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Abstract: In this brief review, an introduction of the underlying mechanisms for the shape
memory effect (SME) and various shape memory phenomena in polymers is presented first.
After that, a summary of typical applications in sensors based on either heating or wetting
activated shape recovery using largely commercial engineering polymers, which are programmed
by means of in-plane pre-deformation (load applied in the length/width direction) or out-of-plane
pre-deformation (load applied in the thickness direction), is presented. As demonstrated by a number
of examples, many low-cost engineering polymers are well suited to, for instance, anti-counterfeit and
over-heating/wetting monitoring applications via visual sensation and/or tactual sensation, and many
existing technologies and products (e.g., holography, 3D printing, nano-imprinting, electro-spinning,
lenticular lens, Fresnel lens, QR/bar code, Moiré pattern, FRID, structural coloring, etc.) can be
integrated with the shape memory feature.

Keywords: shape memory material; shape memory polymer; sensor; anti-counterfeit; temperature
sensor; wetting sensor

1. Introduction

Stimulus-responsive shape switching refers to the phenomenon that the shape change in a material
is induced by an externally applied stimulus [1–5]. Such a kind of shape change might be reversible
or non-reversible. The former is known as the shape change effect (SCE), and the latter is called
the shape memory effect (SME) [6–11]. In fact, most polymers are heating- and chemo-responsive
shape memory polymers (SMPs) as revealed in Reference [12], although the actual shape memory
performance varies according to the actual polymer and its processing (programming and activation)
method, and environmental conditions, etc. A polymer may have the SME or SCE according to, for
instance, the relationship between its activation temperature and the environmental temperature where
the polymer is used.
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Let us take memory foam, which is a well-known name in the market and is mostly made of
polyurethane (PU), as an example. At room temperature, memory foam cannot maintain its deformed
shape that is technically defined as the temporary shape within the shape memory community. Memory
foam slowly recovers its original shape, which is also called the permanent shape. It appears that at
room temperature, memory foam has the SCE. However, if memory foam is deformed and then placed
in the freezer part of a refrigerator, it is able to keep the temporary shape without any constraint applied,
unless it is moved out of the freezer to be heated in the atmospheric air. Thus, memory foam does indeed
have the thermo-responsive SME as well, but the working temperature for the heating-responsive
SME is below the room temperature. The polymeric foam used by CrocsTM essentially shares the same
feature, i.e., its activation temperature (glass transition temperature, Tg, for this particular polymer) is
around room temperature. Hence, the heating-responsive SME in memory foam may be used as the
mechanism for temperature sensors to indicate over-heating in cold chain logistics.

Although most of the research works on SMPs till now are about their potential actuator
applications, this brief review is about their sensor applications, which is still a niche area and hence
not so well explored [13–15]. While many new SMPs with a range of additional interesting features
have been developed [16,17], since most polymers do have certain level of heating/chemo-responsive
SME [12], herein we will mainly focus on applications utilizing commercially available polymers.
Because these polymers are easily accessible at relatively lower cost and with higher quality, they are
ready to be immediately applied into commercial products or integrated as part of commercial products.

In Section 2, a brief introduction of the working mechanisms for the SME in polymers is presented,
together with the demonstration of various shape memory phenomena. This section provides the
fundamentals for the applications of SMPs and some important issues, which need to be considered in
actual applications, are also mentioned. In Section 3, we discuss the potential sensor applications based
on in-plane and out-of-plane programming (pre-deformation), respectively. Section 4 is a summary,
which includes the different approaches to utilize the SME in polymers for sensor applications, some
typical commercially available SMPs and their suppliers, together with the major concerns in their real
engineering applications and outlook for future developments. Main conclusions are presented in
Section 5.

Unless citation is provided, the works presented here are based on our unpublished works.

2. Working Mechanisms and Shape Memory Phenomena

2.1. Working Mechanisms

According to Reference [12], there are a few different working mechanisms for the SME in
polymers. A brief discussion of the three basic ones for heating-responsive SMPs is provided here.
Interested readers may refer to Reference [12] for a detailed explanation. Figure 1 illustrates the three
basic mechanisms for the heating-responsive SME from programming for temporary shape fixing
[(a)–(c)] to heating for shape recovery [(c)–(d)].
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Figure 1. Basic working mechanisms for the heating-responsive SME in polymeric materials. (I) Dual-
state mechanism (DSM); (II) dual-component mechanism (DCM); (III) partial-transition mechanism 
(PTM). (a) Original sample at room temperature; (b) upon heating and compressing; (c) after cooling 
and constraint removal; (d) after heating for shape recovery. (Modified from Reference [12]). 

(I) Dual-state Mechanism (DSM) 

In this mechanism, the polymer is heated to above its softening temperature (a), which is 
typically Tg, so that it becomes soft and flexible, and thus easy to deform (b). After subsequent cooling 
for hardening, the constraint is removed, and the polymer is able to largely keep the deformed shape 
(c). This is called the programming process. Subsequently, the polymer is heated again for shape 
recovery (d). The steps from (c)–(d) are known as the recovery process, which is the second part of a 
full shape memory cycle after programming.  

(II) Dual-component Mechanism (DCM) 

For an inclusion-matrix system, as illustrated in (a), if the matrix is always elastic, while the 
inclusions become softer upon heating, the material can be deformed easily at high temperatures (b). 
After cooling to harden the inclusions, the free-standing material is able to keep the deformed shape 
(c), unless it is heated again for shape recovery (d). Semi-crystalline polymer, in which the crystalline 
part could be considered as the inclusion, is a typical example. Polymeric shape memory hybrid 
(SMH), which is composed of at least two parts, but neither of them has the SME as an individual, is 
also under this mechanism. 

(III) Partial-transition Mechanism (PTM) 

If a polymer is uniformly heated for an incomplete transition, which softens it partially, the 
unsoftened part of the polymer may be considered as the matrix, which can be elastically deformed 
within a certain range [(a)–(b)]. After cooling to harden the polymer, the deformation is able to be 
largely kept (c), unless it is uniformly reheated again for shape recovery (d). 

Above mentioned are the three typical working mechanisms for the heating-responsive SME in 
polymers. In any mechanism for the stimulus-responsive SME in polymers, there are normally two 

Figure 1. Basic working mechanisms for the heating-responsive SME in polymeric materials.
(I) Dual-state mechanism (DSM); (II) dual-component mechanism (DCM); (III) partial-transition
mechanism (PTM). (a) Original sample at room temperature; (b) upon heating and compressing; (c) after
cooling and constraint removal; (d) after heating for shape recovery. (Modified from Reference [12]).

(I) Dual-state Mechanism (DSM)

In this mechanism, the polymer is heated to above its softening temperature (a), which is typically
Tg, so that it becomes soft and flexible, and thus easy to deform (b). After subsequent cooling for
hardening, the constraint is removed, and the polymer is able to largely keep the deformed shape (c).
This is called the programming process. Subsequently, the polymer is heated again for shape recovery
(d). The steps from (c)–(d) are known as the recovery process, which is the second part of a full shape
memory cycle after programming.

(II) Dual-component Mechanism (DCM)

For an inclusion-matrix system, as illustrated in (a), if the matrix is always elastic, while the
inclusions become softer upon heating, the material can be deformed easily at high temperatures (b).
After cooling to harden the inclusions, the free-standing material is able to keep the deformed shape (c),
unless it is heated again for shape recovery (d). Semi-crystalline polymer, in which the crystalline part
could be considered as the inclusion, is a typical example. Polymeric shape memory hybrid (SMH),
which is composed of at least two parts, but neither of them has the SME as an individual, is also under
this mechanism.

(III) Partial-transition Mechanism (PTM)

If a polymer is uniformly heated for an incomplete transition, which softens it partially, the
unsoftened part of the polymer may be considered as the matrix, which can be elastically deformed
within a certain range [(a)–(b)]. After cooling to harden the polymer, the deformation is able to be
largely kept (c), unless it is uniformly reheated again for shape recovery (d).
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Above mentioned are the three typical working mechanisms for the heating-responsive SME
in polymers. In any mechanism for the stimulus-responsive SME in polymers, there are normally
two basic parts within the material. One part (elastic part) is always highly elastic, which stores
elastic energy after programming, and the stored elastic energy provides the required driving force for
subsequent shape recovery. The other part (transition part) is able to change its stiffness, depending on
whether the right stimulus is applied, and after programming, the deformation is plastic or quasi-plastic.
Some ductile polymers can be programmed without heating to above their softening temperature,
since their transition part is able to significantly deform in a plastic or quasi-plastic manner at low
temperatures without early fracture [18–20].

The evaluation of the shape memory performance in polymers includes two important parameters,
namely, the shape fixity ratio (Rf, after programming) and shape recovery ratio (Rr, after recovery).
However, due to the influence of visco-elasticity, which varies according to the exact polymer, we may
need to consider both the short-term (instant) and long-term response under the testing environment
and programming conditions [21]. Herein, we take programming via uniaxial stretching at high
temperatures as an example. A piece of SMP is heated for softening and then stretched to the
required programming strain (εpro). Subsequently, the sample is cooled to room temperature with the
programming strain of εpro fixed. Immediately after the removal of the constraint, a residual strain
of ε1

res is obtained. Since some polymers may creep/relax significantly before a particular stimulus is
applied for shape recovery, long-term residual strain (ε2

res) should be used for them. This ends the
programming process, and the short-term shape fixity ratio (RS

f ) and long-term shape fixity ratio (RL
f )

are defined by,

RS
f =

ε1
res

εpro
(1a)

and

RL
f =

ε2
res

εpro
(1b)

respectively. In the next recovery process, the programmed SMP is heated, and the remaining strain
after heating is defined as εrem. Thus, the shape recovery ratio (Rr) is expressed as,

Rr = 1−
εrem

εi
res

(2)

where i is 1 or 2.
While high shape recovery strain, high shape fixity ratio and high shape recovery ratio are ideal in

many applications, they are not always required. For instance, in surface wrinkling via deposition of an
elastic thin layer atop a piece of one-directional pre-stretched polymeric substrate, the only requirement
is a few percent of strain recovery [22]. A high recovery strain indeed results in cracking of the elastic
layer in the transverse direction due to over stretching during shape recovery in the SMP substrate,
and both the shape fixity ratio and shape recovery ratio are not necessary to be very high. In fitting
applications of wearable items based on elastic SMPs [23], 100% shape fixity ratio is not good as the
corresponding gripping force approaches zero. A small amount of elastic stress due to incomplete
shape recovery is ideal. The required exact amount of elastic stress depends on the actual application.

2.2. Shape Memory Phenomena

The SME, in particular the heating-responsive SME, of many commercial polymers has
been characterized (e.g., in [24–30] for polycarbonate (PC), poly(ether ether ketone) (PEEK),
ethylene-vinyl acetate (EVA), polytetrafluoroethylene (PTFE), poly-ε-caprolactone (PCL) and
poly(methyl methacrylate) (PMMA)).

Here, we take PMMA (also known as acrylic, which is a widely used engineering polymer,
including in optical engineering) as an example to explain various shape memory phenomena in
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polymeric materials. In addition to actuator applications, those phenomena, together with the different
approaches for programming to fix the temporary shape, could be utilized in sensor applications
as well.

In Figure 2, the shape recovery of a commercial PMMA is investigated after being pre-deformed
(programmed) in different ways. In Figure 2I, the sample is slightly bent at its top end at room
temperature, which is about 22 ◦C. It is able to gradually return its original straight shape, after being
left at room temperature for two hours. This is indeed the SCE, as the programmed shape is not stable
at room temperature. In Figure 2II, the sample is heated to over its Tg, which is about 110 ◦C, and
twisted (top piece). Recovery back to the original shape (bottom) only happens when it is heated
again. In Figure 2III, the two ends of a piece of PMMA are programmed via bending under different
conditions. The top end is bent in 95 ◦C water, which is below its Tg, while the bottom end is bent
at above Tg. The top end is bent much less than the bottom end (but more than that in Figure 2I,
as the material is still brittle at 95 ◦C (a–b)). Upon immersing the whole piece of sample into 90 ◦C
water and then 98 ◦C water, the top end bends back to the original straight shape in a step-by-step
manner, while the bottom end shows almost no shape change (c–d). Upon further heating to over
Tg, the bottom end becomes straight (e). In Figure 2II,III, shape recovery is triggered by heating and
is always from a programmed shape, which is temporary, to the original shape, which is permanent.
This is also called the dual-SME, since there are only two stable shapes in the shape memory cycle.
In Figure 2IV, the PMMA sample is programmed in two steps. Its top end is bent to the right (down)
above Tg (a), so that upon heating in 98 ◦C water, there is not any apparent shape change at all (b).
In the next programming step, the top end of the sample is bent slightly to the left (up) in 98 ◦C water
(c). The following recovery process also includes two steps. Upon heating in 98 ◦C water, the top
end bends to the right (down) (d). Upon further heating to over Tg, the sample becomes straight (e).
We can clearly observe a stable intermediate shape between the temporary shape and the permanent
shape in this case. This is called the triple-SME. The triple-SME can be achieved in polymers with two
transitions (e.g., the glass transition and melting/crystallization) or one transition (glass transition or
melting/crystallization) via two-step or one-step programming [18,19,27,31–41]. It is possible to have
more than one intermediate shape via multiple-step programming to achieve the multiple-SME.

As discussed in Reference [12], the two important programming parameters, namely programming
temperature and maximum programming strain, have significant influence on both shape fixity ratio
and shape recovery ratio, which are two key parameters in the characterization of the shape memory
behavior of a SMP.

Vitrimer is a term for those polymers, in which cross-linking can be opened/closed under certain
conditions (mostly via heating/cooling) in a reversible manner [42,43]. Consequently, a vitrimer
polymer is thermo-set at low temperatures, and becomes thermo-plastic at high temperatures. Recently,
a vitrimer-like SMP has been used for so called digital coding of mechanical stress [44], in which the
elastic stress field introduced by programming can be altered. Therefore, the color pattern observed
via photo-elasticity can be tailored. Such a technology may be applied in anti-counterfeit applications.
This kind of color pattern change can be realized in conventional polymers as well via local heating.
Figure 3(left) is a piece of plastic petri dish, and Figure 3(right) is polypropylene (PP) box (cover).
Both are produced by the same process of injection molding, but we can see different color patterns
via photo-elasticity. The circular shaped areas in the middle of the two plastic pieces in Figure 3 are
produced by local heating using a lighter. The advantage of using vitrimer is to minimize, if not totally
avoid, the flow induced shape change during heating of the conventional thermo-plastic polymers to
their melting temperature. The special feature of vitrimer, i.e., the reversible cross-linking, ensures
that all vitrimers have good heating-responsive SME when they are in the cross-linked state. Many
actuator and sensor applications using vitrimer are expected. As mentioned above, since the focus of
this review is mostly on commercial polymers, we will not explore the topic of vitrimer further.
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Figure 2. Shape recovery in poly(methyl methacrylate) (PMMA) via different ways of pre-
deformation. (I) Relaxation in slightly bent (at room temperature) sample. (II) Heating-responsive 
shape memory effect (SME) in sample programmed at high temperatures (above Tg). Top: after 
programming; bottom: after heating. (III) Comparison of the influence of programming conditions 
on recovery upon heating. (a) Original shape; (b) after bending (bottom part: bent above Tg, top part: 
bent in 95 °C water); (c) after heating in 90 °C water; (d) after heating in 98 °C water; (e) upon further 
heating to over Tg. (IV) Triple-SME. (a) After heating to above Tg and bending down; (b) heating in 
98 °C water; (c) bending upon slightly in 98 °C water; (d) heating in 98 °C water; (e) heating to above 
Tg. ((a)–(c) is the programming process, (d)–(e) is the recovery process.) [(III) and (IV) are reproduced 
from Reference [30] with permission]. 

Figure 2. Shape recovery in poly(methyl methacrylate) (PMMA) via different ways of pre-deformation.
(I) Relaxation in slightly bent (at room temperature) sample. (II) Heating-responsive shape memory
effect (SME) in sample programmed at high temperatures (above Tg). Top: after programming; bottom:
after heating. (III) Comparison of the influence of programming conditions on recovery upon heating.
(a) Original shape; (b) after bending (bottom part: bent above Tg, top part: bent in 95 ◦C water);
(c) after heating in 90 ◦C water; (d) after heating in 98 ◦C water; (e) upon further heating to over
Tg. (IV) Triple-SME. (a) After heating to above Tg and bending down; (b) heating in 98 ◦C water;
(c) bending upon slightly in 98 ◦C water; (d) heating in 98 ◦C water; (e) heating to above Tg. ((a–c) is the
programming process, (d–e) is the recovery process.) [(III) and (IV) are reproduced from Reference [30]
with permission].
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Figure 3. Heating to alter the color pattern observed via photo-elasticity. (Left) plastic petri dish; (right)
PP box (cover). The circular/elliptical areas are produced by local heating to alter the internal stress
induced by injection molding.

2.3. Further Discussions

In this subsection, a couple of important issues in applying SMPs in engineering applications are
briefly addressed.

Here, polymers used in 3D printing are taken as examples, as 3D printing is expected to reshape
manufacturing in many ways, from individual fabrication (customized manufacturing) to fabrication
of those items, that the traditional technologies have some difficulties to fabricate (e.g., those products
that require inner mold). 3D printing is able to provide unique shape/surface feature for each individual
piece produced in a cost-effective manner [45], so that 3D printing can be used in, for instance, various
anti-counterfeit applications, as well. Since printed electronic circuits are actually a 2D version of 3D
printing [46], a combination of printed circuit and SMP is a natural extension.

At present, fuse deposition modeling (FDM) is able to provide a cost-effective solution for
3D printing. The most popular filaments for 3D printing via FDM at present include poly(lactic
acid) (PLA), which is biodegradable, and acrylonitrile butadiene styrene (ABS), which is a
well-recognized high-quality engineering polymer. Both materials have been confirmed to have
excellent heating-responsive SME [47]. SMP Technologies, Inc., Japan has recently brought its
shape memory PU filament into the market for 3D printing based on its well-known MM series of
thermo-plastic shape memory PU [48]. In many aspects, polyetherimide (PEI) is similar to PEEK,
which is a widely used engineering polymer, in particular, for high temperature applications, while
PEI is relatively cheaper than PEEK. Both PEI and PEEK filaments for 3D printing are commercially
available in the market, but a special high temperature 3D printer is required for printing both of them,
as the maximum heating temperature for most of the conventional FDM printers is below 250 ◦C,
which is below the printing temperature required for PEI and PEEK. Excellent heating-responsive SME
at high temperatures is expected in the printed items using these high temperature polymers. On the
other hand, PCL filament must be printed at 100 ◦C or below, as heating to high temperatures causes
permanent damage to PCL, while programming of 3D printed PCL items via FDM must be done at
low temperatures (below its melting temperature) [29].

Polyvinyl alcohol (PVA) is water soluble and thus, it is widely used in 3D printing as the material
to print support structures, which can be removed later by water. It has good heating-responsive SME
and its water-responsive SME is also demonstrated, if wetting is minimal before dissolving occurs [47].

Although a few other engineering polymers have the water/moisture-responsive SME [49–51]
and do not either dissolve or significantly swell in water, they are mostly unable to respond quickly,
unless they are in the shape of a very thin film or a very thin-walled foam.

While hydrogel is featured by its ability to absorb a large amount of water, that may cause significant
volume expansion, i.e., swelling, dry hydrogel essentially belongs to the polymer category. Therefore,
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we can use either water or moisture as plasticizer to reduce Tg and thus trigger shape recovery [52],
i.e., chemo-responsive SME, in dry hydrogels. This feature can be utilized for water/moisture wetting
sensors [53]. It should be mentioned that depending on the exact water content, a piece of hydrogel
may have the SME or SCE. Interested readers may refer to Reference [53] for a detailed explanation.
Furthermore, since water penetration is a gradual process, the reaction time of a piece of programmed
dry hydrogel is not only material dependent, but also sample size dependent. Thus, we may utilize this
feature to achieve time-controlled reaction. As reported in Reference [54], upon immersion in water,
the buckling starting time of a piece of pre-stretched cross-linked poly (ethylene glycol) (PEG) filament
can be tailored by varying the diameter of the dry hydrogel filament and the amount of pre-strain.

Similar to a lot of conventional polymers, many 3D printing polymeric materials (not only limited
to those thermo-plastic polymers used in FDM, but also those cross-linked via, for instance, light curing)
appear to be easier to relax/creep due to the well-known reasons, such as, softening upon absorption of
moisture (plasticization), and molecular chain reorganization (micro Brownian motion) [55]. Since the
heating-responsive SME in most of the 3D printed polymeric items is based on Tg, and the choice of
polymers for printing is still limited at present, it appears to be a very important concern in material
selection for 4D printing, in which the additional D refers to the capability of shape change in 3D
printed items, and of course, this feature could be used in anti-counterfeit applications as well.

In the early stage of materials selection for sensor applications of SMPs, we may reveal the
stability of a particular polymer via differential scanning calorimetry (DSC) test without introducing
any macroscopic shape change [56,57]. The equivalent time-temperature effect (the time-temperature
superposition principle), which considers the accumulation of both heating/cooling temperature
and heating/cooling time, may be used in temperature-time accumulation sensors after careful and
extensive calibration. But this part is not within the scope of this review.

According to Reference [1], a shape memory composite should have at least one component
with the SME. Two typical concepts of elastic coating atop a polymer are illustrated in Figure 4.
In Figure 4I, the surface of a piece of polymer (Figure 4I(a)) is impressed to form an indent (Figure 4I(b)).
Subsequently, a layer of thin elastic film (e.g., Au) is coated atop (Figure 4I(c)). After heating for
shape recovery, wrinkles are formed within the indented area, which at a macroscopic scale, is now a
flat surface due to the SME (Figure 4I(d)). Structural coloring effect [58,59] may be observed, if the
wavelength and magnitude of the wrinkles are optimized [13,60]. However, as mentioned above, if the
coating is brittle and the recovery strain of the underneath polymer is too big, cracks may be resulted
in the direction perpendicular to the wrinkles [61]. An effective way to get rid of this cracking problem
is to have the same polymer coated atop [62,63]. In Figure 4II, after impression to form an indent atop
a piece of polymer, its surface is polished to fully or partially remove the indent. Thus, after heating, a
protrusion is formed (Figure 4II(c)) [64]. After coating (Figure 4II(d)) and then heating, wrinkles are
formed on the surface of the protrusion (Figure 4II(e)) [65]. The formation of such wrinkles requires
higher heating temperature and the exact temperature required for wrinkling is a function of the radius
of the protrusion [61], which might be utilized to monitor over-heating temperature.

Currently, there are two types of temperature memory effect (TME) in SMMs (particularly, for
shape memory alloys and polymers). One is without any macroscopic shape change, and the other is
based on the shape memory phenomenon. The former mostly associates with some specific features
revealed by DSC with the highest heating (or lowest cooling) temperature in the previous heating
(or cooling) process [66]. The latter is mostly applicable to polymers and is meant to find the relationship
between the remarkable or even full shape recovery (upon heating) and the previous programming
temperature [14,18,19,39–41,67–70]. As revealed in Reference [12], both maximum programming
strain and programming temperature are important parameters to determine the actual level of shape
recovery upon heating. In the case of small maximum programming strain, most significant recovery
or even full recovery occurs upon heating to the previous programming temperature, provided it is
between the transition start temperature (Ts) and the transition finish temperature (Tf), or slightly
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above it. On the other hand, if the maximum programming strain is large, shape recovery shifts to
higher temperatures.

As observed in shape memory alloys, thermally induced reversible SME has also been achieved
in some semi-crystalline polymers [71–78]. According to the above definition, strictly speaking, such a
reversible SME upon thermal cycling should be under the category of thermo-responsive SCE. This
review will not cover this topic.
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3. Typical Sensor Applications

The SME has added one more dimension to potentially widen the application field of SMPs, since
we can utilize this feature to design a smart polymeric system to react automatically to the change of
the surrounding environment in a passive manner [79,80]. However, as mentioned in Section 1, so far,
the number of successfully developed SMP products is still rather limited in the commercial market.
A couple of commercial products relevant to sensor applications are listed here. The materials used in
these applications do have the potential to be used in sensor applications as well, if a right application
is identified.

Figure 5a presents a commercial anti-counterfeit SMP label (from Guangzhou Manborui Material
Technology Co., Ltd., Guangzhou, China) before and after heating in 65 ◦C oven for two minutes to get
the embossed feature recovered. 3D surface scanning using a Taylor scanner reveals that the embossed
feature, which indicates authentic in Chinese, is about 0.1 mm in height, which is about the same
magnitude as that of the surface feature in standard bank coins and can be clearly identified via tactile
sensation by fingers.

Shape memory polymeric splints are mostly made of poly-ε-caprolactone (PCL) type of polymers
with/without cross-linking [29]. After heating for softening, they can be programmed at body
temperature for fitting. After fitting, they become hard and stiff to provide strong support.

Contrary to the memory foam, soft and elastic SMP foam is able to simultaneously achieve comfort
fitting and provide enough support without compromising in elasticity [23,81]. Hence, a piece of insole
made of such a type of SMP foam (mostly using either ethylene-vinyl acetate (EVA) or PU) is able
to maintain the shape of the foot after stepping on it for a while during cooling for personalization
(Figure 6I, top piece). The foot impression can be fully removed after heating for reus (Figure 6I,
bottom piece).
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Figure 5. Typical anti-counterfeit shape memory polymers (SMP) label (0.16 mm thick) available in
the market (from Guangzhou Manborui Material Technology Co., Ltd., Guangzhou, China). (a) Top:
before heating (as received); bottom: after heating in an oven at 65 ◦C for two minutes. (b) 3D surface
scanning result (using Taylor scanner), which reveals that the surface feature after heating for shape
recovery is about 100 µm in height.
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Figure 6. (I) Shape memory ethylene-vinyl alcohol (EVA) insole. Top: after heating and stepping on,
foot shape is captured after cooling back to room temperature; bottom: after heating for shape recovery.
(II) EVA heat shrink tube. The right end is heated for shape recovery. (III) Commercial heat shrink
label. (a) Original; (b) after heating (placed between printing transparency and tape during heating);
(c) after heating (placed between two steel plates fixed by two clips); (d) after heating (free standing).

Probably the top two most successful commercial SMP products at present are heat shrink tubes
for protection of cables/wires and heat shrink films (membranes) for label and packaging. Although
different types of polymers are used, mostly they are cross-linked via irradiation. In Figure 6II, the right
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end of a piece of heat shrink tube, which is made of cross-linked EVA, is heated to over 80 ◦C, which
is above its Tg [26], so that this part shrinks remarkably. Figure 6III(a) is a piece of commercial heat
shrink label (with screen-printed protruding oil on one side of its surface), and Figure 6III(b–d) present
the shapes of the labels after heating under three different restrained conditions, from free-standing
to restrained between two rigid plates clipped together. After heating for shrinkage of the label,
strip-wrinkles are formed in the area coated with protruding oil due to buckling. Consequently, if the
label is heated for free recovery [i.e., without any restraint as in Figure 6III(d)], instability in the form
of a combination of local buckling (wrinkling) and global buckling is resulted.

According to the previous definition, the SME is meant for non-reversible, one-time activation.
Although the SME cycle can be repeated after re-programming, if the programming process is practically
not easy without causing any damage or misalignment, etc., sensors based on SMPs have the combined
advantages of having high reliability/security and being non-repeatability/non-reusable.

An extremely important issue in any real engineering application is the cost-effectiveness of
a product. The cost (including both material cost and processing cost) of some above-mentioned
successfully commercial products, such as heat shrink tube, EVA/PU foam, and PCL splint, has been
widely accepted by the market, since the functions that those products provide are well worth their
values. However, for a new application field, for instance in anti-counterfeit labels, the competitors are
other materials and technologies, which are mostly well-developed/established and low price, new
unique functions must be identified to justify the high price in using SMP based alternatives.

Herein, we will limit our discussion to the SMP-based sensor applications without the consideration
of the equivalent time-temperature effect (although there are commercial sensors, for instance, Timestrip
from Timestrip UK, Ltd., for this kind of purpose), and focus mostly on using commercially available
polymers. Those special polymers with gradient properties, such as gradient transition temperature [16]
and above-mentioned vitrimer, are excluded. Mullins effect and Payne effect, etc. in rubber-like elastic
polymers are also ignored [82–85]. From application point of view, film and thin sheet should be
more convenient in many sensor applications, such as SMP based anti-counterfeit labels reported in
References [86–88] and Figure 5. We will focus on heating/wetting sensors and anti-counterfeit labels
based on heating and water-responsive SME.

A piece of SMP film/sheet may be programmed in the in-plane direction (load applied in the
length/width direction) or out-of-plane direction (load applied in the thickness direction). Readers may
refer to, for instance, References [25,53,89], for the details of various approaches to program different
types of polymeric materials.

In order to provide the same feature height of 0.1 mm as in most of coins (refer to Figure 5), so that
we can feel by fingers, the thickness of Manborui’s anti-counterfeit SMP label is 0.16 mm, which is far
thicker than most commercial anti-counterfeit labels in the market. The typical thickness of hologram
label is 40 µm, while the typical thickness of void paper is 100 µm. In-plane programming may be
done for any thickness of film/sheet. However, to reduce the material cost, thinner film is preferred
in most of the cases. On the other hand, for out-of-plane programming, we need to consider both
the cost of material and processing (mostly programming via impression). In the case of utilizing
the structural coloring effect via nano-imprinting, although we can minimize the thickness of SMP to
reduce the material cost, the mold is actually the most expensive part. An ordinary mold produced by
CNC machining or even 3D printing is much cheaper and well-suitable for tactual sensation by finger
touching. Thus, the SMP film must have enough thickness in order to be stiff enough to maintain the
surface feature upon finger touching.

3.1. In-Plane Programming

In-plane programming may be done in one or two directions during processing in, for instance,
roll-to-roll fabrication of films/membranes.

Heat-shrink films and tubes are commercially available with different activation temperatures
and mechanical properties. Typical polymers used are polyethylene (PE), multi-layer co-extruded
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polyolefin shrink film (POF), oriented polystyrene (OPS), PET, polyvinyl chloride (PVC) for heat shrink
films and radiation cross-linked EVA for heat shrink tubes. Biaxially-oriented PET (BOPET) is the
typical substrate material for hologram stickers. The technique to fabricate heat shrink films/tubes
with zero Poisson’s ratio upon heating for shape recovery has been widely applied.

To prevent tampering, for instance, heating to remove a piece of hologram label or void paper
without causing any damage to the label/paper, the anti-heat transfer function should be integrated
into the original label/paper to have, for example, self-destroy function upon heating. Since the
heating-responsive SME is an intrinsic property of most polymers [12], we should be able to easily
integrate this effect into currently used polymers in anti-counterfeit applications to enhance the
reliability of security. In Figure 7, a very sharp blade is used to cut lines atop a piece of commercial
hologram sticker. These lines are not easily visible by naked eyes (Figure 7a). After heating using a
hair dryer, these lines open wider, so that we can easily see and thus the label is damaged and the
original vivid color turns dull, most likely due to heating induced surface recovery (Figure 7b). These
pre-cut lines serve as a way to prevent removal of the label at both low and high temperatures, which
is able to effectively prevent heating and then the subsequent removal of the anti-counterfeit labels
(Figure 7c). This approach can also be integrated into conventional void paper to prevent tampering at
high temperatures.
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Figure 7. Cracking in hologram sticker upon heating. (a) Original label, in which no apparent crack
can be observed and the color appears vivid; (b) after heating by hair dryer, cracks are apparent and
the color turns dull; (c) removal at high temperatures results in tearing of the label.

Due to the fast readability and greater storage capacity, quick response (QR) code has become a
very popular way right now in product tracking, item identification, time tracking, and document
management, etc. The same heating-then-cracking concept shown in Figure 7 can be applied to result
in anti-heat transfer QR code for improved security as well. As demonstrated in Figure 8a, before
heating, both QR labels with/without modification can be easily identified by a smartphone with
QR code scanning function. After heating, a small line crack appears on the upper left corner of the
modified label (Figure 8b). Depending on the exact software used to read the QR code, some take
longer time to read the code, while some just cannot recognize the code anymore. Of course, with
further modification (e.g., with more pre-cut cracks and larger programming strain), we can make the
QR code completely un-readable after heating.
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Figure 8. Anti-heat transfer quick response (QR) code. Left: modified label; right: without modification
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Stripe interference between two layers with patterns printed atop (Moiré pattern) is another
possible application using SMP to produce the moving effect during heating induced shape recovery.
Three examples are illustrated in Figure 9. In Figure 9a, upon step-by-step heating, the top layer, which
is transparent, moves up gradually, while in Figure 9b, upon heating, the top transparent layer rotates
slightly. Figure 9c is different from above two cases, as the top layer shrinks upon heating. A closer
look reveals that there is a fixed relationship between the number of black bands and the actual strain
due to shrinkage. Hence, after calibration, this phenomenon may be used in strip shaped temperature
sensors to monitor the maximum heating temperature.

Figure 10 demonstrates two possible ways to integrate the heat shrink function with QR code and
barcode, respectively, to add in anti-heat transfer function into the original codes. As shown, after
heating, both codes become readable and indicate void when scanned to show that both labels have
been tampered by heating.

Above mentioned heating-then-cracking function has been integrated into an electrical circuit.
Thus, if over-heated, the circuit breaks, as demonstrated in Figure 11, in which silver epoxy adhesive is
coated atop a piece of pre-stretched polymeric substrate with a narrow crack produced by a sharp blade.
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Figure 9. Moving Moiré pattern based on the shape memory effect (SME) upon gradual heating.
(a) Vertical shifting of the top layer upon gradual heating; (b) rotating of the top layer upon gradual
heating; (c) vertical shrinking of the top layer upon gradual heating.
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Figure 10. Anti-heat transfer quick response (QR) code (a) and barcode (b). (a) Left: before heating
(unreadable); right: after heating (readable to show void). (b) Left three: before heating (unreadable);
right: after heating (readable to show void).
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Figure 11. Break of circuit if over-heated. (left) Before heating, the measured electrical resistance is low
(0.77 Ω); (right) after heating, the resistance is infinite.

Radio-frequency identification (RFID) is another very popular communication method at this
moment, which uses electromagnetic fields to automatically identify and track tags attached to
objects. Near field (NF) communication, which has become one of the built-in functions in most of
current smartphones, is a special type of RFID. A silicone tag (Figure 12I(c)) is embedded with RFID
(Figure 12I(b)) in the middle. Since silicone is elastic and the piece of RFID is placed in the middle
of the tag (neutral plane), the tag is flexible for bending, but it is designed to be neither stretchable
nor twistable, as both types of deformation trend to break the embedded RFID. By replacing elastic
silicone with highly elastic SMP [84,85] and inducing wrinkles [65] in the piece of embedded RFID,
the tag in Figure 12I(a) becomes stretchable. In Figure 12II, the stress vs. strain relationship in cyclic
stretching of a piece of stretchable tag is presented. The measured electrical resistance in the embedded
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electrical circuit remains constant, until it is stretched to 116%, which is slightly less than the designed
circuit failure strain of 120%. The major advantages of utilizing elastic SMP over the elastic silicone
are twofold. One is easier to stretch more at high temperatures in SMPs, and the other is without the
need to keep stretching during fabrication. One more additional advantage is the repeatable comfort
fitting of, for instance, wearable electronic devices, to match the shape of each individuals at the spot
to realize one-size-for-all at low cost [23,81].
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Figure 12. Stretchable tag with embedded radio-frequency identification (RFID). (I) Prototype of
stretchable tag with embedded RFID (a) (sliced from middle to reveal the embedded RFID), free-standing
RFID itself (b) and current flexible tag with embedded RFID (same RFID as in b). (II) Tensile stress vs.
tensile strain relationship of stretchable tag upon cyclic stretching. 116% is the strain that the embedded
circuit breaks.

3.2. Out-of-Plane Programming

The SME in polymeric materials is able to provide not only visible (to see), but also tactile (to feel)
change after shape recovery. The latter function is lack in most of the current anti-counterfeit labels,
except the shape memory label in Figure 5, in which a special polymer with a Tg around 60 ◦C is used.
The unique tactual sensation enhances the competitiveness of SMP products and distinguishes them
with the products based on other technologies. By selecting a right commercially available engineering
polymer, instead of using a newly developed special SMP, we can not only dramatically lower down the
cost, but also produce anti-counterfeit shape memory labels with the required activation temperature.

3.2.1. Tactual Sensation

As shown in the shape memory anti-counterfeit label in Figure 5, embossing and debossing are
associated with out-of-plane programming of SMPs. If we use commercially available engineering
polymers, such as polycarbonate (PC) and PMMA sheets, as the substrate, after embossing at room
temperature using a Vickers indenter (for PC, refer to Reference [24]) or hot compressed using a special
mold (for PMMA, refer to Reference [28]), concave or convex impression is produced. After heating to
over their respective Tg (≈142 ◦C for PC [24] and ≈115 ◦C for PMMA [30]), their surfaces become flat.
In addition to heating to flatten, heating to appear provides not only vision, but also tactile sensation,
which differs from many currently used anti-counterfeit technologies. Through a process of indentation
and polishing [1,64,90], an array of different shaped protrusions appears upon heating. The size of
the protrusion can be as small as a few micrometers. In addition to heating, via indentation and then
immersion in ethanol, micro protrusion (lens) of different sizes and shapes appear atop PMMA due to
the stress enhanced swelling effect [91,92].

To increase the difficulty in replication, it might be designed in such a way that upon heating,
the pattern of a special micro protrusion array on one side of a plastic film disappears, so that the
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underneath printed pattern on the other side loses the 3D effect. In Figure 13a, the micro lens array
is produced atop a piece of pre-compressed optical polymer film using laser through a micro lens
for heating of the required locations only. Such a micro lens array effect has been applied to realize
3D with naked eyes. The underneath image is specially designed to have more than one pictures
integrated together (e.g., in Figure 13b). Through this micro lens array, from different viewing angles,
we see different individual images (e.g., elephant or tiger in Figure 13b). If the surface becomes smooth
upon heating, the image appears as a mixture of elephant and tiger. The difficulty to perfectly match
the image on one side to the micro lens array on the other side is a big technical challenge, if anyone
attempts to reproduce the 3D effect in a cost-effective way. Customized feature, which appears upon
heating, may be produced by 3D printing as an additional security measure [79]. In Reference [15], it is
reported to use SMP as a platform to integrate shape memory function and photo-imaging together for
high-security information storage.
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Figure 13. Array of protrusive micro lens which disappears upon heating (a) (reproduced from [8]
with permission) and without micro lens array the image is a combination of tiger and elephant (b).

As mentioned in Section 3, a highly interesting feature of PCL is that it is able to crystallize/harden
at around body temperature after being heated to over its melting temperature, which is about 60 ◦C.
Furthermore, at around body temperature to room temperature (about 20 ◦C), the crystallization
process takes a few minutes to finish. This feature provides us with abundant time for programming to
achieve comfort fitting in those applications, where direct contact with the human body is required [23],
such as, commercial shape memory splints to fix fractured bone or to stop snoring (e.g., myTAP™
from Airway Management, USA). After cross-linking or blending with other polymers to result in
SMHs (in which PCL works as small inclusions), we can achieve both high shape fixity ratio and high
shape recovery ratio, and in the meantime maintain the above-mentioned special features of PCL that
are particularly suitable for direct-body-contact-fitting. As demonstrated in Figure 14, the material
can be heated to above its melting temperature and then our 3D finger print can be inscribed on the
material at room temperature or around body temperature via a single gentle impressing of the finger
on the surface of the material. The finger print can be fully removed by re-heating. The cross-section
presented in Figure 14c reveals that the fluctuation in the depth of our finger print (adult) is about
70 µm, which is slightly less than that in bank coins and the commercial anti-counterfeit label as shown
in Figure 5.
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Figure 14. 3D finger-print (2% cross-linked poly-ε-caprolactone (PCL). (a) Top view of 3D scanning
result. (a1) After finger impression; (a2) after heating, the finger-print disappears. (b) 3D finger-print.
(c) A-A section of finger-print.

The phenomenon for the formation of protrusions upon heating can be utilized as a temperature
sensor as well. Similar to that in Figure 11, in which an electrical circuit breaks if over-heating
happens, in Figure 15, the height of a protrusion increases remarkably when it is heated to over a
critical temperature, which might be tailored by programming, so that the silver epoxy adhesive atop
of the protrusion fractures. Consequently, the electrical circuit, in which the silver epoxy adhesive
is part of the circuit, shuts down. Since the glass transition in most polymers is sensitive to the
equivalent time-temperature effect [93], melting transition could be a better choice in such applications.
Furthermore, based on the concept of shape memory hybrid (SMH) [8,12], other non-polymeric
materials, such as metals, could be used as the transition part to achieve a narrower transition
temperature range and less sensitive to the equivalent time-temperature effect [1,94].
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Figure 15. 3D surface scanning results of ethyl-vinyl alcohol (EVA) after programming and coating with
silver epoxy adhesive (a) and after heating for shape recovery (b). The height of the EVA protrusion
increases from 0.48 mm to 1.6 mm after heating.

3.2.2. Visual Sensation

In uniaxial stretching of many polymers at low temperatures, necking and propagation can be
observed (e.g., PC in [24]). After this process of programming, PCL may change from opaque (for thick
piece) or translucent (for thin piece) to transparent due to stress induced crystallization [29]. After
subsequent heating, PCL becomes opaque or translucent again. This phenomenon (transition from
opaque/translucent to transparent upon severe straining and upon subsequent heating from transparent
back to opaque/translucent) may be utilized for anti-counterfeit applications, so that once heated, the
feature behind these polymers becomes invisible (thick piece) [95]. While this transition phenomenon
is limited to some specific polymers, the stress whitening effect (even silver streaks) is commonly
observed in many polymers. As reported in References [59,96], folding a piece of write-on transparency
film, which is PVC based, results in a white line, which can be removed by heating to above its Tg

(about 60 ◦C). If examined under a microscope, we can see many micro lines within the white line and
even the structural coloring effect can also be observed. Most of these lines disappear after heating, and
so is the structural coloring effect. The diameter of the fibers produced via electro-spinning can reach
sub-micron scale [97,98]. Even the bulky polymer itself is transparent, the very thin mat produced by
electro-spinning could be fully opaque and even in shiny silver color. Upon heating, such a mat made
of, for instance, above mentioned PCL [29] or TPU 265A [95], becomes almost transparent.

PET is a popular engineering polymer used in a wide range of applications, such as substrate of
RFID, printing transparency film, heat shrink film, and optical lens (such as lenticular lens and Fresnel
lens), etc. Its Tg is typically around 70 ◦C. The heating-responsive SME of a commercial 75-line per inch
(LPI) PET lenticular lens sheet, which is placed atop a piece of paper with printed regular line pattern,
is demonstrated in Figure 16. In Figure 16a, we can see regular parallel lines atop the original sheet.
After heating and compression to flatten the lens, the lines observed in Figure 16a largely disappear
Figure 16b. Heating to over 80 ◦C again results in the return of the same parallel lines (Figure 16c) as in
Figure 16a. The underlying mechanism behind this is the heating-responsive SME in the lenticular
sheet and the Moiré effect.

Three anti-counterfeit labels developed using 75LPI PET lenticular lens are presented in Figure 17.
Figure 17a is a void label, in which before heating, we cannot easily recognize its meaning (Figure 17(a1)),
while after heating, viewing from right (Figure 17(a2)) and left (Figure 17(a3)) result in two Chinese
characters, meaning void. Figure 17(b1) looks like an unreadable QR code, which after heating
(Figure 17(b2)) and scanning using a smartphone, results in the appearance of the following sentence.
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Figure 16. The shape memory effect (SME) in a 75-line per inch (LPI) PET lenticular lens sheet placed
atop a piece of paper with printed regular line pattern. (a) Original lenticular lens sheet; (b) after
compressing of lenticular lens sheet at high temperatures; (c) after heating of lenticular lens sheet for
shape recovery.
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Figure 17. Three anti-counterfeit labels using 75-line per inch (LPI) PET lenticular lens sheet. (a) “Void” 
label. (a1) Before heating, the word is not easily recognizable; (a2) and (a3) after heating, viewing from 
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Figure 17. Three anti-counterfeit labels using 75-line per inch (LPI) PET lenticular lens sheet. (a) “Void”
label. (a1) Before heating, the word is not easily recognizable; (a2) and (a3) after heating, viewing from
right and left, respectively, we can see two Chinese words indicating void. (b) quick response (QR)
code label. (b1) Before heating, not recognizable by smartphone; (b2) after heating, smartphone can
read and show the meaning of the QR code. (c) Color change label. (c1) Before heating, the middle area
appears as grey; (c2) after heating, the color is uniform on the whole surface.
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This label is void. There is a possibility that it has been heated over 80 degrees Celsius.
In Figure 17(c1), we can see a grey line in the middle of the black label, which disappears after

heating (Figure 17(c2)). In a similar way, we can produce color change label, i.e., after heating, a
seemingly uniformly colored label becomes having two different colors, depending on the angle of
viewing. Such an approach may be extended to the currently used four-color-process for mass color
printing to produce view angle dependent coloring effect and even 3D effect with naked eye.

A Rockwell Hardness Tester DXT-3 is used to make an indent on a piece of Fresnel lens at room
temperature. A spherical head is used for impression with a maximum load of 15 Kg. Figure 18a is 3D
scanning result after indentation. In Figure 18b, the cross-sections along the dashed line indicated in
Figure 18a are compared for three occasions, namely, after indentation, upon heating to 60 ◦C and then
80 ◦C. It can be concluded that unlike the above-mentioned lenticular lens, in which the shape of the
lens is permanent, the profile of this Fresnel lens is most likely produced by hot embossing at around
80 ◦C. Thus, upon heating, not only the indent, but also the original feature of Fresnel lens, disappears.

As reported in Reference [8], the SME is a phenomenon even at nano-scale for many engineering
polymers. Hence, micro-features can be produced atop SMPs via, for examples, nano-imprinting in a
roll-to-roll manner [59,96] or self-wrinkling [62], so that we can see some interesting phenomena at this
dimensional scale, such as the structural coloring effect [79].
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Figure 18. The shape memory effect (SME) in a commercial Fresnel lens. (a) Surface profile of Fresnel
lens after indentation. Dashed line indicating the cross-section to be analyzed in (b); (b) cross-sections
of Fresnel lens after indentation, and upon heating to 60 and 80 ◦C, respectively.

3.2.3. Multiple-Shape Memory Effect (SME)

As discussed in Section 2.2, the multiple-SME is meant for that between the programmed
(temporary) shape and the permanent shape, there are one or more intermediate stable shapes, which
can be precisely controlled, during shape recovery. As proved in Reference [19], the multiple-SME
can be achieved in any SMP even based on only one transition, which could be the glass transition
or melting/crystallization transition. Thus, at least one intermediate shape, i.e., the triple-SME, can
be easily obtained within a normal transition temperature range of polymers (about 20–30 ◦C) by,
for instance, step-by-step programming at different temperatures during cooling. From application
point of view, the advantage of a narrow temperature range between the intermediate shape and the
permanent one in the triple-SME is apparent in, for example, anti-counterfeit labels, as now we can use
the intermediate shape as a kind of water-mark [30], which cannot be seen if over-heated.

In Figure 19I, the same area of a piece of polymer is indented twice at different temperatures using
the different sides of a coin in each step. In the subsequent heating process, the impression of one side
of the coin (mirror image) switches to the other side of the coin (also mirror image) after 1st time of
heating to 55 ◦C. Upon 2nd time of heating to 90 ◦C, the surface becomes flat. Figure 19II shows that
the depth of the water-mark is less than 0.1 mm as expected.
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In order to monitor the actual over-heating temperature, which is very important in, for instance 
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Figure 19. Anti-counterfeit label with a water mark. (I) (a) After programming; (b1,b2) after heating
in 55 ◦C water (view from different angles); (c1,c2) after heating in 90 ◦C water (view from different
angles). (II) 3D surface scanning result of the water-mark.

Flexibility is highly in demand in many types of non-rigid sensors, such as stick-type of labels, in
order to avoid the problem of easy fracture, which is indeed a major problem in the SMP label reported
in Figure 5. Rubber-like polymeric SMHs reported in Reference [85] are made of silicone mixed
with a EVA based melting glue at high temperatures and then adding in agent for curing. A perfect
combination of super-elasticity, which is tunable, and excellent heating-responsive SME enables labels
made of such SMHs not only flexible for bending and twisting, but also stretchable for significant
elongation. An improved version is recently reported in Reference [84], in which programming can be
done at body temperature. Hence, it is applicable in direct contact with our skin during programming
for comfort fitting.

In order to monitor the actual over-heating temperature, which is very important in, for instance
cold-chain logistics, in order to determine the actual quality of the good, in Figure 20, a piece of SMP
temperature label is impressed at three different temperatures to result in three concentric circles
(Figure 20a). Upon gradual heating, the circles disappear one-by-one from the outside toward the
inside (Figure 20b–h). Thus, after calibration, based on the number of remaining circles, we can
estimate the previous highest over-heating temperature. The underlying mechanism in this application
is the TME, in which, same as that in Figure 19, the condition is that the maximum programming strain
in each programming step should be small, so that the shape recovery in each step is mostly or even
fully completed at around each corresponding programming temperature [19].

Step-by-step programming is rather tedious, particularly for more than one intermediate shape as
demonstrated in Figure 20. While for those materials with multiple transitions, one-step programming
for the multiple-SME is achievable [32], if the programming strain is larger, shape recovery cannot be
finished or mostly finished upon heating to the previous programming temperature. Thus, we may
utilize this phenomenon to develop the quasi-multiple-SME with only one step in programming based
on one transition.
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recovery starts from one end and moves toward the other, and thus, more and more lines become 

Figure 20. Shape memory polymers (SMP) temperature sensor to monitor actual over heating
temperature. Upon gradual heating, three concentric circles disappear one by one from outside inward.
(Reproduced from Reference [99]).
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Figure 21. Designed mold (a), ethyl-vinyl alcohol (EVA) plate after impression (b), and (c) heating
temperature vs. number of recovered parallel lines relationships in three labels prepared using different
processing parameters (different programming temperature and different compressive force).

In Figure 21a,b, a mold with one single protrusion (variable triangle cross-section) atop is used
to impress on a piece of EVA plate with pre-marked parallel lines atop. Upon gradual heating,
shape recovery starts from one end and moves toward the other, and thus, more and more lines
become straight again. As such, the shape recovery progress, which is related to the highest heating
temperature, can be revealed directly by counting the number of recovered parallel lines within the
indented area. Figure 21c presents typical experimental results of three such labels programmed
using different processing parameters (different programming temperature and different compression
force). It is obvious that by means of increasing the density of the parallel lines, better heating
temperature estimation is expected. In Reference [79], a resolution of better than 0.5 ◦C between 80
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to 82 ◦C is reported in a piece of polystyrene (PS) plate after impression using a specially designed
lenticular mold. This result is better than many commercially available products, for instance, Thermax
Level Strip Indicators and Tempilabel (from Tempil), which are only able to indicate a couple of
pre-set temperatures.

3.2.4. Hydrogel for Wetting Sensors

So far, all above mentioned applications are based on the heating-responsive SME. As water is
easily accessible, various reversible water-activated anti-counterfeit labels have been in the market for
some years. On the other hand, cost-effective wetting sensors, such as labels to indicate whether a
particular item has been wetted by water and then dried back, are also useful.

According to Reference [12], the water-responsive SME should be an intrinsic feature of almost
all dry hydrogels. In this section, instead of using some specially developed hydrogels, we use
a commercial glue, namely Redox Glue 40, which is one of the glues that are commonly used as
stationery in office, to demonstrate the feasibility that cheap commercial hydrogels can be utilized for
wetting sensors.
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Figure 22. The shape memory effect (SME) in Redox Glue. (I) (a) Pre-stretching of strip (a1) after heating
by hair dryer (a2) and then touching cold part of copper plate for quick cooling (a3); (b) (horizontally
positioned) pre-stretched strip in room temperature water. Buckling due to water-induced shape
recovery (b3–b6) and then swelling (b6–b9); (c) drying in air (shrinkage); (d) buckling upon further
drying in air due to uneven shrinkage. (II) (Vertically positioned) pre-stretched strip in hot water.
(a) After immersing in room temperature water; (b) shrinkage after 1 min due to water-responsive
SME; (c) further shrinkage after 5 min; (d) stretching/swelling after 7 min in water; (e) necking due to
stretching by self-weight. (White/black arrow indicates the position of its bottom end).

The SME of the dried glue, which is prepared by drying in air (relative humidity 50%, 25 ◦C),
is demonstrated via two experiments. In the first experiment (Figure 22I(a)), a piece of dry strip
is pre-heated and then stretched. After that, the pre-stretched strip is placed in room temperature
water. A series of snapshots are presented in Figure 22I(b). Same as in Reference [54], buckling is
observed, followed by swelling upon further wetting in water. Drying in air causes the strip to shrink
(Figure 22I(c)). However, upon further drying, it becomes unstable again due to significant gradient
shrinkage within its cross-section, which induces buckling (Figure 22I(d)). Different from that in
Figure 22I(b), in which the sample is placed horizontally, in Figure 22II, a piece of pre-stretched strip
is placed vertically into hot water. The bottom end of the strip is indicated by a white/black arrow.
We can see that the strip quickly shrinks (due to the heating-induced SME) and then extends (due to
swelling and self-weight stretching). After nine minutes, necking is observed (location is indicated),
immediately followed by fracture at that point.

Since the SME induced by room temperature water (water-responsive) and hot water
(heating-responsive) is verified in Figure 22, this commercial glue is confirmed to be applicable
for both heating sensor and wetting sensor applications. Two experiments are reported here for
demonstration of such applications. A piece of dried glue strip (Figure 23I(a)) is impressed using a coin
at high temperatures (Figure 23I(b)). The impression can be fully removed after heating (Figure 23I(c)).
Another piece of dried strip is also impressed at high temperatures using a coin (Figure 23II(a)). A water
droplet is used to cover the impressed area, which causes the strip to bend upwards due to swelling
in the top surface (Figure 23II(b,c)). After drying, the strip returns back, and the coin pattern is also
removed from its surface (Figure 23II(d)).
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Figure 23. Dry Redox Glue based sensors. (I) Heating activated recovery. (a) Original; (b) after
impression at high temperatures; (c) after heating, the impression disappears. (II) Water induced shape
recovery. (a) After impression at high temperatures; (b,c) after slight wetting by water droplet; (d) after
drying, the impression disappears.

4. Summary and Outlook

We have demonstrated a range of possible ways to utilize the SME in polymers for sensor
applications. A summary of the main approaches based on the heating-responsive SME is presented
in Figure 24. For relatively thinner polymeric substrates (e.g., less than 100 µm), after in-plane
programming via 1D or 2D stretching (I-i-a and I-ii-a), a sharp blade can be used to cut the substrates
(I-i-b and I-ii-b). Upon heating the cut becomes wider and easily detectable (I-i-c and I-ii-c). Many
commercial polymeric substrates (with 1D/2D pre-stretching) are readily available to be used for such
applications. For relatively thicker substrates (e.g., over 100 µm), out-of-plane programming may also
be applied. The main advantage of out-of-plane programming is that we can achieve the multi-SME
for step-by-step recovery in a controllable manner via either multiple-time programming or one-time
programming. In both (II-i-a) and (II-ii-a), the substrates are produced with multiple (γ1, γ2 and γ3)
or single (α) protrusion. All these protrusions are permanent and carefully designed with special
geometric dimensions. Programming via compression is done either in multiple steps at different
temperatures to gradually remove these protrusions (γi, I = 1,2,3) and simultaneously, one-by-one to
produce multiple indents (ηi, I = 1,2,3) (II-i-b), or in one step at one temperature to remove the protrusion
(α) and in the meantime, to introduce a new indent (β) (II-ii-b). In the subsequent recovery process,
upon gradual heating, protrusions (γi) reappear one-by-one, while indents (ηi) disappear one-by-one;
or protrusion (α) gradually appears, while indent (β) gradually disappears. Similar approaches can be
extended to water or moisture-responsive applications using water/moisture-responsive SMPs.
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Figure 24. Summary of the main approaches to utilize the shape memory effect (SME) in polymers for
heating-responsive sensors.

In Table 1, typical SMPs available in the commercial market are summarized. Their main features
and possible suppliers are included. References are also provided to reveal the details of their
shape memory performance for interested readers. This table is by no means an exhaustive list, as
many commercial polymers mentioned above (e.g., PET, PE, PVC, redox glue, etc.) are not included.
We should take note that the actual shape memory performance of a particular type of commercial
polymer varies according to the supplier, since the manufacturers have mostly done some modifications
in order to improve the performance for the targeted applications.

As mentioned above, price is a very sensitive topic in many engineering applications. While
the actual processing cost depends on many issues, in Figure 25, the charts of Tg and Tm vs. price
(in US$/Kg, logarithm scale) of some typical engineering polymers are presented. These two charts are
produced by Cambridge Engineering Selector with the most recently updated data. Based on these two
charts, we can select the right polymers for the required working conditions (e.g., activation/transition
temperature) and the actual processing approach (e.g., how to fix the permanent shape/pattern). Note
that many amorphous polymers, such as, PC, PMMA, and ABS, have no melting temperature, but
have excellent heating-responsive SME. PEEK, and PTFE are far more expensive than many other
engineering polymers, while PET, PP, PE, and PLA are among the cheapest.
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Table 1. Summary of typical commercial shape memory polymers (SMPs).

Polymer (Reference) Activation Temperature Main Features Possible Supplier

ABS
[62] Tg: 105 ◦C

Thermo-plastic
Excellent heating-responsive

SME

Professional Plastics Pte,
Ltd., Singapore

EVA
[26] Tg: 60 ◦C

Thermo-plastic; Excellent
heating/chloroform-responsive

SME

Polyfluo Asia Private
Limited, Singapore

PC
[24] Tg: 142 ◦C

Thermo-plastic
Excellent heating-responsive

SME

Polyfluo Asia Private
Limited, Singapore

PCL
[29] Tm: 55 ◦C

Thermo-plastic; Bio-degradable
Excellent heating-responsive

SME
Programmed at low

temperatures

Perstorp, UK

PEEK
[25] Tg: 155 ◦C

Thermo-plastic
Excellent heating-responsive

SME

Evonik Degussa through
Professional Plastics Pte,

Ltd. (Singapore)

PLA
[47] Tg: 65 ◦C Thermo-plastic; Bio-degradable

Good heating-responsive SME
eSUN, PR China

(filament for 3D printing)

PMMA
[28,30,91] Tg: 115 ◦C Thermo-plastic; Good

heating/ethanol-responsive SME
Ying Kwang Acrylic,

Singapore

PS
[12,65] Tg: 65 ◦C Thermo-set; Good

heating/acetone-responsive SME
Cornerstone Research

Group, Inc., USA

PTFE
[27]

Tg: 65 ◦C
Tm: 325 ◦C

Thermo-plastic
Excellent heating-responsive

SME
Two-step recovery upon heating

Polyfluo Asia Private
Limited, Singapore

PU
[52] Tg: 35~65 ◦C

Thermo-plastic/thermo-set
Biocompatible; Excellent

heating/ethanol/water-responsive
SME

SMP Technologies, Inc.,
Japan

PVA
[47] Tg: 30 ◦C

Thermo-plastic
Excellent heating-responsive

SME
Water-responsive SME

eSUN, PR China
(filament for 3D printing)

TPU
[95] Tm: 55 ◦C

Thermo-plastic/vitrimer
Excellent heating-responsive

SME

Taiwan PU Corporation
(TPUCO), Taiwan

Although we have seen good progress in recent years in R&D on SMPs, apart from continuous
development in new SMPs with various interesting features, from the aspect of engineering applications,
SMP actuators are more emphasized by most of the researchers. Anti-counterfeit label is seemingly
one of the least successful SMP sensor products in the market so far. Since the cost-effectiveness is the
most important requirement for any commercial products, due to relatively high material cost, SMP
anti-counter label appears to be not so competitive in the current market when competing with other
anti-counterfeit products based on other technologies. If we use mass produced engineering polymers,
for instance, the polymers used in conventional labels/packaging and heat-shrink applications, to
replace these special SMPs, the cost of such sensors is expected to be lowered significantly. According
to Figure 25, most of the recyclable plastics used in our daily life (PET, high density polyethylene
(HDPE), PVC, low density polyethylene (LDPE), PP, PS, and ABS, etc.) can be utilized as the raw
material in an environmentally friendly and cost-effective way.
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Since the SME may be considered as a generic feature of many engineering polymers, as
demonstrated experimentally by the many examples above, the products made of these polymers
(such as hologram sticker, lenticular lens, and heat shrink film) can be easily enabled with the sensing
function via shape/surface pattern switching in response to, for instance, heat, with only a small
amount of extra cost. This could be the direction for the next step of our R&D. On the other hand, many
polymer-based new technologies, e.g., roll-to-roll nano-imprinting, electro-spinning, and 3D printing,

http://www.grantadesign.com/
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have been well developed in recent years. These technologies are able to enhance the functions of the
SMPs in many sensor applications.

The excellent SME observed in a great number of polymers indeed provides many opportunities
for them to be considered as potential candidates in not only actuation applications, but also sensing
applications. However, in order to compete with other exciting or new technologies, we should pay
more attention to the cost-effectiveness of the SMP products in order to enhance the chance of their
success in the commercial market.

Depending on the actual application and the working conditions, the equivalent time–temperature
effect may be considered or utilized in the selection of polymers for sensor applications. The influence
of the equivalent time-temperature effect may be less remarkable in melting transition-based SME for
some polymers. SMH may be an alternative to get rid of or minimize this effect.

SMPs with a reversible shape switching feature via either mechanical two-way SME (in which
the elastic component to reset the temporary shape is outside of the SMP) or material two-way SME
(in which the elastic component to reset the temporary shape is within the SMP) may provide another
solution to many sensor applications with the requirement of automatic re-programming for multiple
shape memory cycles. However, their long-term repeatability, e.g., over 1000 s of thermal cycles or
more, needs to be carefully examined.

5. Conclusions

As discussed in this brief review, the SME, which is different from the SCE, has many potential
applications. There are some different possible underlying mechanisms for the SME in polymers. On
the other hand, different types of shape memory performance can be achieved via programming in a
tailored manner.

Accordingly, we show that many commercially available engineering polymers have excellent
SME, and furthermore, a lot of existing polymeric products can be easily modified to have the ability
for shape/surface pattern switching upon heating or wetting by, for instance, water. Hence, these
materials/products can be programmed either through in-plane stretching or out-of-plane impression in
one step or multiple steps to have the additional function for visual sensation and/or tactual sensation,
which is the most interesting feature of SMPs and is different from many existing sensors based on
other technologies.

Multiple experiments, in particular for anti-counterfeit and over-heating/wetting monitoring, are
presented here to demonstrate the feasibility of integrating the SME in polymers into a wide range
of existing technologies and commercial products (e.g., holography, 3D printing, nano-imprinting,
electro-spinning, lenticular lens, Fresnel lens, QR/bar code, Moiré pattern, FRID, structural coloring,
etc.) for cost-effective sensors in real engineering practice.

Author Contributions: L.S. and W.M.H. prepared the manuscript. The rest conducted some of the experiments.

Acknowledgments: This project is partially support by National Natural Science Foundation of China (51878420
and 11828201). Some of the experimental results reported here are part of Undergraduate Research Experience on
CAmpus (URECA) or Final Year Project (FYP) of the following students, Joo Khim Chia, Phei Chieh Tan, Jiun Fatt
Chow, Jun Onm Khor, Han Jer Teng, Yong How Kee, Susanna Shimin Shee, Jin Yuan, Li Jie Tan, Yuchen Ge, Khian
Huat Peh, Fan Zhang, See Peng Tew, Chunyang Chen, Yu Long Tian, Derrick Koh, Yu Jie Loh, Guan Hua Tan,
Felicia Yan Ting Teo, Htet Oo Thiri, Randy Zhen Shun Koh, Wei Lun Ho and David Jia Wen Teng.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sun, L.; Huang, W.; Ding, Z.; Zhao, Y.; Wang, C.; Purnawali, H.; Tang, C. Stimulus-responsive shape memory
materials: A review. Mater. Des. 2012, 33, 577–640. [CrossRef]

2. Tsitsilianis, C. Responsive reversible hydrogels from associative “smart” macromolecules. Soft Matter 2010,
6, 2372. [CrossRef]

http://dx.doi.org/10.1016/j.matdes.2011.04.065
http://dx.doi.org/10.1039/b923947b


Polymers 2019, 11, 1049 31 of 35

3. Hsu, L.; Weder, C.; Rowan, S.J. Stimuli-responsive, mechanically-adaptive polymer nanocomposites.
J. Mater. Chem. 2011, 21, 2812–2822. [CrossRef]

4. Zha, L.; Banik, B.; Alexis, F. Stimulus responsive nanogels for drug delivery. Soft Matter 2011, 7, 5908.
[CrossRef]

5. Iqbal, D.; Samiullah, M.H. Photo-Responsive Shape-Memory and Shape-Changing Liquid-Crystal Polymer
Networks. Materials 2013, 6, 116–142. [CrossRef] [PubMed]

6. Wei, Z.G.; Sandstroröm, R.; Miyazaki, S. Shape-memory materials and hybrid composites for smart systems:
Part I Shape-memory materials. J. Mater. Sci. 1998, 33, 3743–3762. [CrossRef]

7. Behl, M.; Lendlein, A. Shape-memory polymers. Mater. Today 2007, 10, 20–28. [CrossRef]
8. Huang, W.M.; Ding, Z.; Wang, C.C.; Wei, J.; Zhao, Y.; Purnawali, H. Shape memory materials. Mater. Today

2010, 13, 54–61. [CrossRef]
9. Westbrook, K.K.; Mather, P.T.; Parakh, V.; Dunn, M.L.; Ge, Q.; Lee, B.M.; Qi, H.J. Two-way reversible shape

memory effects in a free-standing polymer composite. Smart Mater. Struct. 2011, 20, 65010. [CrossRef]
10. Hu, J.; Meng, H.; Li, G.; I Ibekwe, S. A review of stimuli-responsive polymers for smart textile applications.

Smart Mater. Struct. 2012, 21, 53001. [CrossRef]
11. Xie, T. Recent advances in polymer shape memory. Polymer 2011, 52, 4985–5000. [CrossRef]
12. Huang, W.M.; Zhao, Y.; Wang, C.C.; Ding, Z.; Purnawali, H.; Tang, C.; Zhang, J.L. Thermo/chemo-responsive

shape memory effect in polymers: A sketch of working mechanisms, fundamentals and optimization.
J. Polym. Res. 2012, 19, 9952. [CrossRef]

13. Xie, T.; Xiao, X.; Li, J.; Wang, R. Encoding Localized Strain History Through Wrinkle Based Structural Colors.
Adv. Mater. 2010, 22, 4390–4394. [CrossRef] [PubMed]

14. Xie, T.; Page, K.A.; Eastman, S.A. Strain-Based Temperature Memory Effect for Nafion and Its Molecular
Origins. Adv. Funct. Mater. 2011, 21, 2057–2066. [CrossRef]

15. Xie, H.; Cheng, C.-Y.; Li, L.; Deng, X.-Y.; Yang, K.-K.; Wang, Y.-Z. Integrating shape-memory technology and
photo-imaging on polymer platform for high-security information storage medium. J. Mater. Chem. C 2018,
6, 10422–10427. [CrossRef]

16. Kunzelman, J.; Chung, T.; Mather, P.T.; Weder, C. Shape memory polymers with built-in threshold temperature
sensors. J. Mater. Chem. 2008, 18, 1082. [CrossRef]

17. Zhao, Q.; Zou, W.; Luo, Y.; Xie, T. Shape memory polymer network with thermally distinct elasticity and
plasticity. Sci. Adv. 2016, 2, e1501297. [CrossRef]

18. Xie, T. Tunable polymer multi-shape memory effect. Nature 2010, 464, 267–270. [CrossRef]
19. Sun, L.; Huang, W.M. Mechanisms of the multi-shape memory effect and temperature memory effect in

shape memory polymers. Soft Matter 2010, 6, 4403–4406. [CrossRef]
20. Li, G.; Wang, A. Cold, warm, and hot programming of shape memory polymers. J. Polym. Sci. Part B

Polym. Phys. 2016, 54, 1319–1339. [CrossRef]
21. Wu, X.L.; Huang, W.M.; Lu, H.B.; Wang, C.C.; Cui, H.P. Characterization of polymeric shape memory

materials. J. Polym. Eng. 2017, 37, 1–20. [CrossRef]
22. Zhao, Y.; Huang, W.M.; Wang, C.C. Thermo/Chemo-Responsive Shape Memory Effect for Micro/Nano

Surface Patterning Atop Polymers. Nanosci. Nanotechnol. Lett. 2012, 4, 862–878. [CrossRef]
23. Sun, L.; Huang, W.; Wang, T.; Chen, H.; Renata, C.; He, L.; Lv, P.; Wang, C. An overview of elastic polymeric

shape memory materials for comfort fitting. Mater. Des. 2017, 136, 238–248. [CrossRef]
24. Wu, X.L.; Wang, T.X.; Huang, W.M.; Zhao, Y. Thermo-Responsive Shape-Memory Effect and Surface Features

in Polycarbonate (PC). Appl. Sci. 2017, 7, 848. [CrossRef]
25. Wu, X.L.; Huang, W.M.; Ding, Z.; Tan, H.X.; Yang, W.G.; Sun, K.Y. Characterization of the thermoresponsive

shape-memory effect in poly (ether ether ketone) (PEEK). J. Appl. Polym. Sci. 2014, 131, 39844. [CrossRef]
26. Wu, X.L.; Huang, W.M.; Tan, H.X. Characterization of shape recovery via creeping and shape memory effect

in ether-vinyl acetate copolymer (EVA). J. Polym. Res. 2013, 20, 150. [CrossRef]
27. Wu, X.L.; Huang, W.M.; Seow, Z.G.; Chin, W.S.; Yang, W.G.; Sun, K.Y. Two-step shape recovery

in heating-responsive shape memory polytetrafluoroethylene and its thermally assisted self-healing.
Smart Mater. Struct. 2013, 22, 125023. [CrossRef]

28. Purnawali, H.; Xu, W.W.; Zhao, Y.; Ding, Z.; Wang, C.C.; Huang, W.M.; Fan, H. Poly(methyl methacrylate)
for active disassembly. Smart Mater. Struct. 2012, 21, 75006. [CrossRef]

http://dx.doi.org/10.1039/C0JM02383C
http://dx.doi.org/10.1039/c0sm01307b
http://dx.doi.org/10.3390/ma6010116
http://www.ncbi.nlm.nih.gov/pubmed/28809298
http://dx.doi.org/10.1023/A:1004692329247
http://dx.doi.org/10.1016/S1369-7021(07)70047-0
http://dx.doi.org/10.1016/S1369-7021(10)70128-0
http://dx.doi.org/10.1088/0964-1726/20/6/065010
http://dx.doi.org/10.1088/0964-1726/21/5/053001
http://dx.doi.org/10.1016/j.polymer.2011.08.003
http://dx.doi.org/10.1007/s10965-012-9952-z
http://dx.doi.org/10.1002/adma.201002825
http://www.ncbi.nlm.nih.gov/pubmed/20839256
http://dx.doi.org/10.1002/adfm.201002579
http://dx.doi.org/10.1039/C8TC03504K
http://dx.doi.org/10.1039/b718445j
http://dx.doi.org/10.1126/sciadv.1501297
http://dx.doi.org/10.1038/nature08863
http://dx.doi.org/10.1039/c0sm00236d
http://dx.doi.org/10.1002/polb.24041
http://dx.doi.org/10.1515/polyeng-2015-0370
http://dx.doi.org/10.1166/nnl.2012.1412
http://dx.doi.org/10.1016/j.matdes.2017.10.005
http://dx.doi.org/10.3390/app7080848
http://dx.doi.org/10.1002/app.39844
http://dx.doi.org/10.1007/s10965-013-0150-4
http://dx.doi.org/10.1088/0964-1726/22/12/125023
http://dx.doi.org/10.1088/0964-1726/21/7/075006


Polymers 2019, 11, 1049 32 of 35

29. Salvekar, A.V.; Zhou, Y.; Huang, W.M.; Wong, Y.S.; Venkatraman, S.; Shen, Z.; Zhu, G.; Cui, H.P.
Shape/temperature memory phenomena in un-crosslinked poly-ε-caprolactone (PCL). Eur. Polym. J.
2015, 72, 282–295. [CrossRef]

30. Lu, H.; Huang, W.M.; Wu, X.L.; Ge, Y.C.; Zhang, F.; Zhao, Y.; Geng, J. Heating/ethanol-response of poly methyl
methacrylate (PMMA) with gradient pre-deformation and potential temperature sensor and anti-counterfeit
applications. Smart Mater. Struct. 2014, 23, 67002. [CrossRef]

31. Behl, M.; Lendlein, A. Triple-shape polymers. J. Mater. Chem. 2010, 20, 3335–3345. [CrossRef]
32. Behl, M.; Bellin, I.; Kelch, S.; Wagermaier, W.; Lendlein, A. One-Step Process for Creating Triple-Shape

Capability of AB Polymer Networks. Adv. Funct. Mater. 2009, 19, 102–108. [CrossRef]
33. Bellin, I.; Kelch, S.; Langer, R.; Lendlein, A. Polymeric triple-shape materials. Proc. Natl. Acad. Sci. USA 2006,

103, 18043–18047. [CrossRef] [PubMed]
34. Pretsch, T. Triple-shape properties of a thermoresponsive poly (ester urethane). Smart Mater. Struct. 2010,

19, 015006. [CrossRef]
35. Bothe, M.; Mya, K.Y.; Lin, E.M.J.; Yeo, C.C.; Lu, X.; He, C.; Pretsch, T. Triple-shape properties of star-shaped

POSS-polycaprolactone polyurethane networks. Soft Matter 2012, 8, 965–972. [CrossRef]
36. Rubio, R.; Vilas, J.L.; Rodriguez, M.; León, L.M.; Cuevas, J.M.; Germán, L.; Laza, J.M. Triple-shape memory

effect of covalently crosslinked polyalkenamer based semicrystalline polymer blends. Soft Matter 2012,
8, 4928.

37. Kumar, U.N.; Kratz, K.; Behl, M.; Lendlein, A. Shape-memory properites of magnetically active triple-shape
nanocomposities based on a grafted polymer network with two crystallizable switching segments.
eXPRESS Polym. Lett. 2012, 6, 26–40. [CrossRef]

38. Luo, X.; Iversen, C.B.; Ge, Q.; Mather, P.T.; Dunn, M.L.; Qi, H.J. Mechanisms of triple-shape polymeric
composites due to dual thermal transitions. Soft Matter 2013, 9, 2212.

39. Guo, J.; Safranski, D.L.; Xiao, R.; Nguyen, T.D. Solvent-driven temperature memory and multiple shape
memory effects. Soft Matter 2015, 11, 3977–3985.

40. Yu, K.; Qi, H.J. Temperature memory effect in amorphous shape memory polymers. Soft Matter 2014, 10,
9423–9432. [CrossRef]

41. Miaudet, P.; Derré, A.; Maugey, M.; Zakri, C.; Piccione, P.M.; Inoubli, R.; Poulin, P. Shape and Temperature
Memory of Nanocomposites with Broadened Glass Transition. Science 2007, 318, 1294–1296. [CrossRef]
[PubMed]

42. Capelot, M.; Leibler, L.; Unterlass, M.M.; Tournilhac, F. Catalytic Control of the Vitrimer Glass Transition.
ACS Macro Lett. 2012, 1, 789–792. [CrossRef]

43. Denissen, W.; Winne, J.M.; Du Prez, F.E. Vitrimers: Permanent organic networks with glass-like fluidity.
Chem. Sci. 2016, 7, 30–38. [CrossRef] [PubMed]

44. Zhang, G.; Peng, W.; Wu, J.; Zhao, Q.; Xie, T. Digital coding of mechanical stress in a dynamic covalent shape
memory polymer network. Nat. Commun. 2018, 9, 4002. [CrossRef]

45. Wu, J.; Yuan, C.; Ding, Z.; Isakov, M.; Mao, Y.; Wang, T.; Dunn, M.L.; Qi, H.J. Multi-shape active composites
by 3D printing of digital shape memory polymers. Sci. Rep. 2016, 6, 24224. [CrossRef]

46. Siegel, A.C.; Phillips, S.T.; Dickey, M.D.; Lu, N.; Suo, Z.; Whitesides, G.M. Foldable Printed Circuit Boards on
Paper Substrates. Adv. Funct. Mater. 2010, 20, 28–35. [CrossRef]

47. Zhou, Y.; Huang, W.M.; Kang, S.F.; Wu, X.L.; Lu, H.B.; Fu, J.; Cui, H. From 3D to 4D printing: Approaches
and typical applications. J. Mech. Sci. Technol. 2015, 29, 4281–4288. [CrossRef]

48. Huang, W.M.; Yang, B.; Fu, Y.Q. Polyurethane Shape Memory Polymers; CRC Press: New York, NY, USA, 2011.
49. Yang, B.; Huang, W.M.; Li, C.; Lee, C.M.; Li, L. On the enects of moisture in a polyurethane shape memory

polymer. Smart Mater. Struct. 2004, 13, 191–195. [CrossRef]
50. Weems, A.C.; Wacker, K.T.; Carrow, J.K.; Boyle, A.J.; Maitland, D.J. Shape memory polyurethanes with

oxidation-induced degradation: In vivo and in vitro correlations for endovascular material applications.
Acta Biomater. 2017, 59, 33–44. [CrossRef]

51. Weems, A.; Szafron, J.; Easley, A.; Herting, S.; Smolen, J.; Maitland, D. Shape Memory Polymers with
Enhanced Visibility for Magnetic Resonance- and X-Ray Imaging Modalities. Acta Biomater. 2017, 54, 45–57.
[CrossRef]

52. Huang, W.M.; Yang, B.; An, L.; Li, C.; Chan, Y.S. Water-driven programmable polyurethane shape memory
polymer: Demonstration and mechanism. Appl. Phys. Lett. 2005, 86, 114105. [CrossRef]

http://dx.doi.org/10.1016/j.eurpolymj.2015.09.027
http://dx.doi.org/10.1088/0964-1726/23/6/067002
http://dx.doi.org/10.1039/b922992b
http://dx.doi.org/10.1002/adfm.200800850
http://dx.doi.org/10.1073/pnas.0608586103
http://www.ncbi.nlm.nih.gov/pubmed/17116879
http://dx.doi.org/10.1088/0964-1726/19/1/015006
http://dx.doi.org/10.1039/C1SM06474F
http://dx.doi.org/10.3144/expresspolymlett.2012.4
http://dx.doi.org/10.1039/C4SM01816H
http://dx.doi.org/10.1126/science.1145593
http://www.ncbi.nlm.nih.gov/pubmed/18033882
http://dx.doi.org/10.1021/mz300239f
http://dx.doi.org/10.1039/C5SC02223A
http://www.ncbi.nlm.nih.gov/pubmed/28757995
http://dx.doi.org/10.1038/s41467-018-06420-w
http://dx.doi.org/10.1038/srep24224
http://dx.doi.org/10.1002/adfm.200901363
http://dx.doi.org/10.1007/s12206-015-0925-0
http://dx.doi.org/10.1088/0964-1726/13/1/022
http://dx.doi.org/10.1016/j.actbio.2017.06.030
http://dx.doi.org/10.1016/j.actbio.2017.02.045
http://dx.doi.org/10.1063/1.1880448


Polymers 2019, 11, 1049 33 of 35

53. Zhang, J.; Huang, W.; Lu, H.; Sun, L. Thermo-/chemo-responsive shape memory/change effect in a hydrogel
and its composites. Mater. Des. 2014, 53, 1077–1088. [CrossRef]

54. Salvekar, A.V.; Wong, Y.S.; Shen, Z.X.; Huang, W.M.; Xiao, R.; Venkatraman, S.S.; Tay, K.H. Water-Responsive
Shape Recovery Induced Buckling in Biodegradable Photo-Cross-Linked Poly(ethylene glycol) (PEG)
Hydrogel. Accounts Chem. Res. 2017, 50, 141–150. [CrossRef] [PubMed]

55. Steelman, Z.A.; Weems, A.C.; Traverso, A.J.; Szafron, J.M.; Maitland, D.J.; Yakovlev, V.V. Revealing the glass
transition in shape memory polymers using Brillouin spectroscopy. Appl. Phys. Lett. 2017, 111, 241904.
[CrossRef] [PubMed]

56. Sun, L.; Wang, T.X.; Leow, W.C.; Huang, W.M.; Cui, H.; Gao, X.Y. Temperature memory effect in differential
scanning calorimeter test in thermoplastic polyurethane. J. Polym. Res. 2016, 23, 63. [CrossRef]

57. Wang, T.X.; Huang, W.M.; Xiao, R.; Lu, H.B.; Kang, S.F. Temperature memory effect and its stability revealed
via differential scanning calorimetry in ethylene-vinyl acetate (EVA) within glass transition range. J. Polym.
Sci. Part B Polym. Phys. 2016, 54, 1731–1737. [CrossRef]

58. Gu, Z.-Z.; Uetsuka, H.; Takahashi, K.; Nakajima, R.; Onishi, H.; Fujishima, A.; Sato, O. Structural Color and
the Lotus Effect. Angew. Chem. Int. Ed. 2003, 42, 894–897. [CrossRef]

59. Liu, Y.S.; Chang, Y.; Ling, Z.Y.; Hu, X.; Li, Y. Structural coloring of aluminum. Electrochem. Commun. 2011, 13,
1336–1339. [CrossRef]

60. Grimes, A.; Long, M.; Ferri, C.G.L.; Rich, B.D.; Ghosh, S.; Ghosh, S.; Lee, L.P.; Gopinathan, A.; Khine, M.;
Fu, C.-C.; et al. Tunable Nanowrinkles on Shape Memory Polymer Sheets. Adv. Mater. 2009, 21, 4472–4476.

61. Huang, W.M.; Lu, H.B.; Zhao, Y.; Ding, Z.; Wang, C.C.; Zhang, J.L.; Sun, L.; Fu, J.; Gao, X.Y. Instability/collapse
of polymeric materials and their structures in stimulus-induced shape/surface morphology switching.
Mater. Des. 2014, 59, 176–192. [CrossRef]

62. Sun, L.; Wang, T.X.; Zakee, M.H.I.B.M.; Rosli, M.S.B.; Lee, Y.X.; Huang, W.M. Self-surface wrinkling atop
acrylonitrile butadiene styrene (ABS) via heating-responsive shape memory effect. Surf. Rev. Lett. 2019.
[CrossRef]

63. Wang, T.; Au, J.; Salvekar, A.; Weng, Y.; Huang, W. Advanced Shape Memory Technology for Product Design,
Manufacturing and Recycling. Mater. China 2016, 35, 613–621.

64. Liu, N.; Xie, Q.; Huang, W.M.; Phee, S.J.; Guo, N.Q. Formation of micro protrusion arrays atop shape memory
polymer. J. Micromech. Microeng. 2008, 18, 27001. [CrossRef]

65. Zhao, Y.; Huang, W.M.; Fu, Y.Q. Formation of micro/nano-scale wrinkling patterns atop shape memory
polymers. J. Micromech. Microeng. 2011, 21, 67007. [CrossRef]

66. Sun, L.; Wang, T.X.; Huang, W.M. Monitoring minor over-heating/cooling temperature based on the
temperature memory effect in shape memory materials via DSC. J. Therm. Anal. Calorim. 2018, 133, 1649–1661.
[CrossRef]

67. Behl, M.; Kratz, K.; Noechel, U.; Sauter, T.; Lendlein, A. Temperature-memory polymer actuators. Proc. Natl.
Acad. Sci. 2013, 110, 12555–12559. [CrossRef] [PubMed]

68. Kratz, K.; Voigt, U.; Lendlein, A. Temperature-Memory Effect of Copolyesterurethanes and their Application
Potential in Minimally Invasive Medical Technologies. Adv. Funct. Mater. 2012, 22, 3057–3065. [CrossRef]

69. Fritzsche, N.; Pretsch, T. Programming of Temperature-Memory Onsets in a Semicrystalline Polyurethane
Elastomer. Macromolecules 2014, 47, 5952–5959. [CrossRef]

70. Mirtschin, N.; Pretsch, T. Designing temperature-memory effects in semicrystalline polyurethane. RSC Adv.
2015, 5, 46307–46315. [CrossRef]

71. Behl, M.; Kratz, K.; Zotzmann, J.; Nöchel, U.; Lendlein, A. Reversible Bidirectional Shape-Memory Polymers.
Adv. Mater. 2013, 25, 4466–4469. [CrossRef]

72. Pandini, S.; Passera, S.; Messori, M.; Paderni, K.; Toselli, M.; Gianoncelli, A.; Bontempi, E.; Riccò, T. Two-way
reversible shape memory behaviour of crosslinked poly(epsilon-caprolactone). Polymer 2012, 53, 1915–1924.
[CrossRef]

73. Chung, T.; Romo-Uribe, A.; Mather, P.T. Two-Way Reversible Shape Memory in a Semicrystalline Network.
Macromolecules 2008, 41, 184–192. [CrossRef]

74. Burke, K.A.; Rousseau, I.A.; Mather, P.T. Reversible actuation in main-chain liquid crystalline elastomers
with varying crosslink densities. Polymer 2014, 55, 5897–5907. [CrossRef]

http://dx.doi.org/10.1016/j.matdes.2013.08.016
http://dx.doi.org/10.1021/acs.accounts.6b00539
http://www.ncbi.nlm.nih.gov/pubmed/28181795
http://dx.doi.org/10.1063/1.4999803
http://www.ncbi.nlm.nih.gov/pubmed/29282378
http://dx.doi.org/10.1007/s10965-016-0958-9
http://dx.doi.org/10.1002/polb.24076
http://dx.doi.org/10.1002/anie.200390235
http://dx.doi.org/10.1016/j.elecom.2011.08.008
http://dx.doi.org/10.1016/j.matdes.2014.03.028
http://dx.doi.org/10.1142/S0218625X19500446
http://dx.doi.org/10.1088/0960-1317/18/2/027001
http://dx.doi.org/10.1088/0960-1317/21/6/067007
http://dx.doi.org/10.1007/s10973-018-7188-9
http://dx.doi.org/10.1073/pnas.1301895110
http://www.ncbi.nlm.nih.gov/pubmed/23836673
http://dx.doi.org/10.1002/adfm.201200211
http://dx.doi.org/10.1021/ma501171p
http://dx.doi.org/10.1039/C5RA05492C
http://dx.doi.org/10.1002/adma.201300880
http://dx.doi.org/10.1016/j.polymer.2012.02.053
http://dx.doi.org/10.1021/ma071517z
http://dx.doi.org/10.1016/j.polymer.2014.06.088


Polymers 2019, 11, 1049 34 of 35

75. Zhou, J.; Turner, S.A.; Brosnan, S.M.; Li, Q.; Carrillo, J.-M.Y.; Nykypanchuk, D.; Gang, O.; Ashby, V.S.;
Dobrynin, A.V.; Sheiko, S.S. Shapeshifting: Reversible Shape Memory in Semicrystalline Elastomers.
Macromolecules 2014, 47, 1768–1776. [CrossRef]

76. Mao, Y.; Ding, Z.; Yuan, C.; Ai, S.; Isakov, M.; Wu, J.; Wang, T.; Dunn, M.L.; Qi, H.J. 3D Printed Reversible
Shape Changing Components with Stimuli Responsive Materials. Sci. Rep. 2016, 6, 24761. [CrossRef]
[PubMed]

77. Kuang, W.; Mather, P.T. Tuning of reversible actuation via copolymerization of ROMP-based semicrystalline
polymers. Polymer 2018, 156, 228–239. [CrossRef]

78. Bothe, M.; Pretsch, T. Two-Way Shape Changes of a Shape-Memory Poly(ester urethane). Macromol. Chem. Phys.
2012, 213, 2378–2385. [CrossRef]

79. Yang, W.G.; Lu, H.; Huang, W.M.; Qi, H.J.; Wu, X.L.; Sun, K.Y. Advanced Shape Memory Technology to
Reshape Product Design, Manufacturing and Recycling. Polymers 2014, 6, 2287–2308. [CrossRef]

80. Toensmeier, P.A. Shape memory polymers reshape product design. Plast. Eng. 2005, 61, 10–11.
81. Wang, T.; Huang, W.; Aw, J.; He, L.; Vettorello, M. Comfort fitting using shape memory polymeric foam.

J. Test. Eval. 2017, 45, 1201–1212. [CrossRef]
82. Chazeau, L.; Brown, J.D.; Yanyo, L.C.; Sternstein, S.S. Modulus recovery kinetics and other insights into the

payne effect for filled elastomers. Polym. Compos. 2000, 21, 202–222. [CrossRef]
83. Diani, J.; Fayolle, B.; Gilormini, P. A review on the Mullins effect. Eur. Polym. J. 2009, 45, 601–612. [CrossRef]
84. Wang, T.X.; Renata, C.; Chen, H.M.; Huang, W.M. Elastic Shape Memory Hybrids Programmable at Around

Body-Temperature for Comfort Fitting. Polymers 2017, 9, 674. [CrossRef] [PubMed]
85. Wang, C.C.; Huang, W.M.; Ding, Z.; Zhao, Y.; Purnawali, H.; Zheng, L.; Fan, H.; He, C.B. Rubber-like shape

memory polymeric materials with repeatable thermal-assisted healing function. Smart Mater. Struct. 2012,
21, 115010. [CrossRef]

86. Ecker, M.; Pretsch, T. Durability of switchable QR code carriers under hydrolytic and photolytic conditions.
Smart Mater. Struct. 2013, 22, 94005. [CrossRef]

87. Ecker, M.; Pretsch, T. Multifunctional poly(ester urethane) laminates with encoded information. RSC Adv.
2014, 4, 286–292. [CrossRef]

88. Pretsch, T.; Ecker, M.; Schildhauer, M.; Maskos, M. Switchable information carriers based on shape memory
polymer. J. Mater. Chem. 2012, 22, 7757. [CrossRef]

89. Sun, L.; Huang, W.M.; Wang, C.C.; Zhao, Y.; Ding, Z.; Purnawali, H. Optimization of the shape memory
effect in shape memory polymers. J. Polym. Sci. Part A Polym. Chem. 2011, 49, 3574–3581. [CrossRef]

90. Zhao, Y.; Cai, M.; Huang, W.M.; Tong, T.H. Patterning atop shape memory polymers and their characterization.
In Proceedings of the EPD Congress 2010—Proceedings of Sessions and Symposia, Held during TMS 2010
Annual Meeting and Exhibition Seattle, Seattle, WA, USA, 14–18 February 2010; pp. 167–174.

91. Zhao, Y.; Wang, C.C.; Huang, W.M.; Purnawali, H.; An, L. Formation of micro protrusive lens arrays atop
poly(methyl methacrylate). Opt. Express 2011, 19, 26000–26005. [CrossRef]

92. Huang, W.M.; Zhao, Y.; Zhang, J.L.; Lu, H.B. Chemo-responsive Shape Memory/change Effect in Polymeric
Materials Based on Transport Phenomena. J. Fluid Flow Heat Mass Transf. 2014, 1, 16–22. [CrossRef]

93. Grillard, F.; Zakri, C.; Gaillard, P.; Korzhenko, A.; Néri, W.; Poulin, P. How polymers lose memory with age.
Soft Matter 2014, 10, 8985–8991. [CrossRef] [PubMed]

94. Ding, Z. Shape Memory Hybrids: Mechanism and Design for Tailored Properties. Ph.D. Dissertation,
Nanyang Technological University, Singapore, 2011.

95. Sun, L.; Huang, W.M.; Lu, H.; Lim, K.J.; Zhou, Y.; Wang, T.X.; Gao, X.Y. Heating-Responsive Shape-Memory
Effect in Thermoplastic Polyurethanes with Low Melt-Flow Index. Macromol. Chem. Phys. 2014, 215,
2430–2436. [CrossRef]

96. Khudiyev, T.; Ozgur, E.; Yaman, M.; Bayindir, M. Structural Coloring in Large Scale Core–Shell Nanowires.
Nano Lett. 2011, 11, 4661–4665. [CrossRef]

97. Chen, T.; Bakhshi, H.; Liu, L.; Ji, J.; Agarwal, S. Combining 3D Printing with Electrospinning for Rapid
Response and Enhanced Designability of Hydrogel Actuators. Adv. Funct. Mater. 2018, 28, 1800514.
[CrossRef]

http://dx.doi.org/10.1021/ma4023185
http://dx.doi.org/10.1038/srep24761
http://www.ncbi.nlm.nih.gov/pubmed/27109063
http://dx.doi.org/10.1016/j.polymer.2018.10.006
http://dx.doi.org/10.1002/macp.201200096
http://dx.doi.org/10.3390/polym6082287
http://dx.doi.org/10.1520/JTE20160011
http://dx.doi.org/10.1002/pc.10178
http://dx.doi.org/10.1016/j.eurpolymj.2008.11.017
http://dx.doi.org/10.3390/polym9120674
http://www.ncbi.nlm.nih.gov/pubmed/30965970
http://dx.doi.org/10.1088/0964-1726/21/11/115010
http://dx.doi.org/10.1088/0964-1726/22/9/094005
http://dx.doi.org/10.1039/C3RA45651J
http://dx.doi.org/10.1039/c2jm16204k
http://dx.doi.org/10.1002/pola.24794
http://dx.doi.org/10.1364/OE.19.026000
http://dx.doi.org/10.11159/jffhmt.2014.003
http://dx.doi.org/10.1039/C4SM01320D
http://www.ncbi.nlm.nih.gov/pubmed/25294363
http://dx.doi.org/10.1002/macp.201400429
http://dx.doi.org/10.1021/nl2022114
http://dx.doi.org/10.1002/adfm.201800514


Polymers 2019, 11, 1049 35 of 35

98. He, X.-X.; Zheng, J.; Yu, G.-F.; You, M.-H.; Yu, M.; Ning, X.; Long, Y.-Z. Near-Field Electrospinning: Progress
and Applications. J. Phys. Chem. C 2017, 121, 8663–8678. [CrossRef]

99. Jiang, X.; Huang, X.; Huang, W.M.; Wu, X.L.; Wei, M. Anti-counterfeit shape memory polymeric labels with a
water marker. China Brand Anti-Counterfeiting 2013, 9, 72–73.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.jpcc.6b12783
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Working Mechanisms and Shape Memory Phenomena 
	Working Mechanisms 
	Shape Memory Phenomena 
	Further Discussions 

	Typical Sensor Applications 
	In-Plane Programming 
	Out-of-Plane Programming 
	Tactual Sensation 
	Visual Sensation 
	Multiple-Shape Memory Effect (SME) 
	Hydrogel for Wetting Sensors 


	Summary and Outlook 
	Conclusions 
	References

