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ABSTRACT

Shape memory polymer (SMP) and SMP composites (SMPC) can memorize the permanent shape and recover from the temporary shape to
the permanent shape when stimulated by the appropriate stimuli. Because of the unique shape memory effect, coupled with its low cost, low
density, high specific strength, biodegradability, biocompatibility, and other characteristics, SMP and SMPC have become possible materials
to solve the problems currently faced by space deployable structures, biomedical devices, mold manufacturing, release devices, etc. This work
reviews the research and developments of SMP and SMPC, including the achievements in constitutive theory, the applications, and prospects
in aerospace, biomedical medicine, intelligent mold, and release devices.
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I. INTRODUCTION

An intelligent material is a type of functional material integrat-
ing sensing, control, and actuation, which can actively perceive
temperature, chemical action, electricity, light, magnetic field, and
other external stimuli. By adjusting its structure and property, it
can appropriately respond to the changes in the external environ-
ment through self-warning, self-diagnosis, self-adaptation, and
self-repair.1,2 Intelligent materials are the multidisciplinary product
of mechanics, materials, physics, chemistry, machinery,
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microelectronics, etc. Active variant materials, programmable
materials, digital materials, and reconfigurable materials belong to
the category of intelligent materials.

Shape memory polymer (SMP), as a branch of polymer-based
intelligent material, can select and control the material system from a
temporary state to an original state in a preset way under external
stimuli.3–8 The matrix of SMP includes epoxy, polyvinyl alcohol, poly-
styrene, polylactic acid (PLA), polyurethane (TPU), polycaprolactone
(PCL), etc. According to whether the shape memory effect (SME) is
reversible, SMP can be categorized as one-way or two-way SMP. Two-
way SMP exhibits a reversible SME cycle, which means it can switch
between the original and temporary states without external load.9,10

Furthermore, according to the number of temporary shapes that can
be memorized, SMP can be divided into double SME, triple SME, and
multiple SME.

However, the modest modulus, strength, and function greatly
limit the application of SMP. By combining SMP with other rein-
forcement materials, the fabricated shape memory polymer compo-
sites (SMPC) not only have excellent mechanical properties and
large bearing capacity but also can provide a variety of actuation
modes.11–13 SMPC has many advantages, such as low cost, easy
processing, lightweight, and broad application prospects. For exam-
ple, a variety of long/short fiber and nanoparticle-reinforced SMPCs
are proposed to improve the stiffness, recovery force, and functional-
ity.14–17 SMPC can be fabricated in the following methods: mechani-
cal blending, in situ polymerization, chemical cross-linking, etc.
According to inclusion type, SMPC can be divided into particle/
short fiber-reinforced, nanomaterial-reinforced, and continuous
fiber-reinforced SMPC. The addition of inclusions improves the
basic mechanical properties and endows SMPC with new actuation
properties, such as electric, optical, magnetic, and microwave
actuation.

One of the most important properties of SMP/SMPC is its
temperature-dependent stiffness. At low temperatures, SMP/SMPC
is in a glassy state with high elastic modulus and small limit defor-
mation. When the temperature reaches above the glass transition
temperature (Ttrans), SMP/SMPC is in a rubbery state with low stiff-
ness and high-limit deformation. Generally, the elastic modulus at
low temperatures is two orders of magnitude higher than that at
high temperatures. To better understand the thermodynamic mech-
anism, a large number of constitutive theories for SMP and SMPC
have been reported to predict the thermodynamic properties.
Utilizing the variable stiffness, self-sensing, and self-recovery of
SMP/SMPC, deployable structures for different purposes have been
proposed. SMP/SMPC has great prospects in many fields, including
aerospace, biomedicine, intelligent mold, intelligent release devices,
etc., as shown in Fig. 1.

In this paper, we reviewed the development of SMP/SMPC. First,
we review the underlying mechanism of SME, SMP with multiple and
triple SME, two-way SMP, and SMPC with different actuation meth-
ods. To better describe the mechanical behavior of SMP/SMPC, a
detailed review of the experimental and theoretical research of SMP
and SMPC is presented in Sec. III. Subsequently, in Sec. IV, we give a
summarization of the applications of SMP/SMPC, ranging from the
aerospace field, biomedical medicine, and smart mold field to release
devices. Finally, in Sec. V, we discuss the future directions and chal-
lenges of SMP/SMPC.

II. SHAPE MEMORY POLYMER AND SHAPE MEMORY
POLYMER COMPOSITES
A. Shape memory polymer

1. Shape memory mechanism

SMP can recover from the temporary shape to the initial shape
under the appropriate stimulus. The complete SME process is shown in
Figs. 2(a) and 2(b), including four steps: heating and programming, cool-
ing and unloading, and heating and recovery. First, SMP is heated to a
high temperature above Ttrans and applied to an external load. Second,
SMP is gradually cooled down to a temperature lower than Ttrans. Third,
the residual stress is unloaded. Finally, reheating it to a temperature
higher than Ttrans, SMP gradually recovers to the initial shape.

Generally, it is assumed that the molecular structure of SMP
mainly composes fixed and reversible phases to maintain the initial
shape and enabled SMP to deform. The synergistic effect of the fixed
phase and reversible phase endows SMP with SME. With the deepen-
ing of research, researchers24 have given a further explanation of the
shape memory mechanism as shown in Fig. 2(c). It is considered that
the fixed phase should be the stable polymer networks represented by
the red cube, existing in the form of chemical cross-linking, molecular
entanglement, interpenetrating networks, or crystalline phases. The
fixed phase can remember and recover the initial shape, preventing
flow deformation. The transition process can be the rubbery–glassy
phase transition, the anisotropic–isotropic transition of liquid crystal,
the crystallization-melting transition, or the dissociation–association
of reversible molecular and supramolecular. The “lock” represents the
reversible phase, and when the external environment changes, the
reversible phase will change between the softening and the hardening
state, endowing the material with deformation ability.

2. SMP with triple and multiple SME

Generally, according to the number of temporary shapes, the
SME can be divided into double SMEs and multiple SMEs. In the
recovery process, only one transformation can occur, that is, the recov-
ery from one temporary shape to a permanent shape is called double
SME. SMP with multiple SMEs has multiple temporary shapes that
can be fixed at a time, and the recovery process is carried out step by
step.25,26 For this kind of SMP, two strategies can obtain multiple
SMEs. The first strategy is to design an SMP with a wide thermal tran-
sition temperature,27,28 and the other is to design an SMP with multi
phases, where each phase can transform individually with the recovery
of a temporary shape.29,30 In particular, the realization of the second
strategy is more complex, because it requires a comprehensive design
for the polymer molecular structure, especially strict interval require-
ments for the transition temperature of each phase.

In 2006, Lendlein et al.29 reported a kind of SMP with triple
SMEs, which was realized by constructing a two-phase polymer net-
work. The polymer system consisted of two separate domains, the
PCL domain, and the polyethylene glycol (PEG) domain, respectively.
The melting temperature of the PCL domain was between 50 and
60 �C, while the melting temperature of the PEG domain was 38 �C.
Different melting temperatures provided two separate transition tem-
peratures for the realization of the triple SMEs. As shown in Fig. 3(a),
the temporary shape was transformed from A to B at 40 �C, and with
the temperature rising to 60 �C, the temporary shape B recovered to
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the initial state C. The sample experienced two recovery processes,
realizing the triple SMEs.

Zhou et al.31 fabricated a star-shaped shape memory polyure-
thane (SMPU) with a wide range of melting temperatures, which
exhibited excellent triple SMEs. Star-shaped PCL was the soft segment,
diphenylmethane diisocyanate was a chain extender, and butanediol
was the hard segment. As shown in Fig. 3(b), the temporary state B
was obtained from the original state A at 65 �C and fixed at 40 �C.
Subsequently, temporary state C was obtained at 40 �C and fixed at
0 �C. When heated to 40 �C again, the temporary shape C began to
recover to the temporary shape B in 10 s. Finally, temporary shape B
recovered to its original state A when the temperature was heated to
65 �C. During the programming and recovery process, two temporary
shapes were fixed and recovered, achieving triple SMEs.

Li et al.32 fabricated a kind of SMPC with triple SMEs, which had
two distinct Ttrans of 50 and 110 �C. As shown in Fig. 3(c), the test
sample was given a temporary state II at 130 �C and fixed at 75 �C for
60 s. Subsequently, the spiral-like temporary shape III was obtained at
75 �C and fixed at 20 �C for 60 s. After the programming process, the
specimen was heated to 75 �C for 6 s, and it recovered from temporary

shape III to temporary shape II. Finally, temporary shape II recovered
to initial shape I after being heated at 130 �C for 20 s. Maimaitiming
et al.33 fabricated a kind of SMP with triple SMEs by mixing polyolefin
elastomer (POE) and polypropylene (PP). The triple SMEs were real-
ized utilizing the layered crystallization of polypropylene and bundle
crystallization of polyolefin elastomer. The programming process of
the triple SMEs is shown in Fig. 3(d).

Lai et al.34 fabricated a kind of SMP with triple SMEs as shown in
Fig. 3(e). The triple SMEs were realized by using the crystallization
and melting temperature of phase separation of olefin block copoly-
mer (OBC) and PCL. Utilizing different Ttrans of PU and PMMA,
Zhang et al.35 synthesized a microscopic island-separated polyure-
thane/polymethyl methacrylate (PU/PMMA) with triple SMEs as
shown in Fig. 3(f). The shape-fixed ratio of the first shape was 76% at
50 �C, and the shape-fixed ratio of the second shape was 89% at 0 �C.
The shape recovery ratio from the second shape to the first shape was
79% at 50 �C, and the shape-fixed ratio from the first shape to the orig-
inal shape was 93% at 80 �C.

By the chemical method, mixing SMP with different Ttrans is a
common method of preparing SMP with multiple SMEs.36,37 The key

FIG. 1. Typical applications of SMP and SMPC. Reproduced with permission from Liu et al., Compos. Part B 193, 108056 (2020). Copyright 2020 Elsevier.18 Reproduced with
permission from Liu et al., Compos. Struct. 206(15), 164–176 (2018). Copyright 2018 Elsevier.19 Reproduced with permission from Zhao et al., Compos. Sci. Technol. 205,
108563 (2021). Copyright 2021 Elsevier.20 Reproduced with permission from Zhao et al., Compos. Sci. Technol. 229, 109671 (2022). Copyright 2022 Elsevier.21 Reproduced
with permission from Du et al., Compos. Struct. 133, 930–938 (2015). Copyright 2015 Elsevier.22 Reproduced with permission from Zhao et al., J. Harbin Inst. Technol. 48(05),
1–17 (2016). Copyright 2016 Harbin Gongye Daxue/Harbin Institute of Technology.23
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is to obtain an SMP with multiple separated Ttrans. Furthermore, Xie
proposed a relatively simple method to achieve multi-SMEs.27

Utilizing the wide phase transition temperature range (55–130 �C) of
the perfluorinated sulfonic acid membrane (PSAM), they pro-
grammed and obtained three temporary shapes at different tempera-
tures. When the specimen is heated to the corresponding
programming temperatures, two obvious recovery processes can be
observed in sequence. Consequently, it can be inferred that multiple
SMEs can be achieved as long as the phase transition temperature
range is wide enough. Figure 4(a) exhibits the quadruple SMEs of
PSAM. The sample with the initial shape S0 is deformed at 140, 107,
and 68 �C to obtain the temporary shapes S1, S2, and S3, respectively.
Subsequently, when the sample is heated to the corresponding temper-
ature, the temporary shapes are recovered step by step (S2rec, S1rec,
S0rec).

By blending the polyolefin elastomer (POE) and olefin block
copolymer (OBC), Gao et al.38 fabricated a kind of SMP with four
SMEs based on three crystallization-melt transition processes. As shown
in Fig. 4(b), in the programming process, the stresses applied were 0.15,
0.3, and 0.5MPa, the fixed temperatures were 50, 30, and 5 �C, and the
recovery temperatures were 30, 50, and 85 �C, respectively. Using poly
(methyl methacrylate)/polyethylene glycol (PMMA/PEG), Li et al.39

prepared a kind of SMP with a semi-interpenetrating network structure
and quadruple SMEs. The polymer network had a wider range of Ttrans
(45–125 �C), and 35, 50, 70, and 110 �C were the node temperatures to
obtain the three temporary shapes. As shown in Fig. 4(c), the structure
gradually recovered to the original shape through the quintuple SMEs
when heated above the corresponding transition temperature.
Moreover, Wu et al.40 fabricated a kind of 3D printed heat-driven
multilayer composite material with quadruple SMEs utilizing three

FIG. 2. Shape memory cycle (a) thermal–mechanical cycle experimental curve (b) schematic of the typical thermal–mechanical cycle (c) illustration of shape memory mecha-
nism. Reproduced with permission from Meng et al., Polymer 54(9), 2199 (2013). Copyright 2013 Elsevier.24
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kinds of SMP of Tango Blackplus, DM8530, and DM9895. During the
heating process, the bending, spiral, and wavy deformation behaviors
of the composite materials with different configurations was shown in
Fig. 4(d).

3. Two-way SMP

Generally, SME is a one-way process and an irreversible behavior.
After recovering to the initial shape, SMP should be programmed
again before repeating the SME. However, SMP with reversible two-

way SME can arbitrary switch between two different shapes by apply-
ing external stimuli and without an additional programming pro-
cess.41,42 The transitional process between the anisotropic and
isotropic phases will cause the shrinking of the liquid crystal elasto-
mers (LCE).43 When the ambient temperature is below Ttrans, LCE
expands again, resulting in reversible contraction/extension behavior.

Behl et al.42 synthesized a kind of crosslinked ethylene–vinyl acetate
copolymer possessing a wide crystallization and melting temperature
range. It spontaneously shortens when heated up, while elongates when
cooled down to an appropriate temperature. As shown in Fig. 5(a),

FIG. 3. Shape memory polymer with triple SMEs. (a) Demonstration of triple SMEs stimulated by heat flow with 40 and 60 �C. Reproduced with permission from Bellin et al.,
Proc. Natl. Acad. Sci. 103(48), 18043–18047 (2006). Copyright 2006 National Academy of Sciences.29 (b) Triple SMEs of polyurethane-based SMP with wide melting transition
temperature. Reproduced with permission from Yang et al., ACS Appl. Mater. Interfaces 6, 6545 (2014). Copyright 2014 American Chemical Society.31 (c) Triple SMEs of SMP
with two distinct glass transition temperatures of 50 and 110 �C. Reproduced with permission from Li et al., J. Mater. Chem. A 3(48), 24532 (2015). Copyright 2015 Royal
Society of Chemistry. (d) Schematic diagram of the triple SMEs of shape memory flower model of POE/PP33 (e) Triple SMEs of TPU/OBC/PCL blend.34 Reproduced with per-
mission from Lai et al., J. Polym. Res. 24(10), 161(2017). Copyright 2017 Springer Nature. (f) Triple SMEs of PU/PMMA.35 Reproduced from Zhang et al., RSC Adv. 7(54),
33701–33707 (2017). Copyright 2017 Royal Society of Chemistry.
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when the temperature is above Tprog, all the crystallization regions
of the polymer are melted, and it can reset the original shape. When
the temperature Tsep is between Tprog and the lowest point (Tlow) in the
crystallization-melting temperature range, the polymer is in a semi-
crystalline state. The crystallization region near Tsep corresponds to the
reversible phase, and the region higher than Tsep corresponds to the
fixed phase. When the temperature rises, Tsep moves toward a higher
temperature, and conversely, Tsep moves to a lower temperature. In a
certain temperature range, no matter whether the temperature
increases or decreases, the material exhibits a two-way SME.

Furthermore, another kind of SMP with a two-way SME can be
obtained by introducing crystalline liquid crystal monomers into the
polymer network.44 For example, Pei et al.45 developed a kind of SMP
with a two-way SME utilizing LCE that contained exchangeable cova-
lent bonds, as shown in Fig. 5(b). After simple processing, the exchange-
able covalent bond aligned directionally. Based on glass transition and
liquid crystal transition, this system also exhibited triple SMEs.
Generally, LCE-based polymers are just limited to changes in volume,
and complex shape memory deformation cannot occur. However, the
combination of LCE and polystyrene-based SMP can realize complex
shape memory deformation behavior.46 As shown in Fig. 5(c), when the
material was heated to a certain temperature, the sample started to fold
and wrinkle. When the temperature was above the Ttrans of styrene, the

fold and wrinkle deformation was recovered. When the sample was
cooled to 30 �C again, the sample bent and folded in the opposite direc-
tion, and the deformed shape was fixed again.

In addition to the LCE, a similar two-way SME can be achieved
by other polymer systems.47 For example, Behl et al.41 synthesized a
multiphase copolyester carbamate network with two different crystal-
line segments based on polycaprolactone and polypentagenolone
(PPD), as shown in Fig. 6(a). These different chain segments formed
the actuator domains (AD) and shifting-geometry determining
domains (SGDD). The AD expanded during cooling and the SGDD
contracted during heating. Therefore, the copolymer network can be
activated repeatedly between two different shapes without stress, real-
izing a two-way SME. Sheiko et al.48 proposed another polymer sys-
tem with a two-way SME, which was realized by the partial melting
and crystallization of the semi-crystalline elastomer. Through the heat-
ing (38 �C) and cooling (5 �C) cycle, the grab and release actions of the
gripper triggered by temperature are illustrated in Fig. 6(b). Moreover,
Li et al.49 fabricated a kind of light-actuated SMPC with a two-way
SME using polyvinyl alcohol–vinyl acetate. Stimulated by UV, the
gripper opened to a certain extent to form shape II, while when the
UV was closed, shape II recovered to the original shape I as shown in
Fig. 6(c). Under cyclic opening and closing of UV irradiation, the sam-
ple realized the two-way SME.

FIG. 4. Multiple shape memory deformations processes. (a) Quadruple SMEs.27 Reproduced with permission from Xie et al., Nature 464, 267–170 (2010). Copyright 2010
Springer Nature. (b) Quadruple shape memory test of POE/OBC. Reproduced with permission from Gao et al., Ind. Eng. Chem. Res. 58(42), 19495–19502 (2019).38

Copyright 2019 American Chemical Society. (c) Quadruple SMEs of PMMA/PEG with semi-interpenetrating polymer network.39 Reproduced with permission from Li et al.,
J. Mater. Chem. 21(33), 12213 (2011). Copyright 2011 Springer Nature. (d) Multi-shape memory recovery process of curved and spiral-shaped structures.40 Reproduced with
permission from Wu et al., Sci. Rep. 6, 24224 (2016). Copyright 2016 Springer Nature.
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Ze et al.50 developed a kind of magnetic actuation SMPC that
integrated programmable, unconstrained, fast, and reversible shape
conversion properties as shown in Fig. 6(d). The composite material
was made of polyacrylate, micron-grade ferric tetroxide, and NdFeB
particles. Utilizing the adjustable stiffness of polyacrylate matrix, it
realized shape memory at a low temperature and fast drive at a high
temperature. Under the action of the magnetic field, the oscillation of
NdFeB particles actuated the material to produce reconfigurable rapid
reversible deformation.

Gao et al.51 developed a kind of thermoplastic ethylene/1-octene
diblock copolymer with chain microstructure as shown in Fig. 6(e).
The crystal size of the soft chain segment was smaller, and the melting
temperature was lower, which acted as an actuator and fixed the tem-
porary shape. Moreover, the SME properties were controlled by
adjusting the chain microstructure and changing the proportion and
length of the hard and soft chain segments. The copolymer exhibited
not only the traditional unidirectional multi SMEs but also the two-
way SME.

Wang et al.13 fabricated a kind of bidirectional deformation soft
actuator consisting of star-shaped oligomeric e-caprolactone, star-
shaped oligomeric x-pentenolactone, and magnetic nanoparticles.
The crystal deformation domain in the star oligomeric e-caprolactone
can realize the reversible drive of deformation. The geometric stability
domain in the star oligomeric x-pentenolactone was thermodynami-
cally more stable, which can guarantee the overall stability in the
deformation process. The two-way SME is shown in Fig. 6(f).

In recent years, the representative research work of SMP is shown
in Table I.

B. Shape memory polymer composite

Although SMP has unique advantages, poor mechanical proper-
ties, low modulus and strength, and serious creep/relaxation phenom-
ena of SMP greatly limit its application. By adding reinforcing phases
to the polymer, all the properties are improved dramatically as shown
in Table II. According to the inclusions, SMPC can be classified as

FIG. 5. Two-way LCE-based polymers (a) Two-way SME of ethylene–vinyl acetate copolymer.42 Reproduced with permission from Behl et al., Proc. Natl. Acad. Sci. 110(31),
12555–12559 (2013). Copyright 2013 National Academy of Sciences. (b) Two-way SME of liquid crystal elastomer. Reproduced with permission from Pei et al., Nat. Mater. 13,
36–41 (2014). Copyright 2014 Springer Nature.45 (c) Two-way SME of LCE/polystyrene.46 Reproduced with permission from Agrawal et al., Soft Matter 10, 1411–1415 (2014).
Copyright 2014 Royal Society of Chemistry.
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particle reinforced SMPC, short fiber reinforced SMPC, and continu-
ous fiber-reinforced SMPC, etc. (Fig. 7).

Heat actuation is one of the most commonly used methods to
realize the shape recovery process. It requires an additional external
heat source but is limited by heat transfer efficiency and energy dis-
sipation. However, it is an effective means to achieve electric, mag-
netic or optical actuation functions by adding functional particles to
the SMP matrix. At present, the actuation methods have developed
from the initial heat actuation to a variety of indirect actuation. The
electric actuation, optical actuation, magnetic actuation, and micro-
wave actuation are indirect thermal actuation in essence. These new
actuation methods, as well as multiple-stimulus response and selec-
tive actuation, provide the possibility for the comprehensive appli-
cation of SMPC. According to different stimuli methods, SMPC can

be classified as heat, light, electric, magnetic, and microwave-
actuated SMPC, etc.

1. Optical actuation SMPC

Introducing appropriate photosensitive groups into the SMP
matrix can produce a reversible photo-covalent cross-linking reaction
with the reversible conformational change of the molecular chain stimu-
lated by light. The other method to achieve optical actuation property is
to introduce photothermal functional material into the SMPC matrix.99

By embedding the optical fiber into the SMPC matrix, the light energy
with a specific wavelength can be absorbed and transformed into heat.100

Biyani et al.101 fabricated a kind of SMPC with an optical actua-
tion function by utilizing the benzophenone-derivatized cellulose

FIG. 6. SMP with two-way SME. (a) Two-way SME of the ribbon-like sample.41 Reproduced with permission from Behl et al., Adv. Mater. 25(32), 4466–4469 (2013). Copyright
2013 John Wiley and Sons.41 (b) Two-way SME of semi-crystalline elastomer. Reproduced with permission from Zhou et al., Macromolecules 47, 1768–1776 (2014).
Copyright 2014 American Chemical Society.48 (c) Two-way SME stimulated by UV irradiation. Reproduced with permission from Li et al., Compos. Part A 110, 70–75 (2018).
Copyright 2018 Elsevier.49 (d) The working mechanism of magnetic actuation SMP and cantilever bending and gripper using a superimposed magnetic field to achieve revers-
ible deformation.50 Reproduced with permission from Hiraoka et al., Chem. Phys. 209, 298–307 (2008). Copyright 2019 John Wiley and Sons.44 (e) Schematic diagram of
reversible shape memory mechanism. Reproduced with permission from Gao et al., ACS Appl. Mater. Interfaces 9(5), 4882–4889 (2017). Copyright 2017 American Chemical
Society.51 (f) Reprogrammability under different drive geometry and reversible shape change actuated by a magnetic field.13 Reproduced with permission from Wang et al.,
Mater. Horizons 5(5), 861–867 (2018). Copyright 2018 Royal Society of Chemistry.13
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nanocrystals as the photosensitive functional phase and ethylene
oxide/epichlorohydrin copolymer as the matrix. Lendlein et al.102 pro-
posed a type of UV-actuated SMPC by introducing the cinnamic
group into the SMP matrix. When the wavelength of light was greater

than 260nm, the temporary shape can be frozen by the newly formed
covalent bonds. However, when the wavelength of light was less than
260 nm, the covalent bond formed in the polymer network disap-
peared, and SMP recovered to its initial shape.

TABLE I. Representative research work of SMP. Polyaminobismaleimide (PABM), shape fixed ratio (Rf), shape recovery ratio (Rr), Room temperature (Tr), High temperature
(Th), and Ultimate deformation (elim).

Research group SMP matrix Ttrans (�C) Rf/Rr (%) elim(%)

Harbin Institute of Technology (Leng et al.) Epoxy52,53 37–162.8
�98 (Rf)

1.2–2.2 (Tr)�80 (Rr)

Cornerstone Research Group (Everhart et al.) Epoxy54 100–110
�95 (Rf) 3.3 (Tr)
�97 (Rr) 107 (Th)

Zhejiang University (Xie et al.) Epoxy55 40–80
�99 (Rf)

212 (Th)�97 (Rr)

General Motors Company (Rousseau et al.) Epoxy56,57 6–89
�91.3 (Rf)

60 (Th)�98.2 (Rr)

University of Mar Del Plata (Williams et al.) Epoxy58 37.6–41.2
�98 (Rf) �28 (Tr)
�95 (Rr) �90 (Th)

Vikram Sarabhai Space Center (Biju et al.) Epoxy59 30–82
�95 (Rf)
�94 (Rr)

3 M Company Epoxy60 106
Composite Technology Development, Inc. Epoxy61,62 79.3/71

Harbin Institute of Technology (Leng et al.) Styrene63,64 50–90
�95 (Rf) 19.1 (Tr)
�95 (Rr) 204 (Th)

Cornerstone Research Group (Everhart et al.) Styrene65–67 47–106
�97 (Rf) 3.9 (Tr)
�98 (Rr) 236.4 (Th)

Iowa State University (Larock et al.) Styrene67 30–109
�97 (Rf)

2–160 (Tr)100 (Rr)

University of Mar Del Plata (Mosiewicki et al.) Styrene68 22.4–91.2
�84 (Rf) 1.05–8.32 (Tr)
�94 (Rr) 4.17–32.8 (Th)

Harbin Institute of Technology (Leng et al.) cyanate ester69,70 156.9–259.6
�97 (Rf)

2.2–8.9 (Tr)�95 (Rr)
Cornerstone Research Group (Everhart et al.) Cyanate ester71 135–230 40 (Th)

Vikram Sarabhai Space Center (Biju et al.) Cyanate ester72,73 55–157
�85 (Rf)
�85 (Rr)

Northwestern Polytechnical University (Wang et al.) Cyanate ester74 101–119 �98 (Rr)

Xi’an Polytechnic University (Zhao et al.) Cyanate ester75 138–165
100 (Rf)
100 (Rr)

Harbin Institute of Technology (Leng et al.) Polyimide76–78 321–323
�98 (Rf)
�98 (Rr)

Air Force Research Laboratory (Koerner et al.) Polyimide79 220
�98 (Rf)
�98 (Rr)

Lanzhou Institute of Chemical Physics (Wang et al.) Polyimide80 243.3–275.5
�97 (Rf)
�93 (Rr)

Harbin Institute of Technology (Leng et al.) PABM81 95–105
�95 (Rf) 6.7–17.8 (Tr)
�95 (Rr)

Vikram Sarabhai Space Center (Biju et al.) PABM82 140.5–221.7
�94 (Rf)
�88 (Rr)

Air Force Research Laboratory (McClung et al.) PABM83 110–144
�85 (Rf)
�99.8 (Rr)

SMP Technologies Inc. Polyurethane84 �40–90
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Infrared light has an obvious photothermal effect, which can be
used as a non-contact indirect heat source to actuate SME. Yu and
Yu103 developed a kind of graphene oxide (GO)/polymer-based mate-
rial with photosensitive properties by solution casting method. The
photothermal effect of GO and the programmable SME of polymer
enables the nanocomposite film to exhibit fast, stable, and reversible
photo-mechanical behavior. Zhang and Zhao104 fabricated a type of
SMPC with both optical actuation and self-repairing capacity utilizing
surface plasmon resonance of gold nanoparticles effect. The self-repair
capability triggered by light enabled it to repair the damage by itself,
which was beneficial to prolong its service life. Zheng et al.105 pro-
posed a kind of optical actuated SMP-based microcolumn array

containing 0.1–0.2mol. % gold nanorods. The light transmittance and
the water contact angle can be adjusted by the bending degree of the
microcolumn array stimulated by infrared light.

2. Electrical actuation SMPC

Most SMP is an electrically insulating material, and SMPC with
conductive properties is generally fabricated by mixing with graphene
oxide (GO), CNT, carbon black, and carbon nanofibers. When the
voltage is applied to SMPC, SME can be triggered by the joule heat.

Valentini et al.106 fabricated a kind of SMPC by transferring the
GO sheet to the surface of the SMP, and the stiffness and hardness were

TABLE II. Mechanical properties of SMPC. Multiwalled carbon nanotube (MWCNT).

Filling phase wt.% Rf (%) Rr (%) Moduli (MPa) Recovery force References

Carbon material CNT þ TPU 1–5 70 �100 Increase by 50% 85

Nanocarbon powder
þ styrene

10 75–80
2091 (20 �C)

� � � 866.4 (100 �C)
Carbon black
þ PLA þ TPU

0–8 90 59–85.9 Increased more
than one times

� � � 87

MWCNT þ TPU 3.3 95 �95 Increased more
than one times

2 as much as polymer 88 and 89

Carbon fiber
þ polyimide

5 81.3 86.1 1.81 times that of
polymer (7480)

SMP is difficult to detect,
and SMPC is 40.1

90

Metal
Nickel zinc iron
particles þ TPU

1–20
T < Ttrans, increase 56 � � � 91T > Ttrans, increase 24

Clay nanoparticle TPU þ Clay
nanoparticle

1–5 93 �85 5.2–12.2MPa Increase by 20%
(3.8–4.8)

92

Glass fiber
TPU 10–30 �80

T < Ttrans:�1000–2000 � � � 93T>Ttrans: �1–20
Short glass fiber
þ Styrene

< 2.0 �100 Increase by 100%
at 2 wt.%;

� � � 94

Glass fiber cloth
þ Epoxy

38 �100% 99 Bending modulus increase
by two orders

95

Ceramic Epoxy þ SiC particles 20 �100% 100 Increase by 70% at 20wt.% 96–98

FIG. 7. Classification of SMPC.
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significantly increased. Stimulated by voltage with 10 V, the specimen
recovered to its original shape in 20 s. Utilizing polycyclooctene and
polyethylene as the matrix, Wang et al.107 proposed a kind of
MWCNT-reinforced SMPC. The sample recovery process is stimulated
by 150V voltage and lasts for 2min. Alam et al.108 fabricated another
electro-driven SMPC with MWCNT. When the weight fraction of
MWCNT was 3%, the shape recovery ratio reached 95% within 45 s
under the stimulation of 40V voltage. Sahoo et al.109 fabricated another
polyurethane-based SMPCwith electrical actuation properties by adding
MWCNT. SMPC exhibited superb mechanical, and electrical properties
and thermodynamics with a weight fraction of 2.5% of MWCNT. The
shape recovery ratio reached 90%–96% within 20 s under 25V voltage.

Carbon nanotube paper (CNTP) is a new functional material
formed by CNT on the large-scale macroscopic surface, which is fabri-
cated by physical vapor deposition and exhibits excellent electrical
conductivity and mechanical strength.110 The conductive properties of
SMPC can be further improved by using CNTP as the conductive
phase. Lu et al.111 fabricated a kind of epoxy-based electric actuated
SMPC by adding CNTP with the functional gradient property.
Stimulated by the voltage of 4.8V, the maximum temperature of
SMPC mixing with 0.16 g CNTP reached 167.49 �C, and the shape
recovery ratio reached 96.7% in 80 s. Utilizing nickel particles as a
function phase, Leng et al.112 fabricated a kind of electric-actuated
SMPC. During the curing process, the nickel particles were induced to
form a parallel conductive chain in the external uniform magnetic
field, which greatly increased its conductivity efficiency. Experiments
indicated that SMPC with nickel particles arranged in chains had bet-
ter thermodynamic properties, electrical conductivity, and electric
actuation properties. The sample with 10wt. % nickel recovered to its
initial shape stimulated by 20V voltage in 90 s.

3. Solution actuation SMPC

With the solution permeating into the SMP matrix, the absorbed
solvent molecules produce a plasticizing effect on the polymer network,
which will reduce the interaction force of molecular chains and lower
the transition temperature. When the Ttrans drops to room temperature,
the elastic strain energy fixed in the molecular chain will be released,
and SME is triggered.113 Generally, research on the solution or
humidity-actuated SMP focuses on polyurethane-based SMP or gel-
based SMP. However, the strength and stiffness of the solution-actuated
SMP are relatively low, which limits the application of certain aspects.

Polyurethane-based SMP exhibits significant water actuation
SME, and with the number of water molecules in the polymer increas-
ing, Ttrans decreases gradually until reaching diffusion equilibrium.
Nanocellulose is the most abundant natural biopolymer in nature with
biodegradable, renewable, and hydrophilic properties, which can be
used as the hydrophilic phase to fabricate water-actuated SMPC. Zhu
et al.114 developed cellulose nano-whisker/thermoplastic polyurethane
(CNW/TPU)-SMPC with water actuation properties. The reversible
hydrogen bonds of the cellulose nanocrystals existing in 3D networks
were the key to realizing the water actuation. When CNW/TPU-
SMPC were wetting, water molecules broke the hydrogen bonds,
making SMPC soft and easy to transform between the original and
temporary shapes. After the CNW/TPU-SMPC was dried at 75 �C, the
hydrogen bonds formed again enabling the temporary shape to be
fixed. Dagnon et al.110 developed cellulose nanocrystalline/vinyl

acetate SMPC and verified that the charge on the surface of cellulose
nanocrystals enhanced the molecular diffusion capacity of water in the
composite system. By this method, the water actuation efficiency was
improved without affecting the modulus of SMPC.

4. Magnetic actuation SMPC

By mixing magnetic nanoparticles with the SMP matrix, the
obtained SMPC can be stimulated by the alternating magnetic field.
Nanoparticles will undergo high-frequency reciprocating motion in
the alternating magnetic field. The collision or friction between mag-
netic particles and polymer matrix will generate heat and actuate the
shape recovery process. Therefore, each of the magnetic nanoparticles
can be regarded as a microheat source. When a large number of mag-
netic particles interact together, a lot of heat will generate to heat
SMPC. Magnetic-actuated SMPC can realize non-contact remote
drives. For example, Gu et al.115 proposed a kind of SMPU/Fe3O4-
based self-expanding stent that recovered to its initial shape near body
temperature.

5. Microwave actuation SMPC

Stimulated by microwave, the functional phase acting as an indi-
rect heat source can absorb microwave energy and convert it into ther-
mal energy. The induction heat generated at the molecular level can
trigger the SME and realize the uniform, fast, and remote control.
Generally, some particles, such as CNT and inorganic nanoparticles,
are usually added to SMP to strengthen microwave absorption capac-
ity. For example, Kalita and Karak113 fabricated SMPU/Fe3O4 com-
posite by mixing Fe3O4 nanoparticles into the SMPU matrix, which
exhibited excellent shape recovery properties stimulated by microwave
with 2.45GHz and 350W. Subsequently, Kalita and Karak116 fabri-
cated Fe3O4 at MWCNTS/SMPU by mixing with Fe3O4 nanoparticles
modified MWCNTs, which exhibited more excellent shape recovery
properties, and the recovery rate increased with the content of nano-
particles. By adding MWCNTs nanoparticles into styrene-based SMP,
Yu et al.117 fabricated SMPC, in which the shape recovery rate was
enhanced with the increase of MWCNTs content. Du et al.118 added
SiC nanoparticles to polyvinyl alcohol (PVA), and the obtained SMPC
not only showed good SME actuated by microwave (2.45GHz,
300–600W) but also greatly improved the mechanical properties.

6. Multiple-stimulus response and selective actuation
SMPC

In addition to the single-stimulus response SMP and SMPC,
multiple-stimulus response and selective actuation SMPC and SMPC
have been developed. Kumpfer and Rowan119 reported a kind of cova-
lently crosslinked metal coordination SMP with heat, light, and solvent
response functions. In this network system, the covalent optical cross-
linking network determined the initial shape, while the metal coordi-
nation segments acted as reversible phases to obtain the temporary
shape. The softening and the discoordination effect responding to the
external stimulation result in the multi-stimulus response. Wang
et al.120 fabricated an SMPC containing TPU and polymethacrylic
acid by inducing phase separation. By adjusting the weight fraction of
TPU and polymethacrylic acid, SMPC exhibited excellent heat, water,
and pH-induced SMEs.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 10, 011306 (2023); doi: 10.1063/5.0126892 10, 011306-11

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/are


Guo et al.121 fabricated a kind of SMPC with thermal, electrical,
and optical response properties by mixing polyester with carbon nano-
fibers modified by GO. Figure 8(a) illustrated the SME of SMPC actu-
ated by electric fields with 30V, pure polyester stimulated by infrared
light, and SMPC stimulated by infrared light. Moreover, Li et al.122

fabricated a kind of SMPC with an excellent SME under the stimula-
tion of the alternating magnetic, electric, and thermal fields as illus-
trated in Fig. 8(b). Leng et al.123 achieved the programmable recovery
of language code patterns by combining four functional modules,
which were SMP, Fe3O4/SMPC, MWNT/SMPC, and SMPC-p-
aminodiphenylimide, respectively. With imprint lithography technol-
ogy, the four modules were programmed in different patterns.
Subsequently, the initial code patterns were reprogrammed into tem-
porary flat patterns. Finally, the delivered messages were obtained
stimulated by the alternating magnetic field, radio frequency field,
365 nm UV, and heat in a certain order as shown in Fig. 8(c). The cor-
rect information that the carriers delivered can only be obtained with
valid preset programming stimuli.

Xie et al.124 proposed a kind of SMPC that can realize selective
actuation stimulated by radio frequency (RF), which was fabricated
using SMP-Fe3O4, SMP-MWCNTs, and epoxy-based SMP. As shown
in Fig. 9(a), stimulated by the RF with 296 kHz and 13.56MHz,

SMPC-Fe3O4 and SMPC-MWCNTs were recovered to the initial
shape, respectively. Finally, when the sample was placed in the oven,
the temporary shape of the pure epoxy SMP in the middle segment
was recovered. Yang et al.125 fabricated a kind of epoxy-based multi-
response SMPC that can realize local control stimulated by light with
different wavelengths as shown in Fig. 9(b). The three segments of the
multi-response SMPC samples recovered to the initial shape step by
step stimulated by light with wavelengths of 365 and 808nm, and
heat, respectively. Leng et al.32 developed a kind of multi-stimulus
response SMPC, which was fabricated by styrene-based SMP, SMP/
Fe3O4, and SMP/MWCNTs. As shown in Fig. 9(c), the segments of
the specimen filled with Fe3O4 nanoparticles and MWCNTs can be
actuated by the alternating magnetic field and RF field. When the sam-
ple is exposed to different fields, only the corresponding part can
respond to the change in the environment.

III. EXPERIMENTAL AND THEORETICAL RESEARCH
OF SMP AND SMPC
A. Experimental research

To better describe the mechanical behavior of SMP and SMPC, a
large number of theoretical and experimental studies of SMP and
SMPC have been conducted.126 Liu et al.96 fabricated a kind of particle

FIG. 8. Multiple-stimulus response and selective actuation. (a) SME of polyester/carbon nanofiber-GO actuated by electricity and infrared light. Reproduced with permission
from Tang et al., Carbon 64, 487–498 (2013). Copyright 2013 Elsevier.121 (b) SME stimulated by hot water, alternative magnetic field, and electric field.122 Reproduced with per-
mission from Li et al., RSC Adv. 4(106), 61847–61854 (2014). Copyright 2014 Royal Society of Chemistry. (c) The program and recovery of the Morse code pattern with the
stimulation sequence of 30 kHz alternating magnetic field, 13.56 MHz radio frequency field, 365 nm U,V and heat in the oven at 130 �C. Reproduced with permission from Li
et al., ACS Appl. Mater. Interfaces 9(51), 44792–44798 (2017). Copyright 2017 American Chemical Society.123
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reinforced SMPC by adding SiC particles into the SMP matrix. The
results of the three-point bending test indicated that the recovery force
was significantly increased. Sahoo et al.127 fabricated TPU-based
SMPC with different mechanical and electrical properties by adding a
double-walled carbon nanotube (DWCNT), polypyrrole (Ppy), and
DWCNT wrapped by Ppy into the SMP matrix. The results indicated
that DWCNT-reinforced SMPC had the maximum elastic modulus
and strength, while SMPC reinforced by DWCNT/PPy had the best
electrical conductivity.

Zhang and Ni128 conducted three-point bending experiments on
the carbon-fiber-reinforced SMPC laminated plates. The results indi-
cated that the ply angles of fiber had a certain influence on the shape
recovery property of SMPC, and when the ply angle was 90�, the shape
recovery ratio reached the maximum value. Lee et al.129 fabricated a
series of TPU-based SMP foams and investigated the dynamic
mechanical property and shape recovery properties. The results indi-
cated that the Rf can be effectively improved by increasing the catalyst
content and decreasing the molecular weight. Liu et al.130 fabricated
epoxy-based SMP with a high Rf (99.5%) and high Rr (100%). By con-
trolling the curing degree of SMP, the Ttrans can be adjustable between
44.7 and 145.3 �C.

Leng et al.131 investigated the influence caused by the contents of
linear monomers on the properties of SMP. DMA and DSC results
indicated that the increase of linear monomers reduced the Ttrans,
breaking elongation, and elastic modulus. Westbrook et al.132 designed
a kind of new compression test device. The temperature difference
between the specimen and the environment was effectively reduced by
placing ceramic materials with low thermal conductivity at the joints of
the extension rod and the compression platform. Xiao et al.133 investi-
gated the effect of scanning frequency on the storage modulus of SMP
and summarized the evolution rule of relaxation time with

temperature, which was of great significance for analyzing the visco-
elastic behavior of SMP. Yu et al.134 fabricated a kind of SMPC by add-
ing cup-stack CNT into the SMP matrix. With the same volume
fraction of the SMP matrix, the newly fabricated SMPC exhibited
stronger mechanical properties than short carbon fiber-reinforced
SMPC.

The vacuum environment can cause problems, such as vacuum
venting, mass loss, vacuum discharge, and vacuum cold welding,
resulting in reduced sealing surface pollution of optical instruments,
short circuits, breakdown of instruments, or obstruction of moving
parts. Xie et al.135 and Gao et al.136 conducted a series of radiation
experiments to investigate the resistance to space radiation properties
of cyanate ester-based SMP and polyimide-based SMP. After ultra-
violet radiation exposure tests, vacuum thermal cycling, and atomic
oxygen, the results indicated that space irradiation did not make a sig-
nificant effect on shape memory properties. Tan et al.137 conducted a
series of radiation experiments for epoxy-based SMP. The results indi-
cated that it had excellent resistance capacity to space radiation.
Moreover, the Ttrans, mechanical properties, and SME were not greatly
affected by space irradiation.

The traditional experimental methods are difficult to thoroughly
investigate the mechanical response of SMPC and its structures because
of the anisotropy and viscoelastic properties. However, the study of the
mechanical properties of SMPC is the key to designing composite
structures. Zhao et al.138 systemically investigated the mechanical prop-
erties of SMPC structure utilizing the digital speckle correlation method
(DSCM), which was of great significance for the comprehensive study
of the mechanical behavior and preparation of SMPC. The DSCM can
not only observe the macro-deformation of structure but also reflect
the change of microstructure, which is important for understanding
the internal structure of SMPC. Furthermore, Li et al.139 investigated

FIG. 9. Multi-stimulus response SMPC. (a) Selective actuation actuated by RF with different frequencies.124 Reproduced with permission from He et al., Adv. Mater. 23,
3192–3196 (2011). Copyright 2013 John Wiley and Sons.124 (b) Multi-stimulus response SMPC actuated by light with different wavelengths.125 Reproduced with permission
from Yu et al., J. Mater. Chem. A 3, 13953–13961 (2015). Copyright 2015 Royal Society of Chemistry. (c) Selective actuation with the magnetic field, RF, and heat.32

Reproduced with permission from Li et al., J. Mater. Chem. A 3(48), 24532 (2015). Copyright 2015 Royal Society of Chemistry.
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the mechanical properties of unidirectional carbon fiber-reinforced
epoxy-based SMPC through a series of experiments. The mechanical
behavior of SMPC changing with temperature was summarized.

B. Constitutive theory of SMP

There are two main types of thermodynamic constitutive models
for SMP: one is the macroscopic mechanical model based on the rheo-
logical theory, and the other is the microscopic mechanical model
based on the phase transition theory.

1. Rheological theoretical model

Generally, the schematic of the viscoelastic rheological model usu-
ally consists of the spring element, damping element, and shape mem-
ory element. These models can qualitatively describe the shape
memory and the viscoelastic and rate-dependent behavior of SMP.
Tobushi et al.140 first established a four-element thermodynamical con-
stitutive equation by introducing a slip friction element to describe the
freezing strain of SMPU. The stress–strain relationship is as follows:

_e ¼ _r
E
þ r

l
� e� es

k
þ a _T ; es ¼ Sec; (1)

where r is the stress, e is the strain, T is the temperature, E is the elastic
modulus, a is the thermal expansion coefficient, and k is the relaxation
time. E, l, and k are temperature-dependent parameters. ec is the
creep strain, es is the residual strain, and S is the scale coefficient. The
equations of exponential form are established to describe the change
with temperature,

l ¼ lgexp al
Tg

T
� 1

� �� �
; k ¼ kgexp al

kg
k
� 1

� �� �
;

E ¼ Egexp al
Tg

T
� 1

� �� �
:

(2)

Subsequently, Tobushi et al.141 amended the liner relationship by
introducing nonlinear elastic and viscous stress. The constitutive rela-
tion of SMP under large strain is as follows:

_e ¼
__r
E
þm

r� ry

K

� �m�1 __r
K
þ e

l
þ 1
b

r
rc
� 1

� �n

� e� es
k
þ a __T: (3)

The parameters in Eq. (3) have the same physical meaning as the rele-
vant parameters in Eq. (1). ry and rc represent the yield stress and the
ultimate creep stress. es is residual strain and can be expressed as

es ¼ Sðec þ epÞ: (4)

Zhou et al.142,143 developed a three-dimensional SMP constitutive
model by introducing a solid mechanics model. An interpolation func-
tion was proposed to characterize the variation law of elastic modulus,
viscosity coefficient, delay time, and thermal expansion coefficient
with temperature. The model was inserted into ABAQUS utilizing the
UMAT subroutine, and the mechanical properties of styrene-based
SMP were simulated and predicted. Compared with the previous
work, the model proved to be more effective and accurate.

Morshedian et al.144 established a model of SMP by combining
the spring unit and the dashpot unit. The viscosity coefficient g1 was
small at high temperatures, and SMP was easy to be stretched.

The shape memory properties depend on the spring element E and
dashpot element g1, and the dashpot element g2 was mainly used to
characterize the viscoelasticity. The constitutive model is as follows:

r ¼
Eeþ g1

de
dt

1þ g1
g2
þ t

s

; (5)

where E is the elastic modulus and s is the relaxation time.
Based on the thermodynamic theory, Diani et al.145 proposed a

model, which was developed on account of the assumption of defor-
mation energy-entropy change-cohesion energy. The constitutive rela-
tion is as follows:

r ¼ Er

3
T
Th

B� pIþ Le ln Veð Þ½ �; (6)

where r, Er , B, p, I, Le, and Ve represent the Cauchy stress, the elastic
modulus at Th, the left Cauchy–Green tensor, the Lagrange operator,
the unit tensor, the fourth-order elastic constant tensor, and the left
elongation tensor.

Based on the linear viscoelastic theory, Seok et al.146 developed
an integral type of constitutive relation by introducing the relaxation
modulus, which can be expressed as

rðtÞ ¼
ðt
�1

E n� n0ð Þ de
ds

ds; (7)

where n denotes the intrinsic time and r, e and E represents stress,
strain, and relaxation modulus, respectively.

Chen et al.147 developed a rheological model to describe the
mechanical properties of epoxy-based SMP. The results are highly
consistent with the experiment results and can effectively predict
mechanical behavior under different loading conditions and tempera-
tures. The constitutive relation can be expressed as

r ¼ �rAþ �rBþ pI; p ¼ 3k
lnJ
J
; (8)

�rA ¼
2
J
C10 þ I1C01ð Þ�BM �

2
J
C01�B2

M; J ¼ det FMð Þ; (9)

�rB ¼
2lB

J
Re
B lnUe

B

� �
Ret
B ; (10)

where �rA is the deviator stress of the hyperelastic network, �rB is the
deviator stress of the viscoelastic network, and C10 and C01 are
Mooney–Rivlin material constants.

Nguyen et al.148 established a model for amorphous-based SMP
combined with the modified Eyring model. To describe the mechani-
cal deformation, the nonlinear viscoelastic theory proposed by Reese
and Govindjee149 was introduced. In this work, the structural relaxa-
tion and viscoplastic flows below Ttrans are linked and taken into con-
sideration. The stress response can be expressed as

s ¼ 1
J
lN

kL
keff

u�1
�keff

kL

 !
�bM �

1
3

�IM11

� �
þ 1

J
lneq �b

e
M �

1
3

�I eM11

� �
;

(11)
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p ¼ 1
J
j HM � 1ð Þ; (12)

where j is the bulk modulus.
Similar to Nguyen’s model, Westbrook et al.150 proposed another

three-dimensional finite strain thermoviscoelastic theory. The sche-
matic of this model consists of one balanced branch and two non-
balanced branches. The balanced branch represented the mechanical
behavior of SMP below Ttrans, the nonequilibrium branches repre-
sented the mechanical behavior of SMP above Ttrans. The
Arruda–Boyce model was utilized in describing the mechanical prop-
erties represented by the equilibrium branch, and the viscous flow
equation was used in describing the mechanical behavior represented
by the nonequilibrium branches. The stress response for the equilib-
rium branch and the nonequilibrium branches can be expressed as

req ¼
njBT
3JM

ffiffiffiffi
N
p

kchain
u�1

kchainffiffiffiffi
N
p

� �
�B 0 þ K JM � 1ð ÞI; (13)

ri
neq ¼

1
Jie

Lie Tð Þ:Ei
e

	 

; (14)

with Jie ¼ detðFieÞ, Ei
e ¼ lnVi

e, V
i
e ¼ FieR

iT
e .

Yu et al.151 developed a multi-branches model to characterize the
glass transition process and SME of SMP. The transformation factor
involved in this model depended on the temperature. When below
Ttrans, Williams–Landel–Ferry (WLF) was used to identify the trans-
formation factor, otherwise, the Arrhenius equation was adopted to
determine the value of the transformation factor.

By considering structural relaxation behavior, Castro et al.152

proposed another viscoelastic model by introducing an enthalpy
parameter. Both structural relaxation and temperature-dependent vis-
coelasticity were considered. The model can effectively predict the
influence caused by the rate of heating on the SME circle of amor-
phous SMP. However, only the 1D stress recovery within a small
deformation range was studied. The model is as follows:

r T; tð Þ ¼ E1em Tð Þ þ E2

ðt
0

@em T; sð Þ
@s

exp �
ðt
s

dt0

sM T; t0ð Þ

 !b
2
4

3
5ds;

em ¼ ln km; ð15Þ

where E1 and E2 represents the elastic moduli for the equilibrium and
nonequilibrium network, sM represents the stress relaxation time, and
b is the material parameter.

Srivastava et al.153,154 proposed a model under large deformation
to predict the strain–stress response of the heat-actuated SMP based
on the nonlinear viscoplastic model. The model contained 45 material
parameters that related to the plastic deformation and strain rate. Gu
et al.155,156 established a finite thermoviscoelastic–thermoplastic con-
stitutive model for thermal-sensitive amorphous SMP. Fang et al.157

proposed a fractional multi-branch thermoelastic model to better
understand the free recovery behavior of SMP. Compared with the
integer-order multi-branch models, the parameters were significantly
reduced. The model can be utilized to predict the triple and multiple
SMEs and the recovery behavior of SMP foam. Subsequently, Zeng
et al.158 proposed a multi-branch fractional derivative thermoelastic
model by introducing a rate-dependent yield factor into it to describe
the temperature dependence. Subsequently, Zeng et al.159 proposed

another thermoelastic constitutive model with a clearer physical
description by introducing internal variables and an uncoupled relaxa-
tion mechanism.

The rheological method based on viscoelastic theory can clearly
describe aging characteristics such as creep and relaxation. However,
the storage and release mechanism of shape memory strain cannot be
explained reasonably, which limits the prediction ability of this kind of
model.

2. Theoretical model based on phase transition
approach and rheological theoretical model

Compared with the rheological theoretical model, the parameters
in the phase transition model have clearer physical meanings. The
constitutive model can reasonably describe the glass transformation
process and SME. However, viscosity and time dependence are not
considered in this model, and the creep and stress relaxation behavior
cannot be described. These kinds of models are limited within the
thermoelastic theory framework, and the time-dependent properties
cannot be described. Consequently, by combining the rheological the-
oretical model and phase transition concept, more reasonable and
accurate constitutive models can be established.

Relatively little research has been done on models only involving
the theory of phase transitions concept. The first phase transition the-
ory was established by Liu et al.160 The concept of stored strain was
introduced into the model to better describe the storage and release
process of strain. The model can effectively describe the small defor-
mation behavior of SMP under uniaxial tensile load. The total strain
can be divided into three parts,

e ¼ es þ em þ eT ; (16)

where es, em, and eT are the stored strain, the elastic strain, and the
thermal expansion strain, respectively. The constitutive model can be
written as

r ¼ ð/f Si þ ð1� /f ÞSaÞ : ðe� eT � eSÞ; (17)

where /f , Sf , and Sa are the volume fraction of the frozen phase, the
flexibility tensor of the frozen phase, and the flexibility tensor of the
active phase, respectively.

Chen and Lagoudas161,162 proposed a nonlinear theory for SMP.
In this model, two internal state parameters were defined: the glassy
phase and the rubbery phase. According to the kinematics theory,
SMP completed the phase transition process through a series of crystal
nucleus molding, and the transformation between the glassy phase
and the rubbery phase can be realized. The deformation gradient of a
point X is as follows:

F ¼ Fge P X; tð Þ; h X; tð Þð ÞFnat ; Fge ¼ P X; tð Þ; h X; tð Þð Þ; (18)

where P is the First–Piola–Kirchhoff stress, h is the temperature, and
Fnat is the intermediate variable from the rubbery phase to the glassy
phase. Fge is the elastic response and deformation of point X in the
glassy phase. Furthermore, the average deformation gradient �FðtÞ is
expressed as

�F tð Þ ¼ 1� u hð Þ
	 


Fre P; hð Þþ
ðt
0
Fge P; hð ÞFnat P sð Þ; h sð Þð Þu0 h0 sð Þ

� �
ds;

(19)
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where FreðPðX; tÞ; hðX; tÞÞ is the elastic response of point X in the rub-
bery state and uðhÞ is the fraction of the glassy phase. The constitutive
model is as follows:

Pr ¼ �PrFre
�T þ lrFr

e ;P
g ¼ �PgFge

�T þ lgFg
e ; (20)

where l is the shear modulus. The results indicated that the model
prediction was in great agreement with the experiments.

Qi et al.163 developed a three-dimensional finite deformation
constitutive model. It was assumed that SMP was composed of three
phases: the rubbery phase, the initial glassy phase, and the frozen
glassy phase. The mechanical behavior of the glassy phase was
described by the rheological model combined with the gradient
decomposition, and the rubbery phase was described by
Arruda–Boyce eight-chain model, and it can be expressed as

Htotal ¼ frHr þ fg0Hg0 þ fTHT (21)

with fr ¼ 1
exp ð�ðT�Tg Þ=AÞ and fg ¼ 1� 1

exp ð�ðT�Tg Þ=AÞ. H represents the

Helmholtz free energy, and fr , fg0, and fT represents the volume frac-
tion of the rubbery phase, the volume fraction of the initial glassy frac-
tion, and the volume fraction of the frozen glassy phase, respectively.

Barot and Rao164 established a thermodynamic constitutive equa-
tion for crystallized SMP based on the assumption that the crystals
increased gradually with the decrease in temperature. The constitutive
model can be written as

T ¼� pIþ 1� a tð Þð ÞlaBka þ
ðt2
t1

l1Bka tð Þ

da
dt

þ
ðt2
t1

Fka tð Þ l2 J1 � 1ð Þgka tð Þ
	 gka tð Þ

��

þ l3 K1 � 1ð Þmka tð Þ 	mka tð Þ

�� da
ds

ds; (22)

where p, aðtÞ represents the operator and the crystal weight fraction at
time t. l1, l2, and l3 are material constants, Bka and BkaðtÞ represents
the left Cauchy–Green tensor, FkaðtÞ is the deformation tensor, J1 and
K1 is the strain invariant, and nkaðtÞ andmkaðtÞ is a unit vector.

Zhao et al.165 reported a constitutive model, which can clearly
describe the viscoelastic and shape memory behavior. Combined with
the phase transition concept, SMP was considered a kind of composite
composed of glassy and rubbery phases. According to different
mechanical responses, two different constitutive relations were used in
describing the mechanical properties of glassy and rubbery phases.
The modified equilibrium path concept was introduced into the model
to characterize the glassy phase, and the Mooney–Rivlin model was
introduced to describe the rubbery phase. The constitutive relation is
as follows:

rR ¼ 2cR1
3 þ

2cR1
4

kR1

 !
k2R1
� 1

kR1

� �
¼ 2cR2

3 þ
2cR2

4

kR2

 !
k2R2
� 1

kR2

� �
;

(23)

rG1 ¼
3lG1

J
lnkG1 ; rG2 ¼

3lG2

J
lnkG2 ; (24)

where rR represents the stress of the rubbery phase and rG1 and rG2

are the stress of the two networks representing the glassy phase. cR1
3 ,

cR1
4 , cR2

3 , and cR2
4 are material parameters, which can be obtained by

experiments. kR1 and kR2 are elongation ratios. lG1
and lG2

are shear
moduli.

Gilormini and Diani166 developed another constitutive model.
Based on the inclusion theory, the constitutive relation was defined as

dr ¼ L : de� deth � ddesð Þ þ @L
@u


T

u0 þ @L
@T


u

 !
:L�1:rdT: (25)

The stored strain es can be expressed as

des ¼ 1
9k2

@k
@/


T

þ 1
3u2

@u
@/


T

 !
r/0dT; (26)

where L, eth, u, k, and u represent the stiffness tensor, the thermal
expansion strain, the volume fraction of the glassy phase, the volume
modulus, and the shear modulus.

Combined with the phase transition concept and viscoelastic the-
ory, Guo et al.167 proposed a three-dimensional constitutive model to
describe the mechanical behavior of SMP. The total strain can be
expressed as

e ¼ uf eS þ emf
� �

þ
Xn
1

uie
m
i þ eT

¼ r uf Tð ÞJf T; tð Þ
� �

þ
Xn
1

ui Tð ÞJi T; tð Þ þ uf e
S þ eT ; (27)

where uf , e
S, eT , emf , and JiðT; tÞ represent the volume fraction of the

glassy phase, the stored strain, the thermal expansion strain, the strain
of the glassy phase, and the creep compliance in time t, respectively.

Combined with Clausius–Duhem energy inequality and the
Maxwell model, Bodaghi et al.168 constructed a model to describe the
SME and mechanical behavior. In this work, SMP was divided into
three parts: hard segment, glassy phase, and rubbery phase. The strain
can be obtained by Helmholtz free energy and can be expressed as

_eir ¼ 1
gr

@Wneq
r

@eer
; e

• ig ¼ 1
gg

@Wneq
g

@eeg
; e

• ih ¼ 1
gh

@Wneq
h

@eeh
; e

•i ¼ 1
gi

r; (28)

where gr , gg, and gh are the viscosity coefficients of the rubbery state,
glassy state, and fixed state. Wneq

r , Wneq
g , and Wneq

h are the Helmholtz
free energy density functions. The change rule of stored strain es with
temperature is thoroughly discussed and can be expressed as

es ¼ ks1

ð
erdug þ ks2

ð
es

ug
dug ;

ks1 ¼ 1; ks2 ¼ 0; _T < 0;

ks1 ¼ 0; ks2 ¼ 1; _T > 0;

ks1 ¼ 0; ks2 ¼ 0; _T ¼ 0:

8><
>: (29)

where s1 and s2 are parameters to distinguish the heating and the cool-
ing process.

According to the phase transition concept and rheological theory,
Liu et al.169 proposed a viscoelastic model with a more specific physical
meaning. To describe the phase transition process, two constitutive
relations were defined, respectively. For the rubbery phased, the
Mooney–Rivlin model was adopted, and the Cauchy stresses of the
two hyperelastic elements can be expressed as

rR1 ¼ �pR1Iþ 2CR1
10BR1 � 2CR1

01B
�1
R1
; (30)
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rR2 ¼ �pR2Iþ 2CR2
10BR2 � 2CR2

01B
�1
R2
: (31)

For the glassy phase, the Hencky model was utilized to describe the
mechanical behavior. The stress–strain relation is as follows:

Jir
i
x ¼

Ei
1� 2�ið Þ 1þ �ið Þ 1� �ið Þlnkix þ �i lnkiy þ lnkiz

� �h i
; (32)

Jir
i
y ¼

Ei
1� 2�ið Þ 1þ �ið Þ 1� �ið Þlnkiy þ �i lnk

i
x þ lnkiz

� �h i
; (33)

Jir
i
z ¼

Ei
1� 2�ið Þ 1þ �ið Þ 1� �ið Þlnkiz þ �i lnkiy þ lnkix

� �h i
: (34)

The expression for the volume fraction of the frozen phase is
summarized in Table III. The schematics of the viscoelastic constitu-
tive model mentioned above are summarized in Table IV.

3. Theoretical research of SMPC

Generally, the mechanical properties of particle-reinforced
SMPC were investigated by meso-mechanics models such as
Mori–Tanaka and Eshelby. Yang et al.184 established a micromechani-
cal model to predict the thermodynamics behavior and microstructure
inhomogeneity of CNT-reinforced SMPC. The constitutive relation of
CNT was elastic, and SMP obeyed the thermodynamic constitutive
law. The degree of polymerization was described by the polymeriza-
tion coefficient, and the effective properties of SMPC were analyzed by
a step-by-step method. By extending Escheby’s single equivalent inclu-
sion to the matrix with two inclusions, Jarali et al.185 calculated the
effective properties of SMPC reinforced by the carbon fiber and CNT.
Through a two-step homogenization process, the relationship between
the effective modulus and the inelastic strain tensor was derived. Zhao
et al.186 established another constitutive model for particle-reinforced
SMPC combined with Mori–Tanaka micromechanical theory and
generalized Maxwell model. By this method, the SME of SMPC can be
predicted by only determining the materials parameters of the SMP
matrix and inclusion

�rkk tð Þ ¼3k a2 � a1
a2 T� a2ð Þ e

�a2t þ a1 � T
T T� a2ð Þ e

�Tt þ a1
Ta2

� �
_�ekk; (35)

�r ij tð Þ ¼2l
b2 � b1

b2 T� b2ð Þ e
�b2t þ b1 � T

T T� b2ð Þ e
�Tt þ b1

Tb2

� �
_�e ij (36)

with a1 ¼ ðcpapþcg ÞkgT
ðcpapþcg Þðkg�kpÞþkp, a2 ¼

cpapkgT
cgag ðkp�kg Þþkg , b1 ¼

ðcpapþcg ÞlgT
ðcgbgþcpÞðlp�lg Þþlg

and b2 ¼
cpbplgT

cpbpðlg�lpÞþlp
.

Compared with particle-reinforced SMPC, fiber-reinforced SMPC
exhibit higher stiffness and recovery force. Generally, the maximum
longitudinal deformation ratio is determined by the fiber. However, in
practical application, the unfolding dynamics under large deflection
and buckling deformation characteristics are a major concern. Dow
and Rosen187 developed a micro-buckling instability model for unidi-
rectional fiber-reinforced SMPC based on Timoshenko’s theory.188 In
this work, SMPC was simplified to a two-dimensional unidirectional
plate in which the fiber layer and the matrix layer were distributed
alternately. The minimum critical stress in shear and tensile buckling
deformation can be expressed as

rS
cr ¼

Gm

ð1� vf Þ
þ

p2Ef h2vf
12k2

; (37)

rT
cr ¼

p2Ef h2vf
12

1

k2
þ 24Emk2

p4ch3Ef

" #
; (38)

where k and Vf represent the micro-buckling half-wavelength and the
volume fraction of the fiber, Ef and Em are the elastic modulus of fiber
and matrix, h is the fiber diameter, Gm is the shear modulus of the
matrix, and 2c is the distance between two adjacent fiber layers.
According to Eq. (37), the minimum critical stress of shear buckling
corresponded to the maximum buckling wavelength, and half-wave
buckling was most likely to occur. However, for tensile buckling, the
critical buckling wavelength corresponding to the minimum buckling
stress was found to be significantly different from the experimental
results, which greatly limited the prediction capacity of this model.

By considering the micro-buckling problem of a single fiber in
the elastic matrix, Campbell et al.189 developed a pure shear micro-
buckling model for continuous fiber-reinforced SMPC plates.
According to the hypothesis that the shear deformation energy of the
matrix was equal to the deformation energy of fiber, the theoretical
solution of the critical half wavelength of buckling is given by

kcr ¼
ph
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef Vf

Gmð1� Vf Þ

s
: (39)

The theoretical solutions for critical stress rc and critical strain ec are
as follows:

rc ¼
2Gmð1� Vf Þ

Vf
; (40)

ec ¼
2Gmð1� Vf Þ

Ef Vf
: (41)

Subsequently, Campbell and Maji190,191 considered the micro-
buckling deformation of multiple fibers in the elastic matrix and
obtained the buckling half-wavelength according to the deformation
energy formula of the flexion rod. The buckling half-wavelength is as
follows:

kcr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pEf If

Gm
d
t

� �
vuuut ; (42)

where t is the plate thickness.
The theoretical buckling models mentioned above were proposed

based on pure tensile or pure shear modes. However, the fiber will
experience shear/tensile hybrid buckling mode during the bending
deformation. For the bending deformation of unidirectional laminates,
Wang et al.192 proposed a simplified tension-shear coupled buckling
model, and the critical buckling wavelength can be expressed as

kc ¼ 2p4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ef If c

Emh
�

Xn
1

2i� 1� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i i� 1ð Þ

p� �
n nþ 1ð Þ

vuuuut
; (43)

where n is the number of fiber layers in laminated plates. The critical
buckling wavelength calculated by the formula was in good agreement
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TABLE III. The expression for the volume fraction of the frozen phase.

References Expressions References

Liu et al.160 u Tð Þ ¼ 1� 1
1þ cf Th � Tð Þn

Chen
and Lagoudas161 u hð Þ ¼ 1

V

ð
Xf hð Þ

dV

Qi et al.163 u Tð Þ ¼ 1

1þexp �T�Tt

a

� � Wang et al.170 u Tð Þ ¼ a exp � Tt

T

� �m

bn

" #

Reese et al.171 u Tð Þ ¼ 1

1þ exp
2w

T � Tt

� � Volk et al.172–174

u Tð Þ ¼
tanh

Tmax � A
B

� �
� tanh

T � A
B

� �

tanh
Tmax � A

B

� �
� tanh

Tmin � A
B

� �
Gilormini
and Diani166 u Tð Þ ¼ 1� T�Tmin

Tmax � Tmin

� �m
" #n

Kim et al.176 nsf0 ¼ nsf �
ð
t

dnsa
dt

dt

Yang and Li175 u T; _T
� �

¼ 1�
ð1
rc Tð Þ

p rð Þdr 
 1� 1� exp �DHa Tð Þ
kBT

� �� �
Dt
s0

� �

Guo et al.167 u Tð Þ ¼
ðT
Ts

1

s
ffiffiffiffiffi
2p
p exp �T � Tg

2s2

� �
dT Park et al.177

ug ¼
1
u0
g0 � u0

g � 1
0

; u0
g ¼

b
1þ exp c T � Ttrð Þð Þ � d

8<
:

Guo et al.178 1� uf ¼ u exp � kTtranð Þ= T � sbð Þm=bn
� �

Pan and Liu181 u T; _T
� �

¼ 1� 1

1þ exp � T� Ttr _Tð Þ=b
h in o

Lu et al.179

uf ¼ 1� c ¼ 1� AT exp �DG Thð Þ10
�
c1 T � Thð Þ
c2 þ T � Th

kT
þ Th � T
bT � T

0
B@

1
CA Arvanitakis183 u ¼ 1

v
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X

1
2

1þ tanh w=sð Þð Þdv

Bouaziz et al.180 uf ¼ 1� 1� b
1þ exp �a1 T � Trð Þð Þ �

b
1þ exp �a2 T � Tcð Þð Þ

Scalet et al.182 nc ¼

1
1þ exp bcool T � Tc; effð Þ

	 

1
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8>>><
>>>:

Bodaghi et al.168 u ¼ 1þ
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TABLE IV. Schematics of the viscoelastic constitutive model.

References Rheological schematic

Tobushi et al.140 Morshedian et al.144

Diani et al.145 Nguyen et al.148

Srivastava et al.153,154 Gu et al.155,156

Fang et al.157 Zeng et al.158

Chen and Lagoudas161,162 Qi et al.163

Zhao et al.165 Kim176

Guo et al.167
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with the experiments, but the model was established by assuming
plates as a two-dimensional structure.

Ignoring the fracture of carbon fiber and the viscoelastic effect of
the matrix, Lan et al.193 studied the post-buckling behavior of carbon
fiber-reinforced SMPC by assuming that both the fiber and the matrix
were elastomer materials. SMPC was divided into three parts in the
section direction: the unbuckling tensile part, the unbuckling compres-
sion part, and the buckling compression part. The critical buckling
strain of the structure is given as follows:

kc ¼
4
t

vmGm

vmEm þ vf Ef
: (44)

Tan et al.194 studied the buckling behavior of SMPC with a metal
film attached to its surface. The total energy was given by analyzing
the main energy forms of SMPC during the deformation process, and
the critical buckling strain can be expressed as

ecr ¼ 4
h

fExx
z � 1þ Emt

Exx
� f
h

g þ Gsvsð Þ
� �� �

(45)

with h ¼ vsGsðEmt þ ExxzmÞ and f ¼ Exxz2m þ Emt2 þ 2Emtzm.
Based on the assumption that the material has a bilinear constitu-

tive relation, Campbell et al.195 investigated the post-buckling behavior
of long fiber reinforced SMPC plate by dividing the section into buck-
ling region and non-buckling region. According to that the resultant
force of the cross section along the longitudinal direction is zero under
the pure bending condition, and the position coefficient of the neutral
layer a was deduced. Furthermore, the nonlinear relation between
bending moment and curvature was derived. The numerical analysis
model was established based on the fact that the bending moment on
the cross section was equal to the external couple moment.

Francis and Lake196 investigated the local post-buckling behavior
of the fiber in the bending deformation process of SMPC. The expres-
sions of key parameters, such as the offset distance of the neutral plane
and the fiber buckling wavelength, were obtained. Researchers from
Composite Technology Development, Inc. (CTD), have tested and
theorized various cases of buckling behavior and verified the recovery
performance of epoxy-based SMP by the viscoelastic constitutive

relation. The failure mode of fiber-reinforced SMPC was verified by
testing and preliminary theory.197–199

IV. APPLICATIONS OF SMP AND SMPC
A. Applications in the aerospace field

1. Space deployable truss structures

In 1986, Miura and Miyazaki200 proposed the concept of the ten-
sion truss antenna and applied it to the flexible self-spring back
antenna to meet the requirements of large space deployable reflectors.
The truss surface is divided by many small triangular elements, and
the truss frame is composed of a highly resilient flexible material.
Therefore, it can be easily coiled into the effective enveloping space of
the spacecraft. When the satellite is put into orbit, the external driving
force is used to deploy the structure. However, these kinds of trusses
are fabricated by casting technology, the profile accuracy is relatively
low, and the aperture is limited. With the development of intelligent
materials and structures technology, SMPC is gradually applied in the
deployable truss realizing the integration of unfolding and locking.
Compared with traditional structures, the trusses based on SMPC
have the advantages of lightweight, no vibration during deployment,
and small space occupancy.

CTD designed a type of SMPC-based deployable truss, which
consisted of three longitudinal foldable laminates with an interval of
120�.201 In the folded state, the longitudinal SMPC-based laminates
shrink in an S-type. After reaching the working orbit, the truss gradu-
ally unfolds with the recovery of SMPC-based laminates stimulated by
the electric field. Furthermore, CTD202 proposed another spiral com-
pression beam with a large contraction ratio. Traditional beam struc-
tures will store large strain energy during the helically wrapped
process. When the deformation exceeds the critical state of the mate-
rial, the structure will damage. However, replacing the traditional
materials with SMPC can effectively eliminate the storage strain
energy. Utilizing the variable stiffness property, SMPC based beam
exhibits excellent toughness. Cornerstone Research Group (CRG) fab-
ricated a truss with an expanded diameter of 6.3 cm and a height of
72 cm using cyanate-based SMPC.203 The folded truss is only 6.5 cm
in length and can deploy smoothly in the rigid plastic pipe. However,

TABLE IV. (Continued.)

References Rheological schematic

Park et al.177 Liu et al.169

Bodaghi et al.168
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it is worth noting that the truss cannot be fully expanded due to the
influence of gravity.

Lan et al. proposed a kind of SMPC hinge with high specific
strength and specific stiffness,204 which mainly consisted of aluminum
end devices, two SMPC composite laminates, and electrothermal films
as shown in Fig. 10(a). Utilizing the SMPC hinges, the principle proto-
type of a solar panel was developed. Heated by the electrothermal film,
the structure deployed smoothly within 120 s without vibration. Zhang
et al.205 proposed a deployable truss system utilizing SMPC, and the
truss was deployed in 100 s stimulated by heat as shown in Fig. 10(b).
The optimal torque-deformation angle and the stress–strain relation-
ship of the SMPC beam in the deployment process were thoroughly
investigated with finite element analysis (FEA). Furthermore, the
deployable properties and the support capacity of the truss with differ-
ent geometric configurations, material components, and laminate thick-
ness were investigated, which provided a theoretical basis for the design.

Leng et al.206 proposed a kind of SMPC-based deployable cantile-
ver truss system with a tension base and an auxiliary support frame.
The folded state and the unfolded state of the truss structure are shown
in Fig. 11(a). The hinges were fabricated by carbon fiber-reinforced
cyanate-based SMPC, and the structural reliability was verified by FEA
and mechanical experiments. For the truss system with a 1.3 kg top
load on it, the modal experiments, including sine sweep frequency
vibration and shock tests, were carried out. The structure completes all
ground tests, and the strength and stability are enough. However, for a
variety of reasons, the structure is not launched into space.
Furthermore, Leng et al.18 made a further improvement on the SMPC
hinge and determined the optimal design parameters. The debonding
problem existing in the bending process was solved by adjusting the
thickness and the bending path of the hinge. The SMPC hinges were
assembled into a solar array principle prototype and successfully
deployed as shown in Fig. 11(b).

Different from the hinges mentioned above, Liu et al.19 proposed
an integrated hinge; by this hinge, a truss used for multi-angle imaging
systems was developed and folded in a Z-shape as shown in Fig. 11(c).
The truss system deployed along the predetermined path was stimu-
lated by the heat of the electrothermal film. The integrated design sig-
nificantly improved the structure stiffness.

Utilizing SMPC and composite spring strip, Chen et al.207 devel-
oped a deployable antenna reflector, and the deployment process was

driven by eight symmetrically distributed hinges. The multi-curvature
design of the SMPC hinge section is expected to improve its overall
mechanical properties. Furthermore, the SMPC hinge played the role
of the damper to prevent damage caused by the shock during the
deployment process. The composite spring strip greatly enhanced the
recovery force and deployment precision of the hinge. Rakow et al.208

proposed a kind of lightweight solar array for micro–nanosatellites
and small spacecraft utilizing SMPC hinges. The solar array can be
folded to a “Z” type and deploy smoothly and control driven by the
SMPC hinges. The deployed dimension was 1 m in length and 0.36 m
in width.

Lan et al.209 designed a deployable flexible solar cell array system
(SMPC-FSAS) without the conventional electric explosive device and
motor control and launched it on December 27, 2019, aboard the SJ20
synchronous satellite. During the launching process, the locking
release mechanism functioned normally. The deployment of the sys-
tem was heated and triggered in the geosynchronous orbit on January
5, 2020. The SMPC variable stiffness tube drove the flexible solar array
to unfold slowly and finally achieved a nearly 100% Rf in 60 s as shown
in Fig. 11(d). The in-orbit flight of the SMPC deployable flexible solar
array system will accelerate research and products of release mecha-
nisms and space deployable structures for the next generation.

2. Space deployable antenna structure

An effective method to enhance the coverage area and improve
the detection accuracy is to increase the aperture of the satellite
antenna. However, it faces limitations in the effective space and carry-
ing capacity of the rocket. Consequently, the design of the deployable
structure is essential for the large-aperture space satellite antenna. The
deployable antennas currently in service can be divided into petal-type
antennas, umbrella-type antennas, and inflatable deployable antennas.

The rigid-rib umbrellas-like antenna developed by Harris
Corporation205 for NASA’s TDRS satellite consists of 16 parabolic ribs
and connects to the central axis by hinges. The unfolding and folding
processes of the rigid-rib antenna are controlled by the hinges. It is
carried into space by Galileo spacecraft but failed to unfold due to
excessive friction force. NASA’s Jet Propulsion Laboratory (JPL) col-
laborated with Lockheed corporation on the development of the
twisted rib antenna and developed a 48-rib umbrella concept structure.

FIG. 10. Space deployable truss structures. (a) Deployment process of the solar panel driven by SMPC hinges. Reproduced with permission from Lan et al., Smart Mater.
Struct. 18(2), 024002 (2009). Copyright 2009 Elsevier.204 (b) Deploy process of the SMPC truss. Reproduced with permission from Zhang et al., Compos. Struct. 112,
226–230 (2014). Copyright 2014 Elsevier.205

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 10, 011306 (2023); doi: 10.1063/5.0126892 10, 011306-21

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/are


The torsion of the hinge on the top of the rib enables the structure to
wrap tangentially around the edge of the central hub. When the con-
straint line is cut, the energy stored in the rib will be released, and the
antenna will recover to its initial shape.210 However, the surface preci-
sion and size of the structure are limited, and the rapid expansion is
bound to be accompanied by huge vibrations. Furthermore, JPL211

developed a series of inflatable space deployable structures. Generally,
the spring strip reinforced aluminum laminated booms are used as the
main inflatable frame. However, the leakage may lead to the failure of
the entire structure. The antenna based on SMPC will not produce
vibration and shock during the deployment process. The solar panels

of the U.S. Intelligent Micro Controllable Satellite and RoadRunning
satellites were deployed driven by SMPC hinge.201 Arzberger et al.212

developed a kind of lightweight deployable mirror, which was fabri-
cated by novel SMPC with appropriate reinforcements. The surface of
the mirror was composed of electroplated nickel to ensure an excellent
reflection effect. The experimental results indicated that the deployable
mirror exhibits excellent deployable and optical properties. Varlese and
Hardaway213 developed a type of optical reflector that used cyanate-
based SMPC coated with nickel powder film as the framework. The
reflector can be curled up to reduce the occupancy space and recover to
its initial shape at high temperatures. By replacing the traditional metal

FIG. 11. Space deployable structures. (a) The compressed state and the deployment state of the SMPC-based truss structure. Reproduced with permission from Li et al.,
Compos. Struct. 242, 112196 (2020). Copyright 2020 Elsevier.206 (b) The deployment process of SMPC-based solar array prototype on air floating platform. Reproduced with
permission from Liu et al., Compos. Part B 193, 108056 (2020). Copyright 2020 Elsevier.18 (c) Deployment process of the truss structure fabricated with the integrated hinge,
Reproduced with permission from Liu et al., Compos. Struct. 206(15), 164–176 (2018). Copyright 2018 Elsevier.19 (d) Deployable process of SMPC-FSAS in the geosynchro-
nous orbit.209 Reproduced with permission from Lan et al., Sci. China-Technol. Sci. 63, 1436–1451 (2020). Copyright 2020 Springer Nature.209
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hinge with SMPC hinges, Francis et al.214 proposed the reflector con-
cept with a solid surface. The reflector composes of six sub-reflectors,
and it can deploy driven by SMPC hinges. Combined with an inflatable
structure and SMPC, Keller et al.215 fabricated a large-diameter space
deployable antenna. The antenna disk and support rod are made of
SMPC, which can be folded into an umbrella-shaped corrugated struc-
ture to reduce the occupied space. Combined with SMPC, ILC216 devel-
oped another inflatable rigid deployable reflector with a solid surface.
The supporting frame at the edge and the bottom of the reflector is
made of SMPC, and the surface is made of a thin film.

Leng et al.217 reported a kind of solar array substrate utilizing car-
bon fiber cloth-reinforced SMPC as shown in Fig. 12(a). The solar
array substrate was tested on an experimental satellite for orbital

deployment and anti-irradiation verification. Stimulated by the sun-
light, the substrate deploys from the initial “X” shape to the flat plate
in orbit and exhibits good long-term radiation resistance. Liu et al.218

proposed an SMPC-based lenticular tube structure [Fig. 12(b)] and
thoroughly investigated its mechanical and deformation properties.
Compared with the traditional lenticular tube, the structure exhibits
excellent controllability and stability during the deployment process.

B. Applications in biomedical medicine

SMP has attracted a great deal of attention in biomedical fields,
such as tissue engineering, stents, and biological sutures, as shown in
Fig. 13. Its potential for minimally invasive surgery, in which SMP

FIG. 12. Space deployable structure based on SMPC, (a) Prototype of solar array substrates at folded and unfolded states. Reproduced with permission from Li et al., Smart
Mater. Struct. 28(7), 075023 (2019). Copyright 2019 IOP Publishing.217 (b) The deployment process of the SMPC-based lenticular tube structure. Reproduced with permission
from Liu et al., Compos. Struct. 223, 110936 (2019). Copyright 2019 Elsevier.218

FIG. 13. Biomedical applications of SMP and SMPC.
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expands from a temporary compact structure to its original incompact
shape in response to external stimulation, has also been well studied.
In addition to the potential of minimally invasive implantation, SMP-
based scaffolds can provide excellent self-adaptation ability, while
smaller SMP scaffolds can fully match the defect boundary after shape
restoration. Shape memory polyurethane, polylactic acid, and polycap-
rolactone exhibit excellent chemical stability, good biocompatibility,
and biodegradation.

1. Applications in bone tissue repair

The bone defect is the destruction of structure integrity, which is
a common disease in clinical. For many bone defects, self-healing is
difficult to realize due to the dimensional limit. Bone tissue scaffolds
are a commonly used method for the treatment of bone defects.
However, the conventional bone tissue scaffolds are brittleness and
poor induction. Most importantly, it is difficult to implant into the
body through minimally invasive surgery (MIS) and contact with the
edge of the bone defects perfectly.

The SMP bone tissue scaffolds can adapt to various irregular
defects taking advantage of the SME. Grunla et al.219 fabricated a kind
of biological scaffold using photo across-linked polycaprolactone. As
shown in Fig. 14(a), the scaffolds have a porous structure and can
adapt to various irregular bone defects. Zhou et al.220 proposed a kind
of porous nanocomposite scaffold based on shape memory polycapro-
lactone as shown in Fig. 14(b). The scaffolds are implanted into the
body in the compressed state and recover to the porous shape stimu-
lated by heat. Meanwhile, the scaffold can release the growth factors to
promote the formation of new bone. Furthermore, Rychter et al.221

developed a type of scaffold based on shape memory lactide/ethyl
ester/cyclopropane, which can rapidly fill the bone defects stimulated
by body temperature as shown in Fig. 14(c). Animal experiments
showed that the scaffolds can induce the adhesion and proliferation of
bone cells.

Senatov et al.222 fabricated a kind of SMPC-based porous bone
tissue scaffold utilizing PLA mixed with hydroxyapatite as shown in
Fig. 14(d). The thermal–mechanical properties of the scaffolds were
thoroughly researched. The addition of hydroxyapatite, as the results

FIG. 14. SMP-based bone tissue scaffolds. (a) Recovery process of polydopamine-coated SMP-based bone tissue scaffolds. Reproduced with permission from Zhang et al.,
Acta Biomater. 10(11), 4597–4605 (2014). Copyright 2014 Elsevier.219 (b) Porous nanocomposite bone tissue scaffold. Reproduced with permission from Liu et al.,
Biomacromolecules 15(3), 1019–1030 (2014). Copyright 2014 American Chemical Society.220 (c) Deployment process of SMP-based scaffold.221 Reproduced with permission
from Rychter et al., J. Biomed. Mater. Res. Part A 103, 3503 (2015). Copyright 2015 John Wiley and Sons.221 (d) Self-healing and self-healing processes of porous scaffolds.
Reproduced with permission from Senatov et al., J. Mech. Behav. Biomed. Mater. 57, 139–148 (2016). Copyright 2016 Elsevier.222 (e) Shape recovery behavior of scaffold in
the magnetic field. Reproduced with permission from Zhang et al., Compos. Part A 125, 105571 (2019). Copyright 2019 Elsevier.223 (f) Bionic bone tissue scaffold.
Reproduced with permission from Zhao et al., Compos. Sci. Technol. 205, 108563 (2021). Copyright 2021 Elsevier.20
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indicated, resulted in the transition temperature increasing from 53 to
57.1 �C. Furthermore, the recovery force of SMPC was significantly
increased. Utilizing the shape memory PLA-based filament, Zhang
et al.223 fabricated a kind of bone tissue scaffold as shown in Fig. 14(e).
The scaffolds can be implanted through MIS in a compressed state
and recovered to their initial shape in a magnetic field.

Zhao et al.20 developed a series of scaffolds by investigating the
multi-channel structure of biomimetic lotus roots and the trabecular
structure of porous cancellous bone as shown in Fig. 14(f). The scaf-
folds were fabricated by 4D printing technology using the self-
manufacturing SMPC filament, and the mechanical properties were
analyzed from the perspectives of theory, simulation, and experiment.
When the porosity is 60%, the strength of the structure is about
27MPa, which can provide sufficient support for the bone defect. The
toughness of the scaffold is far more than that of the clinical artificial
bone. Similarly, the scaffolds can be implanted by MIS in the compac-
tion state, and the remote non-contact actuation mode such as a mag-
netic field can be used to expand the scaffolds to the working state.

2. Applications in stents

Similarly, biodegradable SMP and SMPC-based stents may be an
ideal choice for the treatment of cardiovascular and tracheal diseases.
The first biodegradable SMP-based stent used in humans is named as
Igaki-Tamai, developed by Tamai et al.224 The stent is fabricated by
shape memory PLA, and when the temperature of the stent is heated to
70 �C, it can recover to the permanent shape. Eventually, the stent was
implanted into the body and deployed at 80 �C with the aid of a bal-
loon. Utilizing shape memory PCL, Morrison et al.225 developed a stent
for tracheal softening to prevent airway collapse during normal breath-
ing. The personalized stent was fabricated by 3D printing as shown in
Fig. 15(a), and it can expand as the airway grow to accommodate
changes in airway size. Three years later, the stent was completely
removed from the body, and the trachea was able to work indepen-
dently.226,227 Zarek et al.228 developed a kind of shape memory PCL
ink used for 4D printing and fabricated a tracheal stent utilizing stereo-
lithography technology as shown in Fig. 15(b). Utilizing SME, the stent
can be implanted into the lesion site through MIS, and when the shape
recovery is triggered again, the structure matches the trachea perfectly.

Wei et al.229 developed a kind of UV cross-linked shape memory
PLA ink and fabricated a stent by direct writing printing technology as
shown in Fig. 15(c). Once the material is squeezed out of the nozzle, the
material solidifies rapidly. By mixing Fe3O4 nanoparticles into the
matrix, the stents can be triggered to recover to the working state stimu-
lated by the magnetic field, which can realize remote non-contact actua-
tion. Kim and Lee230 fabricated a novel SMP-based bifurcated vascular
stent combined with kirigami technology as shown in Fig. 15(d). The
stent can be folded into a compact cylindrical shape, allowing it to
move in the blood vessels without being impeded or obstructed. Once
the stent reaches the target location, it will be triggered to recover to the
initial shape to dilate the blocked or narrowed blood vessels.

Liu et al.231 developed an SMP-based vascular stent with a hierar-
chically adjustable micropatterned surface. As shown in Fig. 15(e), the
vessel stent is a 3D multilayered tubular structure. Stimulated by the
body temperature, the stent is curled up so that the square micropat-
tern is in the lumen layer and the rectangular micropattern is in the
outer layer. Zhao et al.21,232,233 developed a series of SMP-based stents

utilizing 4D printing technology and SMPC. As shown in Fig. 15(f), by
studying the structural characteristics of the glass sponge, the bioins-
pired stents were designed and customized according to different tra-
cheal sizes. Mechanical experiments indicate that the stents exhibit
high strength and stability, and the unique design enables it to adapt
to the complex environment in the soft tissue.

3. Other biomedical applications

Furthermore, SMP has been used in other fields, including bio-
logical sutures, aneurysm occlusion devices, heart valve repair, etc.
Suture nail is a simple and convenient suture method for the skin,
which can avoid over-sparseness or over-tightness. Generally, the suture
nails are made of medical stainless steel and titanium alloy, and the size
and specification are relatively single. However, to match the wound
perfectly, suture nails of different sizes are required for different wounds
or tissues. SMP-based suture nails have a greater advantage than con-
ventional nails, which can realize the most suitable locking state by
applying suitable stimulation. Furthermore, SMP-based biological
suture nails can meet the requirements of different tissues and provide a
flexible restoring force to close the wound as shown in Fig. 16(a).234

In gastrointestinal surgery, gastrointestinal anastomosis is one of
the important parts of the operation process. Seamless suture technol-
ogy has a long history in the operation process. Figure 16(b) illustrated
the shape memory PLA-based spring used for wireless sutures. The
spring was first pre-inflated to a certain extent, then placed where the
tubes intersect and heated to human body temperature. With the con-
traction of the spring, the two tubes are tight together, which can be
used for bleeding control.234

Intracranial aneurysms, also known as cerebral aneurysms, are
aneurysmal bulges in the brain, caused by local congenital defects in
the cerebral artery wall or increased intracavity pressure. If ruptured, it
can cause intracranial bleeding and further result in hemorrhagic
strokes, brain damage, or death. The original treatment is to insert a
metal coil into the aneurysm to seal it off. However, this technique
requires a high level of clinical experience and technical operation,
which will cause the burst of an aneurysm even with a slight mistake.
The coil based on SMPU can provide a better sealing effect.235

Hampikian et al.236 designed an SMP coil, which can form stable sup-
port within the aneurysm and reduce the risk of recanalization of
aneurysms. Figure 16(c) illustrated the deployment process in an intra-
cranial aneurysm model. The coil is implanted in the aneurysm model
as straight fibers, and it will quickly revert to its original spiral shape
upon contact with hot water. Furthermore, SMP-based foam has a cer-
tain application prospect in aneurysm occlusion. Metcalfe et al.237

reported the treatment of aneurysms in the neck using SMPU foam,
which was verified to improve the angiography of aneurysms three
weeks after implantation. The histological results indicated a thick film
had grown on the surface of the foam and sealed off most of the aneu-
rysm as shown in Fig. 16(d).

When the mitral valve fails to close completely, part of the blood
in the left ventricle will return to the left atrium with the contract of
the left ventricle. Since the prosthetic rings are proposed to reduce
hole diameter and strengthen the contact between valve lobes, a series
of implants have been proposed, roughly divided into rigid implants
and flexible implants. However, the ideal therapies are to apply pres-
sure gradually to avoid postoperative problems. Lantada et al.238
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proposed a thermal-actuated SMP-based ring for the treatment
of mitral valve imperfection, which can be controlled remotely to
reduce the aperture. The spring can be implanted into the body by
MIS, and the resistance element embedded in the SMP ring can be
used to heat the ring and apply pressure on the heart valve as shown
in Fig. 16(e).

Implantable occlude, as an effective method to treat structural
heart disease, has aroused wide concern. Occlusion devices are self-
expanding double-umbrella structures placed in the heart defect. By
4D printing, Lin et al.239 fabricated a kind of SMPC-based occlusion

device with a double-disk structure. The diagram of the structures and
the implanted process is shown in Fig. 16(f). By mixing Fe3O4 nano-
particles into SMPC, the deployment process can be remotely con-
trolled and stimulated by the magnetic field. The SMPC-based
occlusion device is expected to be an alternative to metal occluders.
Zhao et al.240 developed a kind of SMP-based adaptive fracture fixa-
tion device as shown in Fig. 16(g). Generally, the tightness of the frac-
ture fixture is difficult to control, easily causing press on tissue,
fracture displacement, or allergic symptom. When the fixator becomes
loose due to the detumescence, the fracture fixator can readjust the

FIG. 15. Shape memory stent. (a) Stent used for the tracheal softening.225 Reproduced with permission from Morrison et al., Sci. Transl. Med. 7(285), 285ra64 (2015).
Copyright 2015 The American Association for the Advancement of Science. (b) Fabrication and deployment process of SMP-based trachea stent. Reproduced with permission
from Zarek et al., Macromol. Rapid Commun. 38, 1600628 (2017). Copyright 2017 John Wiley and Sons.228 (c) Vessel stent stimulated by the magnetic field. Reproduced with
permission from Wei et al., ACS Appl. Mater. Interfaces 9(1), 876–883 (2017). Copyright 2017 American Chemical Society.229 (d) Design and the deployment process of the
bifurcated vascular stent.230 Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license. (e) Vessel stent with a three-dimensional multi-layered
tubular structure. Reproduced with permission from Liu et al., ACS Appl. Mater. Interfaces 9(23), 19725–19735 (2017). Copyright 2017 American Chemical Society.231 (f)
Design and 4D printing of bionic trachea stents. Reproduced with permission from Zhao et al., Compos. Sci. Technol. 184, 107866 (2019). Copyright 2019 Elsevier.21

Reproduced with permission from Zhao et al., Compos. Sci. Technol. 229, 109671 (2022). Copyright 2022 Elsevier.232
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limb and maintain the optimal fixation state by applying thermal
stimulation.

C. Applications in the intelligent mold

At present, the molds used for the fabrication of composites
include multi-piece metal mandrels, water-soluble mandrels, and infla-
tion mandrels. The multi-piece metal mandrel has the characteristics
of large weight, a long cycle of production, and a complicated demold-
ing process. The water-soluble mandrels are disposable products,

which need to cure the core mold, dry in the sun, and treat the surface
twice. The core mandrels need to be dissolved after the component is
formed, which will lead to a long production cycle. The surface stiff-
ness of the inflation mandrel is low, and the internal pressure should
always be maintained during the forming process. To overcome the
defects of traditional mandrels, SMP-based intelligent mandrels are
developed to prepare composite structures with complex shapes.

The intelligent mandrels based on SMP are a new concept in the
design and manufacture of a deformable mold and have the potential
to produce composites with complex curvature. The forming process

FIG. 16. Biological applications of SMP.
(a) Biological suture nails based on
SMP. Reproduced with permission from
Huang et al., Adv. Drug Delivery Rev.
65(4), 515–535 (2013). Copyright 2013
Elsevier.234 (b) Shape memory PLA-
based spring used for wireless suture.
Reproduced with permission from
Huang et al., Adv. Drug Delivery Rev.
65(4), 515–535 (2013). Copyright 2013
Elsevier.234 (c) Aneurysm embolization
device based on SMP. Reproduced with
permission from Hampikian et al.,
Mater. Sci. Eng., C 26(8), 1373–1379
(2006). Copyright 2006 Elsevier.236 (d)
Aneurysm embolization device based
on SMP foam. Reproduced with permis-
sion from Metcalfe et al., Biomaterials
24, 491 (2003). Copyright 2003
Elsevier.237 # Heart valve repair ring
based on SMP.238 Reproduced with per-
mission from Lantada et al., Biostec,
Biomedical Engineering Systems and
Technologies (Springer, Berlin,
Heidelberg—, 2008), Vol. 25, pp. 59–72.
Copyright 2008 Springer Nature. (f)
Occlusion devices based on SMP.239

Reproduced with permission from Lin
et al., Adv. Funct. Mater. 29(51),
1906569 (2019). Copyright 2019 John
Wiley and Sons.239 (g) The adaptive
fracture fixture based on SMP and its
working mechanism. Reproduced with
permission from Zhao et al., Smart
Mater. Struct. 26(2), 025027 (2017).
Copyright 2017 IOP Publishing.240
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of the intelligent mold is simple, the manufacturing cycle is short, and
the demolding process is easy.241,242 First, an SMP-based tube needs to
be fabricated according to the size of the structure to be prepared;
Second, place the SMP tubes into a metal mold with the contour of the
desired workpiece, and the mandrel is prepared by heating, and pres-
surizing the polymer tube; Subsequently, the required composite struc-
tures are fabricated on the intelligent mandrels by filament winding;
Finally, the intelligent mandrels recover to the original tubular shape
by heating it to a high temperature, and the composite structure can
be obtained.

CRG241 reported a kind of intelligent mandrel and fabricated
composite structures by wrapping fibers on the mandrels. However,
the SME of the mandrel has not been studied in depth. Leng et al.
have done a lot of work on theoretical research, development, and
function tests on the intelligent mandrel. Utilizing SMP, a series of
intelligent mandrels with different cross section deformation ratios are
fabricated. Subsequently, the composite structures are fabricated by
fiber winding. Zhang et al.242 designed an SMP-based mandrel, which
would shrink back to its original shape at high temperatures to
demould the composite structure wrapped on it. The shape recovery
process of the smart mandrel is shown in Fig. 17(a).

Du et al.22 developed a special-shaped structuremandrel for aircraft
inlet, which is an S-shaped pipe with a circular section at one end and a
rectangular section at the other end. The demoulding process is shown
in Fig. 17(b). Furthermore, Du et al.243 developed another intelligent
mandrel with two cross sections expanded by 50% and 75% as shown in
Fig. 17(c). The intelligent mandrel was fabricated using SMP with differ-
ent transition temperatures, Ttrans ¼ 60:08 �C (corresponding to cross
section with 75% deformation) and Ttrans ¼ 41:05 �C (corresponding to
cross section with 50% deformation). During the demoulding process,
the smartmandrel will recover to its initial shape in steps.

Microarrays have been widely used in ice resistance, cell manipu-
lation, and antibiotic adherence, which are generally made using
expensive and time-consuming lithography techniques. Du et al.244

reported a new strategy to introduce SMP into microarray
manufacturing and studied the deformation and recovery of SMP
microarrays. It can be indicated that the SMP-based microarray exhib-
ited good controllability, stable surface wettability, and a high shape
recovery ratio. Using SMP films as intelligent tunable molds, a series
of microarrays with continuously variable microscales were replicated
as shown in Fig. 17(d).

D. Applications in release devices

For a long time, space release devices are mainly mechanical and
pyrotechnic release devices, but there are many shortcomings. For
example, during the release process, there will be violent vibrations,
which will cause an impact on the spacecraft, leading to damage or
misoperations on the surrounding parts.245,246 Moreover, since the
pyrotechnic release devices cannot be reused, the reliability of the devi-
ces cannot be verified on the ground in advance. With the rapid devel-
opment of space technology, the applications of pyrotechnic nuts and
explosive bolts are decreasing, while non-impact and non-pyrotechnic
release devices attract much attention.

In 2003, GallMark et al.247 developed an SMPC-based release nut
called the Star Nut. The device is mainly composed of two SMPC cyl-
inders, bolts, and nuts. The two SMPC cylinders have uniform dimen-
sions in their initial state. When the devices need to be locked, the two

cylinders are heated above Ttrans to reduce or increase part of their
diameter, then lower the device to room temperature and lock them
together utilizing the difference in diameter. The maximum carrying
capacity of Star Nut is 13.6 kN, the release time is less than 30 s, the
driving energy is less than 15W, and the operating temperature is
�30–60 �C.

Leng et al.248 developed a series of intelligent release devices uti-
lizing carbon fiber reinforced styrene-based SMPC, including the
“Lotus” type [Fig. 18(a)], “Eight-claw” type [Fig. 18(b)] and the
“Bamboo” type. The locking mechanisms of the three release devices
rely on bending, torsion, and compression, respectively. The locking
loads of the Lotus type and the Bamboo type release device were
obtained through tensile tests. The maximum load of the Bamboo
type device was 430N, which was higher than the 284N of the Lotus
type device. However, the Eight-claw release device failed to complete
the locking force test due to the disbonding during the test. The three
intelligent-release devices can be fully released in less than 30 s.

Leng et al.23 proposed a type of high load-bearing compression-
type SMPC-based release device fabricated by fiber winding technol-
ogy as shown in Fig. 18(c). The device can adjust its bearing capacity
by the number and depth of indentation as required. Zhao et al.249

developed another release device with high load capacity based on car-
bon fiber-reinforced epoxy-based SMPC as shown in Fig. 18(d). The
structure is composed of an hourglass-like metal core inside and an
SMPC sleeve. In the locked state, the external sleeve is pressed to fit
the metal core and can withstand axial tension. When the outer sleeve
is reheated, the sleeve returns to its original cylindrical shape and can
be easily separated from the metal core. The locking force of the
release device increases with the increase of the indentation number
and depth. However, the more the indentation depth is, the more the
surface damage to the sleeve is. The maximum locking force of the
release device can reach 4 kN. However, its mass and volume are larger
than the traditional pyrotechnic release device.

Zhang et al.250 developed an ultralight release device based on
SMPC for CubeSat solar array. The release device was an SMPC plate,
which can be deformed into a U-shaped hook to realize the locking.
The heating circuit was printed on the SMPC plate by screen printing
technology; thus, the U-shaped hook can recover to its initial shape
stimulated by electricity. Driven by 3V voltage, the solar panel com-
pleted the deployment in 24 s as shown in Fig. 18(e). The SME cycle
test and high–low temperature cycle tests prove that the release device
has good reusability and reliable locking performance. The release
device has the advantages of lightweight, small and simple structure,
high integration, and low cost. However, the locking force is low, and
its application is limited to small deployable structures.

V. CONCLUSIONS AND OUTLOOK

SMP and SMPC are characterized by lightweight, variable stiff-
ness, large deformation, etc. This work retrospects the constitutive
models of SMP and SMPC, the applications in aerospace, intelligent
mold, release devices, and biomedical fields. The advantages of SMP
and SMPC have shown potential values in many fields. However, the
studies on the thermodynamic constitutive theory and the deforma-
tion mechanism are still being further explored because of the com-
plexity of the intrinsic mechanism. With the deepening research, the
mechanical properties and SME will be improved, and the scope and
depth of applications in various fields will be broadened.
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For SMP, although the research framework established by the
main functional structure, memory mechanism, and related applica-
tions has been formed, however, broad research space and challenges
still exist in molecular design, constitutive model prediction, precision
control of shape recovery, and industrialization.

(1) Develop a wider variety of shape memory materials that can with-
stand harsh and special environments by regulating the molecular
structure. SMP-based structures in aerospace need to be able to

withstand extreme environmental conditions so that materials
should have the corresponding environmental adaptability. In the
biomedical applications field, materials require good biocompati-
bility and biodegradability. Presently, there is relatively little
research on multifunctional SMP related to biomedical applica-
tions. From the perspective of technology development trends, this
kind of SMP is an important development direction.

(2) Due to the wide application of SMP and SMPC in many fields,
the construction of mechanical constitutive models has

FIG. 17. Intelligent molds. (a) Shape recovery process of the smart mandrel. Reproduced with permission from Zhang et al., Compos. Part B 59, 230–237 (2014). Copyright
2014 Elsevier.242 (b) Shape recovery process of S-shaped SMP and the demoulding process of SMP based mold. Reproduced with permission from Du et al., Compos.
Struct. 133, 930–938 (2015). Copyright 2015 Elsevier.22 (c) Initial shape and deformation shape of the two-bottle SMP mandrel. Reproduced with permission from Du et al.,
Compos. Part B 173, 106905 (2019). Copyright 2019 Elsevier.243 (d) Microarrays mold with different sizes.244 Reproduced with permission from Wang et al., J. Mater. Chem. A
6, 24748 (2018). Copyright 2018 Royal Society of Chemistry.
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gradually become a research hotspot. However, these constitu-
tive models still have some shortcomings. For example, the
parameter acquisition process is complicated. Moreover, for
constitutive models based on the phase transformation concept,
some parameters are obtained by complex shape memory cycle
tests. All these factors increase the difficulty of the practical
application of the constitutive model. Furthermore, the current
constitutive models are only suitable for SMP with the same
loading conditions, which greatly limits its applicability. For
SMPC, different moduli between fiber and matrix will lead to
internal stress. However, most of the constitutive models do not
consider this factor.

(3) Combining with other disciplines to realize the high precision
control of SMEs is one of the most important research direc-
tions. SMP has emerged in the field of 3D printing and 4D
printing, and with further development, they will integrate
with frontiers in other fields. For example, the development
of SMP and 4D printing technology has broken the con-
straints of traditional flexible optical/electronic machining
and increased the designability of structure and function.
This not only promotes the further development of SMP but
also provides a new method for new flexible optical/electronic
devices with multi-function, large areas, and low power
consumption.

FIG. 18. SMPC-based release devices. (a) “Eight paws” release device. Reproduced with permission from Wei et al., Compos. Struct. 133, 642–651 (2015). Copyright 2015
Elsevier.248 (b) Lotus release device. Reproduced with permission from Wei et al., Compos. Struct. 133, 642–651 (2015). Copyright 2015 Elsevier.248 (c) Unlocking process of
SMPC-based release device with large carrying capacity. Reproduced with permission from Zhao et al., J. Harbin Inst. Technol. 48(05), 1–17 (2016). Copyright 2016 Harbin
Gongye Daxue/Harbin Institute of Technology.23 (d) Sandglass-like smart release device. Reproduced with permission from Zhao et al., Compos. Struct. 223, 110958 (2019).
Copyright 2019 Elsevier.249 (e) Ultralight release device. Reproduced with permission from Zhang et al., Compos. Struct. 232, 111561 (2020). Copyright 2020 Elsevier.250
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In conclusion, SMP has a good development prospect in many
fields, especially in the high-tech field, but still, there are many key
technologies to be overcome in its practical application.
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NOMENCLATURE

AD actuator domains
CNTP carbon nanotubes paper
CNW cellulose nano-whisker
CRG Cornerstone Research Group
CTD Composite Technology Development Inc.

DWCNT double-walled carbon nanotube
DSCM digital speckle correlation method
FEA finite element analysis
GO graphene oxide
JPL Jet Propulsion Laboratory
LCE liquid crystal elastomers
MIS minimally invasive surgery

MWCNT multiwalled carbon nanotube
OBC olefin block copolymer

PABM polyaminobismaleimide
PCL polycaprolactone
PEG polyethylene glycol
PEG polyethylene glycol
PLA polylactic acid

PMMA polymethyl methacrylate
POE polyolefin elastomer
PP polypropylene

PPD polypentagenolone
Ppy polypyrrole

PSAM perfluorinated sulfonic acid membrane
RF radiofrequency
Rf shape fixed ratio
Rr shape recovery ratio

SGDD shifting-geometry determining domains
SME shape memory effect
SMP shape memory polymer

SMPC shape memory polymer composites
SMPU shape memory polyurethane
TPU polyurethane
Th high temperature

Tlow lowest point
Ttrans glass transition temperature

Tr room temperature
WLF Williams–Landel–Ferry
elim ultimate deformation
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