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A Review of Shape Memory Polymers and Composites:
Mechanisms, Materials, and Applications

Yuliang Xia, Yang He, Fenghua Zhang, Yanju Liu,* and Jinsong Leng*

Over the past decades, interest in shape memory polymers (SMPs) has
persisted, and immense efforts have been dedicated to developing SMPs

and their multifunctional composites. As a class of stimuli-responsive
polymers, SMPs can return to their initial shape from a programmed
temporary shape under external stimuli, such as light, heat, magnetism,

and electricity. The introduction of functional materials and nanostructures
results in shape memory polymer composites (SMPCs) with large recoverable
deformation, enhanced mechanical properties, and controllable remote
actuation. Because of these unique features, SMPCs have a broad application
prospect in many fields covering aerospace engineering, biomedical devices,
flexible electronics, soft robotics, shape memory arrays, and 4D printing.
Herein, a comprehensive analysis of the shape recovery mechanisms,
multifunctionality, applications, and recent advances in SMPs and SMPCs is
presented. Specifically, the combination of functional, reversible, multiple,
and controllable shape recovery processes is discussed. Further, established
products from such materials are highlighted. Finally, potential directions for

temperature (Ti.,), and retains the
deformed shape after cooling down. They
revert from the deformed shape to the
permanent shape by reheating. The shape
memory effect has been found in a
variety of polymers including amorphous
polymer,[®l semicrystalline polymer,®*!
and liquid crystalline elastomer (LCE).l
After years of research, people have
obtained a preliminary understanding of
shape memory effect based on the devel-
opment of thermomechanical theory, espe-
cially the thermoviscoelastic theory and
phase transition theory, which can provide
physical interpretation. In addition, clari-
fying the crosslinked chemical structure is
seminal for improving the polymer perfor-
mance and exploring novel shape memory
behavior.

At present, there have been many

the future advancement of SMPs are proposed.

1. Introduction

Stimuli-responsive materials are regarded as smart because
they can sense their surroundings and produce direct and
straightforward responses.! The research of stimuli-responsive
materials was inspired by the bionic behavior of organisms. For
example, the Venus flytrap can close the leaf rapidly to capture
animals passing by within 100 ms when its trigger hairs feel
the physical stimulation.?l’ As polymeric stimuli-responsive
materials, shape memory polymers (SMPs) have provoked
interest from scientists since the 1960s. It was revealed that
yray irradiated polyethylene (PE) could show memory effect
under low-high temperature cycles.>>! SMPs present a perma-
nent shape at room temperature, deforms at a high transition
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studies on one-way, two-way, and multiple

SMPs. One-way shape memory effect has

been found in conventional crosslinked
polymers.!l Thus, one-way SMPs have been extended to com-
mercial applications for quite a long time as one of the most
common smart materials. Examples include heat-shrinkable
tubes, heat-shrinkable labels, and heat-shrinkable toys.'?l In
the high-tech area, one-way self-deployable hinges!!* and smart
surgery devices!™ were developed. Two-way SMPs, also called
reversible SMPs, refer to polymers that autonomously deform
at high temperatures and revert at low temperatures between
two desired shapes. The mechanism of two-way shape memory
effect involves the directional rearrangement of the molecular
chain as temperature changes, and it has been utilized in
the preparation of a number of LCEs!¥ and semicrystalline
polymers.®% The development of two-way SMPs with good
mechanical properties and good shape memory performance
is possible to replace the shape memory alloy in the future.
Moreover, the polymers capable of memorizing more than one
temporary shape are defined as multiple SMPs, which can be
referred to as the copolymer of a set of one-way SMPs with
diverse Tpane!™” The multiple shape memory effect allows the
polymer to switch into a set of shapes through the relevant pro-
gramming process. A profound understanding of these shape
memory phenomena could bring novel application opportuni-
ties with advanced properties.

Herein, we summarize the significant advancements of
SMPs systematically. We start with some basic concepts to
interpret the definition of shape memory effect, followed by the
state-of-art progress in different shape memory mechanisms
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Figure 1. Scheme of the shape memory polymers (SMPs): mechanism,
actuation methods, and applications.

and approaches to the design of SMPs. Insights into the
kinetics of the molecular chain are essential for understanding
the phase transition process and overall regulating the shape
memory behavior. Thus, the polymer model, chemical struc-
ture, and synthesis strategies presented here would be of great
value. Meanwhile, the strategies to construct shape-memory
polymer composites (SMPCs) with improved performance
and controllable activating capability are illustrated. The shape
memory actuation methods, including electricity,"® magnetic
field," light,8] and water,’” are presented. Recent progress
in shape memory applications is highlighted (Figure 1). Last,
future prospects and challenges in designing novel SMPs are
also discussed. We hope to gain further insights into the evo-
lution of shape memory polymeric materials. The structure of
this review is organized in the following order: introduction of
SMPs; shape memory mechanism and characterization; one-
way, two-way, and multiple SMPs; multifunctional SMPCs, and
their applications.

2. General Aspects of SMPs
2.1. Definition of SMPs

It is necessary to determine if the shape programming process
is required to identify a polymer as an SMP. Shape memory
programming is the first step in a shape memory cycle to deter-
mine the polymer transforming pathway. The programming
process of SMPs involves shape deforming, shape fixing, and
evacuation of the external stress. Before the programming pro-
cess, the polymers need to be deformed under external stress
accompanied by heating. A high temperature can increase
the entropy of the polymer, decrease the energy barrier, and
make the molecular chain easy to move, which makes the
polymer more comfortable to manipulate. After the polymer is
deformed into a desired temporary shape, it will be fixed with
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the decreasing temperature and maintained by external stress.
The conditions include physical and chemical changes that can
block the movement of polymer molecular chains. Finally, the
temporary shape can be obtained after cooling down and will
not alter as the external stress is withdrawn.

The temporary shape can be retained for a long time without
an external stimulus. The stress and energy are stored in the
polymer during the programming process with the increasing
entropy. Hence, the temporary shape is more unstable than
the original shape. When the material is exposed to a suit-
able external stimulation, the internal stress and energy will
be released, causing the molecular chain to possess mobility

© 2020 Wiley-VCH GmbH

85UB01 T SUOWILLIOD AIIERID B|cedl[dde 8y} Aq paueAob 812 Sao1Le YO 9SN JO SaINJ 10) AIq1TaUIIUQ AB]IM UO (SUOTPUOD-PUR-SLLLBIAL0D" A3 1M ATe.d]jBul JUO//SdiIy) SUORIPUOD pue SWLB | 8U) 89S *[£202/80/20] Uo AkeiqiTauliuo Ae|im ‘ABojouyoe 1 JO aIinsu| uigeH AQ £T/000202 Bwpe/zZ00T 0T/I0p/uod Aa|Im Afeqeul|uoy/scny wouiy pspeojumod ‘9 ‘TZ0Z ‘S600TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Figure 2. Scheme of shape memory cycle.

again. The polymer then returns to the original shape after the
stimulation?”! (Figure 2). The programming process can be
repeated multiple times; therefore, SMPs can possess different
temporary shapes but only one permanent shape.

The programming process is not dependent on the material
synthesis but can be recognized as posttreatment to define the
material’s shape recovery path. If a polymer can alter its shape
under specific stimulus without the shape programming pro-
cess, it is a shape-changing polymer rather than an SMP. For
example, most hydrogels that consist of poly(n-isopropylacryla-
mide) (PNIPA) can swell and deswell in water under tempera-
ture changes. The changing shape of PNIPA hydrogel is caused
by various degrees of shrinkage of the molecular chain at dif-
ferent temperatures resulting in the ingress and egress of water
molecules. This process requires the physical nature of PNIPA
hydrogel rather than shape programming; thus, these hydro-
gels cannot be defined as SMPs. With the precise definition of
shape memory programming, it is advisable to classify the pro-
grammable polymers as SMPs.

2.2. Thermomechanical Theory of SMPs

It is necessary to analyze the structure of SMPs from a micro-
scopic perspective to elucidate the cause of the shape memory
effect. The thermoviscoelastic theory model is used to explain
the thermodynamic behavior in SMPs. The molecular chain can
be considered as a small spring. These springs are tiny in dia-
meter and large in length, and they entangle with each other
when being mixed. In the SMPs, the polymer has higher entropy
because of the random arrangement of the springs at room tem-
perature. When the temperature rises, the molecular mobility
will increase, and the polymer produces thermoviscoelasticity.
At this time, the springs can be stretched and oriented by an
external force, and the alignment can cause decreased entropy of
the polymer. If the temperature decreases without changing the
external force, then the polymer loses thermoviscoelasticity, the
molecular motion is weakened, and the springs cannot return to
their original form in this case. During this process, the stress
is stored in the springs in the form of elastic potential energy.
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When the temperature rises again, the springs gain thermovis-
coelasticity and the stored elastic potential energy is released.

It is noteworthy that the friction between the springs gener-
ates heat, consuming the elastic potential energy that should
be stored inside the springs and causing irreversible viscosity
deformation. The viscosity change is considered as the com-
pressing and expanding process of a dashpot. By involving
the dashpot concept into the thermoviscoelastic theory, we can
build a standard linear solid (SLS) model to design SMPs ele-
ments.?'23l Throughout the process, the elasticity stores the
work done by the external force, and the viscosity consumes the
work done by the external force. Therefore, it is necessary to
ensure that no excessive slippage exists between the springs,
which leads to the macroscopic deformation without entropic
change. In 1994, Buckly et al.?¥ demonstrated a 3D glass-rubber
constitutive model to explain the features of amorphous SMPs
near the glass transition temperature (Ty). This model illus-
trated the stress—strain relationship of thermoviscoelastic defor-
mation and the problem of conformational entropy function.
Moreover, Tobushi et al.?! established a four-element model
to explain the irreversible deformation generated by the rela-
tive friction between SMPs molecules. The four-element model
involved the elastic modulus, viscosity, retardation time, and
slip element. The thermoviscoelastic theory can clearly explain
the mechanical behavior of SMPs, but there are still some
shortcomings in the storage and release of enthalpy energy.

The phase transition theory is more suitable for explaining
the shape transition behavior of SMPs from the thermome-
chanical perspective.l?°-28] The phase composition of SMPs can
be divided into two parts (i.e., the frozen and the active phases).
The frozen phase (hard phase) occurs when the enthalpy
energy changes inside the material and the molecular chain is
stretched or rotated to ensure that the internal structure does
not change. Any further conformational motion of the content
is impossible in the frozen phase. By contrast, the active phase
(soft phase) consists of dynamic bonds. In the active phase,
deformation is possible, and the molecules can rotate, elon-
gate, and compress. The frozen phase is the primary phase in
the glass state. As the polymer transforms from the glass state
to the rubbery state, parts of the frozen phase transform into
the active phase, and the ratio of the frozen phase to the active
phase changes. During the programming process, the confor-
mational movements are stored in the active phase. As the tem-
perature decreases, the active phase transforms into the frozen
phase with the stress localized. Stress at this time is not enough
to generate adequate enthalpy to drive the shape recovery pro-
cess. When the temperature rises, the frozen phase turns into
an active phase and the stored stress is released. The trans-
formations of the frozen and active phases embody the glass
transition behavior in the thermodynamic cycle and explain the
storage and release process of stress in the shape memory pro-
cess. Based on the phase transition theory, Yu et al.?! confirmed
the impact of that programming process on the shape recovery
behavior. The shape recovery speed is strongly dependent on
the programming and recovery temperatures. During the loss
of modulus in the de-frozen process, the driving force reduces
as a result of the slow recovery process. The phase transition
theory supports the establishment of most thermodynamic
models at the macromolecular scale.
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The thermoviscoelastic and phase transition theories have
certain complementarity. The two theoretical models can be
combined to establish a more accurate and reasonable constitu-
tive model to study more complicated SMPs structures accu-
rately.3%31 Qi et al.*? investigated the finite deformation and
thermo-mechanical behaviors of thermally induced SMPs. A
3D constitutive model was developed based on the experimental
observation of SMPs to describe the thermo-mechanic response
of SMPs. The model established on the stress—strain experi-
ment captured the shape recovery behavior of SMPs well. How-
ever, it did not fully achieve the stress recovery, but accounted
for the impact of the temperature rate on the thermo-mechanic
behavior of SMPs. Leng et al.?*l combined the thermoviscoe-
lastic and phase transition theories into a general model equa-
tion. This model could explain the mechanism of multishape
memory effect and phase transition behavior. Mechanical,
storage, and thermal expansion strains were vital factors in the
model. Recently, Lu et al.>*3% used internal stress as a func-
tion to model the phase transition behavior so as to get a better
understanding of the shape memory effect at a macromolecular
scale. In the study, the shape memory effect under complex
stress was studied based on the influence of polymer tempera-
ture on shape memory effect. The frozen volume model was
established to characterize the macromolecular structure and
shape memory effect of amorphous SMPs. The results dem-
onstrated an excellent agreement between the theoretical and
experimental results. The developed constitutive models are
effective in studying the thermomechanical behavior of SMPs
and predicting the shape memory behavior.

2.3. Mechanism and Classification of One-Way SMPs

According to the macromolecular view, one-way SMPs have
two structures. The switchable segments affix the temporary
shape during shape programming, and the netpoints define
the permanent shape.*® The switchable segments can lock the
energy to make sure that it cannot be released without a spe-
cific stimulation. When the material is heated and subject to an
external force, the deformation of the material as a whole will
be caused by the changes in tensile or compression of the
switchable segments. The part used to connect these switchable
segments is called netpoints. These netpoints can be chemically
crosslinking points, which are the central atoms of the polymer
crosslinked networks; or it can also physically be a fragment,
such as microscopic phases and domains.

2.3.1. One-Way SMPs Based on Phase Transition

Conventional SMPs typically consist of polymer chains with
varying motion states across Tj,,,s. The softening and hardening
of the transition phase in the polymer enable the lock and
unlock of the temporary shape.’”l This process requires direct
or indirect heating to change phase activity and ensure enough
enthalpy for shape changes. The most primitive one-way
SMPs stem from the amorphous phase transition behavior.®!
The amorphous phase occupies a specific part of the polymer,
which decides the T, region. When the temperature reaches T,
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the polymer gains better ductility and deformability than that
at normal temperature. At this point, the polymer transforms
from the glassy state to the rubbery state. The molecular chain
becomes flexible enough to be stretched, coiled, or bent under
the external stress, leading the deformation of the polymer. The
T, range can be broad or narrow, depending on the difference
in the molecular chain structure.

In terms of the crystalline and semicrystalline polymers, the
melting temperature (T;,) is the crucial factor for triggering
the shape memory behavior.3%! This phenomenon is common
in blends of crystalline polymers with other polymers without
shape memory effect or block copolymers. The crystalline
polymers act as a soft region in the blend, whereas the poly-
mers without shape memory effect act as a rigid region. When
heated across the T, the crystalline part softens to make the
blend polymer easy to manipulate. The polymer without shape
memory effect has a higher T,, compared to the crystalline
polymer, which enables the blended polymer to maintain a
certain solid shape. Currently, one-way SMPs based on phase
transition are the most advantageous because of the relatively
simple mechanism and mature production. Through the intro-
duction of different reinforcement materials to the polymer
matrix, multifunctional shape memory composites were devel-
oped with high mechanical performance and remote shape
memory actuation capability. (Section 3) The relevant applica-
tions will be demonstrated in Section 4

2.3.2. One-Way SMPs Based on Reversible Switches

Besides the thermal phase-controlled shape memory effect,
various nonthermal approaches have been devised to determine
whether the nonthermal strategies can trigger the shape memory
process. Most of these methods focus on the reversible covalent
and noncovalent bonds. In 2005, Lendlein et al.*] demonstrated
that the incorporation of the photosensitive units in the polymer
could produce the shape memory effect. Photoreversible [2 + 2]
cycloaddition groups, which are cinnamic acid and cinna-
mylidene acetic acid, were grafted onto the permanent polymer
network. The photo-reversible reaction was triggered by the alter-
nation of the exposing wavelengths. The polymer deformed into
a temporary shape with UV light irradiation at A > 260 nm and
returned to the permanent shape at 4 < 260 nm. Compared to
the thermally triggered SMPs, these polymers were stable under
50 °C, but take a long time for shape fixing and recovery (about
1.5 h per procedure), showing a low fix ratio (R). Moreover,
Wu et al. incorporated the cinnamamide moieties in the multi-
block polyester urethanes to realize the one-way shape memory
effect (Figure 3a). The shape recovery capability based on photo
reversible covalent bond has been studied further.*>~#

Different from the light-triggered photo reversible reac-
tion, the light-induced isomerization is another mechanism
that can replace the thermal phase transition behavior in the
polymer. Lee et al.! introduced this phenomenon to SMPs.
Azobenzene molecules were grafted on a series of polymer
networks including liquid crystalline network, polyimide,
and other functional units.*! The deformed shape was fixed
and recovered with blue-green light irradiation (A = 442 nm),
which induced the trans—cis—trans reorientation of azobenzene
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Figure 3. a) Light-induced [2 + 2] cycloaddition reaction (left) and shape memory effect (right) of photoresponsive multiblock polyester urethane.
Reproduced with permission.i!l Copyright 2011, American Chemical Society. b) Athermal shape memory effect induced by reversible trans—cis isomeri-
zation. Reproduced with permission.[] Copyright 2019, American Chemical Society. c) Shape memory effect with metal-ligand complexes triggered by
UV light. Reproduced with permission.*] Copyright 2011, American Chemical Society.

chromophores. The blue-green light was eye-safe and could
trigger the isomerization reaction rapidly (<5 min).!® Zhang
et al.¥l reported a thermal polymer containing azobenzene
unit to demonstrate the shape memory behavior at room
temperature. Instead of irradiation heating, the T, is photo-
switchable and corresponds to the UV and visible light irra-
diations (Figure 3b). Therefore, the light-triggered molecular
switches can substitute the thermo-activated phase transi-
tion. However, the photoresponsive reaction needs the deep
penetration of the light into the polymer with a particular
transmittance. Thus, these light-induced methods are not
effective in bulk SMPs.

Thermo-induced covalent bond exchange reaction is another
example. Here, the enthalpy triggers the reversible chemical
reaction between the molecule chains. Various reversible chem-
ical reactions can be used to trigger the shape memory behavior.
Disulfide bond as a reversible chemical unit can exhibit shape
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memory effect during the redox reaction. Nishio et al.*¥l intro-
duced the thiol units to the cellulose acetate backbones. The
shape memory behavior was triggered in the dimethyl sulfoxide
(DMSO) solutions through the change of the redox state of
mercapto groups. It took 96 h at 30 °C to recover the perma-
nent shape. The shape memory behavior has been observed in
polymers with reversible physical interactions as well. These
physical interactions include strong hydrogen bonding, typi-
cally involve ureidopyrimidinone molecules and metal-ligand
coordination bonds*! (Figure 3c). In comparison with the
covalent bond, the macromolecular interactions ensure the
reproducibility of polymers because the noncovalent bonds can
be separated when external stress exceeds the limit and they
can re-join upon heating.

The molecules’ bond reversibility is an essential factor in pro-
ducing shape memory effect compared to the nonreversible chem-
ical reaction. Rowan et al.’% improved the shape memory effect
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based on the polymer with the disulfide bond. They synthesized
the polydisulfide network by crosslinking the 1,6-hexanedithiol,
1,5-hexadiene, and the tetrathiol. The targeted semicrystalline net-
work demonstrated shape memory features below 80 °C, and the
photo-healable property under UV light curing. The permanent
shape was also reprogrammable at relatively high temperatures
(2180 °C). The transesterification is another example. Polymers
with ester group showed shape memory effect at low tempera-
ture and self-healing capability at high temperature as well.>52
Compared with the disulfide exchange reaction, both of them
demonstrated nonreversible molecule switches upon heating.
However, the shape memory effect demonstrated by these poly-
mers is not based on the chemical reaction. When the covalent
bond captures enough energy, the exchange reaction happens,
and the polymer network is reset into a new permanent shape.
Hence, the shape memory effect should be attributed to ther-
momechanical behavior. Based on the nonreversible exchange
reaction, the transesterification reaction and disulfide exchange
reaction introduce the self-healing functionality and recyclability
into the material. The shape recovery phenomenon based on the
covalent bond is akin to noncovalent bonds. Whether a more gen-
eral shape memory theory can be established is a question that
needs to be answered by further studies.

2.4. Two-Way SMPs Mechanism and Classification

One-way SMPs exhibit an irreversible shape recovery by shifting
from the temporal to the permanent shape in one shape memory
cycle. Differently, two-way SMPs exhibit a reversible shape-
changing process between the initial and temporary shapes during
the cycle. For this reason, two-way SMPs have received more atten-
tion compared to one-way SMPs based on their ability to change
shapes in response to external stimuli. Studies on two major cat-
egories of two-way SMPs, the semicrystalline polymer and LCE,
are reviewed next. Both comprise a chemical structure that can
transform the molecular anisotropy under desired temperatures.

2.4.1. Two-Way SMPs Based on the Semicrystalline Polymer

Mather et al.®l in 2008 demonstrated that a semicrystalline
polymer network exhibited a reversible shape memory prop-
erty under constant stress. Poly(cyclooctene) with different
crosslinking degrees was synthesized in the study. The semic-
rystalline network with a constant tensile load elongated when
cooled across the T,,, and contracted when heated. The result
of the dynamic mechanical analysis revealed that the crystal-
line elongation during cooling and the melting contraction
upon heating were responsible for the two-way shape memory
property. The crystal structure changed the strain according
to the tensile direction of the stress. A constitutive model was
subsequently developed to quantitatively capture the two-way
shape memory effect in the semicrystalline polymer, in which
the stretch-induced crystallization was found with a decrease in
temperature.l”® Different studies on this one-dimensional con-
stitutive model have shown consistent results.

The two-way shape memory effect can be brought about by
external stress along one axis, which leads to the anisotropy
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of the molecules during the heating and cooling process.
Koerner et al.> incorporated the carbon nanotube (CNT) into
the thermoplastic polymer. The CNT absorbed the infrared
light for remote control of shape recovery behavior. As the
polymer deformed in response to external stress, the CNT
got aligned in the direction of the force. The alignment of the
CNT affected the polymer crystallite distribution, impacted the
shape stability, and changed the recovered permanent shape.
This phenomenon provides an excellent idea for the synthesis
of two-way SMPs through the introduction of a second material
into the polymer network to control polymer crystal distribu-
tion. Lendlein et al.> synthesized two-way SMPs that exhibited
the reversible bidirectional shape memory effect without any
external stress. The polymer contained two segments: poly(w
pentadecalactone) (PPD) segments with a higher T, of about
64 °C and poly(e-caprolactone) (PCL) segments with a lower
Tians Of about 34 °C. The PPD segments served as geometry-
determining domains, whereas the PCL functioned as the actu-
ator domain. During the programming process, the polymer
was heated above the Ty,ngpigh under external stress, thus being
deformed into a temporary shape. When the temperature was
reduced below the Ti.iow the temporary shape was fixed.
This process was similar to programming process of the one-
way SMPs. However, during the process, the shape of the PPD
geometry-determining domain was altered. The temperature
changed between Tiungiow and Tianshigh, Causing anisotropy
changes in the PCL region along the PPD direction without the
application of external stress; hence, a two-way shape memory
effect was generated. Remarkably, the temporary shape could
be reshaped when the polymer was heated above the Tirunghigh
due to the transition of the PPD segments. This constituted the
first two-way SMP based on intrinsic stress direction with a strict
definition. A single crosslinked polyurethane (PU) network with
C—ON bond was later incorporated with a synchronous bond fis-
sion/radical recombination behavior of C—ON bonds that caused
internal tensional force.’® The polymer demonstrated a two-way
shape memory effect upon 60 °C with great recovery stress. Var-
ious reversible networks of semicrystalline polymers have been
reported accordingly.””%% Meng et al.’”) demonstrated the two-
way shape memory effect of semicrystalline PCL (Figure 4a).
Gao et al.® reported the reversible shape memory effect based
on polyolefin elastomers (Figure 4b). Zhou et al.>! presented a
general strategy for generating a two-way shape memory effect
in semicrystalline polymers (Figure 4c). Additionally, other
methods involving SMPs bilayer structures that demonstrate a
two-way shape memory effect have also been reported./®!

2.4.2. Two-Way SMPs Based on LCE

The LCE constitutes another category of two-way SMPs. Clas-
sical liquid crystal (also called mesogen), which is typically fluid
with relatively stiff rod molecules, consists of two benzene rings
linked with an unrotatable function group. Cooling the liquid
crystal across the clearing point (T;) will turn the molecular
arrangement from the isotropy to anisotropy state, resulting in
the optical birefringence and phase transition. This is a unique
characteristic of the liquid crystal, which is caused by the nonro-
tatability of the rigid rod molecules. The liquid crystal monomers
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Figure 4. a) Preparation of dual-cure network, stress-free actuators, and reversible actuation behavior. Reproduced with permission.l’l Copyright
2014, American Chemical Society. b) Reversible shape memory effect of polyolefin thermoplastic elastomer. Reproduced with permission.®l Copyright
2019, American Chemical Society. c) Reversible shape transition of crosslinked poly(octylene adipate). Reproduced with permission.>l Copyright 2014,

American Chemical Society.

contain a stiff core mesogenic group with the functional group
connected through the flexible spacers, which follow the basic
rules of the liquid crystal. And the LCE is obtained through
the chemical crosslinking of the liquid crystal monomers. Fin-
kelmann et al.l®? successfully synthesized the LCE by linking
the siloxanes group with the mesogenic group. The mesogenic
domain aligned along one axis with the magnetic field, stretching
force, or the other applied field. Heating the LCE above the T,
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will change the anisotropy state of the polymer chain leading to
the contraction of the sample. In contrast, when cool across the
T;, the specimen will elongate to its original shape as anisotropy
increases. The conventional LCE is nonprogrammable; hence, it
cannot be included in the SMPs category. Instead, the localized
shape change could be achieved by selective actuation.l®3l Ware
et al.l% imprinted the topological defects in the LCEs film to fab-
ricate the actuator with complex programmable shape changes.
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Each individual defect could actuate a localized area of the film
either up or down with a cone structure. In another study, the
oriented liquid crystal cells were patterned by photoalignment
azobenzene dye to localize the response in LCEs.[®]

To develop LCEs with programmable shape memory
behavior, the two-stage thiol-acrylate Michael addition and
photopolymerization reaction has been broadly applied in LCE
synthesis with fast reactivity and good stability.l®l In place of
the cooling process during the shape memory programming
process, the photo-crosslinking method was used to fix the tem-
porary shape of the liquid crystalline networkl®”! (Figure 5a).

www.advmat.de

The photoinitiator was added to the LCE synthesis route,
which reacted with other elements in the polymer under UV
light irradiation to fabricate a network that locked the tempo-
rary shape. This method allowed the transformation of the
LCE into different complex temporary shapes!!”l (Figure 5b).
The introduction of an exchangeable disulfide bond into the
LCE synthesis helped develop a reprogrammable liquid crys-
talline network.>%7681 Moreover, Xiao et al.l®” demonstrated
the complex shape morphing of a uniaxially oriented LCE
strip. Reversible locomotion was achieved between designed
3D shapes to construct electrically powered soft robots. The

Figure 5. a) Design of the disulfide liquid crystalline elastomer (LCE) and illustration of the dynamic network of the LCE under UV irradiation or heating.
Reproduced with permission.[”] Copyright 2017, American Chemical Society. b) Programming and reversible shape memory effect of LCE synthesis with
diacrylate RM82. Reproduced with permission.l'” Copyright 2018, Wiley-VCH.
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programming procedures and the underlying fundamental
mechanisms are similar for both the shape memory semic-
rystalline polymer and LCE, which require internal stress to
direct the changing of the molecular anisotropy in the phase
transition process. Based on this principle, two-way SMPs
with better mechanic property and adjustable shape-trans-
forming temperature can be developed to meet the complex
application requirement, especially for the biomimetic mate-
rials and soft robotics.

2.5. Multiple SMPs Mechanism and Classification

Multiple SMPs can attain more than one temporary shape in
each shape memory cycle. This phenomenon is derived from
the step transition behavior in the polymer. The multibranch
model based on the SLS thermoviscoelastic theory was used in
the quantitative analysis of the multishape memory effect.’"!
This model captured the complex relaxation behavior in the
polymer. Fixation of the different temporary shapes in multiple
SMPs requires deforming in the corresponding interval tran-
sition temperatures, and the process is referred to as the
multiple-step programming. For instance, a two-step program-
ming is required for triple SMPs with two temporary shapes.
According to the same principle mentioned above, this concept
can be extended to different multiple SMPs, such as quadruple
SMPs or quintuple SMPs. Based on various mechanisms and
molecular structures, multiple SMPs are categorized into three
groups: multiple SMPs based on separated phase transition,
those based on single broad phase transition, and those based
on molecular switches.

2.5.1. Multiple SMPs Based on Separated Phase Transition

The scientific design of the different molecular segments
allows a copolymer to exhibit multiple shape memory effects
due to the separated transition temperature of different sectors.
Lendlein et al.”! developed a triple-SMPs system with two tem-
porary shapes in one shape memory cycle in 2006 (Figure 6a).
It comprised two SMPs system: (1) the PCL containing
poly(cyclohexyl methacrylate) (PCHMA) segments, and (2)
the PCL containing poly(ethylene glycol) (PEG) segments.
T,.pEc increased from 17 °C to 39 °C with the growing PEG
segments. T,, pc; was about 50 °C, while T;pcyya Was 140 °C.
Shape recovery occurred at different transition temperatures
in both these systems. Magnetic particles were introduced
into the polymer system in the later designs to achieve remote
actuation in triple SMPs."Zl A good multi-shape memory effect
occurred when the concentration of the PEG segment content
ranged between 50% and 70%. These studies constituted a
general triple-SMPs synthesis idea of combining two different
one-way SMPs with different T,.,,,, which was applied to the
development of reversible triple-SMPs in 2010.73] The devel-
oped copolymer networks contained two segments, PCL and
PPD. Different segments created discrete T, in the polymer
(Tupcr 33-40 °C and T, ppp 75 °C) playing a critical role in
the triple shape memory effects. A reversible shape transition
behavior was observed between Ty, and Ti,,, as well. Various
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copolymers with multiple shape memory blocks have been suc-
cessfully synthesized based on different molecular segments./*l
In this regard, the poly(p-dioxanone) (PPDO)-PEG network
exhibited triple shape memory effects at 70 °C and 120 °C.I’l
Additionally, self-healable and recyclable multiple SMPs that
contained PPDO and poly(tetramethylene oxide)-glycol seg-
ments were developed.”® In another study, Wang et al.”’} com-
bined the glass transition and melting transition to design
triple SMPs with cinnamon groups (Figure 6b). Furthermore,
the cold drawing process could replace the multiple deforma-
tion process in the shape memory programming step®! based
on previous research in which the one-step programming pos-
sibility was confirmed.’># Cold drawing constitutes a one-way
deformation procedure at ambient temperature. This process is
a creative method that simplifies the programming process in
multiple SMPs.

The polydomain-monodomain transition (156.3 °C and
172.5 °C) and a glass transition (80 °C) were combined to create
a liquid crystalline polymer.B This polymer exhibited triple
shape memory effects as well as the reversible shape memory
effect due to the liquid crystalline segments. Li et al.®? incor-
porated the smectic liquid crystal segments in the polylactic
acid (PLA) main chain (Figure 6¢). Both the transitions of
the polymer were linked with the mesogenic domain in the
polymer, making it challenging to tune two-phase transition
temperatures independently. Thus a shape memory main net-
work with a liquid crystalline side chain was synthesized by
the ring-opening metathesis polymerization with the Grubbs
catalyst method.®384 The triple shape memory effect of the
polymer network was derived from the glass transition of the
main network (22.5-32.1 °C) and the anisotropic-isotropic
transition (94-103.5 °C) of the side domain corresponding to
different methylene spacer length between the polymer back-
bone and the cholesteryl side chain. The separately chosen side
domain and main chain allow independent tuning of the two
transition phases.

The interpenetrating polymer network (IPN) also exhibits
multiple shape memory effects. IPN consists of a blend of
two individual networks in an interpenetration model that
involves a more complex synthesis approach than the simple
blending method. Two different reactions were employed
and coordinated in the construction of its structure. Its
triple shape memory effect was based on PPDO and PCL
that correspond to the crosslinked network and supramolec-
ular network, respectively.®” The temporary shape and the
recovery shape were both programmed at 55 °C and 110 °C.
Increasing the PPDO network ratio was beneficial to the
shape recovery property since the network created by cova-
lent bonds was more reliable compared to the network with
hydrogen bonds. Additionally, the crystallization ability of
the PCL and PPDO segments was enhanced compared to the
co-network.

The multiple shape memory effect can be achieved without a
good dispersion of different polymers in the same network. For
instance, a nonwoven PCL (T;, 35 °C) membrane was fabricated
after it was electrospun into the epoxy matrix (T, 55 °C).[¢ Its
triple shape memory effects originated from the interaction
between the melting transition of the PCL and the glass tran-
sition of the epoxy. Well-separated transitions were observed
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Figure 6. a) Photographs illustrating the triple-shape effect. A tube and a plate with anchors were heated upon 60 °C. Reproduced with permission./!
Copyright 2006, National Academy of Sciences, USA. b) Demonstration of triple-shape memory effect polyurethane with dynamic mechanic analysis.
Reproduced with permission.’”] Copyright 2013, American Chemical Society. c¢) Molecular structure and quadruple shape memory effect poly(lactic
acid) (PLA)-based copolymers containing the smectic liquid crystal. Reproduced with permission.4 Copyright 2016, American Chemical Society.

during the shape recovery process. The SMPs were later lami-
nated with a well-separated T, into a bilayer structure. Besides,
the dicumyl peroxide (DCP) crosslinking approach was
employed to create PE blends with triple and quadruple shape
memory effects.>®] Moreover, doping the small molecules into
the SMPs network is an ideal way of creating multiple SMPs
based on the noncovalent bonding between the small mole-
cules and the main polymer network.[88-%0

2.5.2. Multiple SMPs Based on Single Broad Phase Transition

Polymers with a single wide T, range can meet the requirements
of the multiple shape memory effect. The transition region will
be fixed as the polymer is synthesized for the multiple SMPs with

Adv. Mater. 2021, 33, 2000713 2000713

separated phase transition temperature. The adjustment of the
transition temperature requires the synthesis of a new polymer.
Instead, the deformation temperature can be selected based on
the requirement of the applications in the multiple SMPs with a
single broad transition temperature. Nafion, a commercial ther-
moplastic polymer with poly(tetrafluoroethylene) and perfluoro-
ether sulfonic acid segments, possessed a single broad transition
temperature ranging from 55 °C to 130 °CPY (Figure 7a). This
allowed multiple programming at different temperatures inside
the extensive phase transition region. Nafion was deformed into
a temporary shape A at 140 °C, fixed at 68 °C, and distorted into
temporary shape B. After it was fixed at 20 °C, its membrane
was reheated to 140 °C, and the deformed shape changed to
the initial permanent shape from two temporary shapes. The
deformation temperature was selected based on the actual need.
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Figure 7. a) Triple shape memory behavior of perfluorosulfonic acid ionomer. Reproduced with permission.®l Copyright 2010, Springer Nature.
b) The molecular design strategy for multiple SMP. I: Chain architecture of a linear-gradient copolymer. II: Chain architecture and microphase separa-
tion of a V-shaped gradient copolymer. I11: Chain architecture and microphase separation of the styrene-butadiene—styrene (SBS) triblock copolymer.

Reproduced with permission.’2 Copyright 2012, Wiley-VCH.

Thus, triple and quadruple shape memory effects could be real-
ized within a single shape recovery cycle.

To fabricate a polymer that possesses single broad phase
transition, the symmetric gradient copolymer of styrene (St)
(T; 100 °C) and methyl acrylate (MA) (T, 18 °C) was used to
determine whether polymers exhibited multiple shape memory
effects.’?l The polymer was synthesized by the controlled living
radical emulsion copolymerization technique, which involved
the growing process of the polymer chain being gradually added
by the monomer (Figure 7b). This process avoided the separa-
tion of Tyien and Ty, segments. The product with a broad T,
range between 20 °C and 103 °C adopted a V-shape configura-
tion, implying that in both ends the St segments constituted
a high T,, while in the central part, the MA represented a low
T, The gradual transition from Tyyign to Tgiow Occurred due
to changes in the St and MA fed ratio in the polymerization
process. Thus, the polymer was capable of producing quad-
ruple and quintuple shape memory effects. Controlled/living
radical emulsion copolymerization could become the most
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fundamental approach for synthesizing multiple SMPs because
of the diversity of monomers and the precise synthesis process
of the polymer chain.

The semi-IPN network with the poly(methyl methacrylate)
(PMMA) and PEG segment exhibited multiple shape memory
effects in the study conducted by Li et al.”®! Incorporation of
PEG into the PMMA network broadened the T, of the whole
polymer. The change of the PEG/PMMA ratio altered the tran-
sition temperature, causing the quintuple shape memory effect
as the T, region turned from 45 °C to 125 °C. Grafting of the PU
chains onto the poly(vinyl alcohol) (PVA) allowed the polymer
to possess a broad T, range from 25 °C to 75 °C.°* Further-
more, this polymer showed a water-induced shape memory
effect in the shape recovery process. The PVA segment con-
stituted a hydrophilic material. Therefore, as the polymer was
soaked in water, it swelled, causing movement of the molecular
chain and resulting in a broader T, range.

For the thermomechanical theory of multiple SMPs, the
broad transition region can be regarded as the collection of a
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continuous sharp peak.” Each sharp peak can be viewed as
an elemental memory unit (EMU) corresponding to the transi-
tion temperature. Only the EMU with T, below the deforming
temperature can be actuated for the programming and recovery
process. Thus, the triple, quintuple, quadruple, and other
multiple shape memory effects are presented as the polymer
possesses a wide range of transition temperatures. T, contri-
butes to the multiple shape memory effects as well.[?¢%]

2.5.3. Multiple SMPs Based on Molecular Switches

The multiple shape memory effect under nonthermal condi-
tions can be based on different molecular switching methods.
A typical example is the incorporation of photosensitive units
into the one-way SMPs. The synergistic effect of the glass tran-
sition and the photoreversible reaction can produce multiple
shape memory effects. Wang et al.**] reported a hyperbranched
polyester containing ester groups and cinnamic double bonds.
The hard cinnamoyl and the soft aliphatic moieties constituted
the polymer backbone, which was responsible for the T, (36 °C
to 64 °C). Besides, the cinnamic double bonds comprised the
polymer’s photosensitive units. In the shape memory cycle,
under the UV light irradiation (4 = 280-450 nm), the polymer
was first deformed into a temporary shape A. Then, it was
heated to 70 °C and deformed into a temporary shape B and
fixed at 20 °C. The multiple shape recovery process was demon-
strated as the polymer was deformed to the temporary shape B
after being heated and irradiated with UV light.

The water-sensitive molecular switch has also been applied
to the design of multiple SMPs. A combination of the thermal-
sensitive and water-sensitive units exhibited triple shape
memory effects.®®! The incorporation of cellulose nanowhiskers
into the PCL network through the mixing of the suspen-
sion was followed by solidification. The polymer chains were
composed of the cellulose nanowhiskers connected via strong
hydrogen bonds, which were affected under an aqueous envi-
ronment. Therefore, it functioned as a water-sensitive unit in
the integrated network. The shape memory programming and
recovery process involved the cooperation of humidity and tem-
perature changes that corresponded to the different temporary
shapes. The full recovery of the temporary shape was achieved
in hot water at 65 °C.

An aqueous environment needs to be applied for the shape
memory hydrogel since the hydrogel must keep moisture
compared to the water-sensitive molecules. A dipole—dipole
reinforced hydrogel consisting of poly(acrylonitrile 2-methacryl-
oyloxyethyl phosphorylcholine) units was fabricated through
copolymerization.’”! Zinc ions in the ZnCl, solution incorpo-
rated with the nitrile lone pair electrons cause the dissociation of
the dipole—dipole pairs. The association and dissociation process
caused reversible shape deformation. Based on this adsorption
mechanism, the temporary shapes were successfully locked
according to the different ZnCl, solution concentrations. Tem-
porary shapes A and B were fixed in 30% ZnCl, and pure water,
respectively. The temporary shape recovered when the hydrogel
was immersed in 50% ZnCl,. This strategy has been extended
to a variety of hydrogel containing the dipole—dipole of cyano
groups. Moreover, the complex structure programming with
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asymmetric structure and potential biomedical applications
have been investigated.

3. Actuation Methods for SMPs and SMPCs

Contact heating is the most conventional actuation method for
SMPs; however, the response rate is quite low for SMPs with
low thermal conductivity. Besides, conventional SMPs have
low storage modulus, low shape recovery speed; therefore, they
should be modified into composites for productive use in var-
ious applications. Herein, we mainly discuss the novel actuation
methods for SMPCs, with the multifunctionality originating
from the functional fillers. These modification processes, which
involve changes in the elasticity, permeability, color, transpar-
ency, conductivity, light sensitivity, and shape recovery proper-
ties, ensure the polymers gain innovative capabilities compared
with the conventional SMPs. Both the thermal and athermal
shape memory actuation methods are introduced. Besides, dif-
ferent SMPCs applications that involve aerospace engineering,
biomedical devices, flexible electronics, soft robotics, shape
memory arrays, and 4D printing have been demonstrated to
gain multifunctionality.

3.1. Electroactive SMPCs

The nonconductivity of dry polymers is commonly reflected
in SMPs. The fabrication of conductive SMPs can be achieved
through the embedding of a variety of conductive factors such
as graphene, graphite, CNTI01% (Figure 8a), conductive metal
particles,2l and conductive polymersl'®l in the SMPs matrix.
Since the external contact heat is unfavorable for most appli-
cations, these fillers change the conductivity of the material,
thereby realizing the remote actuation of shape memory effect
with Joule heat generated by energization.

The three critical steps involved in the preparation of a
conductive polymer composite are building a conductive 3D
network, uniformly doping the conductor unit, and improving
the interface bonding between the conductor and polymer
matrix. Among the conductive fillers, carbon fillers are the most
commonly used in the development of conductive polymer
composites. In 2004, Koerner et al.>¥ achieved electro-stimuli
shape recovery by incorporating CNT into a PU network. The
CNT network enhanced the mechanical property and shape
recovery stress of the polymer composite. In a separate study,
Cho et al.'% introduced conductive carbon fillers, including
carbon black and CNT into the SMPs. The polymer filled with
30% carbon black showed conductivity about 1-107! S cm™, with
the carbon black serving as small conductive particles spread
in the polymer. However, besides taking a 30% weight ratio in
the polymer composite, these particles could not enhance the
strength or toughness of the polymer matrix, making it an
unsuitable approach. Conversely, the polymer filled with 5%
CNT showed conductivity of about 10 S cm™. This is an indi-
cation that incorporating the CNT is a better method since a
lesser content is required, and it can reinforce the materials.
However, to yield better results, CNTs should be uniformly
interspaced in the polymer matrix, especially during the
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Figure 8. a) Molecular structure of graphene, graphite, and a carbon nanotube (CNT). Reproduced with permission.['% Copyright 2018, Wiley-VCH.
b) Fabrication process and shape switching behavior of shape memory polyurethane (SMPU) composites. Reproduced with permission.'®! Copyright
2018, Elsevier. c) Core—shell structure and electro-stimuli shape recovery behavior of PLA-polypyrrole fibers. Reproduced with permission.'3 Copyright

2018, American Chemical Society.

curing process, to avoid aggregation of the CNT5.1%! The sur-
face-modified CNT showed better cohesiveness with polymer
matrix, resulting in the enhancement of mechanical proper-
ties. However, balancing between the interface cohesiveness

Adv. Mater. 2021, 33, 2000713 2000713

and the conductivity of CNT fillers is needed since conduc-
tivity decreases during the surface modification. Wan and
co-workersl!%! incorporated CNT with poly(p,1-lactide-co-
trimethylene carbonate) to form liquid sensors. Besides, the
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effectiveness of carbon nanofiber and graphene in enhancing
the conductivity of polymer composites and their mechanical
performance has been demonstrated.'”1% Coupling vapor
grown carbon nanofiber with poly(ethylene-co-vinyl acetate) has
also been reported by Qian et al.'% Further, the production of
electroactive SMPCs by the embedding of graphene in PU and
PLA has also been reported in detail.'0111]

The incorporation of metal particles such as Ni into the
polymer has been shown to enhance the conductive network
by aligning into conductive chains under the magnetic field.l%
The connection of Ni chains and carbon black particles sig-
nificantly reduces the resistivity, hence achieving the electri-
cally triggered shape recovery. Liu and co-workers!' applied
high-intensity ultrasound to uniform particle dispersion of
antimony-doped tin oxide/TiO, whiskers coupled with the PU
network revealing that shape recovery could be actuated with
70 V DC voltage in 30 s (Figure 8b). In another study, Wang and
co-workers!"?l designed a silver nanowire/melamine foams/
epoxy SMPCs with a 3D conductive network structure. The
shape memory behavior of the SMPCs could be driven with a
low voltage at 3 V in 25 s, which demonstrated excellent elec-
troactive behavior with low resistance compared with most of
the conductive SMPCs. Besides, the pressing of Ag nanowire
substrate with epoxy polymer and PCL layer as well as self-
healing and electroactive properties have been published by Luo
et al.'®l Compared with carbon fillers, metal particles gener-
ally have better conductivity. Further, the metal has completely
different interfacial properties from polymers, making the
incompatibility of metals and polymers a significant challenge.

The development of conductive polymeric composite net-
works has been documented in the literature as well. For
instance, Cho et al.'™ introduced the conductive polypyrrole
(PPy) into the SMPs research by immersing a thin PU mem-
brane into the pyrrole solution. The PPy shell was formed on
the PU membrane with iron ions as catalysts. The resulting
PU/PPy composites showed conductivity of 102 S cm™, and
the electroactive shape memory behavior was actuated upon
application of 25 V. Zhang and co-workers!'®! further extended
this idea into the nanoscale, where PLA was electrospun into
nanofiber membranes and PPy was synthesized on the surface
of nanofiber under subzero environment by chemical vapor
deposition. Membranes consisting of core—shell fibers were
obtained in the experiment with the overlapping nanofiber,
providing sufficient conductive paths (Figure 8c). Further, they
demonstrated the absence of any side effects in a subzero envi-
ronment. This method improved the membrane conductivity
up to 0.5 S cm™.

3.2. Magnetism-Driven SMPCs

Unlike the direct shape memory driving method, the mag-
netic field is an indirect way of triggering the shape memory
behavior. Most of the magnetism-driven SMPCs are based
on the embedding of the magnetic particles into the SMPs,
typically ferrite and soft magnetic materials, which can generate
Joule heat under the magnetic field to cause shape recovery.
A Nafion/Fe;0, composite membrane whose shape memory
effect was combined with a controllable magnetic trigger was
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reported by Zhang et al.'® They recorded surface temperatures

of about 3840 °C, which were close to the average body tem-
perature. Since the Fe;0, particles formed visible boundaries
with the polymer matrix, the surface modification was required
to improve the ferrite oxide distribution and incorporation into
the polymer. Lendlein et al.”) further integrated the oligo(a
pentadecalactone) with the magnetic particles. The integrated
nanoparticles were crosslinked with polymer precursors during
the curing process. Gong and co-workers['!l also incorporated
the ferrite oxide particles into CNT through B-cyclodextrin func-
tionalization, where the incorporated particle was first dissolved
in PCL solution before being electrospun into a nonwoven
nanofiber. These methods improved the magnetic particle
compatibility in the polymer matrix. Furthermore, Ze et al.'V]
reported SMPCs that required the shape programming process
without stress. In such a case, the Fe;0, and NdFeB microparti-
cles were embedded in an acrylate-based SMPs, and they corre-
sponded to their respective magnetic fields and induced heating
and shape deformation separately (Figure 9a). Besides, the
SMPCs were capable of fast and reversible shape transforma-
tion. Testa and co-workers!"®! further demonstrated the use of
magnetic fluid as a magnetic material by encasing the magneto-
rheological fluid liquid droplets into a poly(dimethylsiloxane)
(PDMS) matrix based on emulsion procedure. A thermal,
reversible, and rapid shape memory behavior was actuated
with microstructural transformation under the magnetic field
(Figure 9b). A magnetic field is an ideal approach to triggering
the shape memory effect since it can penetrate deeply into the
bulk polymer. However, compared with the electricity-triggered
SMPCs, the magnetism-driven SMPCs require a strong mag-
netic field to generate enough Joule heat, which is unfavorable
for the human body.

3.3. Light-Driven SMPCs

Development of SMPCs whose shape memory effect is driven
by visible light and infrared (IR) radiation can be achieved by
the embedding of gold nanomaterials in the polymers. After
crosslinking small amounts of Au particles with poly(ethylene
oxide) (PEO) network, Zhang and co-workers!" reported
SMPCs with light-triggered shape memory effect and self-
healing property. The shape memory effect characterized by laser
exposure (A= 532 nm, 7 W cm™?) was actuated by the increase
in temperature occasioned by the photothermal conversion of
the Au particles. Guo and co-workers1?%! incorporated the gold
nanoparticles into the poly(p,r-lactic acid) as well (Figure 10a).
Besides, similar phenomena have been found in SMPCs with
gold nanorod embedded.'?'122] In a separate study, Fang and
co-workers(12%l used organic rare-earth complex for light absorp-
tion. Yb(TTA);Phen and Nd(TTA);Phen demonstrated selective
photothermal conversion effect under near-infrared (NIR) light
of 980 and 808 nm, respectively. Additionally, the incorporation
of the organic rare-earth complex into poly[ethylene-ran-
(vinyl acetate)] (PEVA) provided selective NIR light-responsive
SMPCs. Earlier research has also indicated that CNT is capable
of inducing shape memory response under infrared source.>
With the silver nanoparticles grafted on cellulose nanocrystal,
an SMPC with rapid IR response was fabricated by Toncheva
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Figure 9. a) Working mechanism of magnetic shape memory polymers (SMPs). The polymer is stiff at room temperature, and it can be softened with a
tunable shape under the magnetic field. Reproduced with permission.["l Copyright 2019, Wiley-VCH. b) 3D reconstruction of the internal two different
phases inside the material obtained from tomography data. Reproduced with permission."® Copyright 2019, Wiley-VCH.

et all’4 (Figure 10b). Selective shape memory-driven SMPCs
can be achieved by the design of polymers with fillers at dif-
ferent absorption wavelengths, which are vital in complex
optical environments. Wu et al.'?l reported a carbon dot/PVA
composite fluorescence shape memory hydrogel capable of trig-
gering the shape recovery process under UV light irradiation
from the fluorescence quantum yield of carbon dots. Wang and
co-workers(12%] characterized the shape memory behavior at the
nanoscale by tuning the polarization direction of linearly polar-
ized light (Figure 10c). Since shape memory transition driven by
visible light and IR radiation is based on the photothermal con-
version effect and requires deep light penetration and proper
particle distribution, its application in a bulk polymer is diffi-
cult. The particle concentration ought to be carefully controlled
since both the difficulty in dispersion and the high concentra-
tion of nanofillers impede light penetration.

As the electromagnetic wavelength increases, the light
turns from visible into the microwave, which follows the same
absorbing principle as light. The carbon-based material then
transforms the microwave into heat vibration. Yu et al.l'¥’]
incorporated the CNT with shape memory resin, successfully
inducing the shape memory effect with microwave radiation
(40 W, 2.45 GHz). The relationship between microwave absorp-
tion ratio, microwave frequency, and CNT concentration has
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also been studied. Kalita and co-workers!'?®! loaded the Fe;0,
nanoparticles on CNT by surface modification, and synthesized
the crosslinked CNT/Fe;O, with hyperbranched polyurethane.
The resulting thermoset composite showed an excellent shape
memory property under the microwave.

3.4. Solution-Driven SMPCs

In 2005, Huang et al.'?’l reported a unique shape memory
phenomenon of polyurethane wire. Unlike the conventional
heating recovery, the polyurethane could revert to its original
shape after immersion in water for 30 min under room temper-
ature through a phenomenon known as the plasticization effect.
During the immersion, water molecules were absorbed into the
polymer chain, which in turn softened its molecular interaction
through hydrogen bond and then triggered the swelling process,
thus decreasing the polymer T,. Subsequently, the PU wire fully
recovered without any external heating. For the SMPs research,
the shape memory effect with the nonthermal heating process
and without chemical reactions is a novel area that deserves
further exploration.®” Du and Zhang!™®! studied the swelling
effect on shape memory crosslinked PVA through the deforma-
tion of the PVA sample under 80 °C in the dry state. The sample
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Figure 10. a) Poly(p,L-lactic acid) particles were fabricated encapsulating hydrophobic lipid stabilized gold nanoparticles followed by stretching under
low and high temperatures. Reproduced with permission.['?% Copyright 2018, American Chemical Society. b) Poly(e-caprolactone) (PCL)-based shape
memory polymer (SMP) actuated upon infrared (IR) illumination. Reproduced with permission.'?!l Copyright 2018, American Chemical Society. c)

Schematic illustration of change of polymer chain conformations in a two-phase system of shape memory porous film. Reproduced with permission.

Copyright 2018, Wiley-VCH.

returned to the original shape after immersion in water for
45 min under room temperature. The differential scanning calo-
rimetry (DSC) measurement demonstrated that the T, of PVA
decreased sharply in water. Liang et al.3 developed a smart
hydrogel with high stretchability, self-healing property, and
shape memory behavior. The hydrogel was made from the inter-
penetration of the network structure comprising polyacrylamide
and phenylboronic acid grafted alginate, and its shape memory
behavior was characterized by dehydration and rehydration.

Although plasticization has been shown to work for hydro-
philic polymer,’33] the water molecules have failed to intrude
into the network of hydrophobic polymers. Therefore, the addi-
tion of hydrophilic fillers is an ideal way to enhance SMPCs
plasticization further. Zhou and co-workers™! incorporated
microcrystalline cellulose into the PLA matrix that was biocom-
patible. This resulted in the shape recovery temperature of PLA
from 70 °C to 37 °C in water, which was suitable for biological
applications. Wang et al.'*¥ introduced sodium dodecyl sulfate
(SDS), an amphiphilic molecule with the ability to adsorb water
molecules into an epoxy SMP. Diffusion then caused epoxy/
SDS composite’s initial shape recovery after 30 min in water.
The shape recovery behavior and storage modules can be opti-
mized by adjustment of the SDS concentration.

pH-induced shape memory response based on the protona-
tion and deprotonation process was also reported in SMPCs by
Han and co-workers in 2012.1%°! They combined modified algi-
nate with f-cyclodextrin and diethylenetriamine that worked as
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switchable segments. The resulting polymer composite became
soft and easy to deform in an aqueous solution with pH 7 When
the polymer was bent and quickly placed into a solution with
pH 115, it maintained the temporary shape perfectly. However,
when placed back in pH 7, the polymer returned to its initial
shape after 2 min. Since it is biocompatible, biodegradable,
and pH 7 is close to human body fluid, this polymer composite
has shown great potential in biomedical devices. Zhou and co-
workers!3¢1%] demonstrated other pH-induced SMPCs. Khoury
and co-workers!!*l reported a shape memory effect of a protein-
based hydrogel, which consisted of bovine serum albumin. The
protein hydrogel could stay in an immobilized programmed
shape in tris(bipyridine) ruthenium (II) chloride solution. How-
ever, transferring the protein hydrogel to a guanidinium hydro-
chloride solution led to the loss of stiffness and shape recovery.
A multiresponsive hydrogel could be triggered with moisture,
and the pH value was demonstrated by Zhang et al.'*? Two
interpenetrating polymer chains consisted of polyacrylamide,
and phenylboronic acid grafted alginate gave hydrogel high
stretchability and excellent self-healing property['*?l (Figure 11).

4. Recent Advances in Applications of SMPs
and SMPCs

Controllable active deformation makes SMPs and SMPCs capable
of carrying different components from nanoscale to macroscale.
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Figure 11. a) Deformation process of Janus assembly containing hydrogel and hydrophilic PDMS during dehydration and rehydration. b) Diverse pat-
terns of plastic flowers. c) The reversible shape memory effect occurring in the presence of Ca? can be erased by immersion in EDTA-2Na solution.

Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).

Copyright 2015, The Authors, published by Wiley-VCH.

SMPs/SMPCs-based deployable spacial structures, drug release
systems, and 4D printing have been intensively developed. The
combination of shape memory behavior and microphase struc-
ture transition can achieve the tunable transparency and color
control for SMPCs. Besides, self-healing is achieved as the
polymer transforms from a hard state to a soft state.

4.1. Aerospace Engineering

SMPCs are lightweight, low-cost, and able to produce active defor-
mation, which are essential characteristics for use in aerospace
engineering, especially in deployable structures.!'>B% Typical
examples include SMPCs hinges, gravity gradient booms, deploy-
able panels, "l (Figure 12a) and reflector antennas. Unlike
the traditional metallic hinges!'*? that take up a lot of space and
weight, SMPCs hinge reinforced with carbon fiber plain-weave
fabrics have been developed™**I (Figure 12b). Shape recovery
experiment for analyzing the feasibility of the hinge showed that
the hinge displayed a shape recovery ratio of about 100%, and
could actuate a prototype solar array during the shape recovery
process. In satellites, gravity gradient booms are the main com-
ponents that support the tip payloads. Conventionally, such
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booms as extendible booms and collapsible truss booms are
mainly actuated by motors. Zhang and co-workers514] devel-
oped an SMPC truss boom consisting of 18 pieces of laminate
tapes that could effectively replace the conventional booms.
The epoxy-based SMPCs truss boom was programmed to an
“M” shape before the experiment; the boom could be gradually
deployed at 80 s during the shape recovery testing. Addition-
ally, the SMPCs-based hinges and booms can be connected with
other aircraft components to create different deployable struc-
tures such as solar arrays and antennas, which should be packed
prior to launching and release in the space. For example, Herath
et al." fabricated a step deployable solar panel array for satel-
lites (Figure 12c). The solar panel was capable of producing step
shape recovery under light irradiation. Liu et al.*¥] designed an
integrative self-deployable hinge for a gripping device and multi-
angle imaging system, which adopted symmetric arc-shaped
laminates to save the complex mechanical connections. Simula-
tion result at 100 °C was demonstrated, indicating different levels
of maximum von Mises stress distribution as the bending angle
altered (Figure 12d). Furthermore, a smart “bamboo” releasing
system that applied a bilayer cylinder structure to release payload
under mechanic vibration stably was developed by Wei et al.l'*’]
To further develop the extensive scale payload deploy system, a
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Figure 12. a) A fabricated specimen of the scissor mechanisms and of the origami substrate in both collapsed and expanded configurations, showing ten
times change in area. Reproduced under the terms of the CC- BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0)."0 Copyright 2019, The Authors, published by American Physical Society. b) Model and dimension of the lenticular collapsible composite
tube. Reproduced with permission."l Copyright 2019, Elsevier. c) Deployable solar panel array for a satellite with step recovery under near infrared (NIR)
irradiation. Reproduced with permission.l Copyright 2018, Elsevier. d) Multiple-shape recovery behavior of the self-deployable structure and von Mises
stress distribution bent with different angles I: folded configuration, II: first hinge recovery, I11: second hinge recovery, 1V: third hinge recovery, V: fourth hinge
recovery. Reproduced with permission.8 Copyright 2018, Elsevier. e) The configuration of Mission SMS-I, I: packed configuration, I1: deployed configura-
tion, 111: oblique view of the first observation, IV: oblique view of the third observation. Reproduced with permission.[>3 Copyright 2019, IOP Publishing Ltd.

complex cubic deployable support structure was constructed
by Li et al.® Its repeatable cubic unit consisted of SMPCs,
and connectors could be assembled into the support structure
to meet diverse requirements. Zhang et al.®! demonstrated
an ultra-lightweight releasing system integrated with resistant
heaters. An ultra-lightweight releasing system capable of working
under 3 V DC was introduced to the solar array deployed on a
CubeSat. The multiple shape programming test and vibration
test were carried out to evaluate the feasibility of the releasing
system. During the BION-M1 mission in April 2013, the shape
memory experiment was carried out with an epoxy foam in the
space environment!®? indicating that applying a porous SMP
structure was accessible for aerospace technologies. The SMPCs
could be used as structures to support such functional compo-
nents making them deployable in a space environment. In 2016,
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sunlight-stimulated shape memory substrate, known as Mission
SMS-1, was launched to the geostationary orbit with an experi-
mental satellite for deployable and long-term anti-cosmos irradia-
tion experiments.’>l The Mission SMS-I is one of the Chinese
pioneering orbital experiments on SMPCs and the world’s first
SMPCs space flight experiment in a geostationary orbit. The sub-
strate was able to revert from a bent shape to a flat shape under
sunlight and it recorded a recovery ratio of almost 100% after
13 days of its launch. Besides, the straight flat configuration was
maintained for 8 months without any visible cracks (Figure 12e).

The performances of SMPCs during ground-simulated space
environments, including high vacuum, thermocycling, cosmos
irradiation, and atomic oxygen, have also been studied to verify
their reliability.”® In a long-term study of UV radiation and
thermo-cycling effect, Tan et al.>* applied 80-240 h UV radiation
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and —100 °C to 100 °C thermocycling to the shape memory
epoxy. The maximum total mass loss was below 1% while the
mechanical property improved, indicating the epoxy’s excellent
resistivity to the UV radiation and thermocycling. Jang et al.
further studied the property change of carbon fiber-reinforced
epoxy with UV light irradiation under a vacuum state.>®! The
experiment demonstrated that the storage modulus increased
initially as the UV light induced the crosslinking of polymers
and it decreased during more protracted irradiation. Notably, a
higher shape recovery stress was observed with little change in
the shape recovery ratio under 21 h of vacuum UV irradiation.
Leng et al.™ also reported the effect of atomic oxygen on
epoxy-based SMPs. The results indicated that the atomic
oxygen had little influence on the storage module and transi-
tion temperature, but the mechanical property decreased due to
microcracks caused by atomic oxygen erosion.

Aircraft morphing is the smooth transformation from one
structure configuration to another configuration. Current mor-
phing aircraft materials involve shape memory alloys, piezo-
electric materials, electroactive materials, and SMPCs. SMPCs
are considered suitable materials to achieve the morphing
of aircraft due to the distinct changes in stiffness and light-
weight.1°815 Keihl et al.'®%] investigated the possibility of using
SMPCs as morphing aircraft structures. Based on testing results
of the shape memory and mechanical properties, SMPCs showed
the excellent potential to work as a skin material. A variable
camber morphing wing structure was developed by Sun et al.'61
The shape memory morphing skin served as both a shape-
changing unit and the aerodynamic fairing. In further research,
20 vol% elastic fiber was embedded into the pure SMPs matrix
giving the shape memory wing improved toughness, enhanced
strength, and reasonable shape recovery rate.l'®? The research
indicated that the cambered wing with SMPCs is the skin-real-
ized morphing to induce airplanes to take off and land.

4.2. Biomedical Devices

The active deformation ability has increased SMPCs’ applica-
tions in the biomedical fields, such as surgical and vascular
applications for the replacement of hand-held surgery instru-
ments.'% In 2002, Lendlein et al.'® developed a biodegrad-
able SMPs surgery fiber prototype that would be heat-induced
to shrink and tighten the wound after suturing (Figure 13a). In
their study, Ortega et al.'% developed a shape memory foam
for aneurysm treatment. The foam was initially compressed
during the shape programming process and then transferred
to the aneurysm by a catheter. The foam then expanded and
filled the distended intracranial aneurysm during the shape
recovery process. In a subsequent aneurysm occlusion in vivo
test in a rabbit elastase model, Herting et al.'%®l found that a
coil coated with a porous SMP foam could promote neointima
formation in the aneurysm neck, which in turn led to a full
recovery. Metzger et al.'®l also demonstrated the treatment of
ischemic stroke by pitching through the blood clot with a cath-
eter containing SMPs wire. After the SMPs wire was pushed
from the catheter into the clot, it recovered a coiled state; hence
to pull the clot out and relieve the ischemia became easier.
Maitland et al.1®l investigated a microgripper with laser jaws
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activated by SMPs. The microgripper could be positioned with
a catheter, thus releasing the captured device inside the vas-
cular. In another research, Maitland et al.'®®! used an SMPs
dialysis needle adaptor to reduce thermodynamic stress. The
expanded SMPs adaptor had a tubular shape; hence it could
be deployed and retrieved by the dialysis needle. The compu-
tational simulations and prototype in vitro model showed that
the expanded SMPs adaptor reduced the hemodynamic stress
on a graft wall, and this might prevent graft failure. Melocchi
et al.l”% embedded an expandable helix SMPs structure into
capsules to develop a potential gastric device that expanded
to the original shape in aqueous fluids at 37 °C. A 4D-printed
biomedical occlusion device designed by Lin and co-workers!"”!
was used to treat the atrial septal defect. An in vivo feasibility
study under a magnetic field was applied to the transformation
of the occlusion device (Figure 13b). In a separate study, Wache
et al.l”2l developed the SMPs-based stent that could be inserted
into the blood vessel. Compared with the conventional narrow
metal stent, the polymer could expand after insertion into the
specific area, thereby allowing better blood circulation.l”?l Shin
et al."73] successfully grafted a shape memory tube into the por-
cine femoral artery with a diameter of less than 3 mm. The sur-
face modification and diffuser design were based on computer
modeling to minimize the tissue damage; in addition, because
of the shape memory effect, the physical occlusion caused by
thrombosis was prevented (Figure 13c).

SMPs have also been applied in surgical procedures. Buckley
et al.l” fabricated SMPCs in flower and collapsed shapes with
Nickel Zinc ferrite loaded. The device was able to expand when
exposed to a fluctuating magnetic field. Particle loading of up to
10% volume content could help achieve the fast shape recovery
response. In another study, Yamagishi et al.'””! investigated an
ultrathin shape memory nanosheet that could be injected with a
syringe and later unfold in 37 °C water. The nanosheet guided by
a neodymium magnet in the water employed a bilayer structure,
which involved a magnetic particle embedded in the polymer
layer and poly(lactic-co-glycolic acid) layer. Conventional surgery
devices such as a suture or stent need direct heating, which is
not applicable inside the human body; therefore choosing an
appropriate deforming stimulus method is necessary. Remote
actuation usually involves the embedding of different fillers that
can diffuse into the blood, followed by polymer degradation.
Therefore, biocompatible fillers deserve to be explored further.

The controllable drug release system can also be developed
with SMPCs. Unlike surgical devices, the SMPCs encapsulate
and release the actuator in a drug release system. Typically, the
drug is loaded in SMPCs after being immersed in a drug solu-
tion. Once the polymer swells in water and drug molecules fill
the SMPCs, the drug-loaded SMPCs are then obtained after
subsequent drying.7®! Wischke et al.l'””l evaluated the suit-
ability of the SMPs matrix in the drug release system. Drugs
such as enoxacin, nitrofurantoin, and ethacridine lactate were
dispersed into different organic solutions with the polymer. The
results revealed that the incorporation of drugs into the polymer
network did not affect the T, and mechanical properties of the
polymer. Serrano et al."”® reported a biodegradable hydroxyl-
dominant polydiolcitrate whose shape recovery could be induced
from 22 °C to 36.6 °C. They loaded dichlorofluorescein on the
polymer by swelling it in ethanol and distilled water before
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Figure 13. a) Degradable shape memory suture for wound healing. An animal experiment showed the shrinkage of the fiber with increasing tempera-
ture. Reproduced with permission.4 Copyright 2002, American Association for the Advancement of Science. b) Schematic illustration of the atrial
septal defect prototype after interventional therapy with an occlude. Reproduced with permission.[”!l Copyright 2019, Wiley-VCH. c) I: Schematic illustra-
tion of shape memory polymers (SMPs) vascular graft with a diffuser design to minimize the formation of disturbed flow, II: linear-design (control)-like
minimization of disturbed flow formation in a diffuser design was visualized in comparison with a direct stepped design through the flow of red fluo-
rescent microbeads in PDMS bioreactors, Il1: cross-section of haematoxylin and eosin (H&E) on day 18 after grafting of SMPs test tubes Reproduced
with permission.[73l Copyright 2019, Wiley-VCH. d) A potential application to a ureter stent. Ureter stents were deployed after being placed in the right

position with water heating. Reproduced with permission.['®% Copyright 2009, Wiley-VCH.

studying the controllable drug release behavior and the influ-
ence of molecule structure. Theophylline was crosslinked with
branched oligo(e-carprolactone) by Nagahama et al.'”?! with the-
ophylline ratios of 10% and 20% being dissolved in hexameth-
ylene diisocyanate and oligoglycerin, respectively. Then, it was
cast into a film. After subsequent drying, the drug was loaded
in the polymer network chain. The resulting polymer demon-
strated biodegradability and shape memory properties. In addi-
tion, a rapid temperature-sensitive shape recovery was displayed
as temperature increased from 37 °C to 39 °C. Neffe et al.'8%
studied the relationship between shape recovery and drug
release process by conducting drug swelling and crosslinking
experiments on the same polymer to analyze the difference
in drug diffusion and shape recovery (Figure 13d). The result
revealed that the crosslinked hydrophilic and hydrophobic drug
did not affect the shape recovery; the drug release could be
separated from the shape recovery process with minimal inva-
sive implantation, and drug diffusion could be independent of
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the biodegradation. Besides, Zainal et al.'™ demonstrated an
SMPCs drug release system where drugs and the SMPCs com-
ponent were separate entities. In their study, bulk SMP sealing
with a drug reservoir was connected with a Cu resistor heater
so that once the external electromagnetic field frequency was
tuned to the resonant frequency of the heater, bulk SMP was
activated with the drug being released into the environment.

4.3. Flexible Electronics

SMPs-based flexible electronics has become an attractive area
of research. SMPs are flexible and can be combined with
electronic devices as the substrate. As the temperature reaches
T,, the SMPs substrates are softened to adjust to the rigid elec-
tronics. Besides, these metal-free SMPs electronics can main-
tain stable properties after multiple bending-recovery tests,
which is necessary for wearable devices. Yu and co-workers!18?]
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Figure 14. a) Demonstration of the setup for strain testing and shape memory polymer (SMP)-based triboelectric nanogenerators. A smart splint
system capable of producing green/red signals under different motion states is presented. Reproduced with permission.3 Copyright 2018, Wiley-VCH.
b) An organic thin-film transistor coated with SMP conforms to the body tissue of a living rat after being implanted for 24 h. Reproduced with permis-
sion.l88 Copyright 2014, Wiley-VCH. c) Photographs of a 12.5-um-thick polyimide substrate with functional organic thin-film transistors and organic
complementary circuits. The array has an area of 75 x 75 mm?. Reproduced with permission.'®l Copyright 2010, Springer Nature. d) Step shape
recovery process of a shape memory substrate with different Morse codes according to diverse actuation methods. Reproduced with permission.['4
Copyright 2017, American Chemical Society. e) Stress-induced, mechanically colored images with an invisible quick response code and erasing and
rewriting letters. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/

licenses/by/4.0).%1 Copyright 2018, The Authors, published by Springer Nature.

fabricated highly flexible silver nanowire electrodes using
transparent polyacrylate substrates. A composite with low sur-
face resistance and able to be bent multiple times was used to
replace the conventional ITO substrate of a light-emitting diode
device. A similar approach was employed to fabricate a CNT/
poly(tert-butyl acrylate) (PtBA) composite with a glass transi-
tion at a temperature of around 56 °C.'%3 The resulting flex-
ible light-emitting device could be stretched up to 45% linear
strain without losing the electroluminescent properties. Adiyan
and co-workers'® introduced the transduction property of the
SMPs into the uncooled IR sensor. A phase transition behavior
was connected with IR absorbing, and resonators based on
SMPs successfully developed. These resonators were capable
of working under the atmospheric pressure and vacuum
environment. Furthermore, microelectrode arrays with a
10 X 10 mm? large area and 126-channel high-density electrodes
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were formulated based on shape memory substrates by Wang
et al.'®] These arrays were capable of deforming and unfolding
at 37 °C, which was suitable for invasive implantation. Liu and
co-workersl®! developed an SMP-based wearable electronics
for harvesting energy and mechanic sense (Figure 14a). Briefly,
a conductive liquid was sealed in the polymer shell to build a
mini capacitor, which could light 150 green LEDs when being
tapped. A smart wrist splint was designed based on shape
reprogrammable features to fit human knuckles.

SMPs-based biological electronic devices require completely
different materials for medical ones. Biological electronic
devices require undegradable and nontoxic materials since
they are associated with the human body. As a result, PLA, PU,
and PCL are not recommended during the fabrication of these
devices. Traditional silicon-based organic electronics are flexible
but show poor stability during chronic implantation. However,
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thiol-ene/acrylate SMP is the ideal substrate for the fabrication
of biological electronic devices. A thiol-ene/acrylate was synthe-
sized by UV light-induced photopolymerization in monomer
solution by Ware et al.™® The resulting polymer showed a T, of
around 70 °C, although this T, could be reduced to 37 °C under
the plasticization effect in physiological conditions. This tem-
perature, which is close to that of the human body, was suitable
for biological use. These properties make the thiol-ene/acrylate
polymer suitable for generating implantation devices since it
can be inserted in a rigid stage and be softened, ensuring the
applicability of the device to tissues. Reeder and co-workers(!#!
reported a change of a thiol-ene/acylate-based organic transistor
after implanting it into a living tissue after 24 h (Figure 14b). A
thiol-ene/acrylate-based nerve cuff was also reported by Ware
et al.®®) This nerve cuff was capable of recovering the orig-
inal helix shape in vivo, while external heat was not required
during the recovery process, which is essential for a biological
device. The nerve cuff was reported to stimulate neural activity,
including heart rate and oxygen saturation. Stiller and co-
workers!™ reported an intracortical probe for neural recording
and electrochemistry. The generated IC-5-16E device was fully
encapsulated in thiol-ene/acylate polymer, and a 13-week in
vivo experiment was performed to assess the chronic intracor-
tical recording and electrochemical stability of the device. In
addition to these devices, Sekitani and co-workers™®! gener-
ated a flexible organic transistor (Figure 14c). Here, a pressure
sensor array was fabricated on a NIPPON MEKTRON shape
memory substrate to detect changes in physical and chemical
properties inside long, narrow tubes. Furthermore, Zhang and
co-workersl? designed twining electrodes based on SMPs
for nerve stimulation and recording. Summarily, a conduc-
tive mesh layer was indented on the SMP substrate, followed
by shape twisting at 37 °C on the vagus nerve. Self-climbing
behavior occurred as the twined electrode was reheated at body
temperature.

The aforementioned methods focus on the use of SMPs as
a substrate for the encapsulation of electronic devices, or as
sensors to detect external changes under chemical or physical
stimuli. SMPs can also work as information carriers, without
additional electronic elements. Pretsch and co-workers(%}]
reported an SMP-based QR code with poly(ester urethane)
and epoxy as the primary material. Here, the authors reported
the use of CO,-laser ablation technique to engrave QR codes
onto the polymer surface. The resulting QR code was capable
of elongating up to 100% for multiple cycles and working as
an information carrier. Li and co-workers®™ combined dif-
ferent Morse codes in one epoxy-based SMPC (Figure 14d). The
epoxy substrate was divided into four separate areas containing
Fe;0,, CNT, p-aminodiphenylimide, and neat epoxy polymer.
Each Morse code had its corresponding embossed area, and
the stimulus under UV light, electromagnetic, and radiofre-
quency fields activated the corresponding areas according to the
embedded material. At a macro scale, Zhang and co-workers!'%’]
manipulated the complex stress distribution in different SMP
films using an inkjet printer. The partial plasticity control by
digital grayscale photothermal effect resulted in stress-induced
mechanically colored images, while invisible stress converted
to visible mechanical color under polarized light (Figure 14e).
The SMPs endow electronics with further functionality and
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make them capable of working in different environments with
a more straightforward preparation step compared to conven-
tional electronics.

4.4, Soft Robotics

Robots are designed to imitate human behavior and extend
human capability limits. Traditional robots are usually bulk,
heavy, rigid, and not capable of interactions with humans. A
variety of novel materials have been discovered, promoting the
development of soft robotics and bringing new possibilities in
solving problems that could, otherwise, not be addressed by
conventional rigid robots. These soft robots are made of com-
plex elastomers and polymers, characterized by lightweight,
low cost, high flexibility, and mechanic compliance. Until now,
a variety of soft robots, including gripper, actuator, crawling
robot, and other complex ones, have been developed based on
inflectable SMPCs. These robots have great potential to com-
plete complex tasks, such as drug delivery, search and rescue,
and acting as human assistants.

LCEs are considered promising smart active materials
for the fabrication of soft robots due to their flexibility and
reversible shape memory. Generally, these robots consist of
thin LCE films combined with electric or magnetic segments.
Xiao and co-workers!®! fabricated different electrically pow-
ered LCE structures including gripper, crawling machine, and
walking robots by laminating LCE films with flexible Kapton
and embedding a resistive wire in between them. Complex
shape morphing was demonstrated due to the different pro-
grammed 3D LCE structure. For the photo-activated crawling
soft robot, switching of the localized light onto the photosen-
sitive polymer substrate helped realize the reversible bending
of the robot to produce locomotion. A bilayer soft inchworm
robot consisting of LCE membranes and PE substrates was
developed by Yamada et al.'®l The robot motion induced by
switching of UV and visible light was also characterized. A
photo-sensing artificial muscle consisting of carbon black-
filled LCEs was developed by Wang et al.'”’l The soft robot was
capable of autonomous sensing and locomotion under light
and heat stimulation. Rogdz and co-workers(® fabricated a
light-driven caterpillar soft robot, in which a single LCE film
with controlled photo-induced polymerization was synthesized
as the main body. The changing of the laser excitation state
enabled reversible localized shape deformation, resulting in
crawling, climbing, and squeezing. LCEs are suitable for artifi-
cial muscles because they have similar performance to human
muscles. However, this also limits their use in high-intensity
applications since LCEs generally have poor mechanical prop-
erties. Recently, soft robots based on reversible semicrystalline
polymers were reported. For instance, Xu and co-workers!'®®!
incorporated CNTs in a poly(ethylene-co-octene) matrix to fab-
ricate a walking robot that could be driven with a low voltage
(£36V) or IR light irradiation. Yang and co-workers! synthe-
sized cis-1,4-polybutadiene-PE copolymer and used it to develop
a semicrystalline polymer-based walking robot (Figure 15a). IR
light penetration into the polymer resulted in localized seg-
ment contraction and made the light-driven soft robot walker
accessible.
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Figure 15. a) Schematic illustration of a light-driven walker upon turning on and off near infrared (NIR) light. Reproduced with permission.l

Copyright 2019, Wiley-VCH. b) Demonstration of high load capacity and good shape adaptivity by a versatile gripper equipped with three fast-response
and stiffness-tunable actuators. Reproduced with permission.2°l Copyright 2019, Wiley-VCH. c) Schematic of the robot, which is mainly composed of
a microcontroller, battery, and four liquid crystalline elastomer (LCE) tubular actuators. Reproduced with permission.2%5 Copyright 2019, The Authors,
published by American Association for the Advancement of Science (AAAS). Reprinted/adapted from ref. [205] © The Authors, some rights reserved;
exclusive licensee American Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License
4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/. d) Illustration of finite-element simulations and propulsion of bistable shape memory
polymer (SMP) muscle in hot water. Reproduced with permission.?”] Copyright 2018, published by National Academy of Sciences.
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Shape memory gripper is a simple soft robot that can pro-
duce grifting and lifting actions. It only requires programmed
bending and recovery behavior from the polymers, making it
easy to be built by a variety of SMPCs with desired mechan-
ical properties. Wei and co-workers?% built an electroactive
hybrid gripper based on direct 3D printing. Printable PLA/
CNT/Ag ink with high electricity (>2.1 x 10> S m™) made the
gripper capable of producing rapid responses at different volt-
ages. Zhang and co-workers?*!l embedded SMPC layers into
a 3D-printed pneumatic soft actuator when designing a fast
response gripper (Figure 15b). The stiffness-tunable robotic
gripper could lift objects weighing between 10 g and 1.5 kg
within 32 s. In addition, a mini multimaterial gripper fab-
ricated by 4D printing technology was demonstrated by Ge
et al.2%2] 1t could lift a screw upon shape deforming. Compared
to one-way shape memory, a two-way shape system is preferred
in soft robots owing to the necessity of repeatable actions. A
reversible shape memory gripper developed by McCoul and co-
workers(2%%] consists of conductive SMPC electrodes with three
independently controlled segments and is capable of lifting a
load of more than 30 g at 300 V. Jin and co-workers(® used the
origami technology to fabricate a variety of soft robots by incor-
porating esters and cinnamates into the crystalline PU network.
The crosslinked structure was stretched with UV irradiation
to increase network anisotropy, which is crucial for creating
a reversible SMP. Consequently, different origami uni-bots
capable of transforming their shapes between 0 °C and 80 °C
were successfully created. Moreover, a magnetic and photo-
controlled grabber was developed by Liu and co-workers,204
in which simultaneous magnetic actuation and photothermal
heating realized reconfigurable soft robots based on SMPCs.

The soft robot that could produce complex motion states
was demonstrated by He et al.l?%! Tubular LCE embedded with
heating wire was designed to produce multidirectional move-
ment. Through the introduction of a microcontroller to the LCE
actuator, a multimodal soft robot capable of remote control was
created (Figure 15c). A bistable shape memory actuator was
reported by Chen and co-workers??*! and designed with acti-
vation and load-bearing capability to operate as the basic unit
for driving robot motion. During further research, a swimming
robot with the bistable shape memory muscle was designed,*”’]
which could produce sequential and directional propulsions
upon different shape programming procedures according to
changes in the surrounding water temperatures (Figure 15d).
The autonomous cargo-delivery capability was also demon-
strated as the swimming robot navigated back and forth to the
deployment point.

4.5. Shape Memory Arrays

Shape memory arrays that consist of repeat units such as cyl-
inders, cuboids, prisms, cones, and polyhedral can be fabri-
cated by silica molding, nanoindentation, or localized laser!2%8!
(Figure 16a). Altering the arrangement and intervals of the
repeat SMP units will significantly affect SMP topography.
Recently, research efforts have focused on wettability and
control of adhesiveness in SMP substrates by the controllable
shape memory array. For example, Chen and co-workers(20%-210]
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investigated the wettability of SMP pillar arrays made by epoxy
resin and found changes as the pillar structure turned from
tilt to flatten upon shape transition. Meanwhile, Cheng and
co-workers?!!l achieved control of droplet motion on a hydro-
phobic surface by controlling the shape of SMP pillars at a
microscale level. This was done by the creation of a repeatable
switch between superhydrophobic isotropic and anisotropic
SMP pillar arrays. The tilt angle was a critical factor in real-
izing this behavior. In addition to controlling the water droplet
movement, Lv and co-workers?!2l fabricated an SMP pillar array
with tunable adhesive superhydrophobicity (Figure 16b). They
found that when the space between the pillars was greater than
20 pm, the SMP arrays showed low adhesion superhydropho-
bicity, while a high adhesion superhydrophobicity was achieved
when a pit pillar configuration was applied.

The wrinkled surfaces can be fabricated by pressure inden-
tations on the SMP surfaces above the transition temperature
with prestretching of the SMP, followed by a coating of the
surface metal as the SMP returns to the original shape below
a specific temperature. Then the metal contracts and forms a
wrinkled structure. When the wavelength of these wrinkles is
on the macro scale, structural color exhibits on the surface of
the material?®®l (Figure 16c). Zhao and co-workers?" investi-
gated the structural color of different wrinkle patterns on SMP
surfaces by coating a 10 nm gold layer onto the polyurethane
surface through sputter deposition. The result showed that
the degree of wrinkles strongly depended on the properties of
the thin gold layer and the SMPs substrate, which created dif-
ferent wrinkle patterns (Figure 16d). Ebara and co-workers!*"!
extended the wrinkle wavelength to the nanoscale, which cre-
ated a wrinkle pattern that became transparent at human body
temperature (Figure 16e). Yang and workersi?® studied the
photonic shape memory behavior on a liquid crystalline blue-
phase film by self-assembling a liquid crystal mixture into
the periodic structure followed by UV light crosslinking. Red,
green, and blue colors that corresponded to different levels of
periodicity were displayed. These reflection colors could be
altered and recovered with thermo-induced indentation and
shape recovery process.

Light reflection can be tuned by the application of shape
memory arrays in SMPs as well. Porous surface structures
can be fabricated by silica templating, and the thickness of
the porous layer, as well as pore diameter, is expected to affect
refraction and reflection of light. With the control of structure-
deformation behavior, the color of SMPs porous surfaces can be
changed under different shape stimuli. For instance, Espinha
and co-workers!?""] fabricated an SMP porous membrane that
changed transparency under deformation as samples narrowed
in the direction orthogonal to the stretching axis during elonga-
tion. Fang and co-workers?!®l investigated rewritable photonic
patterns based on shape memory inverse opals by fabricating
a porous multilayer structure with a diameter of approximately
200400 nm. Different micropatterns were written onto the
SMP copolymer membrane with a 1 mm diameter spherical
sapphire tip, while a combination of photonic crystal array
and SMPs made different optic devices available. Wu and co-
workers?"l incorporated monodisperse nanoparticles in a
poly(ethylene terephthalate) (PET) film with stepwise emulsion
polymerization. The core—interlayer—shell nanoparticles were
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Figure 16. a) Shrinkage-growth model of laser-induced self-growing micropillars, I-IV: the schematics of the cross-sectional profile of microstructure
and corresponding scanning electron microscopy (SEM) images. Reproduced with permission.?%®l Copyright 2018, Wiley-VCH. b) Shape memory array
substrate as a rewritable platform for a droplet storage chip. Reproduced with permission.2'l Copyright 2016, American Chemical Society. c) Scheme
of fabrication of biaxial and uniaxial wrinkles. Reproduced with permission.?®l Copyright 2009, Wiley-VCH. d) Surface morphology of uniaxial wrin-
kles. Reproduced with permission.?"l Copyright 2011, IOP Publishing Ltd. e) Schematic illustration of shape memory films with a rewritable surface
on demand by body heat based on utilizing crosslinked poly(e-caprolactone) (PCL). Reproduced with permission.?¥l Copyright 2011, Wiley-VCH.
f) Thermochromic shape memory effects of the red shape memory composite film. The scale bar is 1 cm, I-V: the illustration of the shape recovery
process of red film heated above Ti,ns. Reproduced with permission.'”l Copyright 2019, Royal Society of Chemistry.
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well dispersed in the PET matrix to form photonic crystals. The
reflection color of the photonic crystals/PET composite was
tunable during the shape programming, and recovery process
as the strain changed the lattice spacing (Figure 16f). Xie and
co-workers??%l designed an ink-free rewritable paper based on
ferroferric oxide—carbon core—shell nanoparticle-based photonic
crystal and photocurable acrylate polymer. The reflection color
was switchable under electric field actuation.

4.6. 4D Printing

The technology of 4D printing refers to a novel additive manu-
facturing process with an extra time dimension compared to
traditional 3D printing.??!l Generally, 3D printing is an addi-
tive manufacturing process associated with the digital model.
Differently, 4D printing entails 3D-printed components capable
of shifting from one structure to another with time. The pro-
cess of 3D and 4D printing is, therefore, identical and involves
fused deposition modeling (FDM), stereolithography apparatus
(SLA), and direct ink writing. The critical factor that enables
the transformation of printed components is the material. The
technology of 4D printing can be accessible by the application
of SMPs in 3D printing technology. The printed SMPs can
alter their shape by interacting with external stimuli. In fact,
4D printing combines the advantages of 3D printing and SMPs.
Complex SMPC structures can be designed and manufactured
in a relatively short period, which is important for making
custom tools for biomedical devices, aerospace engineering,
and soft robotics.

Research in 4D-printed SMPs has focused on the syn-
thesis of raw materials, microstructures, printing, and con-
trollable morphology??? (Figure 17a). For instance, Mao and
co-workersl??3 fabricated a two-way reversible actuator with a
multilayer structure consisting of SMPs, elastomer, and hydro-
gels, and designed a printed ladder that could switch into a
bench. Because of the multilayer structure, the transforma-
tion process without shape programming became possible. A
high-resolution 4D printing technology was studied by Ge and
co-workers?2l by applying a photocurable methacrylate pre-
cursor to form complex printed microstructures of up to 1 um
(Figure 17b). This allowed the printing of a variety of SMPs with
controllable thermal stimulus. Zhang and co-workers?? pre-
pared a variety of PLA circular-braided tubes using the FDM
technology, and further characterized the influence of braided
microstructure on shape memory. They also demonstrated
that a braided PLA/silicone elastomer matrix could enhance
the recovery force and ratio. Wei et al.?°l demonstrated the
direct writing of photoresponsive PLA-based ink. The polymer
ink was incorporated with Fe;O,4 showing great potential for
the self-expandable intravascular stent (Figure 17c). Further-
more, Huang and co-workers??%! reported an ultrafast 4D SLA
technology based on digital control of stress on a 2D mem-
brane (Figure 17d). An acrylate copolymer precursor was filled
between two glass slides and a specific area was exposed to
visible light with different periods corresponding to the diver-
sity in crosslinking. The printed 2D film could swell into 3D
structures by careful design of the exposure parameters in the
precursor. This concept of 2D to 3D transformation was also
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adopted by Zhang and co-workers[*?/l who obtained a variety of
3D structures through the printing procedure. Potential appli-
cations of nanophotonic devices and wearable devices were also
demonstrated. Deng et al.??8 reported an open-air 4D printing
system with an SLA technique. Thermoset resin was replaced
by thermoplastic 4-acryloylmorpholine polymer resin during
the printing procedure at a high printing speed. Meanwhile,
the 4-acryloylmorpholine polymer demonstrated shape memory
property at 80 °C and recyclability in water (Figure 17e).

The technology of 4D printing has great potential for con-
necting with other research areas. Currently, a variety of
4D-printed scaffolds are applied to biomedical devices. For
instance, Miao and co-workers??’] fabricated a 4D bioscaffold with
soybean oil epoxidized acrylate by stereolithography. The scaffold
was capable of producing a shape recovery transition. Renew-
able crosslinked vegetable oil has excellent biocompatibility and
can further be developed into medical devices. In addition, Liu
and co-workers?® printed the active PNIPAM and nonactive
polyacrylamide based on direct ink writing and they successfully
transformed the complex shape through the active/nonactive
material distribution area in the 3D tubular structure. These
tubular structures were utilized in vascular stents. A porous PLA
scaffold constructed by FDM printing and incorporated with
bioresorbable hydroxyapatite (HA) nanoparticles was reported
by Senatov et al.?3! The HA particles worked as centers for rigid
phase formation, which impacted shape recovery stress and
ratio. Analysis of mesenchymal stromal cell colonization dem-
onstrated the adhesive properties of the PLA/HA porous scaffold
and its potential in medical applications. Moreover, Zhang and
co-workers used 4D printing to fabricate a composite structure
consisting of PLA and Fe;O4 nanoparticles for bone repair.2*
Here, the shape recovery process could be triggered at 275 kHz.
This method was also applied by Zhao and co-workers,?33l who
designed and fabricated a tracheal stent that could be implanted
in the body to recover its original shape under a magnetic field.

4.7. Dry Adhesion

As a fast-growing innovative technology, numerous innovative
SMP dry adhesive systems have been explored to develop soft
grippers.?**?¥] The conventional wet adhesive systems com-
prising multicomponent with glue are not reusable. As a con-
sequence, they cannot be used to grasp and drop an object.[*l
To solve these issues, a dry adhesive SMP system with enough
adhesive strength and reusability was employed. In the dry
adhesion process, the SMPs were softened and sticky when
heated, and they came into close contact with different types
of objects under pressure. Objects would be stuck to the SMP
surface after cooling primarily by van der Waals adhesive forces
and released with localized heating. Xie and Xiaol?*! developed
a self-peeling reversible dry adhesive (SPRA) system to mimic
gecko’s adhesion mechanism. The SPRA system was composed
of bilayer SMP structures with thermoset elastomer and fabri-
cated through a two-step curing procedure. The pull-off strength
reached about 60 N cm™? with reversal adhesion. The nonpat-
terned dry adhesion behavior was analyzed by Wang and co-
workers.?* In further research, the microscopic array structure
was employed to improve the adhesiveness for the compliant
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Figure 17. a) Complex flower morphologies generated by biomimetic 4D printing. Reproduced with permission.?22l Copyright 2016, Springer Nature.
b) 4D-printed shape memory Eiffel tower. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license.?4 Copy-
right 2016, The Authors, published by Springer Nature. c¢) Schematic illustration of the direct ink writing of active shape-changing architecture that
can be actuated under a magnetic field. Reproduced with permission.?2’l Copyright 2017, American Chemical Society. d) Process illustration from a
planar sheet with patterned concentric circles swollen into a cap-shape 3D structure and cap geometries controlled by crosslinking density distribution.
Reproduced with permission.[?2¢l Copyright 2016, Wiley-VCH. e) Construction of an epoxy SMP structure. Reproduced with permission.??l Copyright

2019, Wiley-VCH.

materials. Eisenhaure and co-workers®*l presented an SMP
substrate with repeatable microtips (Figure 18a). The SMP sur-
face demonstrated great reversible dry adhesion performance to
the glass substrate (>18 atm). Tan and co-workers?*?! studied the
adhesion capability of graphene-reinforced SMP pillar array on
rough surfaces. SMP micropillar array incorporated with gra-
phene capable of switching its adhesion stress at the detaching
interface under light, heat, or electric stimulus was developed.
In addition, Chen and co-workers??*} studied the interlocking
behavior between tangled SMP pillar arrays. The unique pillar
to pillar structure raised adhesion force about 53.6 + 2.1 N cm™2
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in the normal direction and 71.9 + 23.2 N cm™ in the shear
direction compared to the pillar to flat configuration.

In particular, there has been growing interest in the appli-
cation of controllable dry adhesion for microdevices, especially
for the integration of electronic devices’ transfer.?*l Huang and
co-workers**! incorporated localized laser pulse with micropat-
terned SMP stamps to improve the transfer printing process
(Figure 18Db). The laser beam enabled SMP stamps to pick
and drop microdevices under selective heating. As a result, Si
squares and Si ribbons (thickness: 200 nm) were transferred
onto a PDMS substrate without damage. In another research,
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Figure 18. a) SEM image of SMP surface in the permanent state and temporary state. Reproduced with permission.?*!l Copyright 2013, American
Chemical Society. b) Scheme of transfer printing process via localized laser beam. Reproduced with permission.?*l Copyright 2016, American Chemical
Society. ) Scheme for the gripping process of the universal SMP gripper and d) transfer printing of planar micro light-emitting diode (LED) chips. I: SEM
images of the universal SMP microgripper, II: cross-section profile for universal SMP microgripper, I11: the selectively printed LED chips on the surface of
PDMS, IV: patterned printing of micro-LED chips, V: micro-LED chips powered on the probe station, VI: voltage—current curve of micro-LED chips before
and after transfer printing. Reproduced with permission.?#”l Copyright 2020, The Authors, published by American Association for the Advancement of Sci-
ence (AAAS). Reprinted/adapted from ref. [247] © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/.
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the SMP stamp system was capable of assembling the solid
microscale building blocks into 2D or 3D configuration.24!
A micromotor with a rotatable rotor was designed to demon-
strate the capability of creating new microelectromechanical
system devices with more sophisticated structures. More
recently, a universal SMP gripper was developed by Linghu
and co-workers®”! with the simplest block structure
(Figure 18c). This versatile gripper was applicable to multiscale
objects with diverse sizes and arbitrary shapes, which would
increase the reliability of transfer printing (Figure 18d). The
gripping force mainly derives from the interlocking and friction
effects, which requires additional mechanic analysis.

4.8. Self-healing

Self-healing has been extensively studied in biology and mate-
rial science over the years. The combination of self-healing
property and materials will significantly reduce the mainte-
nance cost and service life of the appliances. Conventionally, a
capsule with healing precursors is embedded inside the mate-
rial so that when a crack damages the interior of the material,
the precursor is released from the capsule, polymerized by a
catalyst, and dispersed in material matrix. The polymerization
reaction, therefore, fixes the damaged area.

The self-healing procedure for a thermoplastic polymer
involves heating the composite above the transition temperature
of the thermoplastic polymer. This enables the polymer to flow
into the crack due to the thermoplastic polymer’s flow-ability at
high temperatures. As the temperature reduces, the thermoplastic
polymer is fixed, and the composite is healed. Since not all the
recognized thermoplastic polymers have shape memory effect,
the self-healing process of the thermoplastic polymer cannot be
applied to the self-healing process of the SMPs. Instead, the self-
healing of SMPCs has been demonstrated to be the synergy of
shape memory effect and thermoplastic polymer fluidity. The
self-healing process was demonstrated by Li and co-workers(24:24]
with the SMPs as a matrix and the thermoplastic polymer as
filler. Before self-healing, polymer composite should be com-
pressed during the shape programming process. Moreover, when
damage reoccurs after the cooling process, reheating the polymer
composite narrows the crack opening under the storage stress.
Finally, as the polymer composite is heated above the transition
temperature of the thermoplastic particles, the crack is filled and
healed. During this process, the shape memory effect, in con-
junction with the thermoplastic particles, heals the crack. SMP
fibers can be utilized as well. For instance, Hu et al.*>"! reported
spider silk-like SMP fiber that could be used for the self-healing
process. The fiber was programmed with a cold drawing process,
which, unlike in the case of the SMPs as self-healing matrix, did
not need external confinement.

4.9. Smart Textiles
Textiles have hundreds of years of history in research and devel-
opment. Smart textiles refer to a combination of smart mate-

rials and conventional textiles in recent decades, which result
in self-cleaning, moisture control, and self-shape adaptation
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to textiles.”>!l The more complex functionalities in smart tex-
tiles necessitate the application of novel materials. At the
filament level, the fiber possesses a higher stress response
compared to that in the films, making it applicable to wear-
able clothes.”>? Smart polymer textile was also studied by
Chen and co-workers!?>3l who synthesized a moisture-sensitive
shape memory PU fiber. A pyridine ring incorporated into the
polymer network as the moisture absorption unit showed that
the temperature and relative humidity influenced moisture
absorption. Hu et al.’® incorporated cellulose nanowhiskers
into the PU network, with both temperature and water
applied to trigger shape recovery of the copolymer. Chen and
co-workers?*¥ designed a smart orthopedic system that was
expected to drop foot therapy. Here, a conductive acrylate-based
copolymer was fabricated with silver coating nylon yarns by full
Milano stitching. Tunable shape memory ankle-foot orthoses
assisted in ankle motions with 10 V actuation.

5. Summary and Outlook

Tremendous progress has been made in the multifunction-
ality and performance of SMPs since the 1960s, and both the
commercial and advanced applications have rapidly emerged
with the improvement in the understanding of shape memory
behavior. In this review, the conventional one-way, two-way,
and multiple SMPs were demonstrated in terms of the poten-
tial benefit to exploit shape memory effects in a variety of novel
polymers. In particular, specific attention was paid to the shape
memory behavior based on the exchangeable molecule bond
and athermal stimulus methods. The thermomechanical theory
disclosed the underlying mechanism to design SMPs with
reversible molecule switches compared with irreversible chem-
ical reactions. Novel synthesis and fabrication technologies
have greatly expanded the research on multifunctional SMPs.
For instance, the conductive SMPs with enhanced mechanical
performance can be used to construct aerospace equipment
and soft robotics. The water- and pH-sensitive SMPs offer
a sea of opportunities to improve the drug delivery system.
Besides, notable remote actuation technologies have dramati-
cally expanded the application range of SMPs, especially for the
shape memory arrays and flexible electronics since localized
shape memory behavior can be triggered with the optimized
magnetic field or luminous radiation under a microscopic
scale. Throughout the whole review, we speculate that the dis-
covery of the shape memory mechanism could accelerate the
enhancement in SMP performance. The polymer reinforce-
ment and multifunctionality are interdependent to meet real-
world applications.

For future research, we anticipate that several challenges
related to the following areas need to be addressed. First, spe-
cial attention should be paid to the synthesis and reinforcement
of two-way SMPs. Despite the use of one-way shape memory
effect in some applications, two-way shape memory behavior is
preferred in the future due to high applicability in fields such
as soft robotics and flexible electronics. The reinforced two-way
SMPs have the potential to show recovery stress comparable to
the shape memory alloy. Second, the precise control technology
of shape recovery behavior is another exciting topic. With

© 2020 Wiley-VCH GmbH

85UB01 T SUOWILLIOD AIIERID B|cedl[dde 8y} Aq paueAob 812 Sao1Le YO 9SN JO SaINJ 10) AIq1TaUIIUQ AB]IM UO (SUOTPUOD-PUR-SLLLBIAL0D" A3 1M ATe.d]jBul JUO//SdiIy) SUORIPUOD pue SWLB | 8U) 89S *[£202/80/20] Uo AkeiqiTauliuo Ae|im ‘ABojouyoe 1 JO aIinsu| uigeH AQ £T/000202 Bwpe/zZ00T 0T/I0p/uod Aa|Im Afeqeul|uoy/scny wouiy pspeojumod ‘9 ‘TZ0Z ‘S600TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

numerous research activities currently focusing on the begin-
ning and termination of the shape memory process, the inter-
mediate shape during the recovery process has been ignored.
By achieving the precise control of intermediate shapes, we
could develop multiple SMPs with a single transition phase.
This may open up many new SMPs applications. Furthermore,
the new discovery of shape memory effect would spring up
during the polymer synthesis process. For example, a reversible
SMP that could contract upon heating, maintain the contracted
structure during cooling without external stress, and recover
when reheated may exist. Moreover, the research on nonrevers-
ible and athermal chemical reactions can help explore a new
shape memory phenomenon.

We expect these challenges and opportunities could be
addressed to produce further innovative products. SMPs
and their corresponding effects have become increasingly
familiar to material scientists, owing to the broad research
interest they have attracted. It is believed that SMPs with better
functionality and portability would emerge in the future. The
use of controllable and deformable SMPs would lead to a new
generation of soft stimuli-responsive materials to resolve scien-
tific challenges.
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