Open Access Article. Published on 26 August 2021. Downloaded on 7/19/2025 8:42:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC Advances

REVIEW

l '.) Check for updates ‘

Cite this: RSC Adv,, 2021, 11, 28838

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

A review of shape memory polymers based on the
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Shape memory polymers (SMPs), as stimuli-responsive materials, have attracted worldwide attention. Based
on the history and development of SMPs, a variety of reports about SMPs in recent years are summarized in
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1. Introduction

Animals, plants and other organisms in nature have the ability to
adapt themselves to different environments by altering their own
characteristics. Inspired by nature, scientists have designed and
manufactured some intelligent materials that can perceive envi-
ronmental stimuli, analyze and process information, make judg-
ments and take corresponding measures. Shape memory
materials, including shape memory alloys," shape memory
ceramics,* shape memory polymers (SMPs),* are a class of intelli-
gent materials. SMPs are one kind of the most important shape
memory materials due to their superior properties (e.g:, strong
designability of molecular structure, excellent flexibility, good
processability, and light weight) and broad application prospects,
which have been greatly developed over the past few decades.*

In recent years, with the rapid development of artificial intelli-
gence, there has been a worldwide upsurge of research interest in
SMPs. SMPs, being of the functions of self-monitoring, self-repairing
and self-adaptation, are the important basic materials for intelligent
autonomous system. However, much higher and more comprehen-
sive requirements for SMPs are put forward due to the demands of
higher intelligence, more complex environments and wider appli-
cations. Thus, SMPs will not only face new opportunities but also be
confronted with greater challenges. Now, great efforts have been
done on shape memory materials and researchers have also pub-
lished review articles about SMPs from different perspectives (e.g.,
matrix resins, driving types, nanocomposites and applications).**
The responsive switches are basic to the designs, manufactures and
applications of SMPs. Based on summary and analysis of the devel-
opment history and research progress for SMPs, the nature of the
responsive switches is disclosed in this review, who is the reversible
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of SMPs are further elaborated, based on the intrinsic structures of responsive switches and stimulation
types. Finally, the development and prospect of SMPs are objectively predicted and forecasted.

interaction of physics or chemistry among polymer molecular chains
or chain segments. And detailed classification and comprehensive
discussion of SMPs are further elaborated according to the intrinsic
structures of responsive switches and stimulation types (see Fig. 1),
which is not only conducive for a better understanding of SMPs, but
also helpful in designing or developing novel SMPs.*

2. History of SMPs

As far as we know, it has been nearly 100 years since the first
discovery of shape memory materials, a kind of gold-cadmium
alloys observed by Olander Sweden in 1932. Once heated to
a threshold temperature, the deformed alloys could automatically
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Fig. 1 Schematic diagram of the classification of SMPs based on the
intrinsic structures of their responsive switches.
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revert to its original shape. Then, the concept of “elastic memory”
was firstly proposed by Vernon in 1940s. In 1950s, Charles acci-
dentally found the shape memory behaviours (shape fixation and
shape recovery) of a chemical cross-linked polythene, opening the
door for further study and applications of SMPs. It was an
important milestone that the first commercial product of SMPs,
thermal-shrinkable polyethylene pipe, came out in 1960. In 1970,
National Aeronautics and Space Administration launched the
application of SMPs in aerospace industry, and then restarted the
research program for SMPs. In 1990, many kinds of SMPs were
developed, such as polyolefin, copolymer, thermoplastic elastomer
and polyester-alloy.”®

In the last 30 years, SMPs have been paid great attention to
by academic and industry scientists. There are many represen-
tative research findings, and a large number of SMPs have been
developed for the requirements of applications.”'® The triggers
of responsive switches in SMPs have been well studied, based
on different external stimuli (e.g., temperature, pH, chemical
reagent, light, electricity, magnetism, pressure, humidity,
ultrasonic or combinations thereof). Shape memory nano-
composites have been developed greatly in especial for their
shape memory behaviours can be remotely controlled via light-
thermal conversion, or magnetic-thermal conversion, or electro-
thermal conversion, or acoustic-thermal conversion of nano-
materials. With the advent of artificial intelligence, more and
more attention will be paid to SMPs.'»**> There are, of course,
plenty of scientific issues about SMPs that need to be answered.

3. The critical components of SMPs
and the intrinsic structures of their
responsive switches

Since the first SMP came into being, scientists have taken a lot
of efforts to understand the mechanisms of shape memory
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behaviours.”*” Although many mechanisms of SMPs based on
responsive switches, or external stimuli, or phase trans-
formation types are proposed, the changes in nature—the
changes in physical or chemical structures of SMPs during
shape memory processes—should be disclosed. It is generally
believed that SMPs are composed of a stable phase, memorizing
the original shape and preventing the polymer from flowing,
and a reversible phase, hardening as the disappearance of
stimuli (e.g., temperature) and softening under stimuli. The
stable phase, containing a stable network structure, is also
a major contributor to the mechanical strength of a SMP. It has
been shown that the entropic energy can be stored in the stable
phase as a SMP is deformed from the original shape to
a temporary one. When the stimulus on a temporarily deformed
SMP is enough to trigger its responsive switch, the driving force
generated from the stored energy prompts the SMP specimens
to quickly revert to its original shape. The reversible phase is
usually the linear chain structure with weak interchain inter-
action or the weakly cross-linked structure that is easily
deformed (see Fig. 2). When the strength of a stimulus exceeds
the switch threshold, the intermolecular interactions in the
reversible phase are dropped to a very low level, and large
deformation will occur under small external forces or even the
driving force generated by the stored energy. The responsive
switch is often included in reversible phase. Thus, as to
complete a shape memory process, a SMP must have three
critical components. The first is a stable phase (3D network
structure), fixing the permanent shape of a SMP.**® The second
is a reversible phase (reversible structure) that can be easily
deformed in response to external stimuli.**® The third is
a responsive switch that can open or close the door of shape
deformations. Of course, an external stimulus is also the
necessary factor.

At molecular level, the responsive switches just correspond
to the physical or chemical weak interactions (compared with
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Fig. 2 Schematic diagram of shape memory process and responsive switches of SMPs.
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the strong interactions of covalent bonds) among the molecular
chains or chain segments of the reversible phase, which are the key
factors for design and preparation of SMPs. One should note that
the commonly called temperature switches of SMPs are generally
referred to the temperature thresholds of shape memory recovery
(see Fig. 2). Therefore, the intrinsic changes of SMPs during shape
memory process involve the interconversion of dissociation and
reconstruction for these weak interactions, the limited movements
of the molecular chains or segments in reversible phase, and the
variation of entropic energy stored in the network structure. Hu
et al.* have explained the responsive switches from phase level and
molecular level. At phase level, glass transition temperature (7y),
melting temperature (7},) and isotropic temperature (73), all can be
used as switch thresholds. At molecular level, these intermolecular
reversible factors such as non-chemical bond interactions, aggre-
gation effects and chemical bonds can also be used as shape
memory switches, that is, the shape memory switches can be
physical, or chemical, or both (see Fig. 2).

Physical switches are usually resulted from some physical
interactions® (e.g., hydrogen bonding, supramolecular inter-
action, m-7v interaction) and chemical switches from some
reversible chemical bonds** (e.g., ionic bonds, metal coordi-
nation, disulfide bonds, acylhydrazone bonds, diselenide
bonds, boronate ester bonds, oxime bonds, hydrozone bonds,
imine bonds, thioester bonds) or reversible chemical reac-
tion**° (e.g., radical exchange reaction, photoreversible olefin
cycloaddition, interesterification, Diels-Alder (DA) reaction).
Thus, a variety of reports about SMPs in recent years are clas-
sified and discussed in the following text, based on the intrinsic
structures of responsive switches—the intermolecular interac-
tions of physics or chemistry.

4. Classifications of SMPs

For better understanding the recent research of SMPs, the SMPs
are divided into two kinds: one based on physical switches and
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the other on chemical switches (see Table 1). Now that shape
memory behaviours can be triggered by responsive switches,
each type of the SMPs is further subdivided and discussed
according to external stimuli (e.g., temperature, stress, light,
ultrasound, humidity, chemical reagent) that can turn on or
turn off the switches.

4.1. SMPs based on physical switches

In general speaking, SMPs based on physical switches are those,
whose responsive switches are associated with reversible phys-
ical interactions and may be triggered by external stimuli such
as temperature, stress, light, ultrasound, humidity, chemical
reagent, or combinations thereof.

4.1.1. Temperature response. Temperature is the most
achievable and effective stimulus to trigger the responsive
switches of SMPs.*® Temperature rise of materials can be ob-
tained through direct or indirect heating. Direct heating means
heating materials by heat conduction or heat radiation. Indirect
heating is realized by energy conversion (e.g., light-thermal
conversion, magneto-thermal conversion, electro-thermal
conversion, and acoustic-thermal conversion) of the fillers
integrated in polymer matrices. Nanomaterials are one kind of
the most commonly used fillers for energy conversion. High
temperature can induce phase transitions and dissociations of
reversible physical interactions.

4.1.1.1 Temperature induced phase transition. It has been
shown that phase transition is a commonly used responsive
switch in SMPs. The phase transition temperature (Tians) as
a switch threshold for reversible deformations might be glass
transition temperature (T,), or melting temperature (Ty,), or
isotropic temperature (7;).*>** Below the Tians, the movements
of polymer molecular chains or chain segments are restricted
and the temporary shape is fixed. As the stimulation tempera-
ture rises above the T .ns, the movement of molecular chains or
chain segments is intensified, and then the deformed SMP
should restore to its initial shape.

Table 1 Overview of selected examples of responsive switches and corresponding stimulation types

Types of the switches Stimulation types

Reference

Physical Melting transition Temperature, light, microwave, electricity 34,37, 41, 59-63 and 67
switches Glass transition Temperature, magnetism, ultrasound, humidity 35, 36, 38-40, 42, 43, 62, 64, 68-70
and 75
Hydrogen bonds Temperature, stress, light, humidity, carbon dioxide, pH, non- 44, 46-52, 54-58, 65, 66 and 71-76
aqueous solvents
Host-guest interactions pH 20
Hydrophobic interactions pH, dimethyl sulfoxide 80 and 84
T-T interaction Temperature 45 and 53
Chemical Disulfide bonds Temperature, hydrogen peroxide 86 and 121
switches Diels-alder linkage Temperature, ultrasound, light 87,98 and 106

Metal coordination
Reversible photodimerization Light
linkage

Photocycloaddition linkage
cis—trans isomerization
Borate ester bonds
Acylhydrazone bonds pH
Donor-acceptor interactions Hydrogen peroxide

Light
Light
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Light, ultrasound, complexing agent, electricity

PH, acetic acid solutions

88-91, 107, 108, 110-114 and 123
99

100
101
115, 116, 118 and 119
117
120
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For example, polycaprolactone (PCL) has been extensively
discussed for its crystalline regions can play the role of network
nodes and be used as the responsive switch. However, the T}, of
PCL is above the human body temperature, limiting its application
in biomaterials. An effective method was applied to decrease the
Tm of a cross-linked PCL to around 33 °C via controlling the
branching degree and molecular weight.** Beside the entropic
energy stored in polymer network, the conformation energy stored
in polymer molecular chains can also be used as the driving force
of shape recovery. A SMP, whose main chain was polyacetylene in
helical state like a spring and side chains were octadecyl groups
like “comb teeth”, was synthesized (see Fig. 3a).*® The energy
stored in stretched “springs” served as driving energy of shape
recovery and the phase transition of “comb teeth” was regarded as
the responsive switch. To meet the need of application at high
temperature, a SMP of SPEEK (sulfonated polyether ether ketone)
ionomer was prepared.* In this strategy, the T, of this SMP was
improved by the Coulomb force between metal ions and sulfonate
anions, endowing a switch temperature from 224 to 288 °C. The
higher the valence state of the metal ions is, the better shape
memory behaviours and higher modulus this SMP has.

In general, it is hard for pure SMPs to satisfy the compre-
hensive requirements of different industries. Composite tech-
nology is the most effective mean in the functional modification
of SMPs.”” A SMP composite excited by microwave (MV) was
prepared by introducing zero-dimension silicon carbide (SiC)
into polyvinyl alcohol (PVA) matrix.*® The rapid heating of this
SMP composite was achieved via the MV-thermal conversion of
SiC nanofiller, and thus the rapid shape recovery was also
realized. The nonuniform dispersion of nanofillers in polymer
matrices is a serious problem for the preparation of SMP
composites with superior properties. By using zinc dimetha-
crylate (ZDMA) as a compatibilizer as well as in situ reinforcer,
a SMP composite of ferroferric oxide (Fe;0,)/carboxylic styrene
butadiene rubber (XSBR) with uniform dispersed Fe;O, parti-
cles and magnetic-thermal conversion was achieved.** The
mechanical properties and T, of this SMP composite were
enhanced for the additional ionic cross-linked points generated
by the bridging role of ZDMA between Fe;0, particles and XSBR
matrix. The doping technology of SMPs by using conductive
polymers is a feasible method to realize electro-thermal
response of shape memory behaviours. A shape memory poly-
lactic acid (PLA) microfiber membrane coated with a layer of

Fig. 3
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conductive polypyrrole was synthesized via combining electro-
static spinning with chemical vapor polymerization technolo-
gies, whose shape memory behaviour was based on the rapid
electro-thermal response.* In addition to the visible shape
memory behaviours, those on microscale can be also applied in
surface topography of polymer.** In resent research, some SMPs
with tunable wettability have been developed via controlling
their surface microstructure through shape memory
functions.

4.1.1.2 Temperature induced dissociation of non-chemical
bonds. The responsive switches based on non-chemical bonds
have been applied in SMPs.**** These SMPs have at least two
types of cross-linking networks, physically network and chem-
ically one. The former acts as the reversible phase, while the
latter serves as the stable phase. The tannic acid (TA) can form
intramolecular or intermolecular hydrogen bonds in some
hydrogels. This hydrogen bond networks can be dissociated or
recombined. A SMP hydrogel was synthesized via blending of
PVA and TA. The stronger hydrogen bonds between PVA and TA
acted as the cross-linkage structure for memorizing the
permanent shape, while the weaker hydrogen bonds among
PVA chains served as the responsive switch (see Fig. 3b).**
Analogously, a shape memory polybenzoxazine film consisting
of arylamine mannich-type linkage was synthesized, whose
chemical structure is different from that of the conventional
polybenzoxazines.** Mannich polybenzoxazines possessed more
weak hydrogen bonds of ~-OH---7 that only existed at relatively
lower temperatures and served as the responsive switch.
Moreover, a SMP was prepared via crosslinking of poly-
dimethylsiloxane and poly(ethylene glycol) diglycidyl ether.**
When the temperature rose above 37 °C, the weak hydrogen
bonds among molecular chains or chain segments were dis-
engaged, which led to the improvement for mobility of molec-
ular chains or chain segments, as well as the shape recovery.
Another SMP hydrogel was developed by the polymerization the
acrylamide in an elastin-like polypeptide (ELP) solution.** This
SMP hydrogel, holding dual networks of a physically cross-
linking ELP and a chemically cross-linking polyacrylamide
(PAM), exhibited excellent shape memory function, wherein the
hydrogen bonds among the ELP molecular chains acted as the
responsive switch. From the discussion above, the design of
SMPs based on hydrogen bonds mostly relies on three groups:
pyridine, ureidopyrimidine, and carboxylic acids.

42,43

- TR —

Deformation and Fixation

Recovery after 60°C wale%

H—bondl ng

(a) The shape memory process and mechanism of a SMP with spring-like main chains and comb teeth-like side chains.** Copyright 2019.

Reproduced with permission from American Chemical Society. (b) Shape memory mechanism of the PVA-TA Hydrogel.*¢ Copyright 2016.

Reproduced with permission from American Chemical Society.
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Fig. 4 A schematic illustration of the shape memory process of a SMP
accompanied by reconfiguration of photonic crystals.” Copyright
2015. Reproduced with permission from Springer Nature.

Besides hydrogen bonds, m-m interactions, weakly non-
chemical bonds, can play important roles in shape memory
properties by acting as the physical cross-linked points. A series
of polyimides (PIs) with different chain structures were
synthesized by a two-step method, showing a shape recovery
ratio (R,) of above 93%.>

4.1.2. Stress response. The stress-responsive SMPs are
those, whose responsive switches are triggered by stress. A SMP
of poly-2-ureido-4[1H]-pyrimidone (UPy) was prepared,*>°
whose temporary shape can be fixed through dimerization of
unfolded UPy units, and shape recovery can be realized via
dissociation of hydrogen bonds under stress. Fang et al.*”
synthesized a kind of stress-responsive photonic crystals basing
on photocured copolymers of ethoxylated trimethylolpropane
triacrylate (ETPTA) and polyethylene glycol diacrylate (PEGDA)
oligomer (see Fig. 4). A disordered temporary shape can be
achieved from a 3D ordered permanent shape at ambient
conditions by evaporating water from the templated macro-
pores. And the shape recovery accompanied by reconfiguration
of photonic crystals can also be realized by a tiny contact
pressure or even the surface tension gradient generated during
solvent evaporating. They further studied a dynamic direct
writing technology of ethoxylated trimethylolpropane  tri-
acrylate-co-polyethylene glycol diacrylate (ETPTA-co-PEGDA)
copolymer by integrating the well-established templating
nanofabrication and shape memory function.*® The deforma-
tion and recovery process of this SMPs are attributed to the
mutual transformation of the external energy provide by stress
and the internal one stored in SMP system.

a
grafted cellulose nanocrystals

Photo-thermal effect
Heat @e
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4.1.3. Light response. Light-responsive SMPs have attrac-
ted wide attention due to their unique advantages such as
contactless and remote controlling, local application, and the
ability free of surrounding intervention. They have an important
application prospect in biomedical devices, soft drive
machinery or wearable electronic devices. Most photoinduced
shape memory behaviours are triggered by temperature
thresholds, containing phase transition or dissociation of non-
chemical bonds. Because the temperature variations of these
SMPs are local and slight during shape memory progress, they
are defined as light-responsive SMPs here.

4.1.3.1 Light-induced phase transition. The doping tech-
nology of SMPs by using light-thermal conversion fillers is
a feasible method to realize light response of shape memory
behaviours.** By using the reinforcing and light-thermal
conversion functions of dopamine particles, Yang et al®
synthesized a SMP hydrogel with ultrafast near infrared ray
(NIR) response. Plasmonic silver nanoparticles (AgNPs) as
a class of light-thermal conversion nanofillers have also been
applied in SMPs (see Fig. 5a).®* In this system, the “nanorod-
like” structure of cellulose nanocrystalline (CNC)-g-AgNPs is
beneficial to the generation of plasmonic coupling between two
individual NPs. Rare earth organic complexe (REOC) with
unique optical, electrical, magnetic and thermal functions, was
blended with polymer to prepare a light-responsive REOC/SMP
composite.®” In this work, the existence of hydrogen bonds
between nitrate groups of Sm (TTA) Phen (NOs);(STPN) and
carboxyl groups of cross-linked poly(methyl methacrylate-co-
itaconic acid) (P(MMA-co-IA)) significantly improved the
dispersion of STPN in polymer matrix. A SMP was developed by
blending carbon dots and PVA.* The shape memory behaviours
of this SMP could be quickly implemented by the melting
process of PVA crystalline regions under 650 nm laser irradia-
tion. In the above discussed SMPs, the light-thermal conversion
fillers also offered additional physical cross-linked points,
which improved the shape memory performance.

However, there are some drawbacks in doping technology of
SMPs by using light-thermal conversion fillers due to the poor
compatibility of light-thermal fillers in polymers. Recently,
a kind of benzoxazine/epoxy (V-fa/ECO) copolymer was
prepared from bio-based raw materials of vanillin, furfuryl-
amine, paraformaldehyde, and epoxidized castor oil. Shape
memory behaviours of this copolymer could be triggered by NIR

(a) Digital images of SMP films actuated upon IR irradiation.s* Copyright 2018. Reproduced with permission from American Chemical

Society. (b) Schematic of shape memory process of photonic patterns.®®> Copyright 2019. Reproduced with permission from Royal Society of

Chemistry.
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Fig. 6 Schematic illustration of the HIFU-enabled shape memory
process and drug-controlled release.®® Copyright 2012. Reproduced
with permission from Royal Society of Chemistry.

without using any light-thermal fillers.** The mechanism was
that light-thermal effect of w-m interactions among polymer
chains provided the energy for shape recovery and glass tran-
sition of the copolymer.

4.1.3.2 Light-induced dissociation of the non-chemical bonds.
A photonic membrane with shape memory properties was
prepared through integrating the copolymer of PEGDA-
tetrafunctional aliphatic polyurethane acrylate (PUA) and Cu,S
nanoparticles.®**® The internal stress stored in this SMP could
be released through light-thermal effect of Cu,S nanoparticles,
which improved the motion of the molecular segments in
PEGDA-PUA copolymer and induced shape recovery (see
Fig. 5b).

4.1.4. Ultrasound response. Ultrasound can penetrate
much more deeply in the materials, triggering shape memory
behaviours in a remote and controlled way. Basing on an
ultrasound-responsive polyurethane (PU), Han et al.* studied
a controlled drug release technology. Under high intensity
focused ultrasound (HIFU), the shape recovery of the blend
system of PU and drug brought about the enlargements of drug-
to-body fluid contact and the drug diffusion coefficient. By
using copolymer of methyl methacrylate and butyl acrylate,
a similar research work has been done (see Fig. 6).°® The shape
memory mechanism was that ultrasonic effect rose the
temperature of the SMPs above their T,,* leading to the trigger
of their responsive switches.”

4.1.5. Humidity response. Thermal-responsive SMPs have
always been the focus of research, but there are disadvantages
for biomedical field. For example, if the responsive temperature
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of SMPs is higher than the body temperature, it will damage
cells and tissues. Humidity is regarded as a mild stimulus,
which will be conducive to avoid the negative effects of direct
heating.”»”? A humidity-responsive SMP hydrogel based on
polyacrylamide-chitosan (PAM-CS) was synthesized through
free radical polymerization.” The temporary shape of this SMP
hydrogel was fixed due to the formation of the physical micro-
crystalline crosslinking or chain entanglement as soaked in
alkaline or saline solutions. These physical cross-linked
networks could be dissociated by H,O or HCI solution. Gu
et al.”* developed a humidity-responsive SMP hydrogel basing
on PVA/silk hybrids (see Fig. 7). In this SMP hydrogel, the -
sheet crystals were regarded as network nodes to memory the
permanent shape, while the hydrogen bonds within the amor-
phous regions of silks served as a switch for the reversible
deformations. Some other humidity-responsive SMP compos-
ites were synthesized by introducing nanoparticles into the
polymer matrices.””® The nanoparticles were regarded as the
additional physical cross-linked points to improve the shape
memory properties of composite. The humidity-responsive
shape memory effects (SMEs) are attributed to the plasticizing
effect and the competitive hydrogen bonds. That is to say, the
absorbed water in the composites can reduce the entanglement
and the interaction of molecular chains, which will improve the
movability of molecular chains and result in the shape recovery.

4.1.6. Chemical reagent response. Chemical reagent can
also act as external stimuli to trigger the physically responsive
switches of SMPs.”” Chemical reagent responsive SMPs have
been concerned due to their unique advantages such as excel-
lent controllability and wide applied fields.

4.1.6.1 Carbon dioxide (CO,) response. Xu et al.”® synthesized
a CO,-responsive hydrogel via copolymerization of 2-vinyl-4,6-
diamino-1,3,5-triazine and N,N-dimethylacrylamide with poly-
ethylene glycol diacrylates (see Fig. 8a). The physical cross-
linkage generated from hydrogen bonds among diamino-
triazine (DAT) groups served as a switch for the reversible
deformation. The dissolved CO, induced the protonation of
DAT segments, leading to the dissociation of hydrogen bonds.

4.1.6.2 pH response. pH induced SMBs are fast and
controllable. Li et al” developed a pH-responsive SMP
composite by blending of poly(ethylene glycol)-poly(e-
caprolactone)-polyurethane (PECU) and functionalized CNC
with pyridine groups or carboxyl groups. The hydrogen bonds
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Fig. 7 Structure model of the shape memory PVA/silk hybrid.”* Copyright 2019. Reproduced with permission from Elsevier.
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Fig. 8

(@) The CO,-triggered shape memory mechanism of a hydrogel with double hydrogen bonds.” Copyright 2015. Reproduced with

permission from John Wiley & Sons Ltd. (b) Schematic route of the pH sensitive shape memory behavior of PEG-30%-MDI-DMPA 8 Copyright
2016. Reproduced with permission from Royal Society of Chemistry. (c) A schematic diagram of the microstructural transitions between the 3D
ordered permanent shape and disordered temporary shape of PU-based SMPs with solvent response.®®> Copyright 2017. Reproduced with

permission from American Chemical Society.

between pyridine groups and hydroxyl groups were just the
switch of this SMP composite, who were formed in alkali
condition and weaken in acidic condition due to the proton-
ation of pyridine group. A SMP hydrogel with both pH-response
and temperature-response was developed by grafting dansyl
groups (Dns) into the networks of polyacrylamide (PAAM).** In
this work, cross-linked PAAM served as stable networks, while
the hydrophobic association of Dns groups that could be
modulated by pH or temperature was designed as the respon-
sive switch. By using carboxylic dimerization as a switch, Song
et al.®* synthesized a pH-responsive SMP of polyethylene glycol-
4,4'-diphenylmethane diisocyanate-dimethylol propionic acid
(PEG-MDI-DMPA) (see Fig. 8b). The carboxylic dimers in poly-
mer chains were dissociated under alkaline condition (pH 9)
and rebuilt under acidic condition (pH 2). A SMP was prepared
by cross-linking of B-cyclodextrin-modified alginate (B-CD-Alg)
and diethylenetriamine (DETA)-modified alginate (DETA-
Alg),® in which inclusion complexes (ICs) of B-CD and DETA
served as a reversible phase, and the cross-linked alginate was
regarded as a stable phase. It was shown that this SMP could be
programmed into temporary shape at pH 11.5 and recover to its
original shape at pH 7.

4.1.6.3 Solvent response. A hydrogel with solvent-responsive
SMBs was synthesized by copolymerization of dopamine
methacrylamide, N,N'-dimethylacrylamide, and N,N'-methyl-
enebisacrylamide cross-linker.*® In this hydrogel, hydrophobic
association was used as responsive switch, who can be disso-
ciated in dimethyl sulfoxide (DMSO) and rebuilt in H,O.

However, the catechol group was easy to be oxidized in
aqueous solution, resulting in unstable mechanical properties
of this hydrogel. By copolymerization of hydrophobic mono-
mers, butyl methacrylate and methacrylic acid, in a mixed
solvent of DMSO and H,O. Liao et al.®* synthesized a series of
solvent-responsive gels with stable mechanical properties. Fang
and his cooperators® reported a solvent-responsive SMP with
reconfigurable/rewritable macroporous photonic crystals (see
Fig. 8c). Its shape recovery accompanied by reconfiguration of
ordered photonic crystals could be triggered by multiple stimuli
(e.g., vapors, nonaqueous solvents, temperature, and MV
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radiation). T, of this SMP were decreased for the plasticizing
effect of the solvent molecules permeating in polymer matrix.

4.2. SMPs based on chemical switches

SMPs based on chemical switches mainly refer the ones, whose
responsive switches are based on reversible chemical reactions
or reversible chemical bonds.

4.2.1. Temperature response. A polymer adhesive with
dynamic disulfide bonds exhibited two levels of SMEs.*® One
was attributed to the reversible phase of the crystalline
domains. The other was associated with the dynamic disulfide
bonds. When heated to about 150 °C, the viscosity of the
adhesive declined significantly for the temporary breaking of
the dynamic disulfide bonds, which was benefit to the wetting
of the adhesive on substrate. After cooled to room temperature,
new disulfide bonds in the adhesive were built and a strong
adhesion was achieved. Zhang et al.®” synthesized a SMP that
contained network nodes of Diels-Alder (DA) adducts. This SMP
could undergo shape memory process in solid state at inter-
mediate temperatures via breaking and recombining part of the
DA adducts.

4.2.2. Light response. Coordination bonds provide
a reversibility which can be used for the design of SMPs.
Burnworth et al.®® synthesized a metallosupramolecular SMPs
that could be healed by light irradiation. Under UV irradiation,
the dissociation of the multidentate ligand (Zn-Ns) leaded to
a sharp drop in the viscosity of polymer, resulting in the
selective healing of cracks.*®® Feng et al®® synthesized an
organic  cross-linked  poly(acrylamide-co-N-vinylimidazole)
hydrogel by using photoacid generator (PAG) as a trigger (see
Fig. 9a). The temporary shape of this hydrogel could be fixed by
the coordination bonds between the imidazole groups and
metal ions. Under UV irradiation, PAG as proton donor could
reduce the pH of this hydrogel below the acid dissociation
constant (pK,) of imidazole groups, resulting in the disassoci-
ation of these coordination bonds, that is the reason of shape
recovery. Bai et al.** synthesized a series of shape memory ion-
omers by blending PVA, polyacrylic acid (PAA) and bridge metal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ions (e.g., Fe**, Cu**, Co*"), in which the responsive switches
were the coordination bonds between metal ions and carboxyl
groups. These coordination bonds could be temporarily
decomposed by light-thermal conversion of metal ions them-
selves and rebuilt after the disappearance of NIR light.

In addition, photoinduced reversible chemical reactions can
also be used in SMPs.”>®” A dynamically cross-linked elastomer
hybrid with self-healing and shape memory properties was
synthesized by Shi et al.*® In this hybrid, a reversible network was
formed via DA reaction between macromolecular diene and
carbon nanotubes (CNTs), and the reverse DA (rDA) reaction could
be triggered by laser irradiation due to the light-thermal effect of
CNTs. The network nodes between CNTs and furan-modified
poly(styrene-block-butadieneblock-styrene) (SBS) could be rear-
ranged for the liberation of SBS chains by rDA reaction, endowing
the hybrids with self-healing ability. The combinations of DA
reaction and rDA reaction could be used to reprogram the shape
memory behaviours under laser irradiation or thermal treatment.

Banerjee et al.”® synthesized a light responsive self-healing
polymer by wusing low molecular weight tri-arm
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Fig. 9 (a) The UV light-triggered shape memory mechanism of an
organic cross-linked poly(acrylamide-co-N-vinylimidazole) hydro-
gel.®® Copyright 2015. Reproduced with permission from Royal Society
of Chemistry. (b) The light-triggered shape memory process and
mechanism of a PLA-PEG-A° Copyright 2016. Reproduced with
permission from American Chemical Society. (c) The shape memory
process and mechanism of an SMP with azobenzene molecule.'*3
Copyright 2018. Reproduced with permission from American Chem-
ical Society.
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polyisobutylene (PIB) with terminal groups of coumarin. The
results showed that the reversible photodimerization of two
adjacent coumarins could occur under UV irradiation of
365 nm, endowing this system with a stable macromolecular
network. While under UV irradiation of 254 nm, the cross-
linked PIB networks would be dissociated for the disaggrega-
tion of photodimers. Then the low viscosity PIB were flowing
and filled the cut. Xie et al.** designed a SMP of poly(r-lactide)-
poly(ethylene glycol)-(anthracene group) (PLA-PEG-A) copol-
ymer (see Fig. 9b). It showed that the shape fixation of samples
was realized by the photo-crosslinking, the photocycloaddition
reaction of anthracene groups under UV light of 365 nm. Irra-
diated by UV light of 254 nm, part of the cyclized structures
could be disassociated, leading to the decrease of the cross-
linked density and the shape recovery. A special SMP has
been synthesized by functionalizing the terminal groups of star-
shaped PCL with 7-hydroxypropoxy-4-methylcoumarin.’® This
functionalized PCL could be cross-linked by the dimerization of
coumarin groups under UV irradiation of 365 nm, and the
cross-linked network could also be destroyed under UV irradi-
ation of 256 nm, which was the basic reason for the light-
responsive shape memory behaviour of this PCL. The cis-trans
isomerization can be used as the switch of these SMPs. A
swimming micro robot was designed by using the reversible
process of light-responsive shape memory behaviours.’ In this
work, the cis isomers of azobenzene (azo) chromophores in the
polymer films of paddles could be transformed into trans ones
under UV irradiation and the opposite will be carried out under
visible irradiation, which brought about the alternant bends of
the paddles in two opposite directions and pushed forward the
micro robot in liquid. Moreover, the moving direction of the
micro robot could be guided by light source. T, of polymer with
azo groups could be altered by photoisomerization, which has
also been applied in SMP (see Fig. 9¢).'*® Under UV light irra-
diation (365 nm), T, of this kind of SMPs is below room
temperature for most of the azo groups are cis structure. While
under visible light irradiation (530 nm), T, is above room
temperature for most of the azo groups are trans structure.
Host-guest interactions between a-cyclodextrin and azo groups
could be reversible broken and recombination by cis-trans
isomerization of azo. A shape memory film composed of azo-
grafted poly(acrylate acid) (azo-PAA), a-cyclodextrin modified
alginate (-CD-Alg) and calcium chloride was synthesized.'** In
this SMP, the cross-linked network formed through network
nodes—coordinate bonds of Ca®"-carboxyl groups—served as
the stable phase and host-guest interactions between a-cyclo-
dextrin and azo as the reversible switch. The SMP film could be
programmed into temporary shapes as needed and recover to
its permanent shape upon the stimuli of temperature.

4.2.3. Ultrasound response. Some chemical bonds, such as
ester bond, disulfide bond, DA linkage, and coordinate bond,***
can be temporally destroyed by ultrasound, which is an ideal
strategy for SMPs. A kind of PU containing functional groups of
DA adducts was synthesized, being of the functions of shape
memory and self-healing under HIFU (see Fig. 10).'°° HIFU
triggered rDA reactions and DA reshuffling reactions were the
main reasons for the effective healing. Sijbesma et al'*”'*®
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Fig. 10 A schematic diagram of the healing of a PCL-based PU with DA linkage assisted by HIFU-triggered shape memory.*°¢ Copyright 2014.

Reproduced with permission from Royal Society of Chemistry.

synthesized a coordination polymer composed of low-
molecular-weight  diphenylphosphine  telechelic  poly(-
tetrahydrofuran) and palladium(u) dichloride. The palladiu-
m(u)-phosphine ligand could be destroyed under ultrasonic
and reconstituted as the disappearance of ultrasonic, who can
be used as a responsive switch of this SMP.

4.2.4. Chemical reagent response

4.2.4.1 Complexing agent response. Coordination bonds of
metal ions have been used as the switches in SMPs to generate
additional cross-linkages for fixation of temporary shapes.'”
Some complexing agents can disrupt coordination bonds of
polymer system by extracting metal ions, and these coordina-
tion bonds can be rebuilt when the metal ions are reincorpo-
rated."® For example, a copolymer hydrogel was prepared by

one-step photopolymerization of vinylimidazole (VI) and acry-
lonitrile (AN) in the presence of a polyethylene glycol-based
cross-linker, named as PVI-AN hydrogel (see Fig. 11a)."** The
spiral shape of PVI-AN specimen could be fixed by the cross-
linked network formed via network nodes of Zn**-imidazole
coordination bonds. Once the hydrogel was transferred into
EDTA solution, its cross-linked network would be disrupted for
Zn** was captured by EDTA, inducing the realization of shape
recovery. An interpenetrating network polymer of PAM and
alginate was prepared by copolymerization of acrylamide (Am),
host-guest cross-linker of azobenzene and o-CD in an aqueous
solution of alginate.'”> The temporary shape of this polymer
could be fixed by Ca®>" and recover to its original shape via
depriving Ca®" by EDTA, due to the reversible coordination
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Fig. 11 (a) A schematic diagram of the EDTA-triggered shape memory mechanism of a PVI-AN hydrogel.*** Copyright 2013. Reproduced with

permission from Royal Society of Chemistry. (b) Mechanism of programmed shape memory process based on PBA-diol ester bonds.*®
Copyright 2017. Reproduced with permission from American Chemical Society. (c) A schematic diagram of the shape memory process and
mechanism of a SMP hydrogel with three different types of reversible interactions, including Ca®* ligand, a thiol—disulfide, and the hydrogen
bonding.*** Copyright 2018. Reproduced with permission from Royal Society of Chemistry.
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Fig. 12 Mechanism of shape memory effect and rapid reversible actuation of hydrogels with electrochemically controlled local metal ion
coordination and crosslinking.*?* Copyright 2020. Reproduced with permission from Royal Society of Chemistry.

bonds of alginate-Ca®". Zhang et al'*® synthesized a similar
SMP with rhodium-phosphine ligand. The rhodium-phos-
phine coordination bonds could be destroyed by triphenyl-
phosphine solution and rebuilt in [RhCI(1,5-cyclooctadiene)],
solution. A SMP hydrogel with an interpenetrating network of
physically cross-linked CMC and chemically cross-linked PAM
could be fixed by chelation of CMC and Fe*", and the original
shape could be recovered by treatment of EDTA, oxalate or
H,SO, solution for the chelation of CMC and Fe*" was
destroyed.'*

4.2.4.2 pH response. A SMP hydrogel with a responsive
switch of reversible phenylboronic acid (PBA)-diol ester bonds
was reported.”® The temporary shape of this SMP hydrogel
could be fixed in alkaline condition, and the shape recover was
performed in acidic condition due to dissociation of the PBA-
diol ester bonds. Moreover, Le et al''® fabricated a SMP
hydrogel with triple responses that corresponded to stimuli of
EDTA, pH, and temperature, respectively. In this work, shape
fixation and shape restoration were associated with PBA-diol
ester bonds, acrylic acid (AAc)-Fe*" coordination, and a physi-
cally cross-linked agar network (see Fig. 11b). A kind of hya-
luronic acid-based injectable hydrogels with dual dynamic
covalent bonds of acylhydrazone and disulfide linkages were
synthesized."”” These hydrogels displayed pH-responsive shape
memory behaviours due to the reversible acylhydrazone bonds
and the osmotic driving for the concentration gradient between
the network and surroundings. A hydrogel of the copolymer of
acrylamide, acrylic acid, agar, and PVA exhibited multiple shape
memory behaviours based on the coordination bonds of car-
boxy-Fe®*, borate ester bonds, and hydrogen bonds. pH
response of this hydrogel was associated with dynamic borate
ester bonds."'® A hydrogel was prepared by copolymerization of
acrylamide, oxidized sodium alginate (OSA), and PVA, whose
multiple-shape memory behaviours were based on imine,
coordination, and borate bonds.**® A temporary shape could be
fixed by a treatment of borax solution for borate bonds were
formed, and original shape could be recovered by soaking in
acetic acid solutions for the borate ester bonds were destroyed.

4.2.4.3 Redox agent response. By integrating DNA/
bipyridinium dithienylethene (DTE) and CMC modified with
dopamine and self-complementary nucleic acid, Li et al**®
prepared a multiple-responsive hydrogel. Shape memory
behaviours of this hydrogel could be triggered by crown ether

© 2021 The Author(s). Published by the Royal Society of Chemistry

(CE), or visible light, or redox agent. In this hydrogel, the donor-
acceptor interactions of dopamine/DTE would be dissociated by
oxidation of sodium persulfate, and recombined by reduction of
vitamin C. Tang et al.*** synthesized another multiple-responsive
SMP hydrogel that contained three types of reversible interac-
tions (Ca®* complexation, disulfide bond, hydrogen bond) by
blending cysteamine-grafted alginate (SA-SH) and PVA (Fig. 11c). A
temporary shape of hydrogel could be fixed by using a treatment of
hydrogen peroxide (H,O,), and the permanent shape could be
recovered by introducing dithiothreitol (DTT). Wang et al.** re-
ported a shape memory blend of poly(ethylene oxide) (PEO), pol-
y(acrylicacid) (PAA), and TA. The temporary shape of this blend
could be fixed via the ionic cross-linkage of Cu®*-carboxylate
coordination bonds. And the shape recovery could be performed
for the breaking of Cu®*-carboxylate coordination bonds induced
by oxidation of sodium metabisulfite. Recently, some scholars
have realized shape memory behaviours by means of electric
redox. Rapid shape memory behaviours of a hydrogel device in air
were realized by using electro-redox reaction of Fe** and Fe™,
where the reversible coordination of Fe*" ions and amine groups
served as a responsive switch (see Fig. 12)."*

5. Conclusion and prospect

Based on deep analysis in the developments of SMPs, it is
indicated that the nature of the responsive switch in SMPs is
physical interaction or chemical one among polymer molecular
chains or chain segments. For better understanding the
mechanisms of their shape memory behaviours, the SMPs are
divided into two kinds (one based on physical switches and the
other on chemical switches) and in detail discussed in this
paper, from of which it is shows that a lot of works have been
conducted to improve the performance of SMPs and develop
new types of SMPs. Although many shape memory mechanisms
are deeply understood and a wide variety of SMPs have been
developed, in order to satisfy the application requirements of
intelligent materials, there is a long way to go. The SMPs with
these properties such as high sensitivity, good responsive
accuracy, multiple responsive switches, multifunctional
responsive switches, and excellent mechanical characteristics,
are needed in the future.

The design and development of new types of responsive
switches may become an important part of research in SMPs in

RSC Adv, 2021, 11, 28838-28850 | 28847
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future. The development of responsive switches with high-
precision, quantifiable and controllable responses is getting
attention for the requirement of intelligent control in intelligent
materials. Moreover, the multifunctional responsive switches
that mean a switch can respond to different stimuli will be
greatly developed. The organisms in nature can sensitively and
accurately respond to the external stimuli for their precisely and
artfully designed structures. Therefore, precise control of the
composition and structure of materials in micro scale or even
molecular level is another important part of research in SMPs.
With the development of material design (e.g., material
computation and design combined with computer techniques)
and preparation technology (e.g., 4D printing technology), this
goal will be achieved gradually.

Although SMPs cannot rival the response properties of
organisms in nature, many characters of the former such as
service behaviors in high or low temperature, vacuum, high
pressure, and chemical environments are better than that of the
latter. In the future, SMPs as a kind of intelligent materials will
be greatly developed and widely applied.
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