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A B S T R A C T   

Shape memory polymer (SMP) is an excellent smart material, which can sense and perform active shape change 
as preprogrammed. So far, there are a wide variety of stimulus-responsive SMPs being developed, including 
thermal-, electro-, magnetic-, photo-, microwave-, ultrasound-responsive SMPs and so on. Heating and electricity 
are traditional stimuli for contact actuating SMPs. In recent decades, the remote actuation of SMPs through light 
irradiation, magnetic field, microwave field and ultrasound field have received tremendous attentions, especially 
applied in biological environment, aqueous environment as well as aerospace environment. Besides, the multi- 
stimuli control and multi-stage deformation of SMP intelligent systems can be flexibly realized by combining 
various actuation methods. For rapid fabrication of personalized smart structures and architectures, 4D printing 
using SMPs have been proposed and underwent increasing growth to meet the practical demands. This review 
summarizes the progress in SMP research, with the focus on remote-actuation strategies, multi-stimuli-controlled 
structures, and the 4D printing of intelligent integrated systems. Besides, the comprehensive exploitation of their 
shape memory functions in biomedical engineering, soft robots, actuators, aerospace engineering and informa
tion storage are addressed effectively. At last, the application prospects, current problems and future challenges 
facing research are elaborated, so as to provide appropriate guidance for interdisciplinary study and further 
development.   

1. Introduction 

Commonly seen in nature, active shape-changing behavior is crucial 
for the survival of plants and animals in response to the ever-changing 
environment. Since the 20th century, researchers have paid wide
spread attention to the intelligent materials and structures with active 
shape morphing properties and functions, such as shape memory poly
mer [1], artificial muscle material [2–4], and dielectric polymer [5,6]. 
As a promising smart material with intrinsic characteristics including 
large deformation capability, excellent flexibility, light weight, and high 
processability, shape memory polymer (SMP) plays an increasingly vital 
role in intelligent structures and systems [7,8]. The polymers with shape 
memory effect can hold "programmed" temporary shape and return to 
the original shape with the assist of the action of heat field [9,10], light 
irradiation [11,12], electric field [13,14], magnetic field [15], chemical 
solvent [16,17] or other external stimuli [18–21]. By contrast, the 
twisted fiber artificial muscles have outstanding output, high actuation 
stroke, and high temperature sensitivity, but the shape is not 

programmable. And dielectric polymer actuators have fast response and 
large deformation, but the preparation process is complicated and the 
actuation voltage is high. 

Over the past decades, various SMPs have been successfully devel
oped, including polyurethane [22], polyimide [23], polylactic acid [24], 
poly(ƹ-caprolactone) [25], styrene-butadiene copolymer [26], epoxy 
resin [27] and so on. These SMP materials have presented a broad 
prospect of applications in biological devices, medical materials, drug 
release, aerospace engineering and automatic control systems [28–34]. 
Furthermore, various shape memory constitutive models have been built 
by researchers, e.g. viscoelastic theory model, phase transition theory 
model and some other novel constitutive model. These models are 
effectively used in simulating the thermodynamic behavior of SMPs, 
thus providing theoretical references for the engineering applications of 
SMPs. This content will be discussed in Section 2. 

In early stages SMP is typically referred to a kind of thermal- 
responsive materials. As a stimulation approach, thermal field exhibits 
the advantages of wide source, simple operation and easy 
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implementation [35]. However, thermal-actuated SMPs cannot be 
remotely controlled, which limits their further applications in 
wireless-controlled intelligent systems [36]. Remote-actuated SMPs 
have fast, accurate, wireless-controlled shape morphing properties [37], 
and have become a current hot topic due to their great prospects in many 
fields. More specifically, there are several major types of 
remote-actuated SMPs, including magnetic-actuated SMPs, 
microwave-actuated SMPs, ultrasound-actuated SMPs and 
photo-actuated SMPs, which will be discussed in Section 3. With the 
development of intelligent system, the requirements on the controlla
bility and programmability of smart materials are gradually rising up, 

the multi-stage programming and multi-stimuli control of SMPs have 
also been investigated and developed extensively. These SMP-based 
structures and systems have multiple shape deformation capability, 
multi-stage programmable performance, and selective actuation 
behavior. Accordingly, the scopes of their applications are expanded to 
the industries of smart actuators, bionic robots, and advanced security, 
etc. These will be discussed in Section 4. 

4D printing technology is developed by adding the time dimension to 
the conventional 3D printing technology, indicating that the printed 
structures have shape morphing behavior over time, thus opening up 
new horizons in the smart structures and intelligent systems [38]. The 

Fig. 1. The scheme of remote-actuated SMPs, multi-stimuli-controlled SMPs, 4D printing of integrated SMPs, and applications.  

Fig. 2. The schematic diagram of one-way shape memory process for the thermal-actuated SMP and microscopic mechanism: (a) one-way shape memory process; (b) 
the microscopic molecular mechanism of the shape memory effect. 
[49]. Copyright 2015 Elsevier Ltd. 
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4D printing technology can be realized by combining 4D printable SMPs 
(e.g. thermal-, photo-, magnetic-, or electric-actuated SMPs) and print
ing approaches (e.g. stereolithography, digital light processing, fused 
deposition modeling, and direct ink writing, etc.). The 4D printing is 
regarded to be a cutting-edge additive manufacturing technology for 
constructing personalized smart and interactive objects, which possesses 
applications in intelligent robots, biomedical engineering (artificial or
gans, artificial muscles, tracheal stents, and drug delivery, etc.), and the 
aerospace industry (self-deployable hinge, self-deployable truss, 
self-deployable lenticular tube, and release devices, etc.). These will be 
discussed in Section 5. 

Up to now, the existing reviews of SMPs are mainly focused on the 
types, synthesis and applications of thermal-, light-, electro-, magnetic-, 
pH-actuated SMPs and so on. Nevertheless, the academic information is 
still limited for the specific progresses made in remote-actuation 
methods, multi-stimuli selective control, and 4D printing technologies 
for SMPs. This review aims to provide an overview of SMP research from 
these perspectives, as shown in Fig. 1. Within this review, a system 
summary is made of the progresses in shape memory polymers and 
structures, including molecular design strategies, various remote- 
actuation, multi-stimuli control, 4D printing technology, integrated 
intelligent structure, mechanical behavior and potential applications. To 
better take advantage of the intelligent material in the near future, the 
current tough challenges and prospects facing SMP research are 

proposed and discussed. 

2. General aspects of SMPs 

2.1. Mechanisms 

SMP is generally comprised of a reversible phase for fixing the 
temporary shape and a stationary phase for holding the permanent 
shape [39]. It is worth noting that SMP is also denoted as phase change 
material. The reversible phase consists of crystalline regions with a 
relatively lower melting point or molecular chains with a relatively 
lower glass transition temperature, and thereby the reversible change to 
the molecular structure will induce crystallization / melting phase 
transformation [40,41] or glass / rubber transition [42–44]. The sta
tionary phase consists of physically crosslinked (thermoplastic) or 
chemically crosslinked (thermosetting) polymers with a higher melting 
point or higher glass transition temperature. During the shape memory 
cycle, the stationary phase prevents the molecular chain from slipping, 
so that the SMP with temporary shape can return to the original state 
upon external stimuli [45,46]. SMPs can be divided into one-way SMPs 
[47] and two-way SMPs [48] based on whether the shape memory 
process is reversible. According to such classifications, we introduce 
one-way shape memory effect and two-way shape memory effect in the 
following parts, respectively. 

Fig. 3. (a) The shape memory mechanism of the ultrasound-actuated shape memory hydrogels (b) The shape memory mechanism of the photocycloaddition-based 
SMP (c) The photo-actuated morphing mechanism of the azobenzene group. 
(a) [50]. Copyright 2020 Wiley-VCH. (b) [51]. Copyright 2005 Nature Publishing Group. (c) [52]. Copyright 2010 Royal Society of Chemistry. 
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2.1.1. One-way shape memory effect 
A typical one-way shape memory process for thermal-actuated SMPs 

is shown in Fig. 2a [49]. Firstly, the SMP is subjected to heat treatment 
over the shape memory transition temperature (Ttrans) and is manually 
programmed into the pre-designed shape upon external force. After 
then, the SMP material is cooled to below the Ttrans, so that the SMP can 
remain the temporary shape without any external force. Finally, the 
SMP is reheated over Ttrans, and the temporary shape can be recovered to 
the original shape. As for microscopic molecular mechanism, the shape 
memory effect is attributed to the "activation" and "freezing" of molec
ular chains caused by external stimuli. As illustrated in Fig. 2b, on 
microscopic scale, all the molecular chains of the reversible phase of 
SMPs can be shifted from the frozen status (blue) to the active status 
(red) by heating over Ttrans. The "black dot" indicates the crosslinked 
netpoints in the molecular chains of the stationary phases for main
taining the permanent shape. When a temporary shape is programmed 
at active status, the temperature of the SMP is reduced below the Ttrans so 
that the reversible phase is recovered to the "frozen" state, leading to the 
fixation of the temporary shape. Subsequently, through reheating SMP 
over Ttrans, the "frozen" molecular chains are transformed into active 
molecular chains. As a consequence, the internal stress in "frozen" mo
lecular chains is released to actuate the shape recovery of SMP. 

The shape fixation and shape recovery properties of SMPs are mainly 
evaluated by the following parameters: (a) shape transition temperature 
(Ttrans), which directly affects the operating temperature range of SMP, 
(b) shape fixation ratio (Rf), which represents the ability of SMP to fix 
the temporary shape, and (c) shape recovery ratio (Rr), which describes 
the property of SMP to recover the original shape. The equations are 
expressed as follows. 

Rf = ε
/

εload × 100%  

Rr = (ε − εrec)/ε × 100% (1) 

Where εload, ε, εrec represent the deformation strain after loading, 
fixed deformation strain and the deformation strain after recovery to the 
SMP at the deformation temperature Td, fixed temperature Tf and re
covery temperature Tr, respectively. 

As for the shape memory mechanism of ultrasound-actuated SMPs, 
ultrasound has cavitation functions, which enables the interaction with 
polymer molecular chains to cause the molecular chain relaxation and 
the change from temporary shape to original shape (Fig. 3a). Specif
ically, during the process of sonication, the ultrasound waves are 
capable to locally compress and expand the liquids. When the bubble 
exceeds a critical size, the bubble occurs collapse. This collapse of 

bubbles can result in shock waves with a velocity around 1000 m/s in 
liquid media or generate microjets (velocity: several 100 m/s) directed 
toward the solid surface [50]. Then, the cavitation-based mechanical 
force (CMF) is converted into motion energy in a polymeric material, 
resulting in the SMP recovering the original shape, such as melamine, 
rhodium-phosphine (Rh-P) coordination polymer network, and 
semi-IPN Rh-P polymer network [50]. 

Photochemical-actuated SMP mainly contains photochemical reac
tive groups or molecules as "molecular switches" in the polymer net
works. The "molecular switches" include cinnamic acid (CA) molecule 
[51], azobenzene molecule [52] and spiropyran. For the cinnamic acid 
(CA) molecule, when irradiated with a wavelength greater than 260 nm, 
two CA molecules in the polymer chains experience poly-cyclization 
reaction to form cyclobutene, while the temporary shape is fixed. 
When the wavelength is below 260 nm, the cyclobutene experiences 
photolysis reaction, accompanied with the polymer returning to the 
original status (Fig. 3b). As for the azobenzene molecule, when irradi
ated with a 366 nm UV light irradiation, azobenzene groups are trans
formed into cis-structures, thus causing the shift of polymer chain from 
nematic structure to isotropic structure. Macroscopically, the polymer 
thin film exhibits shape bending behavior. When irradiated under a 
visible light with a wavelength greater than 540 nm, the polymer thin 
film is transformed from isotropic phase to nematic phase, and the 
sample shows shape recovery behaviors macroscopically (Fig. 3c). 
Another light-actuated shape memory mechanism can be described that 
when spiropyrans are excited by UV light, the C-O bonds of the molec
ular structure are cleaved, thus forming ring-opened structures. The 
interaction force of the polymer molecular chains weakened by these 
ring-open structures is conducive to the deformation of the amorphous 
region and the soft segment crystallization region for the shape resto
ration of the polymer. 

2.1.2. Two-way shape memory effect 
The SMPs with two-way shape memory effect exhibit reversible 

transformation between temporary shape and initial shape in response 
to external stimulus, and they are usually divided into quasi-two-way 
SMP and two-way SMP on the basis of the operating conditions [53]. 
Quasi-two-way SMP is defined as the polymer with a two-way shape 
memory effect (2 W-SME) under constant external force (i.e. F∕=0), 
which is related to the characteristics of melting induced contraction 
(MIC) and crystallization induced elongation (CIE) as shown in Fig. 4a. 
Such quasi-two-way SMPs include PCL, EVA, PE, polyester polyurethane 
(PEU) and so on. By contrast, two-way SMPs have reversible shape 
memory effect in the absence of external force. Typically, the core-shell 

Fig. 4. Schematic diagram of diverse two-way shape memory behaviors: (a) quasi-two-way SMP under a constant stress; (b) two-way SMP with programmable two- 
way shape memory effect; (c) two-way SMP with pre-stretched bilayer structure and the reversible bending process over zero external force. 
[49]. Copyright 2015 Elsevier Ltd. 
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structure of polycyclooctene-acrylate elastomer [53], the crosslinked 
double networking polymer PCL-PTMEG [54], the two components of 
crystal polymer SBS-PU [55], and the chemically crosslinked and 
physically crosslinked crystalline polymer EVA with a wide range of 
melting transition temperature [56], are found to possess 
thermal-actuated two-way shape memory effects (Fig. 3b). In addition, 
as temperature changes, the two-way SMP composites that combining 
pre-stretched elastomer and SMP display two-way shape memory effect 
[57], as shown in Fig. 4c. 

Mather and his colleagues [58] are the first to report quasi-two-way 
SMPs consisting of crosslinked semi-crystalline poly(cyclooctene) 
[PCO]. The molecular mechanism of shape memory effect is illustrated 
in Fig. 4a. In general, polymeric molecular chains are randomly ar
ranged in the molten status. After cooling, the reversible phases are 
frozen in a random arrangement status, while the macroscopic shape of 
the SMP remains unchanged. However, the molecular chains of the 
reversible phases will be reoriented at the molten status under the action 
of a constant external force. When reducing the temperature under a 
constant force, the sample will be crystallized to maintain the orienta
tion of molecule chains and the macroscopic shape of the sample gets 
elongated due to CIE effect. After reheating, the molecular chain 
orientation is eliminated by the re-melting of the crystalline regions, and 
thereby the macroscopic shape is contracted and the temporary shape is 
regained (corresponding to the MIC effect). 

Additionally, the first pure two-way SMP is shape memory polyester 
urethane which is polymerized by poly(ω-pentalactone) (PPDL) and PCL 
[59]. In the PEU, the two polyester segments provide two different 
melting points temperature, with one of ~64 ◦C (Tm, high) and the other 
of ~34 ◦C (Tm, low). Fig. 4b shows the shape programming and reversible 
shape memory behavior. When the temperature is cycled between 0 ℃ 
and 50 ℃, the sample undergoes reversible shape transition. The mo
lecular mechanism of shape memory cycle can be described that the 
deformed PPDL region produces a crystalline geometric framework. 
During the processes of crystallization and melting, the PCL segments 
undergo a significant change to cause reversible geometric shape. When 
heating to the temperature of 50 ℃, only the molecular chains of the 
PCL segment lose orientation, while the molecular chains fixed by the 
PPDL remain unchanged. Accordingly, the shape transformation 
behavior of PCL segment can be observed without applying external 
force, which is considered to be a typical two-way memory effect. 

Except for the pure two-way SMP, the special bilayers structure can 
also be regarded as an ideal construction, which performs two-way 
shape memory effect. For instance, the bilayers structure by bonding a 
pre-stretched shape memory polyurethane (SMPU) with a non-stretched 
polyurethane elastomer is a kind of two-way SMP [57]. Fig. 4c shows the 
two-way shape memory process repeated many times for the 
double-layers of SMP. The occurrence of compression can be found in 
the pre-stretched SMPU at an elevated temperature while the poly
urethane elastomer film provides the resistance force required to pre
vent the self-contracting process. In the first cycle, as the temperature 
increasing from 25 ◦C to 60 ◦C, the double-layer sample is bent to the 
SMPU direction, and the bending angle is progressively increased over 
time. When cooled down, the SMP bilayers start to recover the original 
shape. 

2.2. Fabrication strategies 

After cross-linked shape memory polyethylene was discovered for 
the first time, SMP and its composite have received extensive attention 
from researchers because of their unique shape memory effects. 
Conventionally, the construction strategies of SMP mainly include cross- 
linking, copolymerization, and molecular self-assembly [60]. 

In particular, with regard to the cross-linking method, the molecules 
generate corresponding free radicals upon external energy such as 
temperature or light, and then the free radicals undergo a coupling re
action to make the polymer crosslink. During the chemical cross-linking 
process, the linear molecules inside the polymer are connected by 
chemical bonds to form cross-linked networks, e.g. cross-linked poly
ethylene (PE), thermosetting epoxy resin (EP), polystyrene (PS), poly
lactic acid (PLA), polycaprolactone (PCL), polyvinyl alcohol (PVA), 
polynorbornene, polyisoprene and so on. For the copolymerization 
method, monomers are mixed at different conversion temperatures, and 
then the polymerization reaction is used to construct block polymers. By 
mixing different types and ratios of monomers, a series of SMPs with 
different phase transformation temperatures and memory behaviors can 
be prepared, e.g. polyethylene-vinyl acetate copolymer (EVA), poly
urethane (PU), and polyester copolymer, etc. The molecular self- 
assembly method is associated with the internal energy between mole
cules for spontaneous aggregation to form supramolecular structures, e. 
g. melamine enhanced PVA physical hydrogel based on hydrogen bond 
self-assembly property. 

Nowadays, the synthetic methods of SMPs are relatively mature and 
could produce excellent shape memory behavior, shape diversity and 
complexity, but there are still some drawbacks in mechanical properties 
that are further improved, such as lower toughness, ductility, and heat 
stability. Additionally, multi-functionality is also a requirement for 
intelligent materials systems in the near future, e.g. thermomechanical, 
optical, magnetic, electrical, and biological properties. It is well known 
that chemical modification or physical modification is an effective 
strategy to obtain the SMP materials with outstanding comprehensive 
properties. 

Chemical modification is to use blocked or grafted methods to 
meliorate the mechanical properties of memory polymers. It also can 
provide a technical foundation for the development and application of 
multifunctional SMPs. For example, the LCE-blocked-azobenzene has 
optical actuation characteristics. In contrast, physical modification is to 
mix functionalized nanoparticles or fibers to fabricate SMP composites 
(SMPCs) with high mechanical properties, e.g. the wear resistance of the 
SMPs enhanced by carbon black, and the stiffness and strength of the 
SMPs improved by carbon fiber. Simultaneously, physical modification 
is also a significant approach to construct multi-actuated SMPs. For 
instance, carbon nanotubes are mixed to the SMP matrix to prepare 
photo-actuated SMPCs, and SiC nanoparticles are mixed to prepare 
microwave-actuated SMPCs, while Fe3O4 nanoparticles are mixed to 
prepare magnetic-actuated SMPCs, etc. 

2.3. Classic constitutive models 

In order to provide theoretical guidance for complex engineering 
applications, it is imperative to construct constitutive models for SMPs. 
At present, a series of SMP constitutive models have been built and 
demonstrated to be effective in predicting the mechanical behavior of 
SMP under different conditions, for example, the stress and strain of SMP 
at constant or varied temperatures, as well as the shape memory and 
recovery behaviors under free space or constrained conditions. The 
constitutive theories of SMPs are mainly divided into two categories. 
One is based on the classical viscoelastic theory, with the focus placed on 
the macroscopic phenomenological theory model for characterizing the 
mechanical behavior of SMP at different temperatures and stages. The 
other is based on the phase transition theory, with the focus placed on 
the meso-mechanical model for describing the internal "crystallization" 

Fig. 5. SMP four-element model. 
[61]. Copyright 1997 Taylor & Francis. 
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and "melting" behaviors of SMP. This section reviews the researches on 
the typical constitutive models for the SMPs developed in recent years. 

2.3.1. Viscoelastic theory modeling 
The viscous rheological continuity model for simulating the ther

modynamic cycle process of SMP was shown in Fig. 5 [61]. The model 
was designed by modifying the single linear viscoelastic model, and an 
internal friction slip element was introduced to describe the unrecov
erable strain in the creep process. Up to now, the majority of the ther
modynamic and viscoelastic constitutive equations for SMP have been 
established on the basis of this model. The model was inferred by 
assuming that the thermal expansion was irrelevant to the mechanical 
behavior. Besides, it is mainly purposed for predicting the thermody
namic behavior of SMP under the context of minor deformation. 

It is a very meaningful to establish viscoelastic theoretical models to 
predict the thermodynamic behavior of SMP during the shape memory 
cycle. Therefore, great efforts have been made to explore the related 
mechanics theory. Nguyen’s group [62] incorporated the modified 
Eyring viscous flow model and nonlinear Adam-Gibbs structural relax
ation model into the continuum finite deformation thermoelastic model 
so as to establish a thermodynamic viscoelastic constitutive model for 
amorphous SMP. Zhou et al. [63] extended the thermodynamic consti
tutive equation established by Tobushi [61], which made it suitable for a 
wide range of three-dimensional SMP samples and effective in 
describing the relationship between the parameters and temperature of 
the styrene-based SMP in the glass transition process. Besides, a ther
modynamic viscoelastic constitutive model was designed by Guo et al. 
for simulating the typical thermomechanical cycle behavior of 
thermal-actuated SMP [64]. This model can be applied to accurately 
calculate the thermodynamic and irreversible mechanical change 
occurring to SMP during the cooling / heating process. Leng’s group 
[65] developed a constitutive model of thermodynamic viscoelastic 
finite deformation for the SMP composites reinforced by short fibers. 
Based on a generalized three-element theory model, the constitutive 
model consisting of a viscoelastic branch and a hyperelastic branch was 
established, in which the tensile yielding stress and the volume fraction 
of SMPs were described using a modified Eying model. The simulation 
results were well consistent with the experimental data, indicating that 
the constitutive model provided an effective solution to predicting the 
thermomechanical behaviors of the thermal-activated SMP composites. 

As mentioned above, the SMP constitutive model based on the 
viscoelastic theory is intuitive, comprehensive and clear in describing 
the aging characteristics such as creep and relaxation. Nevertheless, the 
shortcoming is that it cannot reasonably explain the strain storage and 
release mechanisms, which limits the predictive function performed by 
this type of constitutive model. 

2.3.2. Phase transition theory modeling 
The micromechanics modeling based on solid phase transition theory 

is widely practiced for the SMPs consisting of a frozen phase and an 
active phase. Both strain storage and release behaviors are derived from 
the reversible transformation between the frozen phase and the active 
phase. As shown in Fig. 6, Liu and colleagues [66] proposed a thermo
dynamic constitutive model for the three-dimensional active small 
deformation to SMP based on the phase transformation theory of 
microscopic molecular chains. This model simplified the classic visco
elastic issue by assuming that the volume fractions of the frozen phase 
and the active phase in SMP were represented as a function of temper
ature. At the shape fixation stage, the internal molecular chains of the 
SMP material were transformed from the active phase to the frozen 
phase, thus causing the storage of strain. During the reheating process in 
the shape recovery stage, the polymer changed from the frozen phase to 
the active phase, as a result of which the stored strain was released and 
the fixed shape changed to the original shape. 

Afterward, new concepts or parameters are introduced to establish a 
complete constitutive model of SMP, and it is expected that the as- 
obtained theoretical results are consistent with actual experimental 
data. For example, a thermodynamic constitutive model for SMP was 
established by the frozen fraction concept with the polymer crystalli
zation theory [67]. This model can be used to explore the viscoelastic 
properties and shape memory mechanism of SMP at the transition 
temperature, with the predicted value basically consistent with the re
sults of experimental test. Additionally, a new phase-changing consti
tutive theory model based on the energy method can describe the shape 
memory effect [68]. In this model, SMP was divided into strain-induced 
crystallization phase and amorphous rubber phase. Through introducing 
the relationship between the elongation of each phase and the applied 
external stress, a new model can be proposed to describe both single and 
multiple shapes memory behaviors. Gilormini et al. [69] developed the 
inclusion theory by considering SMP as a composite consisting of a glass 
phase and a rubber phase, and then established the law of stiffness 
tensor and the storage strain with temperature changes. Additionally, by 
introducing the "phase transition" concept, Leng et al. [70] assumed that 
SMP was consisted of glass phase and rubber phase, and that the volume 
fractions of each phase were varied with temperature. According to the 
different thermal-mechanical behaviors of the glass phase and rubber 
phase, two different constitutive models were developed to estimate the 
thermal-mechanical property of SMP during the shape memory process. 

The phase transition theory model can reasonably explain the strain 
storage and release mechanism of SMP. In spite of this, it cannot verify 
the timeliness and viscoelasticity well because of the limitation imposed 
by the framework of the thermoelastic theory. To address this issue, it is 
necessary to construct the new constitutive theory models combining 
the advantages of the two models as mentioned above. 

Fig. 6. Schematic diagram of the solid phase transition theory of the SMP 
constitutive model. 
[66]. Copyright 2006 Elsevier Ltd. 

Fig. 7. The 1D rheological representation of the parallel dashpot model. 
[71]. Copyright 2014 Springer. 
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2.3.3. New constitutive modeling 
New SMP constitutive models are established by considering both 

the phase transition theory model and the viscoelastic theory model, 
which improves the complementarity of the aforementioned two types 
of modeling theory. Yu et al. [71] established a parallel dashpot model 
involving three states: equilibrium state, glass state and rubber state. 
Upon a study of the viscoelastic properties possessed by the dashpot in 
each state, the new model can be accurate in predicting the 
thermal-mechanical and shape recovery properties of SMP under 
different loading parameters. Fig. 7 shows the 1D rheological repre
sentation of the applied multi-branch models. The equilibrium branch is 
a hyperelastic spring used to represent the equilibrium behavior of 
SMPs. The non-equilibrium branch is a nonlinear Maxwell element 
consisting of an elastic spring and a dashpot placed in series. In the 
nonequilibrium branches, m branches represent the relaxation behavior 
in the glassy state, and n nonequilibrium branches represent the relax
ation processes in the rubber state. In the ith nonequilibrium branch 
(1 ≤i ≤ m+n), the initial elastic modulus of the spring is denoted as Ei, 
and the relaxation time of the dashpot is indicated by τi (when 1 ≤i ≤ m, 
it represents the branch of the glass state, and when m+1 ≤i ≤ m+n, it 
represents the branch of the rubber state). 

Subsequently, new constitutive models are innovated to make pre
cise predictions for the thermodynamic behavior of the SMP. For 
instance, Zhang and colleagues [72] designed a 3D constitutive model 
according to the assumption that SMP is isotropic materials and volume 
deformation is its elastic property, and that its rheological properties 
satisfy the one-dimensional constitutive model established by Tobushi 
[73]. Considering that SMP contains a viscoelastic hard segment phase 
and two super-elastic soft segment phases, Kim’s group [74] conducted a 
3D phenomenological constitutive model for shape memory poly
urethane, among them, the two soft segment phases were identified to 
be the frozen phase and the active phase, respectively. Besides, based on 
the classical viscoelastic theory and the two-phase deformation theory, 
Leng et al. [75] designed a hybrid SMP constitutive equation to evaluate 
the thermo-mechanical behavior of SMP during the heating or cooling 
process. 

3. Remote actuation methods for SMPs 

The SMPs actuated by remote or non-contact stimulus are testified to 
be of particular importance in the application scenarios, in which direct 
thermal actuation cannot be carried out. Despite the intensive fabrica
tion of intrinsic light responsive SMPs using photosensitive functional 
groups, remote-actuated SMPs can also be easily prepared by incorpo
rating stimulus sensitive particles (e.g. photothermal-, magnetothermal- 
, microwave-, ultrasound-actuated, etc.) into the thermal-responsive 

SMP matrix, for example, photothermal particles (CNTs, GO, AuNPs, 
AgNWs, etc.), magnetic sensitive particles (Fe2O3, Fe3O4, Ni-Zn ferrite, 
etc.), microwave sensitive particles (silicon carbide, four-pin zinc oxide, 
Fe3O4, MWCNTs) and ultrasound sensitive particles (furan-maleimide 
adducts, melamine, rhodium coordination and so on). In Section 3, the 
preparation strategies, shape memory mechanisms and utilization of 
remote-actuated SMPs will be analyzed and discussed in detail. A brief 
summary of remote actuation methods for SMPs is shown in Fig. 8. 

3.1. Magnetic-actuated SMPs 

As reported in literature, non-contact magnetic-actuated SMPs are 
mainly prepared by doping magnetic nanoparticles (MNPs) into 
thermal-actuated SMP matrix [76–78]. When SMP is exposed to an 
alternating magnetic field (AMF), due to hysteresis loss and eddy current 
loss, inductive heat is generated to cause the temperature of SMP matrix 
increase to above Ttrans. As a result, the magnetic-actuated SMP exhibits 
shape recovery behavior from temporary shape to the original shape 
[79]. Among various magnetic Fe-based nanoparticles including γ-Fe2O3 
[80], Fe3O4 [81], neodymium iron boron (NdFeB) [82], nickel zinc 
ferrite [83] and so on., Fe3O4 nanoparticles demonstrate high magne
tization ability, low cytotoxicity, and high biocompatibility, which al
lows the magnetic-actuated SMP with Fe3O4 nanoparticles to be 
extensively used in medicine and bioengineering fields [84–88]. 

Fig. 9a shows the preparation strategy of the first magnetic-actuated 
SMP composites. Obviously, it consisted of polyetherurethane (TFX) and 
a biodegradable copolymer (PDC) with PCL as soft segment and poly(p- 
diox-anone) as hard segment [89,90]. Iron (III) oxide cores were pro
cessed with silica before doping into the polymer matrix. Notably, the 
treatment of particles with silica can improve the compatibility between 
the TFX and PDC, as a result of which the nanoparticles have a mean 
aggregate size of 90 nm (photon correlation spectroscopy of water 
dispersion) and an average domain size of 23 nm (X-ray diffraction) in 
composites. Under 22 s alternating magnetic field, the wave structure 
(temporary shape) is changed to the straight structure (permanent 
shape) (Fig. 9b). The smart composites are considered to have broad 
prospects in the area of smart implants or instruments. 

Electrospinning technology can be utilized to prepare nano-scale 
intelligent polymer, such as nanofibers, which has many advantages of 
simple preparation, uniform density and high precise structure [91–97]. 
Zhou et al. [98] adopted the electrospinning technology to fabricate 
biodegradable magnetic-actuated SMP composite nanofibers consisting 
of chemical-linked PCL and multi-walled carbon nanotubes (MWCNTs) 
as modified by Fe3O4 nanoparticles. According to the magnetization 
hysteresis curve (Fig. 9c), the saturation magnetization (Ms) reached 
71.549 emu/g, indicating the superparamagnetism of the sample. Under 

Fig. 8. A brief summary of remote actuation methods for SMPs.  
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the action of AMF, the nanoparticles exhibited hysteresis loss, and 
thermal energy was generated to heat the sample. When the temperature 
reached above Tg, the molecular chains became flexible and the fibers 
returned to their initial shape (Fig. 9d). As revealed by the cytotoxicity 

test, the composites possessed the high biocompatibility and satisfied for 
tissue scaffolds engineering. 

The universal preparation strategy for the magnetic-actuated intel
ligent materials is to dope magnetic particles into the SMP matrix. 

Fig. 9. (a) Molecular structures of the shape memory polymer matrix (TFX and PDC); (b) photos of the shape recovery performances of the composite with 10% wt 
magnetic-particle actuated by AMF. (c) The magnetization hysteresis curve of Fe3O4 @CD-M nanoparticles; (d) the thermomechanical cyclic tensile curves of PCL/ 
Fe3O4 @CD-M composite nanofibers. (e) The different triple shapes programs; (f) the photos of shape recovery process in different magnetic field strengths. 
(a,b) [89]. Copyright 2006 National Academy of Sciences of the United States of America. (c,d) [98]. Copyright 2012 Elsevier Ltd. (e,f) [101]. Copyright 2010 Royal 
Society of Chemistry. 
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Because of simple process, environmental friendliness, and wide appli
cations, the magnetic-actuated SMPs have been rapidly developed in 
recent years. For example, the oligo(ƹ-capralactone) dimethacrylate / 
butyl acrylate thermosets containing 0.5 wt% Fe3O4 nanoparticles as 
magnetic heating source showed rapid temperature rise to 43 ℃ and 
shape recovery from temporary shape as a result of 300 kHz alternating 
magnetic field actuation [99]. Nanocomposites by doping NdFeB 
ferromagnetic microparticles into the low crosslinked density poly
ethylene (LDPE) with 2 wt% organoclay was developed by Golbang 
group [100]. Besides, the SMPs consisting of carboxylic styrene buta
diene rubber (XSBR), Fe3O4 nanoparticles and zinc dimethacrylate 
(ZDMA) were found to have a shape fixation ratio of almost 100%, and a 
shape recovery ratio of nearly 100% in magnetic field [86]. In fact, the 
physical doping strategy also has intrinsic limitations, such as uneven 
dispersion, easy precipitation, and low mechanical strength caused by 
stress concentration sites. Thus, it is necessary to modify magnetic 
nanoparticles to obtain better compatibility with the matrix. The opti
mized preparation strategy is to construct intrinsic magnetic-actuated 
SMPs, which avoids the drawbacks of physically blended SMPs, and it 
is also the future development direction of the intelligent materials. 

Except for the one-way shape morphing property, multi-functional 
magnetic-actuated SMPs have manifested multiple responsiveness, 
biodegradability, self-healing, hydrophobicity, and reversibility to meet 
the requirements of wider practical applications. The multiphase poly
mer networks were selected as matrix to produce the magnetically 
switchable triple-shape composites [101]. More specifically, the prep
aration strategy of the triple-shape memory composites was that PCL 
segments and poly-(cyclohexylmethacrylate) (PCHMA) segments was 
chemically synthesized together, and magnetic nanoparticles (iron (III) 
oxide core in a silica matrix) as the filler was doped into the copolymer. 
Fig. 9f shows the triple-shape recovery process of the sample according 
to the steps as programmed in Fig. 9e. Besides, nonwoven fiber com
posite Nafion and Fe3O4 particles were employed to produce 
magnetic-actuated SMP composites [102]. As confirmed by DMA tests, 
the magnetic-actuated SMPs exhibited triple or quadruple shape 

memory behaviors. Based on this, the authors designed the smart ac
tuators capable of 2D and 3D shape conversions for potential biomedical 
applications. 

Magnetic-actuated two-way SMP is prepared by doping magnetic 
nanoparticles (e.g. Fe3O4, which directly convert magnetic energy into 
heat energy) into a thermal-responsive two-way SMP matrix (e.g. EVA, 
PCL, etc.), which can be utilized to grasp objects in wireless-controlled 
environment. Lendlein et al. [103] designed the first 
magnetic-actuated two-way SMP on the basis of magnetic nanoparticles 
/ OPDL composites [103]. The SMP matrix was the oligo (ω-pentade
calactone) (OPDL) with two-way shape memory properties, and the 
secondary phase particles were magnetic nanoparticles fabricated via 
co-precipitation of aqueous FeCl3⋅6 H2O and FeCl2⋅4 H2O. When the 
magnetic field was switched "on" or "off", the position of the sample 
firstly raised and then declined, due to the melting-induced contraction 
(MIC) and crystallization-induced elongation (CIE) of the SMP matrix 
[104]. This SMP composite overcame the inhomogeneities problem 
caused by the addition of nanoparticles into the SMP matrix and ach
ieved consistent heating performance, so that the magnetic-actuated 
two-way SMP performed consistently in shape memory function. 

To better show the research progress of magnetic-actuated SMP in 
recent years, we have summarized as shown in Table 1. The dispersion of 
the nanoparticles and the interface interactions within the SMP matrix 
are significant to rapid magnetic-responsive shape memory effect 
[105–109]. For the precise heating of SMP via an alternating magnetic 
field, it is essential to apply the specific spatial and orientational control 
to the position of magnetic nanoparticles within the matrix [110,111]. 
Despite many successful demonstrations of the magnetic heating SMPs, 
the remote control of magnetic-actuated SMPs in various environments 
remain challenging [112,113]. 

3.2. Microwave-actuated SMPs 

Microwave (MW) is a variety of electromagnetic spectrum with its 
wavelength ranging from 1 mm to 1 m and frequency ranging from 
300 MHz to 300 GHz [114]. The most commonly used frequency for 
catering or consumer heating is 2450 MHz [115]. The heat energy is 
generated by the temporary dipole movement of molecules under the 
alternating electromagnetic field, and could actuate the shape morphing 
behavior of SMPs [116,117]. The heating effect of microwave depends 
on the dielectric properties of the material. Dielectric loss and tangent 
angle (i.e. the ratio of dielectric loss to dielectric constant) are two 
typical parameters indicating their capability to convert microwave 
electromagnetic energy into heat energy [118–120]. 

Unlike traditional heating methods, microwave radiation could 
penetrate to show uniform heat distribution throughout the sample 
[121–125]. Therefore, it can actuate the deformation to SMP remotely, 
environment friendly and highly efficiently [126–128]. Due to the weak 
microwave absorption ability of polymers, microwave sensitive particles 
are conventionally introduced to enhance the microwave absorption 
performance of microwave-actuated SMPs, e.g. carbon nanotubes 
(CNTs) [129], graphene oxide (GO) [130] and SiC [131]. The pre
decessors made lots of efforts on the microwave-actuated SMPs and their 
applications in such fields as biomedicine, regenerative medicine and 
tissue engineering. 

For example, a microwave-actuated SMP on the basis of chemical 
crosslinked PVA hydrogel networks (SMP-PVA) exhibited rapid shape 
recovery rate under 2450 MHz microwave irradiation, whereas the dry 
sample experienced no shape changes when irradiated [132]. Due to the 
hydrophilic property of PVA, the hydroxy groups within PVA had a 
strong combination force with water molecules when the PVA was 
immersed in water. The polar water molecules in the SMP-PVA hydrogel 
can absorb microwave energy and move towards the direction of elec
tromagnetic field. The friction motion of water molecules in the matrix 
led to the transformation of microwave energy into other forms of en
ergy such as heat energy [133]. It should be pointed out that the shape 

Table 1 
The research progress of non-contact magnetic-actuated SMPs.  

Materials Alternating 
magnetic 
field 

Type Application area 

Polyetherurethane and a 
biodegradable copolymer / 
iron(III)oxide[89] 

258 kHz and 
30 kA/m 

One-way 
SMP 

Smart implants 
and controlled 
medical 
instruments 

PCL nanofibers / Fe3O4- 
loaded MWCNTs[98] 

16 Hz and 
1 kA/m 

One-way 
SMP 

Tissue scaffolds 

Oligo(ƹ-capralactone) 
dimethacrylate / butyl 
acrylate thermosets / Fe3O4 

nanoparticles[99] 

300 kHz and 
5.0 W 

One-way 
SMP 

Medical 
applications, 
sensor- and 
actuator systems 

LDPE / NdFeB ferromagnetic 
microparticles[100] 

8 kHz and 
15 kW 

One-way 
SMP 

Actuator 

SMPU / Fe3O4 nanoparticle 
[87] 

260 kHz and 
48 kA/m 

One-way 
SMP 

Medical 
engineering and 
actuator 

Carboxylic styrene butadiene 
rubber / Fe3O4 /zinc 
dimethacrylate[86] 

Alternating 
magnetic 
field 

One-way 
SMP 

Intelligent 
biomedical 
devices 

PCL and poly- 
(cyclohexylmethacrylate) / 
iron (III) oxide core in a 
silica matrix[101] 

14.6 kA/m, 
29.4 kA/m, 
respectively 

Triple-SMP Biomedical 
engineering and 
programmable 
smart actuators 

Nonwoven fiber composite 
Nafion / Fe3O4 nanoparticle 
[102] 

50–200 kHZ 
and 2 kW 

Triple or 
quadruple 
SMP 

Implants and 
elsewhere in 
biomedical 
science 

Oligo(ω-pentadecalactone) / 
FeCl3. 6 H2O and 
FeCl2. 4 H2O[103] 

258 kHz and 
18.2 kA/m 

Two-way 
SMP 

Magnetic- 
controlled 
actuators  
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Fig. 10. (a) The schematic of the self-bended SMP composites; (b) thermal infrared images of the shape changing process. (c) The photos of shape recovery per
formances for c-PCL foam: (1) water bath; (2) electrical field; (3) microwave field. (d) The PVA / PAA-SiC IPN shape memory composites: (1) the synthesis routes; (2) 
microwave-actuated shape recovery behavior (2.5 wt% SiC); (3) the molecular mechanism of shape memory behavior. (e) The synthetic route of the shape memory 
polymer IPNs structures. 
(a,b) [134]. Copyright 2014 Royal Society of Chemistry. (c) [135]. Copyright 2015 Nature Publishing Group. (d) [137]. Copyright 2018 Springer. (e) [140]. 
Copyright 2018 Royal Society of Chemistry. 
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recovery rate was improved as the water content increasing, and the 
shape recovery rate of the SMP-PVA was enhanced with the MW irra
diation intensity increasing. 

For the preparation strategy of microwave-actuated SMP, in addition 
to chemical synthesis, it can also be constructed through doping mi
crowave sensitive nanoparticles into thermal-actuated SMP matrix. 
Leng’s group [134] is the first to prepare microwave-actuated self-
bending composite structure by bonding pure SMP and pre-stretched 
CNTs / SMP (Fig. 10a). Under microwave field irradiation (40 W, 
2.45 GHz), CNTs can absorb the electromagnetic energy to heat the SMP 
matrix, as a result of which the pre-stretched CNTs / SMP film recovered 
the original "constrict" shape at a higher temperature than Ttrans. By 
contrast, the pure SMP film exhibited neither temperature rise nor shape 
change. Therefore, only the pre-stretched CNTs / SMP exhibited inho
mogeneous strain and upward-bending movement (Fig. 10b). It is thus 
considered to be an ideal solution to the rapid remote actuation of SMP. 

Subsequently, Leng’s group fabricated biocompatible and biode
gradable shape memory crosslinked-PCL (c-PCL) foams with high shape 
morphing rates upon microwave field [135]. The shape recovery capa
bility of c-PCL foams upon external stimuli was tested as shown in 
Fig. 10c. It can be seen that the sample rapidly recovered its shape 
within 98 s under microwave irradiation, with the shape recovery rate 
improving by 9.8 times and 1.8 times as compared to thermal and 
electrical actuation, respectively. In addition, by introducing graphene 
nanoplatelets (GNPs), researchers produced thermoplastic polyurethane 
/ GNPs composites with microwave-actuated shape morphing capability 
[136]. When the content of GNPs was 2 wt%, the specimen recovered 
the original shape within 30 s of microwave irradiation. The maximum 
strength and the yield strength for this specimen increased by 20% and 
35% as compared to neat polyurethane, respectively. Du et al. [137,138] 
fabricated microwave-actuated shape memory SiC-doped PVA / PAA 
interpenetrating networks (IPNs). In this case, SiC nanoparticles were 
modified using a silane couple agent (KH570) to improve their 
compatibility with the polymer matrix, thus stable properties were 
significantly improved and the capability of shape recovery was pro
moted. Under 400 W microwave field irradiation, it reverted from the ‘S’ 
shape (i.e. temporary shape) to the “straight rod” shape (i.e. permanent 
shape) within 20 s (Fig. 10d). 

Another strategy for microwave response is to construct specific 
photonic crystals (e.g. man-made periodic dielectric structures with 

photonic band-gap (PBG) characteristics), which can enormously enrich 
the types of the SMPs and provide a new perspective for intelligent 
materials. The templating nanofabrication of SMPU-based copolymer 
was investigated for obtaining either rewritable or reconfigurable 
macroporous photonic crystals with the capability of microwave- 
responsive shape deformation [139]. The innovation achieved by the 
research is reflected in two aspects. One is that the combination of shape 
memory copolymer and macroporous structure achieved the shape 
memory cycle processes at room temperature. The other is that the SMP 
photonic crystals produced microscopic shape memory effects and can 
be used as optical switch in nano-optical devices. 

Besides, multi-functional microwave-actuated SMP has received 
intensive attention, because of the advantages of intelligence, applica
bility, and practicality. Ghosh et al. [140] further developed the 
multi-functional microwave-actuated SMP composites with shape 
memory effect, self-healing, self-cleaning, biodegradability, excellent 
mechanical properties, thermostability and chemical resistance. As 
given in Fig. 10e, the authors fabricated the IPNs structures of 
bio-degradable SMPU (which was grafted by part of silicone) and 
polystyrene using simultaneous polymerization technique. The intelli
gent IPNs resolved such problems as non-intelligence, no 
bio-degradability, and the brittleness of polymers, which allowed them 
to have excellent prospects in textile, coating, smart actuators and 
bio-medical applications. Table 2 shows the current research progress of 
non-contact microwave-actuated SMP. 

As mentioned above, it is apparent that there are two strategies to 
fabricate microwave-actuated SMPs, i.e. microwave-sensitive molecular 
chains [132,135] and microwave-thermal nanoparticles [134,136]. The 
two strategies have their own advantages and disadvantages. The 
microwave-sensitive molecular chains system is pure and free of impu
rities, but the preparation process is more complicated, however, the 
microwave-thermal nanoparticles system is simple to construct, but it is 
easy to form stress concentration points and reduce the mechanical 
strength. Therefore, combining the above two systems and developing 
new SMP system, searching for new microwave sensitive particles, and 
expanding functionality are the future development direction of 
microwave-actuated smart materials. 

3.3. Ultrasound-actuated SMPs 

Ultrasound, especially the high intensity focused ultrasound (HIFU), 
possesses some unique advantages over other stimuli, for instance, the 
spatiotemporal controllability by tuning exposure time and position, 
and the superior capability of penetration into the interior of SMP 
sample compared to light, as well as magnetic and microwave stimuli 
[141]. For ultrasound-actuated SMPs, ultrasound has cavitation func
tions [142,143], which enables the selective interaction with polymer 
molecular chains to cause the molecular chain relaxation. After the 
absorption of the concentrated mechanical sound wave energy, the 
SMPs change from temporary shape to the original shape [144–151]. 
Researchers have developed a lot of ultrasound-actuated SMPs for 
diverse applications, such as control drug release, sensors and actuators, 
etc. [152,153]. 

In terms of chemical-crosslinked poly(methyl methacrylate-co-butyl 
acrylate) (named P(MM-BA)) shape memory copolymers, the smart 
structure of ultrasound-actuated drug release was fabricated for the first 
time by Guo et al. [141]. The innovation of the self-shaping polymer is 
that the synchronized shape memory behavior and drug release per
formance could be adjusted by tuning HIFU intensity and exposure time. 
When ultrasound field was imposed on the upper areas in two steps, with 
the shape memory processes from "I" temporary shape to "V" interme
diate shape, to "N" intermediate shape and then to "M" permanent shape 
observed as a result (Fig. 11a and Fig. 11b). The spatial and temporal 
control on the multi-shape recovery of SMP as well as concomitant drug 
release was achieved by switching on and off the ultrasound field. 

A series of studies have been demonstrated that the intelligent 

Table 2 
The research progress of non-contact microwave-actuated SMPs.  

Microwave- 
actuated SMP 

Preparation 
strategy 

Property Prospect 
application 

PVA hydrogel 
[132] 

Chemical 
crosslinking 

Non-toxic Sensors, vascular 
stents, and other 
medical devices 

Pure SMP and 
pre-stretched 
CNTs / SMP 
[134] 

Mechanical 
structure design 

Rapid remote and 
wireless actuation 

Wireless remote- 
controlled sensors 

c-PCL foams 
[135] 

Chemical 
crosslinking 

Biocompatible and 
biodegradable 

Foam scaffold 

SMPU / GNPs 
composite 
[136] 

Physical 
blending 

Remote shape 
control capability 

Wireless actuators 

SiC-doped PVA / 
PAA IPNs 
[137] 

Situ 
polymerization 

Environmental 
friendliness 

MW-responsive 
sensors, 
implantable devices 

SMPU-based 
macroporous 
photonic 
crystals[139] 

Templating 
nanofabrication 

Rewritable / 
reconfigurable, 
chromogenic 

Nano-optical 
devices, 
chromogenic 
multifunctional 
sensors 

PU / PS IPNs 
[140] 

Simultaneous 
polymerization 

Self-healing, self- 
cleaning, 
biodegradability 

Textile, coating, 
smart actuators and 
bio-medical 
engineering  
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polymer with self-healing function can extend the service life, because of 
the advantages of durability and reliability. For instance, the dynamic 
reversible covalent bonds (DA bonds) was grafted into PCL-based shape 
memory polyurethane, which presented shape change and self-healing 
properties under high-intensity focused ultrasound field [154]. The 
synthesis strategy of the polymer is shown in Fig. 11c. With the accu
mulation of ultrasound energy, the temperature of the damaged area 
was increased rapidly to bring about the relaxation of molecular chains. 
Meanwhile, the DA bonds underwent a retro-DA reaction to result in the 
reversible degradation of the polymer networks. Thus, the sample 
exhibited both shape recovery behavior and self-healing property 
(Fig. 11d and Fig. 11e). A novel concept for ultrasound-actuated SMP 
with self-healing property was proposed for the first time, thus pre
senting a broad prospect for anti-fatigue medical devices. 

It is well known that the strength of polymers is usually inferior to 
that of metals and ceramics, especially hydrogel materials, of which the 
mechanical strength is generally less than 3 MPa. However, the mel
amine enhanced PVA physical hydrogel displayed excellent mechanical 
ability, biocompatibility, self-healing and ultrasound responsive shape 
memory capability [155]. In the polymer system, the melamine as an 
effective physical crosslinker reacted with hydrogen bonds of the PVA to 
generate a stable physical hydrogel and the tensile strength reached 

about 4.5 MPa. Through the ultrasound-actuated (3 MHz, 2 W/cm2) 
shape recovery experiment, the SMP hydrogel had shape changing 
behavior, which would be utilized to treat blood clots, etc. 

Moreover, biodegradable ultrasound-actuated intelligent polymers, 
which can act as drug delivery container to apply to biomedical engi
neering, have received intensive attention from researchers. Han and 
colleagues [156] studied on the properties of ultrasound-actuated shape 
memory biodegradable polyurethane composites. Min et al. [157] pre
pared an ultrasound-actuated shape memory biodegradable cylinder 
structure consisting of chitosan-functionalized PLA microspheres. 
Bhargava et al. [144] presented an ultrasound-actuated thermal actua
tion of shape memory polymers, which can be applied as a potential 
drug delivery system in biomedical engineering. Besides, Bhargava et al. 
[158] constructed an ultrasound-actuated artery-scale SMP structure as 
drug delivery container in Fig. 11f which showed the shape memory 
process and drug release behavior of a flower shaped container upon 
focused ultrasound stimulus. Accordingly, the ultrasound-actuated SMP 
has bright prospects for microscale capsules. Using ultrasound-actuated 
SMP as a drug delivery carrier, it can be applied to medical engineering 
and has many advantages. For example, it can achieve targeted and 
controlled drug release behaviors, thereby reducing the systemic harm 
and side effects to the patient. More importantly, it can enormously 

Fig. 11. (a) The photos of shape recovery process of HIFU-actuated SMP; (b) the mechanism followed by the HIFU-actuated shape recovery of the SMP and drug 
release. (c) The synthesis of PCL-based polyurethane bearing Diels-Alder bonds; (d) the mechanism of shape memory property and self-healing effect by ultrasound 
actuation; (e) the photos and 3D images of shape recovery of the PCL-based polyurethane and self-healing processes. (f) The shape memory performance of a flower 
shaped drug delivery container. 
(a,b) [141]. Copyright 2012 Royal Society of Chemistry. (c-e) [154]. Copyright 2014 Royal Society of Chemistry. (f) [158]. Copyright 2018 SPIE. 
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improve the efficacy of medicines to cure disease. 
Another approach for responsive intelligent polymer is to construct 

the topological structure, which can produce shape change upon ultra
sound stimulus [159]. The SMP was formed by the macroporous 
rhodium-phosphine (Rh-P) coordination polymeric networks, and the 
ultrasonic cavitation based mechanical force dissociated the Rh-P 
microphases reversibly, thus leading to the topological rearrangement 
of the SMP molecular switches. The rearrangement of the molecular 
switches released the internal stress in the polymer networks to result in 
ultrasound-actuated shape memory behavior (Fig. 12a). The molecular 
structure of the Rh-P coordination SMP networks was composed of poly 
(n-butyl acrylate) and poly(propylene glycol) dimethacrylate as the 
elastic polymer backbone and the covalent netpoints, respectively 
(Fig. 12b). This structure addressed the key challenge that the ultra
sound field acted effectively throughout the entire polymer sample 
rather than being limited to the surface of the sample. Subsequently, a 
hydrophilic shape morphing semi-IPN hydrogel based on the Rh-P 

coordination bonds was designed, which could be triggered by ultra
sound field as well [50]. More specifically, the hydrogel molecular 
chains structures were composed of diphenylphosphinostyrene 
(DPPST), poly(ethylene glycol) dimethacrylate (PEGDMA), hydrox
yethyl methacrylate (HEMA) and poly(VP-co-DPPST) (Fig. 12c). Both 
the swelling characteristics and mechanical properties of the smart 
hydrogel can be dramatically improved by the combination of poly(VP) 
and poly(HEMA) [160]. Rh-P coordination bonds could be considered as 
temporary crosslinked points [161] and applied as mechanical sensitive 
molecular switches in shape memory hydrogel (Fig. 12d). 

The present research progress of ultrasound-actuated SMPs is sum
marized in Table 3. The currently ultrasound-actuated SMPs are all 
intrinsic responsive materials, which have the following advantages: 
overall uniformity, no impurities, no stress concentration points, and 
fatigue failure resistance. However, there are few molecular structures 
available for ultrasonic cavitation, which hinder the further develop
ment of the SMPs. Thus, the exploration of new ultrasound-actuated 

Fig. 12. (a) The shape memory effect of the Rh-P coordination polymer networks; (b) the molecular structure of the polymer networks. (c) The molecular structure of 
ultrasound-actuated shape memory semi-IPN hydrogels; (d) the photos of shape memory processes of the semi-IPN hydrogels. The scale bars were 10 mm. 
(a,b) [159]. Copyright 2016 Wiley-VCH. (c,d) [50]. Copyright 2020 Wiley-VCH. 
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SMPs and the endowment of them with more powerful functions, such as 
biocompatibility, biodegradability, adaptability, self-cleaning, etc., as 
well as clinical reliability verification will be the focus of future 
challenges. 

3.4. Photo-actuated SMPs 

Photo-actuated SMPs are capable to deform or recover shape under 
illumination, including visible light, near infrared (NIR) light and ul
traviolet (UV) light [162–167]. According to the exact chemical com
positions, photo-actuated SMPs are divided into two categories: 
photochemical-actuated SMP [168,169] and photothermal-actuated 
SMP [170–173]. Photochemical-actuated SMP is referred to the poly
mer networks grafted or blocked the photo-chemical reactive groups, 
and the corresponding macroscopic reshaping properties are determined 
by light-controlled chemical structure variation. Apart from the intrinsic 
photo-responsive SMPs, the photo-thermal fillers with high light-to-heat 
conversion efficiency are also commonly introduced into 
thermal-actuated SMP matrix for producing photo-actuated shape 
memory effects. Below is a detailed discussion about photo-actuated 
shape memory polymers, shape memory mechanism and their prospects. 

3.4.1. Photochemical-actuated SMPs 
Photochemical-actuated SMPs are prepared by introducing photo

chemical reactive groups or molecules as "molecular switches" into the 
polymer networks [174,175]. According to the types of shape memory 
mechanism, the photochemical-actuated SMPs are divided into 
photocycloaddition-based SMP, photoisomerization-based SMP and 
photoplasticization-based SMP. The photocycloaddition-based SMP is 
identified as the polymer containing cinnamic acid molecules with 
photo-dimerization characteristics. The two adjacent cinnamic acid 
molecules undergo poly-cyclization reaction to form cyclobutene under 
UV light irradiation. Also, the formed ring structure can be opened up by 

photolysis reaction [176,177]. Photoisomerization-based SMP is mainly 
indexed as the polymer containing azobenzene molecules. Under a 
certain wavelength of irradiation, the molecules undergo reversible 
transformation between cis-conformation and trans-conformation to 
drive the macroscopic deformation to the polymer [178–182]. 
Photoplasticization-actuated SMP refers to the polymer containing spi
ropyrans. When spiropyrans are excited by UV light, the C-O bonds of 
the molecular structure are cleaved, thus forming ring-opened struc
tures. These ring-opened structures weaken the interaction force of the 
polymer molecular chains, which is conducive to the movement of the 
amorphous region and the soft segment crystallization region for the 
shape restoration of the polymer. Additionally, the polymer turns pur
ple. Then, through either visible light irradiation or heating, the spi
ropyran molecules shift from ring-opened structures to ring-closed 
structures, and the polymer turns orange [183]. Below is a detailed 
summary of the three types of photochemical-actuated SMPs. 

The preparation method for the first photocycloaddition-based SMPs 
was to graft cinnamic acid (CA) onto acrylate copolymer networks [51]. 
When irradiated with a wavelength larger than 260 nm, two CA mole
cules within the thin film experienced poly-cyclization reaction to form 
cyclobutene. Meanwhile, the temporary shape was fixed. When the 
wavelength was decreased below 260 nm, the cyclobutene experienced 
photolysis reaction, with the thin film returning to the original status. 
The temperature of the polymer was remained unchanged during the 
photo-controlled deformation, suggesting that the shape morphing 
behavior was responsive to external light sources. 

Photocycloaddition-based smart polymer based on poly(L-lactide)- 
co-poly(ethylene glycol) (named PLA-PEG) was developed by Xie et al. 
[184]. The anthracene groups underwent [4 + 4] photodimerization 
under a 365 nm ultraviolet light irradiation. Then, the formed photo
dimer cleaved to the original monomers as a result of exposure to 
254 nm UV light. The authors conducted test on the photo-actuated 
shape memory processes of the thin film PLA-PEG (Fig. 13a). The 
experimental results indicated that sample D retained the temporary 
shape and recovered its original status under UV irradiation with the 
wavelength of 365 nm and 254 nm, respectively. The shape fixation 
ratio (Rf) and the shape recovery ratio (Rr) were calculated as 58.9% and 
79.6%, respectively [185]. 

As a typical intelligent soft material, liquid crystal elastomer (LCE) 
has both elasticity and liquid crystal anisotropic characteristics and 
multi-field sensitivity. It has a wide range of application fields such as 
intelligent structure design and control, new acousto-optic electronic 
devices, and soft robot development. Yu’s group [52] applied 
photo-responsive isomeric azobenzene as a liquid crystal element to 
prepare LCE. Under a 366 nm UV light irradiation, azobenzene groups 
were transformed into cis-structures, thus causing the shift of LCE from 
nematic structure to isotropic structure. Macroscopically, the LCE thin 
film exhibited shape bending behavior. When irradiated by a visible 
light of greater than 540 nm, the LCE was transformed from isotropic 
phase to nematic phase, and the sample showed shape recovery be
haviors macroscopically (Fig. 13b). 

Spiropyran compounds not only have photochromic and force- 
chromic features, but also produce photoplasticization effects 
[186–188], which make them suitable for preparing 
photoplasticization-actuated SMP. Zhang et al. [189] developed 
UV-responsive SMPs by mixing spiropyran compounds with the shape 
memory EVA matrix. It was found that the pure EVA cannot exhibit 
shape changing behavior, while 0.5 wt% and 3 wt% spiropyran contents 
of the thin films produced shape changing performance upon UV light 
irradiation (Fig. 13c). Fig. 13e shows the photo-actuated deformation 
and photochromic mechanisms of spiropyran compounds. According to 
the photoplasticization effect, the authors designed a reflector with a 
microprism array as shown in Fig. 13d. The polymers with both 
color-changing and photo-actuated shape memory capability have a 
prospect of widespread applications, for example, optical information 
storage, anti-counterfeiting, bionic camouflage and color-changing 

Table 3 
The research progress of ultrasound-actuated SMPs.  

Ultrasound- 
actuated SMP 

Preparation 
strategy 

Property Prospect 
application 

Poly(MM-co-BA) 
copolymers 
[141] 

Chemical- 
crosslinking 

Non-toxic, 
biocompatible 

Drug release 

PCL-based 
polyurethane 
[154] 

Chemical- 
crosslinking 

Self-healable Anti-fatigue 
medical devices 

Melamine 
enhanced PVA 
physical 
hydrogel[155] 

Physical- 
crosslinking, 
hydrogen bonds 

Biocompatibility, 
self-healable 

Hydrogel dressing 

SMPU[156] Chemical- 
crosslinking 

Biodegradable Minimally 
invasive 
interventional 
therapy devices 

PLA microspheres 
[157] 

Water-in-oil-in- 
water emulsion 
method 

Biodegradable Minimally 
invasive implants 
and scaffolds 

Artery-scale SMP 
[158] 

Chemical- 
crosslinking, 
acoustic- 
thermoelastic 
modeling 

Biocompatibility, 
biodegradable 

Drug delivery 
container 

Poly(n-butyl 
acrylate) and 
poly(propylene 
glycol) 
dimethacrylate 
hydrogel[159] 

Rh-P 
coordination, 
topological 
structure 

Porous, CMF Mechanosensors 
or ultrasound- 
controlled 
switches 

DPPST, PEGDMA, 
HEMA and poly 
(VP-co-DPPST) 
hydrogel[50] 

Rh-P 
coordination 
bonds, semi-IPN 
structure 

Porous, CMF Witches or 
mechanosensors  
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smart clothing [190]. 
Among the photochemical-actuated SMPs, as compared to SMPs 

actuated by cinnamic acid groups and azobenzene groups, the studies on 
the SMPs actuated by spiropyran are quite limited due to the smaller 
deformation ratio associated with the photoplasticization effect. How
ever, the spirpyran-based SMPs possess photochromic and force- 
chromic property, thus widening the scope of their applications. 

3.4.2. Photothermal-actuated SMPs 
One common strategy for fabricating photothermal-actuated SMPs is 

doping photothermal nanoparticles into thermal-responsive SMP ma
trix. When they are irradiated with a certain of light, the photothermal 
nanoparticles can directly convert light energy into heat energy, then, 

the SMP matrix is slowly heated over the Ttrans to drive shape recovery 
[191]. There are a wide variety of photothermal fillers used for the 
fabrication of photothermal-actuated SMPs, including carbon black, 
carbon nanotubes, graphene, graphene oxide, gold nanoparticles, gold 
nanorods, silver nanowires, rare earth organic complexes and so on. 
[192–199]. 

The first photothermal-actuated SMP composite was prepared by 
mixing carbon nanotubes (CNTs) and SMPU [200]. The authors con
ducted study on the near-infrared light-actuated shape memory prop
erties of the samples containing carbon black (CB) and CNTs, 
respectively, which led to the finding that the shape recovery ratio of the 
CB / SMPU composite ranged from 25% to 30%. In contrast, the CNTs / 
SMPU composite recovered the original shape within as fast as 5 s, and 

Fig. 13. (a) The photos of qualitative researches of the thin film A, C and D. (b) The 3D motion of the thin film under different wavelength irradiation. (c) The shape 
changing behavior of EVA films triggered by UV light irradiation. A was pure EVA, B and C were the EVA film containing 0.5 wt% and 3 wt% spiropyran, 
respectively; (d) the photos of an EVA / 3 wt% spiropyran reflector with a microprism array, among them. A was the original shape, B was temporary shape, C and D 
were recovered shape under 30 mW/cm2 ultraviolet light irradiation for 1 min and 70 ℃ for 1 min, respectively. (e) The deformation and discoloration mechanism of 
spiropyran molecules. 
(a) [184]. Copyright 2016 American Chemical Society. (b) [52]. Copyright 2010 Royal Society of Chemistry. (c,d) [189]. Copyright 2014 Royal Society of Chemistry. 
(e) [190]. Copyright 2019 Royal Society of Chemistry. 
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the shape recovery ratio was nearly 100%. The synergy between the 
anisotropy of CNTs and the crystalline segments of polyurethane is 
responsible for this phenomenon. Yao et al. [201] studied NIR 
light-actuated shape memory polyimide (SMPI) films by coating the 
surface of SMPI with a layer of silver nanowires (AgNWs) with photo
thermal effect and conductive property (Fig. 14a and Fig. 14b). As one of 
the most promising engineering plastics in the 21st century, polyimide is 
referred to as a “problem solver”, especially in the field of microelec
tronics technology. Thus, the SMPI and composite are expected to be 
applied as remote sensing circuit or protection circuit, which is of great 

significance to guiding practical applications. 
It is well known that thermotropic liquid crystals could form a 

certain degree of orientation and orderly arrangement at low tempera
ture, which cause the appearance of nematic phase in the molecular 
structure. With the temperature increasing, the mobility of liquid crystal 
molecules could be enhanced, which makes the molecular structure 
exhibit an isotropic state. Macroscopically, the thermotropic liquid 
crystals perform shape change upon thermal stimulus. However, Zhang 
et al. combined LCE and gold nanorods (AuNRs) to obtain the composite 
possess light-controlled shape morphing property (Fig. 14c), so that the 

Fig. 14. (a) Shape recovery process of the AgNWs / SMPI thin film actuated by near-infrared light irradiation; (b) the temperature distribution of the thin film on the 
thermal infrared image. (c) The fabrication process of AuNRs/LCE films; (d) the diagram of the shape bending mechanism; (e) the film is exposed to a photomask, 
forming a wave pattern structure. (f) The images of the sample when the light was turned on and off; (g) the images and diagram of the microrobot self-locomotion. 
(a,b) [201]. Copyright 2018 Jilin University. (c-e) [202]. Copyright 2020 Wiley-VCH. (f,g) [230]. Copyright 2018 American Chemical Society. 
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LCE was not limited by thermal-actuated deformation [202]. Under the 
near-infrared light irradiation with a wavelength of 800 nm, AuNRs 
could absorb and convert light energy into heat energy, and transfer the 
heat energy to the LCE matrix. When near-infrared light switches on and 
off, the LCE transforms between nematic phase and isotropic state, so, 
the LCE film shows shape deformation and recovery macroscopically 
(Fig. 14d). After that, the author demonstrated the wave pattern 
deformation and recovery of the LCE film in Fig. 14e. This work opens 
the door toward creating reprogrammable and remote actuated soft 
robots by combining LCE and photothermal nanoparticles. 

Conventional photothermal-actuated SMP has the drawbacks of one- 
way shape response deformation, which limits their utilization fields. In 
this case, multifunctional, and biodegradable SMPs have received 
intensive attention and represent the most popular research direction 
[203–209]. For example, researchers applied graphene oxide (GO), 
xylene diisocyanate, and poly (vinyl butyral) (PVB) to construct NIR 
light-actuated shape memory crosslinked polymer composites [210, 
211]. When the composite was exposed to 1.4 W/cm2 near-infrared light 
irradiation for 5 min, the permanent shape was re-deformed, thus 
enabling the potential applications in soft robots and self-deploying 
structures. Besides, the rare earth filler with a fluorescent function is 
also an important photothermal absorber. Photothermal responsive 
multi-functional SMP composites based on rare earth organic complexes 
Sm(TTA)Phen(NO3)3 [212] and poly(methyl methacrylate-co-itaconic 
acid) were prepared by Wang et al. [213]. The composites emitted 
fluorescence under UV light and exhibited shape morphing behavior 
under the near-infrared light irradiation with a wavelength of 1064 nm. 

Apart from the one-way SMP, photothermal-actuated two-way shape 
memory polymers (i.e. 2 W-SMP) were also prepared, which provide a 
new perspective for smart materials in the area of actuator and soft robot 
fields [214–221]. Such as photothermal nanoparticles as CNTs, gold 
nanoparticles, polydopamine nanospheres and so on were doped into 
the reversible thermal-actuated SMP matrix for absorbing the light of a 
certain wavelength and converting light energy into heat energy, so as to 
actuate the two-way shape memory matrix materials like 
semi-crystalline EVA [222], semi-crystalline polyurethane [223], 
semi-crystalline PCL [224], and so on. Leng’s group [225] fabricated an 
UV-actuated two-way SMP composite (EVA / p-AP) by introducing 
photothermal filler p-aminodiphenylimide [226] into shape memory 
EVA matrix. It implies that the sample switched reversibly upon UV 
on-off stimulation. Polydopamine (PDA) nanospheres possess high 

photothermal conversion properties due to their strong 400–500 nm 
light absorption [227–229]. Wang et al. prepared 
photothermal-actuated two-way SMP composites by doping PDA nano
spheres into shape memory PCL matrix [230]. As shown in Fig. 14 f, the 
composite showed reversible angle changes and two-way shape 
morphing behavior when the light was turned on and off. This is the first 
report on the light responsive two-way SMP with PDA nanospheres as 
photothermal fillers. The authors also designed a self-locomotion 
microrobot as given in Fig. 14 g. The tensile strength reached 
1.1 MPa, which was about 3 times higher than that of most mammalian 
skeletal muscle (0.35 MPa) [231]. Therefore, such reversible 
photothermal-actuated PDA / PCL SMPs hold the potential of practical 
applications in artificial muscles and actuators. 

The above-mentioned typical examples reflect the research progress 
made in photo-actuated SMPs, e.g. photochemical-actuated SMPs, 
photothermal-actuated SMPs, multi-functional photothermal-actuated 
SMPs, and photothermal-actuated two-way SMPs, etc. In order to fully 
demonstrate the development of photo-actuated SMPs, the photo- 
actuated SMPs and actuation wavelength are summarized in Table 4. 

4. Multi-stimuli selective control and staged transformation 

The multi-stimuli selective control of complex SMPs systems is 
crucial for promoting their utilization fields [235,236], e.g. selective 
actuators [237], information storage [238], adjustable sensors [239], 
and flexible robots [240], etc. Meanwhile, the multiple shape memory 
polymer systems capable of multistage shape transformation behaviors 
have become increasingly significant over the past years [241–248]. 

4.1. Multi-stimuli selective control 

Multi-stimuli selective control of SMP has the characteristics of 
multi-response and controllability. According to different application 
scenarios, suitable stimulation methods can be selected to drive the 
shape morphing, which enormously improves the adaptability of intel
ligent devices. Typically, a multi-wavelength sensitive SMP composite 
was fabricated by Fang et al. [233]. Among them, azobenzene group was 
grafted onto SMPU molecular chains, by contrast, Sm(TTA)3Phen, Yb 
(TTA)3Phen, Nd(TTA)3Phen, and gold nanoparticles (AuNPs) were 
selectively doped into the thermal-response shape memory EVA matrix 
[249–251]. When irradiated at 1064 nm, 520 nm, 808 nm, and 980 nm, 

Table 4 
The development of photo-actuated SMPs in recent years.  

Photo-actuated SMP Group Type Wavelength 

SMPU[200] CNTs Photothermal type 808 nm 
Acrylate copolymer[51] Cinnamic acid Photochemical type λ1 > 260 nm; λ2 

< 260 nm 
LCE[52] Azobenzene Photochemical type λ1 = 330–380 nm; 

λ2 > 420 nm 
LCE[202] Gold nanorod Photothermal type 785 nm 
EVA[189] Spiropyrans Photochemical type 365 nm 
PLA-co-PEG[184] Anthracene Photochemical type λ1 > 260 nm; 

λ2 < 260 nm 
PCL[232] TiN Photothermal type 800 nm 
SMPU, EVA matrix[233] Azobenzene, AuNPs, Nd(TTA)3Phen, Yb(TTA)3Phen, Sm 

(TTA)3Phen 
Photochemical type and 
photothermal type 

UV light; 
520 nm; 
808 nm; 
980 nm; 
1064 nm 

PCL[230] Polydopamine nanospheres Photothermal type 365 nm 
SMPI[201] Silver nanowire Photothermal type 808 nm 
PVA[207] PAn fibers Photothermal type 808 nm 
EVA[225] p-aminodiphenylimide Photothermal type 365 nm 
SMPU[234] Azobenzene, NaYF4: Yb 25 mol%, Er 2 mol%@NaYF4: Nd 30 mol 

% Core-Shell 
Photochemical type and 
photothermal type 

UV light; 
808 nm 

Poly (vinyl butyral)[210] GO Photothermal type 808 nm 
Poly(methyl methacrylate-co-itaconic 

acid)[212] 
Sm(TTA)Phen(NO3)3 Photothermal type 1064 nm  
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Fig. 15. (a) The specimen after shape pro
gramming; (b, c, d) the shape changes of three 
samples under different wavelengths of light 
irradiation. (e) 3D shape changes process of a 
paper airplane, a flower and a hasp. (f) The 
schematic diagram of composition of SMPs 
and shape recovery process; (g) the molecular 
structure of Zn(Mebip)2(NTf2)2; (h) the photos 
of shape recovery processes of the SMP sam
ple; (i) the demonstration of robot hands. 
(a-d) [233]. Copyright 2018 Elsevier Ltd. (e) 
[252]. Copyright 2018 American Chemical 
Society. (f-i) [257]. Copyright 2015 Royal 
Society of Chemistry.   
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Fig. 16. (a) The photos of triple-shape memory 
performances of the smart thermosets. (b) The 
triple-shape memory performances of the poly 
(ester urethane)s sample. (c) The images of 
quadruple shape memory performances of the 
hydrogels. (d) The images of the quintuple-shape 
memory performances of the zwitterionic poly
urethanes. (e) The molecular components of the 
LCE; (f) the photos of the sample after irradiation 
on 530 nm green light and 405 nm blue light; (g) 
the deflection angle-time curve of LCE films dur
ing exposure to green light and blue light. 
(a) [269]. Copyright 2020 Springer. (b) [270]. 
Copyright 2020 Wiley. (c) [272]. Copyright 2020 
Springer. (d) [273]. Copyright 2018 Elsevier. (e-g) 
[278]. Copyright 2016 Nature Publishing Group.   
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as well as UV light, the multi-segments and multi-stimuli of EVA-Sm, 
EVA-Au, EVA-Nd, EVA-Yb and azo-PU thin films exhibited shape 
changes sequentially (Fig. 15b). Besides, the sequence of light irradia
tions with different wavelengths had a significant impact on the shape 
recovery process, as shown in Fig. 15c and Fig. 15d. The combination of 
the photochemical-actuated SMP and the photothermal-actuated SMP in 
the composite system provides a new idea for the preparation of 
multiwavelength selective responsive SMPs, which is conducive to 
broadening the scope of applications for the photo-actuated SMPs. 

Origami techniques are being investigated and used in space struc
tures and are also applied to biological advancements. Origami creates 
deployable structure that morphs from 2D to 3D, which is also insepa
rable from the multi-stimuli selective controlled smart polymers. Li et al. 
[252] applied Fe3+ / poly(acrylic acid) (PAA) / poly(ethylene oxide) 
(PEO) and PDA / PAA / PEO composite film to design a multi-stimuli 
actuated origami with selective shape morphing capability. It could be 
folded into plane shapes, before being transformed into a series of tar
geted 3D shapes when UV or visible light, and near-infrared light or 
heating were applied, respectively. This is related to the reduction and 
oxidation of Fe3+ [253–255]. Besides, the group continued to incorpo
rate polydopamine nanoparticles into the PEO / PAA matrix, with the 
shape recovery of the paper airplane, bionic flower and plastic hasp 
actuated by NIR irradiation (Fig. 15e). The 3D shape transformations of 
smart origami structure with complex, flexible and controllable shape 
morphing behaviors enriched the strategy of selective control on SMP. 

Radiofrequency (RF) field is also a flexible remote-controlled strat
egy for selective control. He and colleagues [256] demonstrated the 
selective control on shape memory CNTs-SMP, Fe3O4-SMP, and neat 
SMP through two radiofrequency (RF) fields (13.56 MHz and 296 kHz 
respectively) and heating fields, in sequence. And the selective control of 
polymers could be applied in smart switches and actuators with multi
task and multiple capabilities. 

Most of the photothermal particles absorb and convert near-infrared 
light energy, such as graphene, gold nanoparticles, polydopamine par
ticles, etc., but very few particles absorb ultraviolet light energy, which 
limits the diversified development of light-controlled SMP. Here, the 
SMP architecture formed by Zn(Mebip)2(NTf2)2 / epoxy composite and 
neat epoxy resin showed selective response to UV light and heating 
(Fig. 15f-h) [257]. Among them, Zn(Mebip)2(NTf2)2 can directly convert 
UV light energy into thermal energy [258]. The authors applied smart 
composite to design the robot hands capable to grab and release the 
metal spring, as shown in Fig. 15i. This also provides a novel approach 
for the intelligent soft robot, that is, by selectively driving a certain 
segment of the multi-stimuli SMP, it can complete the task of remotely 
grasping the target. 

Also, researchers have made plenty of effort on exploiting the se
lective, responsive SMPs with multifunctionalities, which made them 
suitable for preparing biomedical equipment, smart actuator and so on. 
For example, Yang’s group [259] developed the selective controllable 
actuation, fast self-repairing supramolecular networks consisting of 
2-ureido-4-pyrimidone supramolecular, poly(ethylene glycol), and poly 
(ƹ-caprolactone). Huang et al. [260] designed multi-stimuli selective 
shape changes poly(lactic acid) / epoxidized natural rubber / Fe3O4 
composites, which not only possessed magnetic and photo responsive 
shape memory properties upon alternating magnetic field and 808 nm 
NIR irradiation, but also had superior biocompatibility and exhibited 
broad prospects in biomedical fields. Also, using an 
azobenzene-containing LCE and single-walled CNTs / LCE composite, 
Wang et al. prepared a thermal / UV / NIR triple-stimuli-responsive 
shape memory LCE, which can be selectively controlled by adjusting 
the wavelength of light irradiation. 

4.2. Staged transformation 

Multiple shape memory polymers [261–268] can be programmed 
into diverse temporary shapes and perform multi-stage shape recovery 

upon external stimuli, including light, heat, magnetic, electric fields and 
so on. Ning et al. [269] prepared triple-shape memory thermosets based 
on the bismaleimide polymer and bisallyl compounds with dynamic 
ester bonds. Fig. 16a shows that the SMPs exhibit triple-shape memory 
behaviors under heating stimulation to 150 ℃ and 230 ℃, in sequence. 
Karasu et al. [270] designed multiple shape memory poly(ester ure
thane) which consisted of poly(1,4-butylene adipate), poly(butylene 
succinate) and poly(hexamethylene dodecanoate). The SMPs were fixed 
into two different temporary shapes at 65 ℃ and 0 ℃, respectively, as 
shown in Fig. 16b. Also, by reheating to 65 ℃ and 120 ℃, the sample 
showed sequential shape changes respectively, which made it applicable 
in temperature-sensitive actuators. 

Through reasonable molecular structure design strategies, quadruple 
and quintuple shape morphing polymers were also been constructed, 
among them, the quadruple SMP can be programmed to three temporary 
shapes, while the quintuple SMP can be programmed to four temporary 
shapes. Zhao et al. [271] developed the quadruple shape memory 
organic-inorganic copolymers consisting of double-decker silsesquiox
ane, 2-ureido-4[1 H]-pyrimidinone and polycyclooctadiene. Due to the 
interaction between quadruple hydrogen bonds, the SMP possessed 
self-healing properties as well. Wang et al. [272] fabricated the 
quadruple shape memory hydrogels consisting of acrylic acid, acryl
amide, agar and poly(vinyl alcohol). Within the borax solution, the 
smart hydrogels exhibited self-healing behavior due to plenty of borate 
bonds present in the SMPs. Fig. 16c shows the quadruple shape memory 
behaviors of the SMP under heat, acetic acid and Na-citrate stimulation. 
Besides, Zhuo et al. [273] prepared shape memory zwitterionic poly
urethanes, with up to quintuple shape memory behaviors triggered by 
heating or moisture. Fig. 16d shows the quintuple-shape unfolded be
haviors at 50 ℃, 60 ℃, 70 ℃, and 80 ℃ in succession. Gao et al. [274] 
designed a programmable and malleable quintuple-shape memory 
polymer based on a type of polyvinyl alcohol derivative with a broad 
range of glass transition temperature. The unique feature of the multiple 
SMP is that they can remember multiple temporary shapes while being 
programmed into complex shapes, thus addressing the problems of 
single shape and single function and enabling the adaptability to com
plex environments. They have a high potential to be applied in smart 
valves, fixation devices, biomedical engineering and aerospace envi
ronment, etc. 

In addition to the multiple SMPs, multi-stimuli responsive SMPs 
hybrid composites have also been explored to achieve high shape 
programmability and stated shape recovery behaviors. Thermal- and 
water-actuated shape memory rubber composites were fabricated by 
natural Eucommia ulmoides rubber and polyethylene oxide [275]. The 
composites exhibited both high mechanical properties and 
double-stimuli shape morphing behaviors. By introducing dynamic 
imine bonds into styrene-butadiene rubber / graphene composites, a 
thermal- and NIR-actuated shape memory vitrimer exhibited high me
chanical property and malleability [276]. It paved a way for the 
development of various vitrimers by combining nanoparticles, polymers 
and dynamic covalent chemistries. Besides, the shape memory nano
composites consisting of poly(butylene succinate)-co-poly(ƹ-capro
lactone) multi-segments copolymer and MWCNTs were designed [277]. 
The nanocomposites produced multi-stimuli shape memory effects 
under electric and NIR irradiation, which showed the shape fixed ratio 
and recovery ratio both over 98%. 

Another interesting multi-stage shape deformation intelligent system 
is the self-oscillating LCE material. Kumar et al. [278] designed a 
self-oscillating sunlight-actuated LCE actuator capable of continuous 
chaotic oscillatory motion when exposed to blue and green light 
(Fig. 16e and Fig. 16 f). After irradiation with the green light of 530 nm 
for several seconds, the LCE film was made flat, which was because the 
n-π * transition of the cis isomers led to a slight reduction in the local 
molecular order. After irradiation with a 405 nm blue light, the LCE film 
showed a bent shape because of cis-trans photoisomerization in the 
azobenzene groups. As illustrated by the curves in Fig. 16 g, the 
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Fig. 17. The shape memory performances of the M-SMP: (a) the M-SMP was hard at low temperature and could not be triggered through a Ba actuation field; (b) the 
M-SMP became soft and could be triggered through a Bh magnetic field; (c) the M-SMP was cooled and became stiff when Bh was switched off; (d) the M-SMP was 
reprogrammed according to the magnetization curves; (e) a diagram of four-arm gripper; (f, g) the gripper grabbed the ball; (h) the diagram of an adjustable antenna; 
(i) the adjustable antenna was actuated by different Ba field. 
[284] Copyright 2020 Wiley-VCH. 
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oscillatory motion was driven by molecular isomerization reactions. Its 
uniqueness is reflected in the fact that it can convert solar energy into 
mechanical motion as self-morphing soft actuator. This intelligent ma
terial can simulate living systems, including heartbeat, cell cycling and 
biorhythms, etc., which will be a major advancement in human science 
and technology. 

Several reports have demonstrated that multi-stage shape program
ming SMP systems can perform diverse motions upon multi-stimuli, 
which provide a new perspective for the autonomously operating soft 
robots. Zhang et al. [234] mixed 4-cyano-4’-pentyloxyazobenzene 
(5CAZ) and up-conversion luminescent nanoparticles (UCNPs) (diam
eter 20 nm) into SMPU matrix for preparing UV–vis–NIR responsive 
SMP composites and programmable light-controlled bionic finger [279, 
280]. The 5CAZ acted as a "photo-switch", which allowed the trans-cis 
isomerization under UV light and visible light irradiation. While 
UCNPs can transform near-infrared light into green fluorescence 
[281–283]. The authors also used the photo-actuated SMP film to pre
pare the bionic finger, thus exhibiting the upward bending and down
ward bending sequentially as a result of the exposure to NIR and UV 
light irradiation. 

Furthermore, a smart gripper based on multi-stimuli SMP was 
fabricated by Ze et al. using two types of magnetic particles (Fe3O4 and 
NdFeB) and acrylate based amorphous polymer (named M-SMP), which 
had shown reprogrammable, reversible shape transformation and lock
ing capacities (Fig. 17a and Fig. 17b) [284]. The researchers demon
strated the shape locking and shape reprogrammable properties 
(Fig. 17c and Fig. 17d), respectively, based on which a smart four-arm 
gripper was designed that can grip the 23 g lead ball (Fig. 17e-g). 
Furthermore, by utilizing the advantages of M-SMP in shape locking and 
shape transformation properties, the author designed an adjustable 
morphing antenna (Fig. 17h-i). This shape transformation soft SMP 
material can address the challenge of multi-functional shape manipu
lations, and could be applied in intelligent soft robots as well as recon
figurable and flexible morphing antenna, etc. 

Besides, due to their multi-stage programmability and shape trans
formation, the multi-segments multi-stimuli responsive SMPs are widely 
also utilized to store information. It is known that morse code is a basic 
coding program in which the information gets converted into dots (“•”) 
and dashes (“-”) [285,286], and multi-stage intelligent SMPs can pro
gram the morse code and achieve information encryption. Leng et al. 
[287] designed the programmable shape-memorizing language code 

patterns comprised of SMP-Fe3O4, SMP-p-aminodiphenylimide, 
SMP-MWNCTs and neat SMP, and were triggered by alternating mag
netic field, UV light, radiofrequency field, and heating field according to 
a preset stimulation process. The authors demonstrated the fabrication 
process of the Morse code on the surface of the multi-segments SMP 
composites, thus providing a new solution to the concealing and re
covery of the Morse code. The information on "HARBIN INSTITUTE OF 
TECHNOLOGY" could be obtained through the decryption of Morse 
codes on SMP sample, proving the feasibility of application in smart 
information storage carriers. 

A list of multi-stage shape transformation and multi-stimuli selective 
controlled SMPs are shown in Table 5. From the above, it can be un
derstood that the multi-stage programming and multi-stimuli control of 
single- and multi-shape memory polymers have enabled flexible design 
for extensive applications. A wide variety of smart architectures 
including bionic stents, drug delivery and release, soft robots and ac
tuators, etc. have been constructed according to the requirements of 
projects [288–293]. Although there have been progresses in the 
multi-stimuli SMPs, complex preparation strategies are still a challenge, 
which will be a popular topic of future research. 

5. 4D printing 

3D printing is an advanced manufacturing technology intended for 
the rapid fabrication of complex 3D structure according to computer- 
aided 3D models. 4D printing was first proposed in 2014 by the Tib
bits group from Massachusetts Institute of Technology [294]. 4D print
ing is developed on the foundation of 3D printing with the addition of a 
time dimension, and the structure, property, and function of the 4D 
printed objects change over time under specific environment or stimulus 
[295–300]. As a further development of 3D printing, 4D printing tech
nology is dynamic and intelligent. It shows some distinct advantages as 
follows. On the one hand, the printed structure can show change in 
shape when actuated by proper stimulation. On the other hand, 4D 
printing technology can be applied to manufacture the complex 
three-dimensional structures with personalization, intelligence and in
tegrated functionalities in a faster and less costly way. So far, a variety of 
smart materials have been developed for 4D printing, including shape 
memory hydrogels [301,302], shape memory polymers [303,304], 
liquid crystal elastomers [305,306], shape memory alloys [307,308], 
shape memory ceramics [309,310] and their composites, etc. 

Table 5 
The multi-stage shape transformation and multi-stimuli selective controlled SMPs.  

Multi-materials Multi-stimuli control Multi-stage shape transformation Application 

SMPU, azobenzene group, Sm(TTA)3Phen, Yb 
(TTA)3Phen, Nd(TTA)3Phen, AuNPs[233] 

UV light, 1064 nm, 980 nm, 808 nm, 
520 nm 

Multi-segments and quintuple- 
stimuli shape transformation 

Programmable actuators, anti- 
counterfeiting materials, soft robots 

Fe3+ / (PAA) / PEO and PDA / PAA / PEO composite 
[252] 

UV, visible light, near-infrared light, 
heating 

Multi-segments and quadruple- 
stimuli shape transformation 

Origami structure 

CNTs-SMP, Fe3O4-SMP, and neat SMP[256] 13.56 MHz and 296 kHz radiofrequency 
fields, heating fields 

Multi-segments and triple-stimuli 
shape transformation 

Smart switches and actuators 

Zn(Mebip)2(NTf2)2 / epoxy composite and neat 
epoxy resin[257] 

UV light, heating fields Multi-segments and double-stimuli 
shape transformation 

Robot hands 

Bismaleimide polymer and bisallyl compounds with 
dynamic ester bonds[269] 

150 ℃, 230 ℃ Single-segment and triple-shape 
transformation 

Temperature-sensitive actuators 

Acrylic acid, acrylamide, agar and poly(vinyl 
alcohol) hydrogels[272] 

Heating, acetic acid and Na-citrate 
stimulation 

Single-segment and quadruple- 
shape transformation 

Biomedical device 

Shape memory zwitterionic polyurethanes[273] Heating or moisture Single-segment and quintuple- 
shape transformation 

Smart valves, fixation devices 

Styrene-butadiene rubber / graphene composites 
[276] 

Heating, NIR irradiation Single-segment and double-stimuli 
shape transformation 

Smart control devices 

MWCNTs / Poly(butylene succinate)-co-poly(ƹ- 
caprolactone) copolymer composite[277] 

Electric field, NIR irradiation Single-segment and double-stimuli 
shape transformation 

Smart control devices 

LCE[278] Blue and green light Single-segment and double-stimuli 
shape transformation 

Self-oscillating actuator 

Fe3O4 and NdFeB / acrylate based amorphous 
polymer composites[284] 

Different frequency Ba fields Multi-segments and multi-stimuli 
shape transformation 

Gripper, flexible morphing antenna 

SMP-Fe3O4, SMP-p-aminodiphenylimide, SMP- 
MWNCTs and neat SMP[287] 

Alternating magnetic field, UV light, 
radiofrequency field, and heating field 

Multi-segments and quadruple- 
stimuli shape transformation 

Information storage carriers  
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[311–314]. This section introduces the state-of-the-art advancement in 
the 4D printing technology, and the matching printable SMPs. 

5.1. 4D printable SMPs 

The approaches to 4D printing for SMPs include stereolithography 
(SLA) [315], digital light processing (DLP) [316], fused deposition 
modeling (FDM) [317], and direct ink writing (DIW) [318], etc. From 
the above, it can be understood that SLA and DLP utilize the photo
chemical process to print products. During the printing process, poly
meric monomers or oligomers experience chemical crosslinking reaction 
under UV light radiation to develop a stable three-dimensional struc
ture. Therefore, SLA and DLP are applicable to the printing of photo 
curable resins [319]. FDM is a bottom-up extrusion technique involving 
a nozzle extruder, of which the materials are thermoplastic solid SMPs 
and SMPCs wires [320]. DIW is quite similar to FDM printing technol
ogy, with the rheological property of the ink as a critical parameter. 
There are many materials suitable for DIW, e.g. polymers [321], ce
ramics [322], metal particles [323] and multi-materials [324]. 

According to the manufacturing properties, SMPs can be divided into 
two categories: thermoplastic and thermosetting. The printing technol
ogies of thermoplastic SMPs mainly include FDM and DIW. Among 
them, FDM printing utilizes thermoplastic solid wires, such as shape 

memory thermoplastic polyurethane wire, shape memory thermoplastic 
polylactic acid wire, and shape memory thermoplastic polycaprolactone 
wire, etc. While DIW printing uses viscous liquid inks, such as UV 
crosslinking polylactic acid-based inks, shape memory poly(D,L-lactide- 
co-trimethylene, carbonate), and waterborne shape memory poly
urethane mixed with polyethylene oxide ink. By contrast, the printing 
methods of thermosetting SMPs mainly include SLA and DLP, and the 
photosensitive resins involve shape memory acrylate resin, shape 
memory epoxy resin, and shape memory polyurethane acrylate, etc. The 
typical 4D printable SMP materials and the applicable printing tech
nology will be introduced as follows. 

Using thermoplastic SMPU and photothermal conversion carbon 
black nanoparticles, researchers prepared photo-responsive shape 
memory composites for 4D printing (Fig. 18a) [325]. With the 
layer-by-layer FDM printing technology, the composite was then man
ufactured into pre-designed shape memory structures. The authors 
demonstrated the shape-shifting process of the cubic frame and bionic 
sunflower structures irradiated by light source and natural sunlight 
(Fig. 18b, Fig. 18c and Fig. 18d). After 160 s of light source illumination, 
the bionic sunflower bloomed completely, and the temperature changes 
occurring during the shape recovery processes were characterized by 
thermal infrared images (Fig. 18e). This printing approach offers great 
chances for the design and preparation of personalized remote-actuated 

Fig. 18. (a) FDM 4D printing of SMP and shape changes behavior; (b) the shape-shifting process of cubic frame in light source and natural sunlight irradiation, 
respectively; (c) the “blooming” processes of 4D printing of bionic sunflower; (d) the photos of “blooming” process of bionic sunflower triggered by light source; (e) 
the thermal infrared images of sunflower from temporary shape to original shape. 
[325]. Copyright 2017 Wiley-VCH. 
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smart devices. 
Using DIW technology and the PLA-based inks (including PLA, 

benzophenone (BP) and Fe3O4), an active shape-morphing SMP bio
logical scaffold was fabricated, which could be triggered by heating or 
magnetic field [318]. When the inks were pushed out by DIW printer, 
the fast evaporation of solvent led to the fast liquid-solid transition of the 
inks, thus forming the personalized 4D printable structure (Fig. 19a). 
The chemical reaction mechanism was that PLA and BP experienced free 
radical crosslinking reaction under UV irradiation (Fig. 19b) [326,327]. 
The authors presented the shape memory process of the 4D printing of 
biological scaffold in a narrow vessel (Fig. 19c and Fig. 19d). It was 
demonstrated as effective in solving blood vessel embolism diseases by 
re-expanding the narrow vessel accumulated with thrombus. In simple 
terms, the 4D printed self-deployable scaffold can expand in the vessel to 
make the blood flow as normal. This technology can enable the cus
tomization of unique stent structure according to the patient’s circum
stance. These characteristics of the 4D printable inks have demonstrated 
unrivalled advantages in respect of bioengineering. 

Another similar to the DIW approach is inkjet printing technique. 
Jeong et al. [328] applied inkjet printing to fabricate the multicolor SMP 
composites with selective shape-morphing capability under 
color-dependent light irradiation. The authors designed the multicolor 
SMP composites based on glassy shape memory polymer fibers in a 
rubbery matrix and fabricated the multicolor hinged shape-shifting 

structure (Fig. 19e and Fig. 19 f). Under the irradiation with different 
light wavelengths, the hinged structure can change into different shapes. 
Compared with the 4D printing of magnetic-actuated SMPs, the selective 
photo-actuated SMPs show incomparable advantages. This is because its 
size, direction and position of various light sources can be adjusted 
selectively. Thus, the 4D printable photo-actuated SMPs are widely 
adopted in advanced actuators, soft robots and smart deployable 
structures. 

SLA and DLP techniques are advanced manufacturing technologies 
in which photosensitive resin is rapidly cured under the irradiation of 
UV light from a laser. For example, epoxy resin has epoxy groups that 
undergo ring-opening reaction under UV light. Also, acrylate resin 
contains C––C bonds which have free radical reaction under UV light. 
Shan et al. [329] applied SLA technology and shape memory epoxy 
acrylate solution to produce a smart electrical valve actuator, which can 
be utilized in fire alarm and monitor systems. The innovation achieved 
by the research is that the shape memory property of the 4D printable 
SMP structure was combined with the conductive properties of silver 
paste to enable an electric control function. When the SMP structure was 
in temporary shape state, the electrical circuit was closed with the LED 
bulb on. While the SMP structure returned to the original shape state, 
and the electrical circuit was opened with the LED bulb off. 

Fig. 19. (a) The schematic diagram of DIW 4D printing technology and shape recovery of the printed products under AMF actuation; (b) the UV crosslinking reaction 
between PLA and BP; (c) the shape recovery progresses of the sample under 30 kHz AMF; (d) the 4D printing of spiral scaffold and its shape memory process. (e) The 
dual-step actuation of multicolor composites; (f) the multicolor hinged shape-shifting structure for multistep actuation. 
(a-d) [318]. Copyright 2017 American Chemical Society. (e,f) [328]. Copyright 2020 Nature Publishing Group. 

X. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering R 151 (2022) 100702

25

5.2. Personalized printed structures 

The 4D printing technology can achieve the efficient fabrication of 
shape morphing devices with complex shapes and delicate structures. 
And the personalized SMP structures can be easily constructed, which 
are integrated with computer-aided molding to fabricate geometrically 
complex structure, external-stimulus controlling deformation, and 
multi-functional integration, such as glass sponge-like bionic scaffolds, 
origami structures, the anisotropic structures with programmable Pois
son’s ratio, auxetic three-dimensional meta-structures, bioinspired 
tracheal scaffolds, chiral metamaterials-based scaffolds, smart textiles 
and self-deployable honeycomb sandwich structures, etc. [330–336]. 

Conventionally, polymers have a positive Poisson’s ratio, which 
means that the material shrinks in the tensile direction when stretched. 
Such property hinders the application of SMP structures in some fields. 
In the past few years, some researchers have paid close attention to the 
design and 4D printing of polymer structures with negative Poisson’s 
ratio (NPR) effect which expands in the tensile direction within the 
elastic range when stretched [333]. Due to the peculiar advantages of 
lightweight and high specific stiffness [337,338], the printed SMP 
structures with NPR provide higher tensile strength at lower surface 
coverage as shape-shifting property. For example, Leng’s group devel
oped the 4D printing of customized shape-shifting vascular stents with 
negative Poisson’s ratio, so as to enlarge the narrow blood vessel quickly 
[339]. According to the genetic algorithm [340,341] and the Gibson 
theory [342], the authors designed two solutions to the 4D printing of 
NPR topology structure stents (Fig. 20a). They also applied ABAQUS 
software to simulate the shape changing performance of the vascular 
stents (Fig. 20b), demonstrating that the stents had outstanding capa
bility of shape memory. This kind of shape-shifting stent also exhibited 
biodegradable property, which allowed it to replace the metal stents and 
address the challenges of thrombosis, restenosis and other 
complications. 

The 4D printable biological scaffolds with good biocompatibility 
have received intensive attention and have been developed rapidly 
during the last few years. For instance, cell-laden saddle-like scaffold 
with remote NIR-actuated shape deformation property was designed 
through 4D bio-printing of alginate / PDA inks (Fig. 21a) [343]. The 
authors fabricated bilayered alginate scaffold and bilayered alginate / 
PDA scaffold which exhibited shape morphing in response to heating 
stimulation and 808 nm near infrared light irradiation (Fig. 21b and 

Fig. 21c). As confirmed by the test of the biocompatibility and cell 
viability, cells outlived well in the bilayered scaffolds before and after 
NIR light irradiation, with 80% viability preserved over 14 days. Thus, 
the cell-laden 4D bio-printing of shape-morphing composites is fit for 
encapsulating living cells and has immense prospects in artificial tissues 
and organs. 

In addition to the photo-actuated 4D printable stent, magnetic- 
controlled bio-designed and biodegradable tracheal scaffolds are also 
constructed. Zhao et al. [334] designed a 4D printable 
magnetic-actuated bio-tracheal scaffold that imitated the microstructure 
of glass sponge (Figs. 21d-21g), which exhibited enhanced strength, 
stability and biodegradability, thus solving problems such as scaffold 
migration and scaffold fracture. The 4D printing of porous structure 
bone tissue scaffolds (Fig. 21h and Fig. 21i) using non-toxic, environ
mentally friendly and biocompatible SMP was reported by Leng’s group 
[344]. Also, they did 4D printing of bone repair structures (Fig. 21j) 
made up of biocompatible PLA / Fe3O4 composite filaments [345]. 
Significantly, the 4D printed bone structure is the first to be fixed into a 
very small size and injected into the implant place (Fig. 21k). Conse
quently, the printed stent structure which integrates with 
multi-functions holds a great potential of application in the biomedical 
field and has a prospective replacement for the traditional stent 
structures. 

Another interesting intelligent structure is responsive actuator or soft 
robot. A 4D printed gripper based on shape memory PLA and silver 
nanowires could grab a small steel ball weighing 2.5 g under 4.5 V 
electric field [346]. Besides, Yang et al. [347] demonstrated an 
UV-assisted 4D printing technology that could be applied to print Chi
nese characteristics, e.g. Terracotta Warriors, Kungfu Panda, and "Bird’s 
Nest" stadium and either elbow protector, and elbow protector models 
through the shape memory PLA-co-PCL copolyester networks. These 
reports elaborate that the 4D printing technology was a flexible and 
well-adapted strategy to manufacture diverse intelligent structures with 
sophisticated shapes. A list of printable SMP-based materials and 
structures was presented in Table 6. 

Since the concept of 4D printing was put forward, it has received 
intensive attention from researchers in many areas [348]. The person
alized 4D printable structures have presented significant potential of 
applications in electronics, biomimetics, robotics, and biomedical en
gineering, e.g. drug-loaded biological stents, minimally invasive sur
gery, and biological catheters, etc. However, as a new type of 

Fig. 20. (a) The two types of 4D printing of NPR stents structure; (b) the simulation images of shape recovery process. (1) and (2) were the temporary shape of 
printed stents named Type 1 and Type 2, respectively. (3)-(6) were the images of shape recovery processes, (7) and (8) were the permanent shape of the two stents. 
[339]. Copyright 2020 Springer. 
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Fig. 21. (a) The shape of the 4D printing of bilayered scaffold was changed from a plane shape to a saddle-like shape; (b) NIR-actuated shape change behavior of the 
bilayered alginate / PDA scaffold; (c) two-segments scaffolds consisted of alginate / PDA composite and cell-laden alginate / GelMA composite. (d) Photos of a glass 
sponge structure and cage structure; (e) and (f) the plane images of the deployable structure of two tracheal scaffolds, respectively; (g) the images of the 4D printed 
bio-tracheal scaffolds (named BTS-I and BTS- II, respectively). (h) Design models of porous bone tissue scaffolds; (i) the bone tissue scaffolds fabricated by 4D printing 
technology. (j) The shape recovery behavior of 4D printing of PLA / Fe3O4 composite structure triggered by magnetic field; (k) the shape memory mechanism of the 
bone repair tool. 
(a-c) [343]. Copyright 2019 IOP Publishing Ltd. (d-g) [334]. Copyright 2019 Elsevier Ltd. (h,i) [344]. Copyright 2020 SPIE. (j.k) [345]. Copyright 2019 Elsevier Ltd. 

X. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering R 151 (2022) 100702

27

technology, 4D printing still faces various challenges, such as lower 
printing efficiency, smaller volume of printed structures, and shortage of 
comprehensive theoretical foundations. Researching on SMPs with high 
biocompatibility, multi-functionality, long term stability and good me
chanical properties for 4D printing is a main research direction 
[349–352]. After continuous development and verification, the utiliza
tion and large-scale production of 4D printed objects will perform better 

in satisfying the personalized needs of huge market and patients. 

6. Prospective applications 

After intensive efforts, researchers have developed a wide variety of 
intelligent SMP structures for profound usage in actuators, bionic soft 
robots, aerospace engineering, biomedical engineering, and information 
storage [353–355]. For example, biocompatible SMPs are widely 
applied in personalized biological scaffolds, biological extension cath
eters and atrial septal defect occluder. Photo-actuated SMPs are 
commonly utilized in reconfigurable / rewritable nano-optical devices, 
optical information storage, and anti-counterfeiting, etc. Programmable 
multi-stimuli-actuated SMPs and remote stimuli-actuated SMPs play an 
important role in bionic soft robots, artificial muscles and dynamically 
tunable microfluidic devices. The current applications of SMPs are 
summarized in Fig. 22. And several examples will be briefly introduced 
for the typical and promising application of SMPs in the following parts. 

6.1. Smart actuators 

Smart actuator represents a significant direction of application for 
SMPs. This is because shape memory polymers have the following ad
vantages, such as flexibility, high functionality, large deformation, and 
light weight, etc. compared with shape memory alloys and shape 
memory ceramics. For example, a bionic flower with self-healing ability 
was fabricated using the poly(acrylic acid)-grafted graphene oxide 
(PAA-GO) mixed into shape memory PVA matrix [356]. When the 
PAA-GO content reached 3.0 wt%, the self-healing ratio of PVA / 
PAA-GO composite in the first shape memory cycle was 99.2% and then 
gradually decreased to 90.6% after 15 shape memory cycles. Under 
47 mW/cm2 NIR light irradiation, the bud bloomed to its permanent 
flower shape within 1 min (Fig. 23a). The tensile strength of the SMP 
composite film was 70.4 MPa and the Young’s modulus was 2.8 GPa, 
thus addressing the low mechanical properties of PVA-based smart 
actuator. 

Further, multi-wavelength light-controlled wireless actuators has 
boomed during the last decade, which can adapt to more complex en
vironments and achieve more precise controllability of the action. A 
smart "athlete" was prepared by mixing gold nanorods into azobenzene- 
based LCE networks (AuNR-ALCN) [357]. Under 365 nm ultraviolet 
light and 550 nm visible light irradiation, respectively, the azobenzene 
group produced cis-trans photoisomerization effect to induce the shape 
memory process of the AuNR-ALCN. When irradiated by a 785 nm 
near-infrared-light, the gold nanorods absorbed the NIR energy and 
generated thermal energy to drive shape morphing behavior. Therefore, 
the smart "athlete" could perform different sporting actions, like 
push-ups and sit-ups action, which endows it with the potential of ap
plications in artificial muscle (Fig. 23b). In addition, the light control of 
a tubular liquid crystal microactuator was applied for driving the 
movement of fluid slugs (Fig. 23c) [358]. Diverse microactuator shapes, 
including straight, serpentine, ‘Y’-shaped and helical shape, were con
structed and utilized to achieve the photocontrol on a wide variety of 
liquids moving along the specific directions. Such photo responsive 
microactuators would be useful in micro-reactors and 
micro-optomechanical systems. 

It is known that LCE is a very promising material for smart actuators, 
but in the case of the shielding of opaque barriers, photo actuation of 
LCE cannot generally be performed since the lights can hardly penetrate 
the opaque objects. However, microwave actuation is not affected, 
which can penetrate the LCE and drive the smart object to achieve the 
pre-designed action. In 2020, a microwave-actuated two-way shape 
morphing actuator was prepared by polysiloxane-based nematic LCE 
(Fig. 23d) [359]. The energy conversion of the polysiloxane from mi
crowave radiant energy to thermal energy enabled wireless control on 
the macroscopic shape change of LCE. Significantly, the LCE exhibited 
rapid contraction under microwave radiation, and recovered its original 

Table 6 
4D printing of SMPs and composites and their applications.  

4D Printable materials Printing 
technology 

Actuation 
methods 

Application 

Thermoplastic SMPU/ 
carbon black 
nanoparticles 
filament[325] 

FDM 808 nm NIR 
light 

Bionic sunflower, 
remote actuator 

PLA/Fe3O4 inks[318] DIW 30 kHz 
magnetic field 

Biological scaffold in 
a narrow vessel 

Glassy SMP fibers[328] Inkjet 
printing 

Blue LED, red 
LED 

Light-induced 
structural changes 
and remote actuation 

Shape memory epoxy 
acrylate solution, 
silver paste[329] 

SLA Electrical field Fire alarm and 
monitor systems 

Thermoplastic SMP / 
CNTs or SMP / silver 
paste filament[330] 

FDM Electrical field Smart textiles 

PLA inks[339] DIW Thermal field Vascular stents with 
negative Poisson’s 
ratio structure 

Alginate/ 
polydopamine (PDA) 
inks[343] 

DIW 808 nm NIR 
light 

Biological scaffolds in 
artificial tissues and 
organs 

Thermoplastic PLA/ 
Fe3O4 filament[334] 

FDM 30 kHz 
alternating 
magnetic field 

Bio-tracheal scaffold 
with glass sponge 
microstructure 

Thermoplastic PLA/ 
Fe3O4 filament[344] 

FDM 30 kHz 
alternating 
magnetic field 

Porous structure 
bone tissue scaffold 

Thermoplastic PLA/ 
silver nanowires 
filament[346] 

FDM Electrical field Gripper, actuators 

PLA and PCL 
copolyester polymer 
[347] 

UV-assisted 
FDM 

Thermal field Medical protective 
devices  

Fig. 22. Diverse applications for intelligent polymers.  
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Fig. 23. (a) The shape memory processes of PVA / 
PAA-GO3% composite film irradiated at 808 nm, 
47 mW / cm2 NIR light. (b) Two different revers
ible motion behaviors of the bilayer film by turning 
on and off UV light. (c) The tubular microactuator 
actuated by photodeformation. (d) The photos of 
the microwave actuation behavior of an LCE sam
ple. 
(a) [356]. Copyright 2019 American Chemical So
ciety. (b) [357]. Copyright 2018 Wiley-VCH. (c) 
[358]. Copyright 2016 Springer. (d) [359]. Copy
right 2020 Royal Society of Chemistry.   
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Fig. 24. (a) The synthesis route of CNTs-LCEs and the mechanism of shape change triggered by light irradiation; (b) the reversible shape changes of CNTs-LCE film, 
triangle, chair, "Hercules", tripod, and six-petal "flower" structures. (c) The photos of rotation of a shape memory flower irradiated with LED; (d) the photos of the 
grabber grabbing objects. (e) Angle-controlled photomechanical jumping of the azo-LCN soft robots. 
(a,b) [369]. Copyright 2016 American Chemical Society. (c,d) [370]. Copyright 2019 American Association for the Advancement of Science. (e) [367]. Copyright 
2021 Elsevier Ltd. 
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shape when the microwave radiation was switched off. The 
microwave-actuated LCE showed the advantages of fast start-stop 
response and energy-saving. Thus, it can be applied as wireless actu
ator to monitor the intensity of microwave radiation while ensuring 
convenient manipulation and good sensitivity. 

Besides, other stimulus-responsive actuators with multi-functionality 
are prepared, which significantly diversify the categories of smart ac
tuators. For example, Pringpromsuk et al. [360] designed a multifunc
tional SMP actuator based on dibutyl adipate and shape memory 
polyurethane, which was actuated by thermal and electric stimuli and 
possessed reversible shape deformation property over six cycles. Wang 
et al. [361] developed a six-handed helical soft actuator which could be 
triggered by thermal stimulus to catch a live fish in water. Chu et al. 
[362] fabricated a near-infrared light-actuated SMP with a long-time 
fluorescence, which could produce multiplexed biomedical fluores
cence image during the shape recovery process. Andrew et al. [363] 
prepared a thermal bimorph actuator on the basis of carbonyl iron 
particles / EP / silane, which exhibited shape changing capability under 
the context of alternating magnetic field actuation. In addition, Duarah 
et al. [364] fabricated microwave-actuated flexible electronic actuators 
based on the Fe3O4 @MoS2 / MWCNTs / dopamine / SMPU composites 
with self-healing and electromagnetic interference shielding capability. 
Li et al. [365] applied hydrophobic TiO2 nanoparticles and elastomer 
film to prepare superhydrophobic elastomer surface, which can perform 
jumping and fixing, grabbing and release under control by an electric 
field. Leng et al. [366] fabricated an electroactive SMP composite film 
based on metal mesh embedding layer and colorless shape memory 
polyimide layer, which had a high shape memory transition temperature 
(230 ℃) and could extend the scope of application for the 

electric-actuated SMP actuators in harsh environments. Consequently, 
an increasing number of smart actuators have been constructed by re
searchers over the last decade. But there is still a long way to go before 
realizing the practical application in daily life, due to the inability to 
industrialize production, long production cycles, and high costs, etc. 

6.2. Soft robots 

Everything in nature is magical and fascinating. Over the last decade, 
the bionic soft robots imitating the biological dynamics motion of 
elephant trunks, mammalian tongues, octopus paws and so on have 
attracted increasing attention for research and investigation. Bionic 
robots can displace human beings to accomplish work under harsh 
conditions such as outer space, arctic regions, high altitude and so on 
[367,368]. For instance, a photo-actuated CNTs-LCEs soft robot was 
prepared by using diglycidyl ether of 4,4′-dihydroxybiphenol, sebacic 
acid, CNTs and a dispersant (PIM) (Fig. 24a) [369]. The sample showed 
reversible change in length as light irradiation triggered the transition 
between liquid crystalline phase (25 ◦C) and the isotropic phase 
(120 ◦C). The authors designed a series of smart structures with shape 
changing capability (Fig. 24b). Among them, the "flower" structure 
displayed more than 20 different shape changes under selective NIR 
light irradiation. 

Furthermore, multi-responsive wireless-controlled soft robots have 
also been designed to replace humans to do more work. Photothermal 
and magnetic responsive soft robotics (cantilevers, flowers, scrolls, and 
grabbers) were designed by using the SMP composite consisting of Fe 
particles and shape memory thermoplastic polyurethane matrix [370]. 
The multi-stimuli responsive "flower" soft robotics and "grabber" show 

Fig. 25. (a) The deployable behaviors of a solar array actuated by a SMPC hinge. (b) The unfold process of the deployable truss. (c) The illustration of the deployable 
morphing structure. 
(a) [376]. Copyright 2009 IOP Publishing Ltd. (b) [377]. Copyright 2014 Elsevier. (c) [378]. Copyright 2015 Emerald Group Publishing Ltd. 
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Fig. 26. (a) The release devices of the "lotus", "eight paws", and "bamboo", respectively; (b) the bending deformation recovery behavior of the inner and outer 
cylinder of the "lotus" device. (c) Finite element was used to simulate the first six vibration modes of three-longitudinal beam truss. (d) The conceptional flexible solar 
array self-deployment in space environment. (e) The shape recovery process of the sandglass-like releasing device. (f) The on-orbit releasing process of the flexible 
solar array system. (g) The packaging and deployment process of the ultra-light release device. 
(a,b) [381]. Copyright 2015 Elsevier Ltd. (c) [382]. Copyright 2016 World Scientific Publishing Europe Ltd. (d) [383]. Copyright 2019 Elsevier Ltd. (e) [384]. 
Copyright 2019 Elsevier Ltd. (f) [387]. Copyright 2020 Springer. (g) [388]. Copyright 2020 Elsevier Ltd. 
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high flexibility in re-configuration and posture fixation (Fig. 24c and 
Fig. 24d). In addition, Jeon et al. [367] designed continuous program
mable photomechanical jumping for untethered miniaturized soft ro
bots, which was fabricated by azo and liquid crystal polymer networks 
(named azo-LCN). Under light irradiation, the programmable soft robots 
can achieve continuous jumping to overcome obstacles within 5 s, and 
the jumping height and angle are controllable (Fig. 24e). The soft robots 
can move instantaneously like jumping athletes such as frogs and fleas, 
and achieve fast jumps at low energy costs, thereby they have significant 
application prospects in complex terrain, obstacles and other 
environments. 

Another type of bionic soft robot was a photo-thermal self-folding 3- 
finger hand, which was prepared by 4D printing of shape memory 
composites (consisted of carbon black, polystyrene and chitosan) [371]. 
The 3-finger hand exhibited bend motion under 808 nm 
near-infrared-light irradiation. The self-folding bionic hand fabricated 
by 4D printing technology laid foundation for the further manufacture of 
more complex and flexible soft robots. Additionally, Kim et al. [372] 
reported the 4D printable soft electronics robots with negative Poisson’s 
ratios, which consisted of ferromagnetic microparticles and elastomer. 
They exhibited a series of shape changes under light, heat, solvent, 
electric or magnetic stimuli. The authors also demonstrated other SMP 
soft robots with complex shape-morphing capabilities, e.g. a mechanical 
bionic soft robot that can jump, and a micro-robot that can crawl, roll 
and catch objects. Hence, based on the remote-actuated SMPs, 
multi-responsive SMPs, and multi-functional SMPs, researchers can 
fabricate wireless-controlled, programmable, reprogrammable or 
reconfigurable soft robots to adapt to different application scenarios and 
environments. 

6.3. Aerospace engineering 

The space environment is much harsher than that of atmosphere. 
Many polymers are subject to severe erosion by atomic oxygen and UV 
light irradiation in space, thus causing the loss of mass, deteriorating 
performances, and even the complete loss of function [373]. Epoxy 
resin-based, polyimide-based and cyanate ester-based SMPs are 
demonstrated to have excellent tolerance capability in outer-space 
environment [374]. Besides, according to the review conducted by Liu 
and her colleagues, SMPC can be designed into a variety of space 
deployable structures, such as reflector antennas, deployable panels, 
self-deployable solar arrays and morphing structures, etc. [375]. 

Considering the carrying capacity of the rocket and the needs of 
large-scale space structures, deployable structures came into being. Most 
deployable structures rely on electromechanical systems or mechanical 
arms for deployment. The SMP can be used as the driving component of 
a new spatially expandable structure, which can be driven by the shape 
memory characteristics of the polymer without complicated mechanical 
equipment. Lan et al. [376] prepared a styrene-based SMP composite 
(SMPC) strengthened by carbon fibers, and then demonstrated the 
practicability of a deployable SMPC hinge structure. By testing the 
deployment behavior of a solar array (Fig. 25a), the authors verified that 
the SMPC hinge could recover the original angle within approximately 
80 s and that the solar array could be deployed upon a voltage of 20 V. 
The author also tested the shape recovery ratio which exceeded 90%. 
Leng’s group [377] designed a space deployable truss structure using the 
multilayer carbon fiber strengthened by the epoxy SMP composites. 
When the voltage and electric current reached 38 V and 0.2 A, respec
tively, the self-deployable truss unfolded within 100 s (Fig. 25b). Due to 
these characteristics of the truss structure, it could be used for both solar 
panel and deployable antenna. 

There are a large number of researches on the materials, structure, 
deformation, and radiation performance of SMPs in aerospace filed 
which have provided a firm basis for the practical utilization. For 
example, a deployable morphing structures based on SMP filler, me
chanical skeleton and SMP plate was exhibited in Fig. 25c [378]. When 

the SMP filler was restored from the temporary shape to the original 
shape, the standard airfoil developed. After being heated by 80 W 
resistance heating film, the deployable morphing structure exhibited 
shape deployment property within 98 s. Also, a cubic deployable SMPC 
structure was designed by four dependent spatial cages, with each 
spatial cage having 12 three-longeron SMPC truss booms and end con
nections [379]. As revealed by the experimental results of ground 
simulation, the smart structure possessed self-deployment capability 
under 465 s electric field actuation. Besides, the deployable structures 
were verified by on-orbit experiments on satellite. Researchers tested 
the mechanical properties of epoxy-based SMPs at a time when the SMPs 
were exposed to 1 * 105 Gy and 1 * 106 Gy radiation dosage environ
ments for up to 140 days [380]. After irradiated by 1 * 106 Gy radiation, 
the tensile strength reached 26 MPa and elastic modulus reached 
1.36 GPa, respectively. Compared with the original materials, the shape 
recovery ratio of the irradiated SMP exceeded 95%, showing only slight 
degradation. Thus, the epoxy-based SMPs had bright prospects in 
aerospace environment due to the properties of resistance to space ra
diation, light weight and high strength. 

Furthermore, various bionic space-deployable structures have been 
constructed one after another, which is also inseparable from the sup
port of smart materials. "Lotus", "eight paws", and "bamboo" shaped 
locking-release devices were fabricated by styrene-based SMPCs 
(Fig. 26a) [381]. After heating, the inner cylinder of the "lotus" device 
could bend 90︒ outwards within 36 s, and the outer cylinder could 
bend 90︒ inwards within 31 s, thus releasing the locked objects 
(Fig. 26b). Li et al. [382] prepared shape memory, highly reliable, light 
weight and self-deployable truss structures, and established 
three-longeron truss finite element models with the assistance of ABA
QUS software. The result of experiment test on the first six order vi
bration modes of the truss was consistent with that of the finite element 
simulation (Fig. 26c). Liu et al. [383] designed a lenticular tube based on 
SMP composites to control the unfolding of the flexible solar array in 
space environment (Fig. 26d). The self-deployable solar cell sheets were 
crimped and gathered in a small volume during the launching process. 
When the deployment mission was initiated, the lenticular tube was 
heated and the solar array exhibited the self-deployment behavior. 

In addition, epoxy-based SMP and SMPC was used to design a 
sandglass-like releasing device, which exhibited shape recovery 
behavior within 28 s (Fig. 26e) [384]. The maximum locking force of the 
intelligent device was 4000 N, so that the intelligent device can lock and 
release big load in aerospace field. Besides the epoxy resin, cyanate 
composite also becomes a candidate material for aerospace due to its 
high glass transition temperature and radiation resistance. A tip-loaded 
deployable truss was based on shape memory cyanate composite, which 
had a high shape memory transition temperature of 195 ℃ and could be 
used in space components, e.g. space probe, antenna, the tip mass of the 
gravity gradient boom and so on [385]. Lan et al. [386] conducted study 
on the deformation behavior and thermomechanical properties of car
bon fiber strengthened SMP composite laminate, which had a reversible 
strain of 9.6% and allowed a wide prospect of applications in aerospace 
for foldable structures. 

Several reports have been demonstrated that many self-deployable 
structures were practically utilized in aerospace engineering. This 
further validates the feasibility of the SMP-based space-deployable 
structure and their replacement of metals and ceramics in future 
spacecraft. Leng’s group [387] reported the world’s first spaceflight 
on-orbit verification of a self-deployable solar array device. According to 
the photos sent back to the ground from the SJ20 Geostationary Satel
lite, the solar array device had approximately 100% shape recovery 
performance within 60 s (Fig. 26f). The releasing mechanisms were 
actuated by the cyanate-based SMPC laminates, which showed such 
advantages as low impact and repeatable testability over traditional 
electro-explosive devices. Zhang et al. [388] designed an ultraviolet 
light responsive release device integrated with screen-printed heaters to 
latch and release the solar array of CubeSat. Fig. 26g shows the 
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Fig. 27. (a) The images of the TiN-PCL composites, before programming, after programming and after the near-infrared light irradiation; (b) the 3D AFM surface and 
topographic pictures of PU mold with dimension 800 nm 1:1. (c) The diagram of endovascular thrombectomy using NIR-actuated SMP micro-actuator; (d) the shape 
memory behavior of SMP microactuator triggered by NIR irradiation. (e) The schematic illustration of the ultrathin film: MNP-SMP nanosheet. 
(a,b) [232]. Copyright 2016 American Chemical Society. (c,d) [399]. Copyright 2005 Optical Society. (e) [404]. Copyright 2019 American Chemical Society. 
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packaging and deployment process of the ultra-light release device. The 
locking forces obtained through experiment and simulation showed 
excellent consistency. Liu et al. [389] prepared a 3-layer deployable 
hinge, which had a great deployed stiffness property and surface 
morphology. The authors used the smart hinge to assemble the solar 
array prototype and passed the ground deployment verification test. 
Therefore, such smart deployable structure had broad prospect of en
gineering applications in space, e.g. hinge, truss, antenna and so on. 
Moreover, these SMP composites and structures can be used in other 
astronautical programs, such as Mars exploration. This goal is very 
ambitious and challenging, but can be achievable it in the near future. 

6.4. Biomedical engineering 

SMPs can be widely applied in diverse biomedical settings, including 
drug release, clinical surgery, medical equipment, and degradable 
structures, etc. [390]. For example, the surgical SMP sutures with 
self-shrinking function are capable of automatic contraction from the 
pre-deformed status actuated by human body temperature [391]. 
Satoshi et al. [232] doped a photothermal absorber titanium nitride into 
shape memory polychinolactone to fabricate a near-infrared light-
actuated shape memory TiN-PCL composite, which was then manufac
tured into a groove structure for the potential application in biomedical 
settings, such as cell manipulations, drug delivery and release (Fig. 27a 
and Fig. 27b). 

Along with photo-actuated SMPs, magnetic-actuated SMPs also have 

promising prospect of application in biomedical settings. A porous 3D 
structural sponge-like SMP (PCL matrix and gold nanoparticles) scaffold 
actuated by NIR irradiation or magnetic field was designed by Moha
deseh et al. [392]. The sponges showed super-high absorption capacity 
because of a high average porosity of 93 ± 1.8%. The combination of 
porous structure and shape memory function endowed the scaffold with 
several distinctive properties for biological tissue engineering, e.g. high 
permeability and high porosity degree [393,394]. As mentioned in 
previous reports, electrospinning technique was one of popular tech
nique to prepare porous scaffold [395–397]. The porous SMP scaffold 
can be utilized to provide structural support for the growth of organism 
tissue. Gold nanoparticles were added to absorb magnetic energy or a 
532 nm light energy and generate the heat energy required to drive the 
deformation of the porous scaffold under magnetic or light stimulus 
[398]. 

Except for the shape-shifting biological scaffold, other medical 
equipments have been designed. Ward et al. [399] developed an intra
vascular therapeutic device using NIR-actuated SMP composites (epoxy 
/ optical fiber) to mechanically remove the thrombus and restore the 
blood flow in brain (Fig. 27c and Fig. 27d). The deployment of the smart 
micro-actuator in an in vitro thrombotic vascular occlusion model 
proved that this clinical treatment device was promising in treating 
ischemic stroke. Ware et al. [400] reported a three-dimensional neural 
probe interface structure by combining shape memory biomedical ma
terials with flexible electronic devices. 

Another important biomedical engineering application are drug 

Fig. 28. (a) The diagram of the ASD prototype before and after treatment with an occluder; (b) the structural design of 3 / 4 / 6 arms occluders; (c) the photos of the 
4D printing of occluders; (d) the diagram of the implantation process of the occluder in a rat; (e) the shape recovery process of the four-arm occluder triggered by 
magnetic field; (f) the observation of the tissues adjacent of the occluder in the rat at different time points, scale bar: 400 µm. 
[406]. Copyright 2019 Wiley-VCH. 
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Fig. 29. (a) The permanent deformation and shape memory behavior of the samples under visible light irradiation and heating stimulus, respectively. (b) Double 
anti-counterfeiting film molecular structure and anti-counterfeiting process. (c) NIR-programmable multi-color copying of the SMP-based PC papers. 
(a) [412]. Copyright 2017 American Chemical Society. (b) [413]. Copyright 2018 Royal Society of Chemistry. (c) [414]. Copyright 2020 Royal Society of Chemistry. 
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delivery and release, for instance, the drugs delivery microcapsules with 
active deformation were fabricated by Leng et al. [401]. The SMP cap
sules possessed hollow structure for storing a large internal volume of 
drugs, and the speed of drug release was controlled by the active 
deformation to the SMP structure. Gai et al. [402] designed the poly
lactic acid nano and microchamber arrays which released drugs under 
ultrasound field actuation. The photo-actuated SMP as prepared by 
azobenzene and β-cyclodextrin with host-guest interactions was used to 
control protein release [403]. Furthermore, an ultrathin film (710 nm 
thick) consisting of shape memory polyurethane and magnetic nano
particles (MNPs), namely, MNPs-SMP nanosheets, which can be injected 
using medical needle, and had self-expanded behavior under body 
temperature. Afterwards, they reached the predetermined location 
under the guidance of an external magnetic field (Fig. 27e) [404]. The 
smart nanosheets would be applied to develop injectable and 
self-expandable medical devices that can transfer drugs, cells, and spe
cial biological tissues using minimally invasive therapy. 

From the above reports, it was known that researchers have made 
many biomedical devices using remote-actuated SMPs, but few clinical 
trials have verified and elaborated on them, which caused the disparity 
between theoretical research and practical application [405]. Leng et al. 
[406] conducted in-depth exploration into the 4D printing of 
magnetic-actuated heart occluder and demonstrated its histocompati
bility, biodegradability and shape deformability through animal medi
cine experiments (Figs. 28a-28f). Three types of occluder frames with 3 / 
4 / 6 arms (Fig. 28b) were printed using shape memory PLA / Fe3O4 
magnetic nanocomposites. According to the medicine test, the smart 
heart occluder had excellent biocompatibility and degradability. The 
application of SMP in medical engineering is promising as the biocom
patible materials, intelligent structure designs, and personalized surgical 
plans. With the help of scientific optimization, numerous smart mate
rials and 4D printing techniques, personalized medical plan will usher in 
a golden age in the field of biomedicine. 

6.5. Anti-counterfeiting engineering 

Anti-counterfeiting engineering is of great significance to informa
tion security and luxury protection. Anti-counterfeiting products have 
the characteristics of unique identity, security, easy verification, and 
long storage period. Among them, multifunctional, wireless-controlled 
and programmable SMPs can be used as information carriers for 
advanced anti-counterfeiting [407–411]. Ji et al. [412] combined dis
elenide bonds with polyurethane to prepare a thermosetting SMP. Due 
to the dynamic reversibility of the diselenide bonds, the SMP can be 
reprogrammed to permanent shape under visible light irradiation. When 
the temperature rose to 80 ◦C, the sample would change from the tem
porary "Se" shape to the original straight shape (Fig. 29a). Moreover, the 
temporary shape "Se" can be reconfigured into the permanent shape 
after 6 h of visible light irradiation. The innovation is that it combines 
the visible light plasticity and shape memory effects to obtain a recon
figurable smart polymer, which endows it with the potential of appli
cation for braille printing, rewritable printing, and anti-counterfeiting 
purposes. 

Another typical case is double anti-counterfeiting systems, which is 
designed by integrating 4D printing, photo-imaging and shape change 
properties [413]. Fig. 29b shows the molecular structure of SMP and the 
schematic diagram of anti-counterfeiting process. The addition of the 
image information on anthracene-containing SMP thin film with a 
photomask relied on localized photocycloaddition under a 365 nm light 
irradiation. Then, the SMP thin film was stretched and fixed into a 
temporary shape. The stored information, including shape change in
formation and image information, was verified through heating and a 
254 nm light irradiation, respectively. Therefore, the SMP thin film 
could be used for optical information storage and luxury 
anti-counterfeiting. Also, Wang et al. [414] reported a SMP-based 
photonic crystals paper which has rewritable, programmable excellent 

colorful copying capability, and can transform information from a paper 
with pre-printed black letters or complex images via scanning with NIR 
light (Fig. 29c), so, it holds great promise in the fields of smart tags, and 
anti-counterfeiting labels. 

7. Conclusions and outlooks 

Shape memory polymers are prominent stimuli-responsive smart 
materials with intriguing potentials of application in such fields as 
aerospace, flexible electronic devices, robotics, biomedical devices and 
sensors, etc. In this review, we have summarized the progress made in 
the advanced shape memory polymers over the past decades. The ad
vantages of remote-actuation, multistage shape transformation, multi- 
stimulus selective control and personalized 4D printing have enabled 
diverse and effective utilization of SMPs in various intelligent structures 
and systems. In spite of this, there remain some problems restricting the 
further development and application of SMPs. For instance, magnetic- 
actuated SMPs undergo insufficient clinical experiments before being 
used in living organisms. Photothermal-actuated SMPs and magnetic- 
thermal-actuated SMPs are slow in recovering their original shape 
(>10 s). The process of preparing microwave-actuated SMPs and 
ultrasound-actuated SMPs is complex. Also, the industry has placed 
demanding requirements on the performance of SMP materials, such as 
fast response and large recovery force. 

The directions of future development for advanced SMPs mainly 
focus on the following aspects. 

(a) The molecular structure design of SMPs for special use in harsh 
environments are highly required. For example, SMP materials need to 
be grafted with rigid groups (e.g. aromatic groups, aromatic heterocyclic 
groups or C–––C bonds, etc.) before use in extreme harsh aerospace 
conditions. In the field of medical biology, SMPs are required to have 
high biocompatibility and good biodegradability through appropriate 
design of molecular structure. For the application of SMP drug release 
carriers, the kinetics of drug release in different SMP molecules must be 
calculated. (b) It is important to realize the high-precision programming 
and actuation of the shape memory behaviors of SMPs and SMPCs. With 
the aid of computer design, the 4D printing of highly programmable 
SMP structures to personalized and integrated requirements is particu
larly meaningful. (c) Appropriate models are needed to quantitatively 
assess and predict the contribution of different factors that affect the 
mechanical performance and reliability of SMP-based actuator, soft 
robot and sensor. (d) Artificial intelligence is one of the most researched 
fields in the 21st century, and the combination between artificial in
telligence and SMP-based smart actuators is certainly one interesting 
direction for the future research on intelligent systems. (e) It is signifi
cant to apply the lessons from nature to get intelligent SMP materials 
with better biocompatibility and environmental adaptability to meet the 
requirements of modern industries, e.g. robust artificial muscles, self- 
healing morphing stents, and disguised color-changing intelligent soft 
robots, etc. 

Although the reviewed progresses in SMP research are very exciting 
and promising, the promotion of practical applications is relative 
backward and there is still a long way to go for achieving complete 
industrialization. It is firmly believed that the massive demand will drive 
a significant breakthrough in the theory and technology of SMPs. The 
shape memory polymers will stand out in the field of smart materials and 
present its practical value in many kinds of fields. 
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