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Abstract: Shape memory polymers (SMPs) can be pro-
grammed to a temporary shape, and then recover its
original shape by applying environmental stimuli when
needed. To expands the application space of SMPs, the
shape memory polymer composites (SMPCs) were fabri-
cated either to improve the mechanical properties, or to
incorporate more stimulus methods. With the deepening
of research, the filler arrangement can also be used to re-
shape the composites from a two dimensional sheet to
a three dimensional structure by a strain mismatch. Re-
cently, SMPCs show more and more interesting behaviors.
To gain systematic understanding, we briefly review the
recent progress and summarize the challenges in SMPCs.
We focus on the reinforcement methods and the compos-
ite properties. To look to the future, we review the bonding
points with the advanced manufacturing technology and
their potential applications.
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1 Introduction

Shape change under environment stimuli is an essen-
tial survival skill for animals and plants. Recently, peo-
ple found that many types of artificial materials can
achieve shape change under environment stimuli, includ-
ing alloys [1], amorphous polymers [2], liquid crystal elas-
tomers [3, 4], semi-crystalline polymers [5], and ceram-
ics [6], although each material has its unique mecha-
nisms and properties. These materials were termed shape
memory materials. Amorphous shape memory polymers
(SMPs), as one of the classic shape memory materials with
many favorable properties, such as high programmable
strain, light weight, low cost, and biocompatibility, were
widely used to fabricate actuators [7], micro-devices [8],
biomedical equipment [9], deployable structures [10], and
origami structures [11].

The shape memory mechanism of amorphous SMPs
can be attributed to the stress relaxation behaviors [12-17].
Deformation of polymer relaxes instantaneously when re-
laxation time is small, but sluggishly when relaxation time
is large. The variation of relaxation time plays a key role for
amorphous SMPs to store and release the strain. Several
exciting methods were developed to achieve shape mem-
ory behaviors of amorphous polymers by tunable relax-
ation times, such as glass transition [12, 18], photodimer-
ization [2], oxidation/redox reaction [19], plasticizing ef-
fects [20], and bond exchange reaction [11].

One typical shape memory cycle of thermally respon-
sive amorphous SMPs by glass transition contains two
steps, shape programming and recovery, as shown in Fig-
ure 1. In the first step, the sample is first heated to the de-
forming temperature (T;) above the glass transition tem-
perature (T¢) to gradually reduce the relaxation time. At
T, the sample was deformed to a desired shape (opera-
tion @), then cooled down to the low temperature (T;)
below T to fix the deformation by increasing the relax-
ation time (operation (2)), and at last mechanically un-
loaded. The programmed (temporary) shape (after a small
spring-back upon unloading), which can be fixed as long
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Figure 1: One typical shape memory cycle of thermally actuated
amorphous SMPs

as the material is kept to the temperature below Tg. When
needed, in the second step the sample can be re-heated
to the recovery temperature (T;) above Ty to reduce the
relaxation time, and recover its permanent shape (opera-
tion (3)). It has been well documented that the program-
ming/recovery temperature [21], aging time [22], diffu-
sion process [23-25], and temperature changing rate [26],
would influence the shape recovering process.

However, towards engineering applications, amor-
phous SMPs suffer from some limitations. The main issue
is that SMPs as a kind of polymers, their stiffness, strength,
heat conductivity and most importantly, recovery stress
are too low. Poor mechanical properties of SMPs prevent
being used as structural materials, and low heat conductiv-
ity may delay the response of thermally active SMPs. Cause
the shape recovery mechanism of amorphous polymers is
based on relaxation behaviors, their intrinsic recovery are
much slower than shape memory alloys induced by the
martensitic transformation [27].

To overcome the shortcomings of pure SMPs and to ex-
pand the scope of applications, researchers found that fab-
ricating composite materials is a good method. The com-
posite materials are made up of two or more materials,
which keep as individual components. And composites are
preferred to have all excellent physical properties of their
components. For the traditional shape memory polymer
composites (SMPCs), the matrix of SMPs keeps the shape
memory effect, and the reinforcement fillers gradually in-
crease the mechanical properties [28]. More interestingly,
fillers can also enable SMPCs multi-functionalities in the
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shape recovery process. The fillers can be designed as an
energy converter to trigger thermally responsive SMP ma-
trix, such as Joule heat generators [29], radiofrequency ab-
sorbers [30], or infrared radiation absorbers [31]. The self-
healing fillers can also be used to heal cracks in SMP ma-
trix [32]. In addition to SMPCs with SMP matrix, the elas-
tomer based composites filled by SMP fibers also show
unique properties. For example, SMP fibers in elastomer
matrix can be used to induce the strain mismatch, and
therefore fold the plate sheet to a 3D structure [33]. Both
excellent mechanical properties and multi-functionalities
can be achieved in SMPCs.

Many excellent reviews of SMP research have been
published, respectively, focusing on materials and mecha-
nism [34-45], composites [46—53], stimulus methods [54—
57], simulations [44, 58], and applications [59-66]. With
the development of materials, manufacture technologies,
and designed methods, SMPs and SMPCs show more and
more interesting properties and behaviors. Here, we re-
view the recent progress in amorphous polymer based SM-
PCs, and focus on the methods, mechanical properties and
applications. To make our discussion clear, we divide SM-
PCs into two classes based on whether the fillers follow
the ordered distribution, i.e., hybrid composites and pat-
terned composites. The review is arranged as following:
section 2 reviews the progress of hybrid composites. Sec-
tion 3 discusses the patterned composites. Section 4 sum-
marizes the recently developed applications, and look to
the prospects for the future research.

2 The hybrid composites

The hybrid composites, also termed nanocomposites, are
reinforced by randomly distributed nano-sized fillers. Two
groups of fillers are used as nano-sized fillers in SMPCs.
The first group contains silica, carbons, nitrides, metals,
and metallic oxides. The modulus of these fillers is much
higher than polymer matrix. They would gradually en-
hance the mechanical properties of SMP matrix, and some-
times can be designed as an energy converter to provide
novel stimulus methods. The second group is polymer
fillers, such as celluloses, crystalline polymers, and elas-
tomers. The polymer fillers would enable the composites
multi-functionalities.
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Figure 2: (a) TEM images of the water-borne epoxy particles. (b) tand of the Si0,/epoxy composites from dynamic mechanical analysis.
(c) Schematic illustration of silica—epoxy composites synthesis. (d) Stress—strain curves of the 2.5 wt.% SiO,/epoxy composite during 10

thermo-mechanical cycles [70]

2.1 SiCand SiO,

SiC and SiO, widely exist in nature, and are the most tradi-
tional fillers in composites [67]. SiC and SiO, show two ge-
ometries, respectively, sphere and rod. SiC and SiO, fillers
can gradually increase the mechanical properties of SM-
PCs, and reduce the response times.

Gall et al. [68] used SiC clays with a spherical shape
(~300 nm) to enhance thermoset epoxy SMPs. They ob-
served that the micro-hardness, elastic modulus and the
free recovery speed of the nanocomposites increase with
clay contents. Recovery force of 20 wt.% composites un-
der constrained conditions is much higher than pure ma-
trix. However, with the clay content increase, 40 wt.%
composites show irrecoverable deformation. Similar re-
sults have been observed by OhKi et al. [28] in the glass

fiber reinforced polyurethane (PU) based SMPCs, that the
shape recovery ratio decreases with fiber content increase.
Xu et al. [69] studied the enhancing effect of rod-shaped
SiC clays on shape memory polystyrene (PS) matrix. They
found 1 wt.% clays would gradually increase the modulus
up to 3 times, and attributed the better enhancements of
rod-shape fillers with higher aspect ratio to the effective
stress transferring. Dong et al. [70] used the silane cou-
pling agent 3-triethoxysilylpropylamine to improve the in-
terfacial strength between the SiO, particles and epoxy
SMPs. The SiO, particles are uniformly dispersed in the
epoxy in Figure 2a, and particles and epoxy form inorganic
and organic networks Figure 2c. Due to the excellent inter-
face between fillers and matrix, the composites exhibited
high shape recovery ratio and shape fixity ratio approxi-
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Figure 3: (a) Stress-strain curves under cyclic loading on 9 wt.% CB filled SMPCs at 50°C to different maximum strains, i.e., 10% first, then
15% and finally 20% with a strain rate of 0.15/min. The dash line denotes reference stress-strain curve without previous strain history. (b)
Shape recovery ratio plotted as a function of heating time during the free recovery of 9 wt.% CB filled SMPCs [72]

mately 100% even after 10 thermo-mechanical cycles in
Figure 2d.

2.2 Carbons

Carbon fillers, including carbon black (CB), carbon nan-
otubes (CNTs), carbon nanofibers (CNFs), and recently
graphene, were widely used in fabricating composites. In
addition to enhance the mechanical properties, carbon
fillers can be designed as an energy converter by generat-
ing Joule heat or absorbing the electromagnetic radiation.
Therefore, shape recovery of SMPCs can be triggered by ap-
plying voltage or a remote field.

CB, as one of the most traditional carbon materials, is
widely used to reinforce SMPCs. Le et al. [71] fabricated
thylene-1-octene based composites filled by 17 wt.% CB
to achieve Joule-heating active shape memory behaviors.
They found that CB aggregations would reduce the resis-
tance of SMPCs. The reason is that the geometry of CB
fillers is sphere, and uniform distribution of CB fillers
makes it hard to get in touch with each other, further lead-
ing to the increase of resistance. Consequently, the aggre-
gations form bunches of microcircuits, and SMPCs with CB
aggregations can get a fast recovery when applying a volt-
age. However, nonuniform aggregations of fillers in com-
posites reduce the mechanical properties. Yu et al. [72] re-
ported the strain induced softening effect in CB filled com-
posites, which is also termed Mullins effects [73]. The load-
ing history gradually reduced the modulus of composites
as shown in Figure 3a, which indicates the softening effect
is induced by the micro-damages. They also found that the

larger the programmed deformation, the slower the shape
recovery as shown in Figure 3b. Thus, the softening effect
induced by the damage inside SMPCs increases the shape
recovery time.

CNTs have tube-like geometries with a large aspect ra-
tio, and are much easier to interact with each other in SM-
PCs. Therefore, CNTs usually show better enhancement
than CB fillers on both electrical and mechanical prop-
erties in composites [74, 75]. Liu et al. [76] synthesized
diglycidyl ether of bisphenol A, methylhexahydrophthalic
anhydride (DGEBA-MHHPA) shape memory epoxy with a
wide range of Tg (65°C ~ 140°C), and fabricated compos-
ites filled by CNTs. They showed that a small amount of
CNTs (0.75 wt.%) can significantly increase the mechani-
cal properties (including modulus, strength, and strain at
break), recovery rate, and cyclic stability of SMPCs. Cho
et al. [77] used CNTs to reinforce PU matrix, and proved
that 5 wt.% composites with a conductivity of ~107 S -
cm™! can achieve electrically driving shape recovery. Also,
modulus of SMPCs is gradually increased. To increase
the interface strength, Xiao et al. [78] grafted the CNTs
with poly ethylene glycol (PEG), and fabricated poly e-
caprolactone (PCL)/CNT SMPCs. Due to the strong inter-
face, the break strain is gradually increased. Fei et al. [79]
fabricated CNT reinforced PMMA-BA composites. A post
thermal treatment was used to eliminate mismatching be-
tween fillers and matrix, further to gradually reduce the
electrical resistance. By applying electrical voltage and
switching the power on/off, the recovery process can be
controlled, and multiple shapes between original and pro-
gramming shape can be obtained [79]. Du et al. [80] fabri-
cated CNT/polyvinyl alcohol (PVA) SMPCs. With increase
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Figure 4: (a) Stress—strain curves in uniaxial tensile tests of GO/PVA composites with different GO contents. (b) The shape memory behavior

of the 0.5 wt% GO/PVA composites immersed in water [20]

of CNT content, both electrical conductivity and thermal
conductivity increase. Good electrical and thermal conduc-
tivity would accelerate the shape memory behaviors.

CNFs are very similar with CNTs, but have a solid struc-
ture instead of the hollow structure. Luo and Mather [81]
incorporated continuous, non-woven CNFs into the epoxy
based SMP. The CNFs form a network, which improves the
electrical conductivity, heat transfer and recovery stress.
Recently, Guo et al. [82] systematically studied the influ-
ence of CNF content on the mechanical properties of SM-
PCs. With CNT content increase, the modulus and break
strain first increase, and then decrease. They reported that
SMPCs with the moderate content of CNFs (~7 wt.%) shows
the best properties.

Recently, graphene as a carbon material with the
repeating two-dimensional hexagonal lattice, is very
promising in the electronics industry, due to its ex-
cellent electrical and optical properties. The graphene
can also gradually improve the mechanical properties
of SMPCs. Yoonessi et al. [83] fabricated graphene poly-
imide nanocomposites. They grafted imide moieties to
amine-functionalized graphene, which enhanced the in-
terface between graphene and polyimide. Modulus of the
imidized graphene nanocomposites is ~25% higher than
those of unmodified graphene nanocomposites. The recov-
ery rate and thermal stability of composites are also im-
proved by graphene. Qi et al. [20] fabricated PVA nanocom-
posites reinforced by graphene oxide (GO), which was ob-
tained by treating graphene with strong oxidizers. The hy-
drogen bonds between GO and PVA increase the shape
memory behaviors and mechanical properties in Figure 4a.
Due to the plasticizing effect of water on PVA, the relax-
ation time of composites can be gradually reduced when

immersed in water in Figure 4b, and therefore achieve
shape memory effects triggered by water. The break strain
increases significantly with GO content to 42% from ~12%
by filling 0.5 wt.% GO. Kang et al. [84] also found the GO
fillers can increase the impact strength and fracture tough-
ness of hybrid composites.

2.3 Metals and metal oxides

Metals and metal oxides usually have good electrical and
magnetic properties. Due to the good ductility, metals
are chosen to fabricate the flexible electronic devices [85].
Some metals, such as Au and Ag, also have very good bio-
compatibility, and can get very good biodegradability by
forming nanoparticles. Metals and metal oxides provide
another choice to fabricate SMPCs with multi-stimulus
methods.

Hribar et al. [31] used gold nanorods to fill A6/tBA net-
works. The nanorod size is less than the wavelength of in-
frared radiation (IR), thus the composites can absorb IR
light to generate heating and consequently trigger the ma-
trix’s shape memory effects. The photothermal conversion
rate increases with nanorod contents. Similarly, Zhang
and Zhao used the gold nanoparticles to achieve local
photonic heating [86]. Yu et al. [87] used silver nanowires
(AgNWs) to coat on polyethylene terephthalate (PET) sub-
strate. AgNWs are embedded in photocurable acrylate-
based polymer films, and then attached to PET films. Due
to the large aspect ratio of AgNWs, AgNWs form a conduc-
tive network in Figure 5a and Figure 5b, and can generate
Joule heat when applying voltage. After combining light-
emitting diodes (LEDs), a shape memory LEDs can be fab-
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Figure 5: (@) SEM image of the original AGNW coating. (b) TEM image of the AgNWs. The photographs of shape memory LEDs emitting, (c) in

plat states at 120 °C and (d) in bending states [87]

ricated in Figure 5c and Figure 5d. They showed that the
deformable flexible electronics can be achieved by SMPCs.

Some metal oxides are sensitive to electromagnetic,
and proved a remote stimulus method. Schmidt [88] and
Mohr et al. [89], separately, fabricated FesO, filled SM-
PCs, by which electromagnetic energy can be converted
to thermal energy to trigger shape memory effects. Similar
magnetic stimulus method was also achieved in the shape
memory foam by Vialle et al. [90]. Yakacki et al. [91] stud-
ied the influence of filler content on the properties of SM-
PCs. Higher content of Fe50, fillers increase the magnetic-
thermal conversion to produce a higher temperature. How-
ever, Fe;0,4 reduces the break elongation and increase
the irrecoverable strain in free recovery cycles. Zhang et
al. [92] fabricated electrospun Nafion/Fe;0, nanofibers,

and achieved fast shape recovery (less than 18 s) by apply-
ing a magnetic field.

The metal oxides also can be used to trigger multi-
shape recovery process. The shape memory polymers are
capable to memorize more than one temporary shape,
termed as multi-shape memory effects, and different
shapes can be recovered when the temperature is subse-
quently increased [93, 94]. This multiple memory effect of
amorphous polymers was attributed to the different relax-
ation modes of polymer chains by Yu et al. [13]. The dif-
ferent relaxation modes are corresponding to different re-
laxation times. When increasing (or decreasing) tempera-
ture, different relaxation modes are active (or inactive) se-
quentially, leading to the observed multi-shape memory
effects. Kumar et al. [95] fabricated Fe;0, filled compos-
ites. By controlling the magnetic strength, different tem-
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Figure 6: Infrared and optical images during the free recovery process. By controlling the magnetic strengths to achieve different tempera-

ture, triple-shape can be obtained [95]

perature insides the composites can be generated by the
magnetic-thermal conversion, and further leading to mul-
tiple shapes in Figure 6. It should be pointed out that to
precisely control the intermedia recovery shape, the effect
of temperature change rate on the recovery process should
be considered [26].

2.4 Cellulose

Cellulose is an important polymer, widely exists in the cell
wall of green plants, and is used to make paper and com-
posites [96, 97]. Cellulose has good biodegradability. Due
to the hydrogen bonds which can be easily generated and
erased by the hydroxy group in cellulose, the raw materials

of celluloses can be reshaped by immersing in water [98].

Recently, celluloses are chosen to reinforce SMPs, to im-
prove the mechanical properties and the shape response
to water.

Auad et al. [99] fabricated nanocellulose/PU SMPCs,
which show higher modulus, strength and break elonga-
tion compared with unfilled PU matrix. And the SMPCs
achieve a high recovery ratio. Auad et al. [100] also found
the cellulose addition increases the melting temperature
and crystallization temperature of PU soft segments, and
also increases the crystallinity. Zhu et al. [101] and Luo
et al. [102] found that the storage modulus of cellulose—

PU composites shows a reversible variation in the wet-dry
cycles. When immersing in water, the storage modulus
gradually decreases, and shape recovery is triggered. In
the cellulose-PU composites, the dry state of celluloses is
used to fix the shape, and the entropy elasticity of the PU
matrix is used to enable shape recovery.

2.5 Crystalline polymers

As mentioned, the shape memory mechanism of amor-
phous SMPs depends on the drastic change of relaxation
time around the Tg. In addition to glass transition, the
melting transition of materials provide another mecha-
nism to achieve shape memory effects. Therefore, multiple
shape memory effects can be achieved.

Luo and Mather [103] introduced the semicrystalline
PCL fibers (with a diameter of 700 nm) into epoxy SMPs.
The composites show two independent transitions in Fig-
ure 7a, respectively, the glass transition of epoxy ma-
trix and the melting transition of PCL fibers. Correspond-
ingly, the storage modulus curves show two drastic drops,
respectively, in Tg of epoxy and melting temperature
(Tm) of PCL. Correspondingly, three shapes can be pro-
grammed and recovered at temperature corresponding to
the three plateaus of storage modulus curves. The typi-
cal shape programming and recovery process is shown in
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Figure 7b. The semicrystalline phase can also be used to
achieved reversible shape memory effects by melting and
re-crystallization [104, 105], but needs to be crosslinked
with the molecule network. Therefore, reversible SMPs
cannot be classified as composites. Please refer to ref. [44].

Another application of crystalline polymers is to intro-
duce the self-healing properties into SMPCs. After cracks
initiating in the SMPCs, crystalline components can be
melted by increasing temperature to heal the crack. Li and
Upp [32] first put forward the idea combining SMPs with
crystalline fillers. The healing process contains two steps
in Figure 8a: the first is self-closing cracks by shape mem-
ory effects of matrix, and the second is healing cracks by
melting crystalline fillers. For this method, Champagne et
al. [106] argued that the lateral confinement levels, axial
constraints, and heating times together influence the heal-
ing efficiency. Luo and Mather [107] embed thermoplastic

PCL into epoxy matrix. After mechanical damage in Fig-
ure 8b, heating can simultaneously trigger the shape recov-
ery of epoxy matrix and melt the PCL to re-bond the crack.
By the heat treatment, a newly formed smooth surface is
shown in Figure 8c. Wei et al. [108] used the same method
to achieve self-healing. This concept is promising to design
the next-generation self-healing materials.

2.6 Elastomers

Elastomer is an amorphous polymer with Tg far below the
room temperature, and at the room temperature shows
good ductility with low Young’s modulus and high fail-
ure strain. The elastomer can accelerate the shape recov-
ery process, and tune the response temperature. Shirole
et al. [109] embedded the electrospun PVA fibers into the
polyether block amide elastomer (PEBA). PVA leads to ma-
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terials displaying shape memory characteristics, and SM-
PCs with the higher content of PVA show better shape fixity
and recovery ratio. Similar method was used to fabricate
degradable SMPCs, which are believed to have extensive
applications in biomedical areas. Zhang et al. [110] embed-
ded poly lactic acid (PLA) fibers into poly trimethylene car-
bonate elastomers, which can achieve degradable shape
memory 3D scaffolds.

2.7 Multi-fillers

To improve the electrical and thermal conductivity of SM-
PCs, fillers with different scales and geometries were put
together. Leng et al. [29] first introduced CNTs into CB filled
SMPCs. The addition of CNTs acts as along distance charge
transporter by forming more contact points with CB, and
the resistance of SMPCs is reduced by one order of mag-
nitude. Lu et al. [111] used Ag nanoparticles, GO and car-
bon fiber to form a three-scale hybrid system, by which
the electrical conductivity is gradually improved. Recently,
Zhou et al. [112] fabricated graphite/AgNW/epoxy hybrid
foams. The porous polymer foams are generated by the
three-dimensional graphite structure, and AgNWs act as
the continuous conductive network. Due to the connection
between AgNWs and graphite, the resistance is gradually
reduced, and the highest conductivity can be achieved by
graphite with a 1:1 volume ratio of AgNWs and graphite. Re-
cently, Guo et al. [113] used Al nanoparticles and chopped
carbon fibers to reinforce SMPs, and found the SMPCs with
7 wt.% carbon fibers and 1 wt.% Al nanoparticles show the
best mechanical and thermal properties.

The thermal conductivity and modulus of polymer ma-
trix are usually far less than those of fillers, such as CNTs,
CNFs and CB. Due to the drastic variation of properties,
the weak interface between matrix and fillers limits the
performance of SMPCs. To improve the interfacial prop-
erties, Raja et al. [114] used metal nanoparticles (Ag and
Cu) to decorate CNFs, then fabricated CNT/metal/PU SM-
PCs. The good dispersion of CNTs in PU is attributed to the
enhanced interface between the CNTs and PU. By metal
nanoparticles decorating, CNTs significantly improve the
thermal and electrical conductivity of SMPCs. Similar
methods are achieved by melt oxide, Gong et al. [115] self-
assembled Fe304 on the cavity of B-cyclodextrin (8-CD)
which is grafted on the CNTs to get functionalized CNTs,
and then fabricated biodegradable SMPC fibers by elec-
trospinning process. Due to the coated Fe;0,4 nanoparti-
cles, the fiber shows magnetism response. To improve the
interface, Lu et al. [116] grafted aluminum (Al) nanoparti-
cles onto carbon fibers by sputtering, modified the Al sur-
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face by siloxane groups, then imbedded carbon fibers into
epoxy SMPs. The siloxane modified Al surfaces could im-
prove the interfacial properties between carbon fibers and
epoxy matrix, thus the SMPCs shows fast shape recovery.

In addition to metals, nanofillers with low dimen-
sional structures can also enhance the interface between
fillers and matrix. Lu et al. [117] grafted the graphene ox-
ide onto carbon fibers by self-assembling, and the Van der
Waals force connected the carbon fiber and graphene ox-
idein Figure 9a. The graphene grafted carbon fibers shown
in Figure 9b, and porous structures can be observed from
the surface of grafted graphene oxide in Figure 9c. The
graphene oxides improve the conductivity, and the SMPCs
achieve a fast shape recovery under a low driving voltage.
A similar design was used to reinforce the light induced
SMPCs [118]. CNTs and boron nitrides (BNs) were used to
fill SMPCs, and high glass transition temperature and mod-
ulus can be obtained. In this hybrid system, CNTs are em-
ployed to improve the absorption of infrared light, and BNs
facilitate the heat transfer from CNTs to the polymer matrix.
By interfacial modification, infrared light induced shape
recovery behaviors are accelerated.

By adding multiple fillers, multi-functions can also
be introduced into SMPCs, and due to the interaction
between different fillers, the mechanical behaviors and
shape recovery performance are gradually increased. Liu
et. al. [119] developed biocompatible SMPCs by chemically
cross-linking cholesteric cellulose nanocrystals (CNCs),
PCL and PEG. This SMPC network with PCL and PEG as soft
segments and CNC nanofillers as cross-linkers, show an
excellent thermo-responsive and water-responsive shape-
memory effect. Recently, similar works have been reported
by Bai and Chen [120]. Hydroxyethyl cellulose (HEC), GO
and citric acid (CA) were crosslinked to form a network.
Strong hydrogen bonding between HEC and GO increases
the mechanical properties of SMPCs. More importantly,
the hydrogen bonds enable the SMPCs to achieve fast
shape recovery in water (~14 s), and shape recovery even
can be triggered in wet air. Similarly, to achieve fast re-
covery, Li et al. [121] developed elastic graphene aero-
gels with the aid of PAAm (in situ polymerization) dur-
ing the gelation of a GO aqueous solution, then fabricated
PU/graphene hybrid foams. The elastic graphene aerogels
form an internal network inside the SMPCs. Due to its
high porosity, good conductivity and flexibility, the SM-
PCs can achieve very fast shape recovery (~7s) when apply-
ing voltage. Qi et al. [122] used CB to reinforce the PLA/PU
blend, and a co-continuous structure was observed to be
clear with increasing CB content. By this structure, the
SMPCs shows an outstanding shape memory property be-
cause the continuous PU phase provided stronger recovery
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driving force. Recently, a similar continuous structure in
PLA/PU/CNT SMPCs are reported by Liu et al. [123].

2.8 Summary: challenges and opportunities

The nanofillers in SMPCs can increase the mechanical
properties, enable the SMP matrix activated by various
energy inputs, and simultaneously incorporate multiple
functions into the hybrid system. However, there are still
some challenges to be overcome.

The most challenging problem in nanocomposites is
the interface between nanofillers and matrix [124], which
is more serious in SMPCs undergoing large or cyclic defor-
mation. The weak interface between fillers and matrix re-
duces the mechanical properties of SMPCs, and also can
lead to the Mullins effect of filled composites [125], which
reduces the mechanical properties resulting from the first

extension. For SMPCs, the Mullins effect also slows the
shape recovery in Figure 3b [72]. The interface between
fillers and matrix also changes the glass transition behav-
iors. The fillers reduce the mobility of the polymer seg-
ments, obstruct crystallization and polymerization, and
sometimes destroy the shape memory effects [126]. With
filler content increase, T¢ measured by dynamic mechani-
cal analysis (DMA) shifts first towards higher and then to-
wards lower temperature as shown in Figure 2b [70]. Wood
et al. [127] attributed the origin of the shift towards the
higher temperature to the weak interface, but attributed
the subsequent shift towards the lower temperature to the
stiffness increase by adding particles.

For conductive SMPCs, the filler content should be
higher than the threshold. Allaoui et al. [128] figured out
that the composites are conductive only when the vol-
ume fraction of fillers in the composites is higher than the
threshold, above which a conductive network can be cre-
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ated insides the composites. Recently, Tarlton et al. [74]

modeled the charge transport properties in CNT compos-

ites, and figured out that the aspect ratio of CNTs plays an
important role. The larger the aspect ratio, the better the

conductivity. Also for the electrically driving SMPC struc-
tures with complex geometries, due to the random distri-

bution of fillers, it is very difficult to align the conductive

fillers to form an electrical wire. Therefore, the testing elec-

tricity driven samples usually are designed and fabricated
as a long-strip shape or a “U” shape.
In micro-scales, the SMPCs reinforced by nanofillers

are discontinuous. This discontinuousness is a double-
edged sword. On one hand, it can be designed as a func-

tional surface. For example, the nanofillers themselves
have the potential applications to be used as micropillars
to make a hydrophobic surface [129]. On the other hand,
the reinforcement of nanofillers only exists when the mea-
suring scale is large. When the measuring scale is smaller
than the hole of networks, nonaffine deformation can be
observed in SMPCs. We [130] have showed the obvious pile-
up effects around the indents left by a Berkovich tip on the
composites surface. However, there is no obvious pile-up
effect around the indents on the pure polymer surface. The
size of the Berkovich tip is close to the hole size of the per-
colation network formed by tube fillers. Therefore, fillers
cannot reinforce composites when the testing scale is close
to or less than their length scale.

3 The patterned composites

To introduce more designability into SMPCs, researcher
also tried to pattern the fillers. The preliminary attempt
is to align fibers under the applied field, and the aligned
CNTs can increase the modulus and conductivity, and frac-
ture toughness along the fiber orientation [131]. Meng and
Hu [132] used aligned CNT fillers to reinforce SMPCs, and
found that the aligned CNTs could help storing and re-
leasing elastic energy, and accelerate shape recovery. Yu
et al. [133] aligned the CNTs under an external electrical
field, and found that the electrical resistivity in SMPCs
with aligned CNTs was reduced for more than 100 times
compared with those with randomly distributed CNTs.

3.1 Nanopapers
CNTs/CNFs can be fabricated into thin membranes called

as nanopapers (or buckypapers) [134]. CNTs/CNFs insides
the nanopaper form a 3D conductive network. Compared
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with random fillers, nanopapers can be tailored to a spe-
cific geometry before using to fabricate composites. Also,
the nanopapers can be used to fabricated multiple layer
composites.

Lu et al. [135, 136] first fabricated SMPCs reinforced
by CNF nanopapers. The nanopaper shows a continuous
and compact network in Figure 10a, by which the in-plane
conductivity is improved. With the nanopaper thickness
increase, the conductivity of SMPCs increases, but the re-
covery ratio decreases. To improve recovery ratio, Lu et
al. [137] blended nickel nanostrands with the CNT nanopa-
per, and vertically aligned nickel nanostrands in a mag-
netic field in Figure 10b. The Joule heat is generated insides
the nanopaper when applying voltage, and the aligned
nickel nanostrands facilitate the heat transfer from the
nanopaper to SMP matrix. By this design, the recovery ra-
tio is gradually increased to approximately 100%. The sim-
ilar method was also used to vertically aligned CNTs in a
magnetic field by Lu et al. [138]. Compared with the ran-
dom hybrid SMPCs, the SMPCs with aligned CNTs shows
fast shape recovery in Figure 10c. To enhance the interface
strength between CNF nanopapers and polymer matrix,
Lu et al. [139] grafted hexagonal BNs onto CNF nanopa-
pers. By hexagonal BN particles, the electrical conductiv-
ity of SMPCs and thermal conductivity of matrix-filler in-
terface are improved. Therefore, this approach accelerates
the electro-activated shape recovery. Lu et al. [140] also fab-
ricated SMPCs reinforced by multi-layer CNF nanopapers.
The CNFs are self-assembled to form multi-layered nanopa-
pers. The nanopapers and polymer matrix form two inter-
penetrating networks in the interface in Figure 10d. Thus,
the bonding strength and thermal conductivity of the inter-
face are gradually increased.

In addition to CNTs/CNFs, Wang et al. [141] fabri-
cated the reduced graphene oxide (rGO) nanopaper, and
used it to reinforce epoxy SMPs. The composites show
excellent recoverability (~100%) after the first cycle, and
the fast recovery (5 s) can be achieved by applying a
low voltage of 6 V. Recently, Espinha et al. [142] fab-
ricated self-assembled CNC nanopapers with photonic
properties, and then embedded the CNC nanopaper into
poly dodecanediol-cocitrate (PDDC-HD) SMPs. This tri-
layer composites keep the photonic properties of the CNC
film, and the shape memory properties of PDDC-HD.

3.2 Surface patterns
The surface pattern is another choice to play as the energy

converter. Compared with hybrid fillers, the surface pat-
tern can be easily designed, fabricated and applied stimuli.
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Figure 10: (@) Morphologies and network structures of the CNF nanopaper [136]. (b) Schematically illustrating fabrication of the SMPCs with
magnetically aligned nickel nanostrands [137]. (c) Curves show the recovery profiles of SMP nanocomposites with, respectively, aligned and
randomly dispersed 8 wt. % magnetic CNTs under 12 V and 36 V voltage [138]. (d) Structures of multi-layered nanopapers in SMCs, and the

good interface between SMPs and nanopapers [140]

Recently, with the development of 4D printing [143, 144],
patterned composites were also employed to switch a 2D
sheet to a 3D structure. The SMPCs with surface patterns
show excellent designability.

Liu et al. [145] designed a novel and concise approach
to achieve self-folding of thin polymer sheets by light. The
sheet is made of optically transparent and pre-strained PS,
that would shrink in-plane if heated. Black ink patterns
are painted on this PS surface, and play as light absorp-
tion to generate local heat. When PS is heated above its

Tg, the pre-strain would recover, and thereby cause the
planar sheet to fold into a 3D structure. The process is
schematically illustrated in Figure 11a, and the 3D struc-
tures created by self-folding in Figure 11b. Recently, Liu et
al. [146] replaced the black ink patterns by color ink pat-
terns, which can be designed to selectively absorb a spe-
cific wavelength of light. Different colors can be used to

control the sheet folding process to achieve sequential self-
folding in Figure 11c. By combing the light absorption, the
three-layer lotus starts folding in the internal layer, and
then finishes in the outer layer in Figure 11d. In the folding
process, temperature gradient was proven to play an im-
portant role. Davis et al. [147] figured out that the heat grad-
ually transmits from the ink-pattern side to the other side
of the sheet, and the temperature gradient gradually re-
laxes the strain across the sheet thickness. Therefore, fold-
ing is generated. Recently, a similar method is achieved
by Yang et al. [148] by using rewritable CH;NH3Pbl; per-
ovskite coating to absorb light. Felton et al. [149] and Cui
et al. [150] achieved the folding by Joule heat of the surface
coating electrode.
Lu et al. [151, 152] patterned Au coating onto epoxy
SMPs by magnetron sputtering. The Au electrode can
achieve efficient electrical actuation and monitoring of
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Figure 11: (a) Schematic illustration of the self-folding approach, and (b) 3D structures created by self-folding of PS patterned by black
inks [145]. (c) Schematic illustration of three-layer lotus by a small star (black hinges) placed on the top of a medium-sized star (red hinges)
placed on top of the largest star (walnut-colored hinges), and (d) images of a folded structure [146]
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Figure 12: (@) SMP substrate coated with Au electrodes in a bending state [152]. SEM images of Au coating: (b) without deforming and (c) in
bending state. (d) The variation of coating resistance with respect to time during the free recovery process under the driving voltage of 11.5

V, 13.3Vand 14.9 V [151]

shape recovery process. The thickness of Au coating is only
~50 nm, and therefore flexibility of the epoxy substrate
can be maintained in Figure 12a. When stretching, multi-
ple cracks open on Au coating in Figure 12c. And when
releasing, the cracks close. The open and close of cracks
induce drastic changes of coating resistance, which can
be used to monitor the substrate deformation [153]. Lu et
al. [151] argued that there is a competing mechanism of re-
sistance changes during the free recovery process, increas-
ing temperature and closing cracks. For the programming
shape memory substrate, the coating is in crack-open state.
When applying voltage, Joule heating increases the tem-
perature of Au coating, leading the resistance increase.

Simultaneously, with the temperature increase, the pre-
strain would be gradually released, and crack closing de-
creases the resistance. Thus, the resistance shows a S-
shape in Figure 12d, and the peak indicates the shape re-
covery starting point, and the valley indicates the finish-
ing point. Recently, Zarek et al. [154] printed Ag electrode
on the SMP matrix, and used the Joule heat to drive shape
memory effects. Similarly, Wang et al. [155] printed CNT lay-
ers on SMPs.
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folding body of the crane [161]. (d) Bending configurations of the bilayer laminate at elevated temperatures, without a programming pro-

cess [162]

3.3 Oriented fibers and laminas

The SMPs can be used as long fibers to reinforce elas-
tomers. By the strain mismatch between elastomers and
SMP fibers, folding can be designed and achieved.

Ge et al. [33] first put forward the idea of active com-
posites with intelligence via a programmed lamina and
a thermomechanical training process. The active compos-
ites are fabricated by 3D printing, and consist of glassy
SMP fibers and elastomeric matrix. The composites con-
tain two laminas in Figure 13a. One contains SMP fibers,
but the other does not. The active composites can fold to
a 3D structure, so called as 4D printing. To program the
composites, temperature first needs to increase above Tg
of glassy fibers, then composites need to be stretched, and
finally the stretching in fiber can be fixed by reducing tem-
perature below T by keeping loading. After programming,
fibers become longer than elastomeric matrix. By remov-
ing the load, the composites would bend induced by strain
mismatch of the two laminas. This process is schematically
shown in Figure 13a. Ge et al. [156, 157] studied the influ-

ence factors to the 4D printing, such as hinge length and
the angle between fibers and stretching directions. Robert-
son et al. [158] and Mao et al. [159] used PVA as the fibrous
mat for shape fixing and PDMS as the soft matrix to achieve
cold-programming anisotropic shape memory effects. The
bilayer with different fiber directions would show different
curled shapes. By the strain mismatch between elastomers
and SMP fibers, complex 3D structures can be created from
a composite sheet. Wu et al. [160] and Yuan et al. [161], re-
spectively, designed a flexible hinge in Figure 13b and a
folding body of the crane in Figure 13c.

However, the aforementioned process needs to exert
external force to pre-stretch the composites in the program-
ming process in Figure 13a, which limits their application.
Recently, Yuan et al. [162] used built-in mismatch induced
by thermal expansion to replace the mismatch induced
by external loading. In Figure 13d, the composites consist
of two layers, elastomer and SMPs. The elastomer has a
higher thermal expansion than SMPs. Upon heating, the
composites would bend towards the SMPs by the larger
expansion of elastomers, and the bending would be fixed
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different hinges with different relaxation times [165]. (d) 3D folding structures mimicking the USPS mailbox [166]

by the SMP layer after cooling. Similarly, Ding et al. [144]
used the strain mismatch generated during photopolymer-
ization during 3D printing, and released the strain by heat-
ing. During printing, the residual strain in the elastomer is
generated by the ink swelling the underlying cured layers
in the weak-linked elastomer lamina [163].

3.4 Multi-blocks

The multi-block composites consist of several sections,
and each section has the unique property. By appropri-
ately choosing the stimulus, sequentially folding can be
achieved.

He et al. [30] first put forward this method. They fab-
ricated tri-block composites, respectively, CNT filled com-
posites, net SMPs, and Fe30y, filled composites, as shown
in Figure 14a. The three sections use identical epoxy SMPs
to get strong interfaces. CNT filled composites can ab-

sorb the radiofrequency with a frequency of 13.56 MHz,
and Fe;0, filled composites absorb the radiofrequency
(RF) with 296 kHz. Thus, by apply RF with different fre-
quency, the SMPCs would be activated sequentially. Simi-
lar method has been achieved by Li et al. [164] in Figure 14b.
Differently, they used magnetic field of 30 kHz to trigger the
section filled by Fe50,4 particles.

In addition to selective energy conversions, different
sections with different T can also be used to achieved se-
quentially folding. Yu et al. [165] designed the interlocking
structure with several hinges. Each hinge with a different
T¢. When immersing in hot water, the hinges with a lower
T¢ would recover faster. Consequently, the shape recover-
ies along the interlocking structure are successively trig-
gered in Figure 14c. Based on this method, Mao et al. [166]
fabricated mail box. By properly selecting the material of
each hinge, a 2D sheet can sequentially fold to a mail box
in Figure 14d. A similar work of sequentially folding re-
cently has been finished by Li et al. [167].
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3.5 Summary: challenges and opportunities

As the advanced manufacture technology developing,
more and more composites with complex geometries
can be fabricated. That provides an opportunity to de-
velop more interesting shape memory composites, and to
achieve more complex shape changes. In addition to the
interface problem which also exists in hybrid composites,
lack of effective prediction method is a tough challenge to
design SMPCs with fine micro-structures.

Until now, most of modeling results are based on the
finite element method (FEM). For patterns with complex
geometries, it is difficult to get the analytic solutions. Com-
pared with FEM solutions, the analytic solutions provide
clearer trends, and have more guiding meanings. One fa-
mous example is the Eshelby’s inclusion problems, which
give the analytic solutions of ellipsoidal inclusion in an
infinite field [168]. Unfortunately, it is very difficult to be

extended to the non-ellipsoidal inclusion in a finite field.

Therefore, new theory needs to be developed to predict the
behaviors of pattern SMPCs. Instead of pursuing general
solutions, it is more practical to get the problem-oriented
solution. In a specific problem, more assumptions can be
introduced to get an approximate theoretical analysis. One
famous example is the analytic solution of staggered com-
posites given by Ji and Gao [169]. They simplified the defor-
mation of staggered composites as the tension-shear chain
model, based on which they gave an accurate theoretical
prediction. Recently, based on this simplification, Zhang
et al. [170] theoretically analyzed the complex modulus of
staggered composites, which is closely related to the shape
memory effects of polymer [13], and inspired us to tune the
damping by design of fillers’ arrangements [171]. For the
SMPCs with fine micro-structures, a lot of works need to
be finished to provide a theoretical support in the field of
the design and optimization.

4 Applications and prospects

Over the past few decades, stimulus-responsive SMPCs
have been proven to have a lot of applications. In medi-
cal area, biocompatible and biodegradable SMPCs can be
used as medical devices [9], or can be used to control the
drag releasing process [172, 173]. In the aerospace indus-
try, SMPCs can be employed to fabricate deployable struc-
tures and morphing structures [10]. In the micro-device
filed, SMPCs can be used to tune the surface morphol-
ogy [8, 129], and this properties can be further used to

control the wettability [174], or the optical diffraction [175].
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Several excellent reviews have summarized these applica-
tions [44, 48, 53, 56, 66, 176—178], and here we don’t repeat
them.

In the past five years, 3D-printing technology [179,
180], flexible electronics [85], bio-inspired compos-
ites [181] and metamaterials [182] gain great progress. Due
to the deformability of stimulus-responsive SMPs, there
are several binding points between these three fields and
SMPCs. Here, we summarize the newly appeared applica-
tions, and look to the prospects.

4.1 Shape memory structures by the 3D
printing technology

3D printing (also termed as additive manufacturing) based
on melting or photonic curing materials, can rapidly fabri-
cate 3D structures based on the computer-aided designs.
The amazing thing is to use 3D-printing technology to fab-
ricate the structures, which are hard to be fabricated previ-
ously. Recently, 3D lattice structures [183], composites with
aligned fibers [184, 185], materials with gradient proper-
ties [186], and conductive wires [187, 188] can be fabricated
by 3D printing technology. By combining the 3D printing
technology with SMPCs, very complex shape changes and
self-driving process can be achieved.

Zarek et al. [154] used a 3D digital light processing
(DLP) printer to generate 3D shape memory structures. Af-
ter curing, the photocurable resin has a thermally trig-
gered shape memory effect. Ge et al. [189] developed a
multi-material 3D printer with tailorable material proper-
ties. By choosing different UV curable resins in Figure 15a,
T can be tailed from -50°C to 180°C. Since the multi-
materials are all benzyl methacrylate (BMA) based, the
interface between multi-materials is very strong. The pre-
deformed complex structures can recover their original
shape upon heating in Figure 15b. Wei et al. [190] incor-
porated Fe3;0, particles into the UV curable PCL ink, and
fabricated very small shape memory structures, which can
be triggered by remote heating in an alternating magnetic
field. Figure 15c shows the shape memory cycles by heat
stimulus. Yu et al. [191] printed Eiffel tower by SMPCs with
epoxy-acrylate hybrid photopolymers, which shows good
shape fixity, shape recovery performance, and cyclic sta-
bility. Recently, Xiao et al. [192] printed highly stretchable,
shape-memory, and self-healing elastomer toward novel
morphing structures. The exciting progress shows the im-
portance of advanced manufacture for the development of
SMPCs.
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Figure 15: (a) A workflow illustrates the process of fabricating a multi-material structures, and (b) 3D printing shape memory Eiffel
tower [189]. (c) SEM images of 3D printing structures and their shape recovery cycles [190]

4.2 Shape memory structures with built-in
electronic devices

With the development of composite manufacture technol-
ogy and design methods, the bounds between functional
materials and structural materials are broken. By com-
positing, electronic devices can be built in composites. The
SMPs and SMPCs can be used to change the deformation of
structures, during which the electronic devices keep work-
ing. Lee et al. [193] used shape memory PU to extend the lift
times of nanogenerators and guarantee their performance.
By raising temperature to trigger the healing process, the
PU micro-pyramid pattern recovers its initial shape, and
correspondingly performances of the device increase back
to its original state. Deng et al. [194] fabricated a shape
memory supercapacitor by winding aligned carbon nan-
otube sheets on a shape memory PU substrate. In addition
to improving flexibility and stretchability of the superca-
pacitor, the deformed shape can be frozen as expected and
recovered when required. They show that electrochemical
performances are well-maintained during deformation, at
the deformed state and after the recovery.

Combining shape memory structures and built-in elec-
tronics can create infinite possibilities. For example, the
supporting techniques related to the self-folding origami
energy harvesting system are maturing. The self-folding
was thought as one of the most important applications of

SMPCs. However, due to the less output force of SMPCs, tra-
ditional folding hinges were designed to be too large, and
therefore had large deadweight losses, which hinder their
commercial applications. Recently, development in shape
memory Kirigami/Origami structures solves the problem.
Ding et al. [144] used decentralized dual-material compos-
ite beams to replace the hinge of traditional deployable
hinges, to achieve open lattice structures upon heating in
Figure 16a. This design bases on the built-in strain mis-
match during photopolymerization, and strain releasing
and fixing by shape memory effects. Due to the decen-
tralized beams, the deadweight losses are gradually re-
duced, and the architecture’s flexibility is also increased.
Recently, Kirigami/Origami structures have been success-
fully used in reflective films controlled by shape mem-
ory alloy [195] in Figure 16b, and crystalline GaAs solar
cells [196] in Figure 16c. Simultaneously, with the develop-
ment of polymer based dye sensitized solar cells [197, 198],
the flexible solid-state battery [199] and the nanogenera-
tors [200], it is very promising to develop a self-folding
origami energy harvesting system based on shape memory
composites with built-in polymer based solar cells and bat-
teries, which has huge commercial opportunities.
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4.3 Shape memory bio-inspired composites
and metamaterials

In the biological materials with excellent mechanical prop-
erties, from honeycomb [201] and spider silk [202] to hu-
man teeth [203] and bone [204], periodic structures were
found to play an important role to enhance the mechanical
properties [182, 205]. To mimic this, researchers recently
designed a lot of composite materials to achieve differ-
ent functions, such as tuning the damping [170], increas-
ing the fracture toughness [206], improving impact resis-
tance [207, 208], and tailing buckling behaviors [209, 210].
Like animals and plants, SMPs and SMPCs can response to
the environment stimuli.

Restrepo et al. [211, 212] fabricated two kinds of hon-
eycomb structures by using epoxy based SMPs: one is a
bending dominated honeycomb with a hexagonal unit cell
in Figure 17a, and the other is stretching dominated honey-
comb with a kagome unit cell. By this structure, a signifi-
cant variation in the mechanical properties can be gained
by a small programmed strain. They attributed the signifi-
cant property variation to the morphological imperfection
during fabrication in Figure 17a. Figure 17b shows the in-
fluence of programmed strain on the effective mechanical
properties. By Restrepo’s design, a large change of mechan-
ical properties can be triggered by shape memory effect. By
combining SMPs with more bio-inspired composites, more
composites with excellent properties can be fabricated.

Recently, researchers also designed and fabricated
metamaterials, which have a property that has not been
found in nature. The metamaterials consist of repeating
units, and can be used to achieve auxetics [213, 214], pro-
grammable mechanical properties [215], and wave guid-
ance [216]. These tunable properties rely on deformation,
geometries and properties of the repeating unit [217-219].
For examples, Liu and Zhang [220] 3D printed the meshes
with auxetics. By different auxetics in different places, the
normal cylindrical shells can be programmed to the irreg-
ular cylindrical shells in Figure 17c [221]. By combining the
structural design with the multimaterial 3D printing tech-
nology, Zhao et al. achieved the thermally tunable auxetic
behaviors [222, 223]. Therefore, it is very promising to get
environment responsive metamaterials by combining with
SMPCs.

5 Summary

In this paper, we briefly review the recent progress of SM-
PCs. To make a clear discussion, we manually divide SM-
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PCs into two classes, hybrid composites and patterned
composites. The hybrid SMPCs are reinforced by ran-
dom distributed nanofillers. By reinforcement, mechani-
cal properties of SMPs can be improved, novel stimulus
methods can be incorporated, shape recovery can be accel-
erated, and multi-functions can be introduced. The filler’s
geometries, modulus, volume contents, surface properties,
and distributions work together to influence the properties
of SMPCs, and can be used as design and optimization pa-
rameters. The biggest progress over the past five years has
been made in the patterned SMPCs with the development
of advanced manufacture technologies. The patterned SM-
PCs have better electrical and mechanical properties com-
pared with hybrid SMPCs. More importantly, the patterned
fillers provide designability to achieve a specific function.
Patterned SMPCs can achieve self-folding from a 2D sheet
to a 3D structure. By properly designing triggered posi-
tions, sequentially folding can be achieved. Recently, with
the development of 3D printing manufacture technology,
flexible electronics, and advanced composites, new appli-
cations and bonding points of SMPCs appear continuously.
Predictably, more excellent SMPCs products will walk into
people’s lives.
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