shape to form an electrical network in 3D (Fig. 11e) [186]. Self-
assembly is also used for fabrication of stretchable electronics
[142,188,189]. Thin nanoscale ribbons acting as electrical con-
nections could be created on top of a flexible substrate using
out-of-plane buckling [142]. Stretching or bending of the sub-
strate ensures that the thin electrical connection is only bent
without any stretching so as to prevent any damage to the cir-
cuit. The self-folding of individual 3D electrical components
(i.e. inductors and capacitors) has been also reported [59]. Similar
to the case of electronics, shape-shifting could be applied in
optics as well to create functionalized 3D shapes by embedding
the flat panels with optical nanoscale features revealing different
reflection spectra (Fig. 11f) [190].

Finally, folding of flat sheets may be used to create metamate-
rials with mechanical functionalities. For example, the Miura-ori
pattern offers some unusual properties such as negative Poisson’s
ratio [191-194] while other folding patterns exhibit bi-stability
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[195,196]. Metamaterials with optical functionalities could be
folded and assembled from flat material as well [197]. Folding
of origami structures is also used in other applications such as
metamaterial absorbers [198], energy storage [199], and deform-
able solar cells [200].

Challenges and limitations

While bending is a well-described strategy for programming out-
of-plane shape-shifting, buckling has been only recently recog-
nized as a suitable programming strategy, which is reflected in
the relatively limited number of studies using that approach.
The buckling strategy is limited in the sense that only structures
with nonzero Gaussian curvature could be made and that the
direction of out-of-plane buckling depends on small imperfec-
tions that are difficult to control. Another limitation of buckling
is that this strategy is merely reported using hydrogels as active
material with only a few exceptions of using LCE
[66,78,79,103,104] or SMP [83]. By using hydrogels as active
material, shape-shifting could only be induced in aqueous envi-
ronments [201]. Other limitations are the low mechanical prop-
erties (i.e. E< 0.5 MPa) of hydrogels [13] and a long activation
time (up to several hours for a material thickness of 1 mm) due
to the slow diffusion of water inside the material [14]. Those lim-
itations has been tried to overcome by addition of different inclu-
sions in the material. Examples are carbon nanotube-hydrogel
hybrids for enhancement of the activation time [36], hydrogels
with fiber reinforcements in order to increase the material stiff-
ness [202,203], and the introduction of other hydrogel compos-
ites [204]. The bending strategy has been, however, reported for a
larger range of active and passive materials, which could be acti-
vated in different environmental conditions using a wide range
of activation stimuli. The shape-shifting performance of different
bending approaches may be compared in terms of maximum
achievable curvature. For bilayer samples, the two materials
could be selected such that the difference in swelling/shrinkage
in response to the activation stimuli is maximized. Given the
materials and bilayer thickness, the layer thickness ratio may
be tuned in order to optimize the curvature. Theoretically, a max-
imum normalized curvature of 1.5 could be obtained. Using the
gradient approach, the maximum achievable curvature is
restricted as only one single material could be used, thereby lim-
iting the range of swelling/shrinkage mismatch. Furthermore,
linear stress gradients generate bending moments that are only
half of the bending moment generated in bilayer constructs with
similar dimensions and swelling/shrinkage mismatches. The
same limitations hold for the bending strategy when localized
activation of responsive materials is used.

Shape-changing materials offer a powerful tool for the incor-
poration of sophisticated planar micro- and nano-fabrication
techniques in 3D constructs. While multiple (potential) applica-
tions have been highlighted, many remaining challenges need to
be overcome before widespread implementation of shape-
shifting materials can be realized. First, shape-shifting techniques
have been mostly used at the macro-scale, while many applica-
tions require shape-shifting structures with dimensions less than
1 mm. For example, 3D tissue engineering scaffolds with unit-
cell dimensions of a few hundred micron could be used as a tem-
plate for tissue regeneration or as a platform for studying the

effects of geometrical cues on cell function [177]. Second, little
to no complex assemblies of shape-shifting materials (e.g. struc-
tures comprising multiple unit-cells or with large variations in
Gaussian curvature) have been reported yet. Despite the large
library of shape-shifting techniques, the production of complex
3D origami structures comprising multiple unit-cells remains
challenging. Several studies reported the possibility to program
the time sequence of deformation which could tremendously
increase the complexity of the possible 3D configurations. Accu-
rate modelling tools that capture both the complex folding kine-
matics as well as the kinetics might be also helpful for realizing
complex shape-shifting constructs. Another strategy could be
the self-assembly of self-folded unit-cells, thereby eliminating
the need for complex kinematics and accurate bending elements.
For example, Randhawa et al. reported the self-assembly of hol-
low cubic unit-cells in an aqueous environment guided by the
hydrophobic patterns at the outer surfaces of the cubes (Fig. 11g)
[205]. Those patterns could be applied at the flat material surfaces
prior to the self-folding process of the unit-cells. Because many
reported shape-shifting materials require multiple and complex
fabrication steps, simple manufacturing processes need to be
developed to make the widespread application of those materials
possible. The emerging field of so-called ‘4D-printing’ might be a
promising direction for single-step production of complex shape-
shifting materials. By precisely controlling the locations of the
(different) printed material(s), highly complex shape-shifting
materials could be fabricated. Further development of those high
resolution additive manufacturing techniques might allow for
producing shape-changing materials at the micro-scale. In addi-
tion to the limited complexity of the 3D shapes achieved with
shape-shifting, they rarely incorporate functionality-inducing
surface features. The effects of those surface features (e.g.
micro- and nano-topographies) on the shape-shifting behavior
and vice versa are therefore not well understood. For example,
differential shrinkage/expansion of the material might distort
the applied surface patterns. All important aspects such as surface
functionalities and complex shape-shifting constructs at small
scales have to be integrated into one shape-changing material
in order to fully exploit the promising concept of 2D to 3D
shape-shifting.

Conclusion

The strategies used for programming the shape-shifting behavior
could be classified as being either based on bending or buckling.
Many studies have focused on generating bending moments to
enable shape-shifting while out-of-plane deformation by buck-
ling is a relatively new programming strategy. Both strategies dif-
fer mainly in the achievable target shapes. Integration of both
strategies to benefit from the best of both worlds is recom-
mended to increase the number of possible target configurations.
Sequential folding could be also used for increasing the range of
achievable shapes, while it could be used as a tool to improve the
integrity and stability of the final shapes as well. Different appli-
cations are highlighted, which utilize the possibility of using
conventional 2D techniques as well as the opportunity to create
deployable structures with complex target configurations upon
activation by a single scalar signal.
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