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ABSTRACT Shape-memory polymers (SMPs) and their composite materials are stimuli-
responsive materials that have the unique characteristics of lightweight, large deformation,
variable stiffness, and biocompatibility. This paper reviews the research status of the mechan-
ical models for SMPs, shape-memory nanocomposites and shape-memory polymer composites
(SMPCs); it also introduces some spatially deployable structures, such as hinges, beams, and
antennae based on SMPCs. In addition, the deformation types of 4D printing structures and the
potential applications of this technology in robots and medical devices are also summarized.

KEY WORDS Shape-memory polymers and their composites, Constitutive model, Deployable
structure, 4D printing

1. Introduction
Shape-memory polymers (SMPs) are stimuli-responsive materials with the ability to maintain a

temporary shape and return to the original shape under external stimuli (e.g., heat, electricity, light,
magnetism, radio frequency, etc.) [1–7]. Shape memory effect (SME) is an intrinsic property of polymer
materials, but different polymers with different molecular structures and components exhibit varying
degrees of shape-memory properties [2]. Various SMPs with excellent SME have been developed, such as
shape-memory epoxy [8–10], shape-memory cyanate [11], shape-memory styrene [12], shape-memory
polyurethane [1], and shape-memory polycaprolactone [13]. A series of SMPs with dual-, triple- or
multi-SMEs have also been developed. According to the external induction method, SMPs can be
divided into thermal-sensitive, light-induced, electroactive, PH-sensitive, and magnetic-induced ones.

The shape-memory process of thermal-sensitive SMPs is divided into the following four stages (as
shown in Fig. 1) [1–3, 14]: (1) heating and shaping: the sample is deformed into a temporary shape
under external load after heated to above the switch temperature (TSW); (2) cooling and fixing: with
the external load maintained and the temperature lowered down to below TSW, the SMP sample
“remembers” the temporary shape, and then it is unload; (3) reheating: the SMP sample is reheated
to above TSW and recovers from the temporary shape to the original shape. The detailed shape-memory
mechanism of SMPs is explained using the viscoelastic theory and phase change theory in Sect. 2.

�
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Fig. 1. The shape-memory recovery process of typical thermally actuated SMPs (red color indicates higher temperature
of the material than TSW , and blue color indicates lower temperature of the material than TSW ). (Colour figure online)

From the phase level, SMPs consist of at least a stable molecular network and a second phase
[4]. The stable network is achieved through chemical cross-linking, crystallization and interpenetrating
networks, providing SMPs with the resilience to maintain a permanent shape. The second phase can fix
the temporary shape by glass transition, crystallization, transition between different liquid crystalline
phases, etc. There are three important transition temperatures for thermal-sensitive SMPs: glass tran-
sition temperature (Tg), melting temperature (Tm), and isotropic temperature (Ti). Glass transition
can be used to describe chemically cross-linked thermoset materials and physically cross-linked ther-
moplastic polymers. Melting transition can be used to describe semicrystalline polymer networks and
chemically cross-linked rubbers, etc. Since the Tg of Tm-based SMPs is much lower than room temper-
ature, Tm is used as the TSW in SME. Ti is used to describe the TSW of liquid crystalline SMPs. Phase
transitions of liquid crystal elastomers (LCEs) from anisotropic phase to isotropic phase have SME by
introducing chemical or physical cross-links. The reversible change in the orientation of Ti-based SMPs
causes the polymer to form a reversible shape change or dual SME. It is worth noting here that due
to the existence of second-order phase transitions, the shape-memory recovery response of Tg-based
SMPs is slower than that of Tm-based SMPs, which makes it useful in structures that require slow
deployment, such as space-deployable structures (see Sect. 3 for details).

However, the application of SMPs is restricted by their low driving force and obvious thermo-
viscoelasticity, leading to the emergence of shape-memory polymer composites (SMPCs) [3]. The
shape-memory nanocomposites (SMPNs)/SMPCs can greatly improve mechanical properties [2], which
are prepared by mixing SMPs with the zero-dimensional (nanoparticles: Fe3O4, etc.), one-dimensional
(short fiber, continuous unidirectional fiber, CNT, etc.) or two-dimensional (fiber fabric, nano-paper,
etc.) material as a reinforcing phase. The reasonably enhanced phase volume fraction not only improves
the mechanical and thermomechanical properties of SMPs, but also enriches the driving methods such
as electricity [15–18], magnetism [19, 20], light [21, 22], radio frequency (RF) [23, 24], etc. Shape-
memory polymers and their composites have many advantages, such as high malleability, highly
adjustable transition temperature, various driving methods, low impact during deployment, and bio-
compatibility. All of these properties have potential applications in a wide range of fields including
aerospace, flexible electronics, and bioengineering [23–28].

The paper is organized as follows: Sect. 2 presents the prediction of the mechanical properties of
SMPs/SMPCs. Section 3 reviews the application of SMPs/SMPCs in aerospace and 4D printing.

2. Prediction of Mechanical Properties of SMPs/SMPCs
The mechanism of shape-memory cycles and the mechanical behavior of SMPs can be described by

establishing thermomechanical models, which lay the theoretical foundations for the rational design
of SMP structures. This section will focus on the constitutive models for SMPs, the micromechanical
models of SMPNs, and the buckling behavior of SMPCs.
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Fig. 2. SLS model (blue dashpot represents the maximum viscosity of SMPs, and red dashpot represents the minimum).
(Colour figure online)

2.1. Constitutive Models of SMPs

In order to investigate the deformation behavior and shape-memory cycle mechanism of SMPs, a
series of constitutive models have been developed to describe the complex thermoviscoelastic behavior
of the material. Currently, there are three types of SMP constitutive models [2]: 1. the rheological
method based on theory of viscoelasticity; 2. the phase transformation theory, which elaborates the
thermomechanical behavior of SMPs from the mesoscopic level; 3. the combination theory, which
combines the two aforementioned models.

(1) Theory of Viscoelasticity

The standard linear solid (SLS) model can briefly describe the shape-memory behavior (SMB)
of Tg-based SMPs. The viscosity of the dashpot decreases, and the SMP is deformed to the desired
shape under an external load when the SMP is heated to above Tg. The SMP can “remember” its
original shape after unloading, which is due to the increase in viscosity as temperature decreases. After
reheating, the viscosity decreases and the SMP recovers to its original shape (as shown in Fig. 2).
Although the above model briefly describes the thermomechanical cycle process, the SMB of SMPs
is strongly associated with strain, time, temperature, strain rate, and other factors, which requires a
more complex constitutive model.

Some reported viscoelastic constitutive models and equations are summarized in Table 1. Tobushi
et al. introduced a slip element based on SLS to describe the internal friction and thermal expansion
behavior of shape-memory polyurethanes (SMPUs) and developed linear and nonlinear 1D constitutive
models [29–31]. Chen’s model explained how the reversible phase of SMPU could fix its tempo-
rary shapes without external loads, and how its fixed phase could remember its original shape [32].
Khonakdar et al. investigated the SMB of SMPUs using the Kelvin element in series with the dash-
pot [33, 34]. Diani et al. proposed a 3D constitutive model for epoxy SMPs for first time. Although
this model explained the stress–strain–temperature behavior of polymers during the thermomechanical
loading process, it fell short in accounting for a number of details [35]. Nguyen et al. combined the
Adam–Gibbs nonlinear structure relaxation model and the modified Eyring model into the thermovis-
coelastic framework. This model provided a more accurate explanation of the effect of heating/cooling
rate on the SMB [36]. Srivastava et al. established a thermomechanical coupled large deformation con-
stitutive model to describe the intermolecular and molecular network resistance of amorphous SMPs
through microstructural theory [37, 38]. In addition, they numerically analyzed the shape-memory
response of the stent. In order to explain the dependence of SMB on time and temperature more
clearly, Yu et al. paralleled the elastic spring with multiple Maxwell models to describe the equilibrium
and non-equilibrium behavior of the polymer. They also predicted the static and dynamic mechanical
properties and cyclic loading behavior of the material [39, 40].

Gu et al. used the modified argon scalar equation and the Eyring model to characterize the
temperature-dependent and stress-activated properties of polymers and combined them with the struc-
tural and stress relaxation to describe the finite deformation behavior of thermally induced amorphous
SMPs. The numerical prediction results indicated that the starting temperature of strain recovery
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Ī
e M

1
1
)

γ̇
v

=
s y

T
√

2
η
re

f
S
g

Q
s
ex

p

[
C

1
lo

g
e

(
C

2
(T

−
T

f
)+

T
(T

f
−

T
re

f
g

)
T
(C

2
+

T
f
−

T
re

f
g

)

)
]

si
n
h

(
Q

s
‖s

n
e
q

‖
T

√
2
s y

)

G
u

[4
1
,
4
2
]

S
tr

u
ct

u
re

re
la

x
a
ti

o
n

d
T
f

d
t

=
T

−
T
f

τ
R

τ
R

=
τ
R

0
ex

p
(

Q
R

T
(I

−
T
2
/
T
f
)

)

D
ef

o
rm

a
ti

o
n
s

a
n
d

st
re

ss
es

F
=

F
e
F

v
F

T
F

T
=

J
1
/
3

T
I

J
T

=
1

+
α

r
(T

f
−

T
0
)
+

α
g
(T

−
T

f
)

σ
=

σ
e
+

σ
n

σ
n

=
μ

r
J
n

√
N

λ
ch

a
in

L
−

1
(

λ
ch

a
in

√
N

)
B

′ +
k
b
(J

n
−

1
)
I

σ
v

=
σ

e
=

1 J
e
L

e
:
E

e

V
is

co
u
s

fl
ow

ru
le

D
v

=
γ̇
v
n

ṡ
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Ṫ

δ i
j



Vol. 32, No. 5 X. Xin et al.: Mechanical Models, Structures and Applications 543

T
a
b
le

1
.
(c
o
n
td
.)

A
u
th

o
r

V
is

co
el

a
st

ic
co

n
st

it
u
ti

v
e

m
o
d
el

S
o
m

e
im

p
o
rt

a
n
t

eq
u
a
ti

o
n
s

Z
en

g
[4

5
]

K
in

em
a
ti

cs
F

=
F

M
F

T
=

F
e M
F

v M
F

T

T
h
er

m
a
l
d
ef

o
rm

a
ti

o
n

re
sp

o
n
se

J
T

(T
,δ

)
=

(1
+

δ)
[1

+
3
α

r
(T

−
T

0
)]

d
δ

i

d
t

=
−

1 3
(α

r
−

α
g
)

d
T d
t

−
δ

i

τ
i T

τ
i T

=
τ

0 T
ex

p
[ −

i

lo
g

e

]
ex

p
[−

θ
(T

−
T

v
)]

S
tr

es
s

re
sp

o
n
se

σ
=

μ
e

q

3
J

T T
g

λ
L

λ̄
e

f
f
L−

1
(

λ̄
e

f
f

λ
L

)
( B̄

M
−

1 3
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Table 2. Expressions of frozen phase volume fraction

Author Expression of Frozen phase volume fraction

Liu [46] ϕ (T ) = 1 − 1
1+cf (Th−T )n

Wang [49] ϕ (T ) = α exp
(− (

Tt
T

)m
βn

)

Reese [50] ϕ (T ) = 1

1+ exp
(

2w
T −Tt

)

Volk [51–54] ϕ (T ) =
tanh(Tmax−A

B )−tanh( T −A
B )

tanh( Tmax−A
B )−tanh

(
Tmin−A

B

)

Gilormini [55] ϕ (T ) =
[
1 −

(
T−Tmin

Tmax−Tmin

)m]n

Li [56] ϕ
(
T, Ṫ

)
= 1 −

∞∫

rc(T )

p (r) dr ×
{

1 −
[
1 − exp

(
−ΔHa(T )

kBT

)]Δt
τ0

}

Qi [59] Liu [68] ϕ (T ) = 1

1+ exp
(

− (T −Tt)
A

)

Kim [61] ϕsfo = ϕsf − ∫

t

dϕsa
dt

dt

Leng [62, 63] ϕ (T ) =
T∫

TS

1

S
√

2π
exp

(
−T−Tg

2S2

)
dT

Park [64] ϕg =

⎧
⎪⎨

⎪⎩

1 1 < ϕ0
g

ϕ0
g0 ≤ ϕ0

g ≤ 1

0 ϕ0
g < 0

ϕ0
g = b

1+ exp(c(T−Ttr))
− d

Guo [66] 1 − ϕf = ϕ exp (− (kTtran/ (T − τβ))m /βn)

Liu [57] ϕ
(
T, Ṫ

)
= 1 − 1

1+ exp{−[T−Ttr(Ṫ)/b]}

Lu [58] ϕf = 1 − γ = 1 − AT exp

(

−ΔG(Th)10
− C1(T −Th)

C2+T −Th

RT
+ Th−T

b·Th−T

)

of SMPs increases with the heating rate, but the slopes of the recovery rate-temperature curves are
basically the same at different heating rates [41, 42]. Sun et al. developed a model with a significantly
reduced number of parameters compared to the multi-branch models containing integer-order deriva-
tives based on the multi-branch model of fractional derivatives. In addition, the model can also be used
to predict the free recovery behavior of triple- and multi-SMEs and foams [43]. Zeng et al. proposed
a rate-dependent yield factor to modify the Eying model and combined it with the multi-branch frac-
tional derivative thermoelastic model to describe the temperature-dependent, strain-rate-dependent,
yield and post-yield behavior of SMPs [44]. Subsequently, Zeng et al. also developed a new thermoelas-
tic constitutive model by introducing internal variables and uncoupled relaxation mechanisms, which
introduced a more explicit physical description of the structural and stress relaxation of the polymer
[45].

(2) The phase transformation theory

The phase transition theory explains the shape-memory mechanism from the mesoscopic level, which
first explains the SME mechanism of shape-memory alloy (SMA) through martensite and austenite
transformation [2]. Table 2 summarizes the equations for important parameters of the phase transition
theory (the frozen phase volume fraction).

Liu et al. first used this theory to describe the SMB of SMP and suggested that SMP consists
of two phases: the frozen phase (glassy state) and the active phase (rubbery state) (as shown in
Fig. 3). The ratio between the two phases is regulated by introducing a frozen phase volume fraction,
ϕ(T )(0 � ϕ � 1). In this equation, when the material is at a low temperature (Tl < Tg), ϕ(Tl) = 1,
when it is at a high temperature (Th > Tg), ϕ(Th) = 0. They also introduced the concept of “stored
strain” to describe the storage and release of strains [46]. Chen et al. established a constitutive model
capable of describing the hyperelastic behavior of SMPs more clearly [47, 48].

Experiments have found that SMPs are rate dependent during the freezing process. For example,
when the equivalent frozen phase volume fraction is reached, the non-isothermal cooling will attain a
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Fig. 3. Schematic diagram of microscopic mechanics of 3D constitutive model of SMPs [46]

lower temperature than the isothermal cooling. In addition, considering the large difference of Young’s
modulus between the frozen and active states, the mixing law cannot accurately predict the equivalent
modulus of SMPs. Wang et al. proposed a time- and temperature-dependent constitutive model to solve
the above problems by constructing a rate-dependent expression of frozen volume fraction [49]. Reese et
al. proposed a new expression of frozen phase volume fraction and performed finite element prediction
on the SMP stent [50]. Volk et al. investigated the thermomechanical properties of SMPs and derived
the phenomenological 3D constitutive model under finite deformation. However, this model was unable
to predict the unrecoverable strain [51–54]. Gilormini et al. also proposed a new expression of frozen
phase volume fraction and constructed a phase change constitutive model based on micromechanics
[55]. Li et al. proposed the evolution law of phase transition from a physics perspective [56]. The frozen
phase was regarded as the matrix and the inclusion as the active phase. The equivalent mechanical
properties of SMPs were predicted by Mori–Tanaka theory.

Considering the influence of heating/cooling rate, a new constitutive model for predicting the
mechanical response of different SMPs at different recovery conditions (free recovery, fixed-stress recov-
ery, and different heating rates) was proposed by Liu [57]. Lu et al. proposed a physically significant
phenomenological model of “frozen volume” caused by internal stress and dominated by the two-site
model theory. Compared with other models based on phase transformation, predicting the thermome-
chanical behavior of SMPs by using internal stress parameters is the most important feature of Lu’s
model [58].

(3) The combination theory

Although the rheological theory can adequately explain the behavior of stress relaxation, the inter-
pretation of strain storage and strain release of materials is not as clear as the phase transition theory.
In addition, the time–temperature equivalence of polymers cannot be satisfactorily considered by the
phase transition theory. The combination of phase transformation theory and viscoelasticity theory
not only explains the viscoelasticity and rate dependence of the polymer, but also physically relates
the SME to the glass transition.

Qi et al. proposed three-phase-transition constitutive models, including the rubbery phase (RP),
frozen glassy phase (FGP), and initial glassy phase (IGP). The RP appears above Tg; FGP represents
the new glassy phase of RP conversion caused by cooling; IGP represents the glassy phase in the initial
state [59]. Baghani et al. fully considered the viscous effect of the material and proposed a small-
strain 3D constitutive model under time-dependent thermomechanical loading form and verified its
accuracy [60]. Kim et al. constructed a three-phase phenomenological constitutive model based on the
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Fig. 4. Micro-buckling of SMPCs under compressive load [87]

molecular configuration of the hard and soft segments of SMPUs. In this constitutive model, a three-
unit viscoelastic model was used to describe the hard-segment phase; and the Mooney–Rivlin model
was used to describe the active and frozen soft segments [61]. Leng et al. established a new constitutive
model based on viscoelastic theory and phase transition theory. In addition, a normal distribution
model with fewer parameters and reasonable physical meaning was proposed [62, 63]. Based on the
assumption that shape memory strain is proportional to total deformation, Park et al. decomposed
the total deformation gradient multiplication into hyperelasticity, viscoelasticity, viscoplasticity, and
shape memory strain to establish a constitutive model that can describe multi-axial loading and large
deformation (up to 200% strain) [64].

In the process of heating/cooling, the temperature transfer of the polymer is from the surface to the
inside; similarly, the phase transformation of the material should also be carried out gradually from the
surface to the inside. However, it is unreasonable to assume that the frozen phase and the active phase
are evenly distributed in the polymer based on the microstructures of particle-reinforced composites
[46] and unidirectional fiber-reinforced polymer composites [65], and the phase transition between the
two phases (end/start) at the same time. Therefore, Guo et al. considered the microstructure of a
semicrystalline SMP to propose a novel microstructure consisting of an active phase with a constant
network and a frozen phase that can be switched between the free state and the frozen state [66]. A
novel type of frozen phase transformation equation is shown in Table 2.

In view of the fact that many constitutive models developed in previous work were only based on
specific materials, Liu et al. established a constitutive model based on the multiplicative decomposition
of deformation gradient, which can describe large deformation of different types of SMPs. This model
considers that the occurrence of phase transition is caused by the sudden formation and disappearance
of reversible phase, but the phase transition should be from one phase to another [67]. Subsequently,
Liu et al. further established a new constitutive model capable of degenerating into pure elasticity
when the viscosity of the material is neglected [68].

2.2. Prediction of Mechanical Properties of SMPCs

The static or quasi-static mechanical properties, such as stiffness and strength, are mainly considered
for conventional resin-matrix composites. However, for shape-memory polymers and their composites,
the dynamic mechanical properties of materials such as driving and deformation are mainly considered.
Accurate and effective prediction of the thermomechanical properties of SMPCs can provide theoretical
guidance for the application of materials in engineering.

(1) Prediction of equivalent mechanical properties of SMPNs

There are many methods for effectively predicting the thermomechanical properties of nanoparticle-
reinforced composites, including the micromechanical methods (e.g., the self-consistent theory [69–73],
the Mori–Tanaka method [74], the differential methods [75], etc.) and the finite element methods.
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Jana et al. investigated the effects of the coefficient of linear thermal expansion (CLTE) of SMPUs
and their nanocomposites (reinforced phases: organic clay, carbon nanofibers (CNF), SiC, and carbon
black) [75]. The results showed that compared with the filler (SiC) with an aspect ratio of 1, the
nano-fillers with large aspect ratios (such as organic clay and CNF) had more obvious effects on the
CLTE of the composites. The results also demonstrated that the Kerner model was better in CLTE
prediction for spherical nanoparticle composites and the Halpin model was more suitable for organic
clay and CNF inclusions.

SMPNs are temperature-sensitive materials. Many theoretical models for predicting the effective
mechanical properties of composites at different temperatures have been proposed. Yang et al. estab-
lished a micromechanical model considering the non-uniformity in the microstructure of CNTs/SMPs
nanocomposites based on Liu’s phase transition model and the Mori–Tanaka theory [76, 77]. They
studied the effects of effective mechanical behavior at different temperatures and with different
microstructural parameters. The results revealed that the degree of CNT aggregation had a signif-
icant effect on the effective properties of composites. The model of Yang et al. assumed that CNTs
were uniformly distributed in the polymer, but did not consider the effect of the random orientation
of CNTs on the effective mechanical properties of SMPNs.

Zare et al. used existing models for predicting composite yield strength and tensile strength, includ-
ing the Kunori–Geil, the Piggott–Leidner, the Sato–Furukawa, the Pukanszky, and the Takayanagi
models to evaluate the interface adhesion properties of SMPNs with different inclusions [78]. Velmu-
rugan et al. predicted the effects of microstructural parameters and strain rates on the mechanical
properties of multi-walled carbon nanotube (MWCNT)/SMP nanocomposites [79]. Mahmoodi et al.
predicted the relationship between the equivalent elastic modulus and temperature of SMP/SiO2 com-
posites based on the phase transformation theory [80]. Abishera et al. predicted the shape recovery
properties of CNT/epoxy composites [81]. Jarali et al. extended Eshelby’s problem of single inclusion
to SMPNs with two different inclusions (fibers and CNTs). The effective modulus and inelastic strain
tensor of the composites were deduced by obtaining the eigenstrain of the two different inclusions.
The analytical solutions of Eshelby’s problem for cylindrical inclusions with two different material
properties in the inelastic body were obtained under the condition of small-strain deformation after a
two-step homogenization procedure [82].

Taherzadeh et al. established a 3D finite element model of representative volume element of graphene
nanoplatelet (GNP) shape-memory composites in ABAQUS and analyzed the effects of different volume
fractions and inclusion aspect ratios on the thermomechanical properties of SMPNs [83]. Pan et al.
established a finite element model with a spherical particle-reinforced SMPN through a representative
volume element (RVE) created by a random sequential adsorption algorithm. Numerical simulations
of the mechanical properties and SME behavior of the RVE showed that the elastic modulus and
recovery stress increased significantly by adding 15% glass beads to SMPs. The shape fixing ratio
slightly deteriorated due to the filler particles, but the effective shape recovery ratio hardly changed
for dilute inclusion cases [84].

These reports generally assume that the inclusions are in ideal contact with the matrix. However,
matrix and reinforcement will form an interfacial layer through complex physical and chemical reactions
during the curing process, which has a vital impact on the thermomechanical properties of composites.
In addition, interfacial damage is one of the basic damage modes of composite materials. Interfacial
damage not only weakens the effective properties of composites, but also induces macro-fracture of
materials and affects the life of structures. Therefore, it is necessary to investigate the effect of interfacial
damage on SMPCs, which undergo large deformation at high temperature.

(2) Buckling behavior of SMPCs

Various forms of failure for traditional fiber-reinforced composites subjected to compressive load
include shear failure, tensile failure, fiber dislocation, and fiber brittle fracture [85]. Traditional resin
composites have higher stiffnesses and smaller buckling deformation ranges, while fiber-reinforced
SMPCs show hyperelastic behavior at high temperature (T > Tg) and their fiber buckling deformation
ranges enlarge [86]. During the shape memory cycle, SMPCs inevitably undergo bending deformation
with large curvature at high temperatures. In this state, the compression zone of SMPC undergoes
microscopic buckling, which affects the macroscopic stiffness of the structure (as shown in Fig. 4).
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Therefore, it is necessary to study the mechanical behavior of fiber-reinforced flexible-matrix compos-
ites and to investigate the relationship between macro-bending of SMPC and fiber buckling [87].

Various theoretical frameworks used to investigate the mechanical behavior of fiber-reinforced
flexible-matrix composites include the homogenization theory, the Bloch wave theory, and the strain
energy function method.

The homogenization theory is used to analyze the constitutive behavior of flexible-matrix composites
with periodic structure. By assuming that the fiber and matrix are both isotropic and incompressible
hyperelastic materials, Lopez-Pamies et al. used the second-order homogenization theory and the neo-
Hookean model to construct a three-dimensional constitutive model of flexible-matrix/fiber-reinforced
composites under finite strain conditions [88, 89]. Jiménez et al. subsequently improved their model,
but could not explain the microscopic constitutive behavior of the material[90, 91].

The Bloch wave theory has the ability to adequately explain and predict the microstructural damage
of composite materials. Triantafyllidis et al. used this theory to obtain the two-dimensional theoretical
solution of critical curvature and characteristic buckling wavelength of flexible-matrix composites under
bending load and verified the theoretical results using the three-dimensional finite element method [92].

The deformation behavior of material can be solved using the total strain energy function, which
is the sum of the tensile, compressive, and shear strain energies of each phase and the shear strain
energy between phases.

Francis et al. used the neutral plane as a boundary to divide the cross section of the composite into
a tension zone and a compression buckling zone [93]. The strain energy of SMPC, the fiber buckling
strain energy, and the shear strain energy were established. Microscopic characteristic parameters
such as the half-wavelength and the amplitude of SMPC buckling were obtained using the principle
of minimum energy. Wang et al. proposed a micro-buckling model for unidirectional fiber-reinforced
shape-memory composites capable of predicting the buckling wavelength, which, however, did not
consider the influence of ply angle on micro-buckling and post-buckling behavior [94].

The above models are all based on the assumption that fibers in the compression zone are already
buckled. As a result, these models are unable to adequately explain the states before buckling and crit-
ical buckling. Leng et al. assumed that the cross section of the bent SMPC plate consisted of a tension
zone, a compressed non-buckling zone, and a compression buckling zone, and thereby introducing a
critical buckling concept [87]. Zhang et al. further perfected the theory by considering the boundary
effect of fiber-reinforced buckling composite laminates on the basis of Leng’s research [95].

This section summarizes the prediction models for thermomechanical behavior of SMPs/SMPCs.
It can be seen that the research on the constitutive behavior of SMPs is more in-depth, providing
theoretical bases for their applications in aerospace, 4D printing, and other fields. However, there are
few studies on the mechanical behavior of SMPNs and SMPCs. The large deformation mechanism of
SMPCs, in particular, seems to be neglected. The assumptions of the existing prediction models are
ideal, and it is necessary to investigate the interface of SMPC. The cross-scale correlation between fiber
micro-buckling and macro-structure deformation should be further investigated to provide sufficient
theoretical bases for SMPC design and to broaden its range of applications.

3. Applications of SMPs/SMPCs
A comprehensive understanding of the properties of SMPs/SMPCs will help us use them more

effectively and rationally. Shape-memory polymers and their composites have many advantages, such
as recoverable strain storage capacity, excellent deformability, and variable stiffness, which facilitate
their wide applications in many fields. However, the materials also have their limitations. For one-way
SMPs, the greatest feature is that they can only complete SME once. Without external reprogramming,
they cannot be used for multiple times. On the other hand, the service life and recovery accuracy of
the composites are affected by many factors such as the programmed shape, the number of shape
memory cycles, etc. In particular, damage to fiber-reinforced composites will occur after many SME
cycles. This is limited to materials mostly used in structures requiring only one SME to achieve
deployment, such as space-deployable structures, vascular stents, etc. The SME of material is used
to transport the structure with temporary shape and deploy it to the desired shape at a specified
position and time, which solves the problem of packaging and transportation of large structures. On
the other hand, the viscoelastic and temperature-sensitive properties of materials must be considered
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Fig. 5. The hinge developed by CTD: a originally designed hinge [97]; b optimized hinge [98]

in their applications. The creep behavior of SMPs/SMPCs will cause partial shape recovery during
storage and transportation, especially when the external temperature fluctuates greatly, which means
relatively high environmental regulation requirements for structures in storage and transportation [2].
Although the material has some shortcomings, its unique properties still have important application
value. This section reviews the applications of SMPs in aerospace and four-dimensional (4D) printing.

3.1. Applications in Aerospace

Nowadays, for space-deployable structures, the deployment of the solar wing must be accomplished
through the initiation of explosive devices. However, due to the transient effects caused by these
explosive devices, the satellites require demanding mechanical tests. NASA reported that for 88 flight
failures, the detonation of explosive devices accounted for more than 71% of the cause of failure. This
statistic reveals the severity of this threat to the completion of space missions. Therefore, NASA has
established a comprehensive set of management practices [96].

The SMPC has high stiffness below Tg and maintains this property after being slowly deployed
above Tg, which typically takes a few minutes to complete. Compared with the time required for the
explosive device (milliseconds) to detonate, it can effectively avoid harsh impact, reduce flight risk, and
considerably improve the reliability of the aircraft. The SMPC-based space-deployable structures have
gained more and more attention and been successfully applied to expandable hinges, trusses, beams,
antennae, and space capture devices. In addition, the micro-buckling of SMPC enables it to obtain
greater deformation capacity, which increases the deployment/contraction ratio.

(1) SMPC hinge

Generally, the hinge is used to provide a driving force for the space-deployable structure. However,
the conventional mechanical hinge uses spring to generate the driving force, which causes vibration
during deployment. The SMPC deployment process is slow and can effectively avoid such vibration
problems. The Composite Technology Development, Inc. (CTD) developed a thermally actuated hinge
using two straight SMPC plates (as shown in Fig. 5a) and optimized the cross section of the SMPC
to an arc for greater driving torque (Fig. 5b) [25, 97, 98].

Figure 6a is a hinge designed by Lan et al., which consists of two SMPC sheets with a curvature
of 120◦, and is actuated by a thin-film heater attached to the surface of the composite [99, 100].
Experiments have shown that when the driving voltage is 20 V, the temperature of the hinge surface
is about 80 ◦C, and the full deployment time of the hinge is 100 s (as shown in Fig. 6b). In addition,
Lan et al. performed a ground deployment verification experiment of a hinge-driven solar array panel
on a sliding platform with a full deployment time of 80 s (as shown in Fig. 6c).

(2) Deployable structures of SMPCs

The Composite Technology Development, Inc. also designed a variety of deployable structures using
SMPCs to meet the needs of microsatellites, including the deployable beam (as shown in Fig. 7a). In the
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Fig. 6. SMPC hinge designed by: a hinge; b hinge unfolding process; c ground-validation experiment of hinge-driven solar
array panel[99, 100]

Fig. 7. SMPC space-deployable beam structure: a deployable beam [101]; b crimped beam structure [101]; c unfolding
process of deployable beams developed by [102]; d three longitudinal beam trusses [26]; e tetrahedral truss [103]; f three
longitudinal beam trusses: I. the first direction; II. the second direction; III. the third direction [104]

contracted state, the composite beam is in a zigzag shape, and the SMPC is heated after reaching the
specified orbit to achieve deployment. DSX/PowerSail developed the SMPC-crimped beam structure,
which can be crimped and unfolded to achieve the contracted emission and on-orbit deployment of
flexible solar cells connected to it (as shown in Fig. 7b) [101]. In addition, Zhang et al. developed a
deployable beam consisting of SMPC sheets with a circular cross section that can be shrunk into an
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Fig. 8. Deployable antenna: a deployable antenna developed by [105]; b deployable antenna developed by [106]

Fig. 9. Deployable spaceborne mechanism developed by [107]: a SMPC hinge; b ground deployment experiment verifica-
tion of SDM

“M” shape. The deployment of the beam can be completed within 100 s (as shown in Fig. 7c) [102].
Li et al. investigated the dynamic mechanical properties (such as mode shapes) of three longitudinal
beam trusses through experiments and finite element simulations (Fig. 7d) [26]. Shook et al. developed a
tetrahedral truss consisting of springs and SMPCs to reduce structural vibration and increase structural
stiffness (Fig. 7e) [103]. Leng et al. developed a cubic deployable truss structure with three-span beams
and the cubic frame, which can be used in future aerospace applications [104]. The first- or multi-
directional deployment can be achieved by controlling the energization sequence of heaters (Fig. 7f).

Keller et al. used SMPCs to develop a deployable high-precision antenna (Fig. 8a), the good deploy-
ment accuracy of which facilitated NASA’s Mars exploration mission [105]. The Harbin Institute of
Technology (HIT) also conducted a related study on shape-memory deployable antennas (Fig. 8b)
[106].

In recent years, Chen [107], CTD [108], and Liu [109] have developed new space-deployable struc-
tures based on SMPCs.

Chen et al. developed a space-deployable mechanism (SDM) using SMPCs and composite spring
strips for space-deployable antennas, which drove the antenna reflector through a hinge of symmetrical
distribution of eight-layer SMPC sheets, as shown in Fig. 9 [107]. The optimization of the design meant
that the cross section of the single-layer SMPC sheet was conceived as a multi-arc section to improve
the overall mechanical properties of the structure. The designed space structure integrated functions
with structures. In addition, the SMPC shell acted as a damper to prevent damage to the structure
caused by the strong impact from the reflector during deployment; and the composite spring belt
greatly enhanced the recovery torque of the SDM, which ensured the high development accuracy of
the structure.

In order to meet the high power and large area requirements of the solar array for small spacecraft,
such as the micro-/nano-satellites for the future, as shown in Fig. 10, Alexi Rakow et al. of CTD
designed a composite lightweight array utilizing the shape-memory polymer (CLASP) based on elastic
memory composite (EMC) linear hinges [108]. The EMC hinges in the CLASP structure were folded
in to a “Z” shape to achieve the smooth, slow, and controllable deployment of the solar array.
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Fig. 10. CLASP developed by CTD: a schematic diagram of solar panels; b CLASP ground experimental verification of
6U cubic star [108]

Fig. 11. Self-deployment structure and application prospects: a shape memory recovery process; b self-driven gripping; c
multi-angle imaging system [109]

Fig. 12. The in-orbit deployment test verification of ROSA developed by NASA: a contraction state; b deploying; c
deployment completed; d partial enlargement after deployment [110]

Recently, Liu et al. fabricated a self-driven multi-level integrated hinge structure using SMPCs (as
shown in Fig. 11), which holds promising potential applications in self-driven gripping devices and
multi-angle imaging systems [109].

With the latest developments in the aerospace industry, the traditional solar wings can no longer
meet the power demand of hundreds of kilowatts in the spacecraft for the future. Therefore, the
development of flexible large-area solar wing needs to be addressed. The Roll Out Solar Array
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(ROSA) developed by NASA and AFRL using the C-beam composite thin-walled structure success-
fully completed the on-orbit deployment verification in 2017 (as shown in Fig. 12) [110]. ROSA used
a conventional rigid thin-wall composite with the maximum strain rate of approximately 1.5–2% and
the maximum structural thickness of approximately 0.2 mm to meet the design requirements with
general deployment/contraction ratios. The maximum strain rate of SMPCs can reach approximately
8–10% [3, 91, 100], and the maximum thickness of the corresponding structure can reach 1 mm, which
will greatly improve the stiffness and fundamental frequency of the space-deployable structure in the
unfolded state of the rail. In addition, under the premise that the minimum fundamental frequency of
the unfolded state is constant, the ultimate deployment area of the SMPC-based deployable structure
will be much larger than that of the conventional rigid thin-walled composite expandable structure,
which is expected to be applied to large flexible solar wings. Therefore, SMPCs play a subversive and
leading role in promoting the innovation and development of aerospace technology.

3.2. 4D Printing

The manufacturing technology of three-dimensional (3D) printing additives provides designers with
the possibility of designing and manufacturing complex structures. The four-dimensional (4D) print-
ing adds a time dimension to the 3D printing; that is, the shape/function/properties of the structure
can change with time under external stimuli. This concept was first proposed by Tibbits in 2013
[111, 112]. The printed structures are activated by the external environment to achieve self-assembly,
self-adaptation, multi-function, and structural re-configurability. Compared with the traditional fabri-
cation method of SMPs/SMPCs, 4D printing has the ability to manufacture seamless joints, achieve
cross-scale integration into complex structures, and create individualized products. Furthermore, large-
scale equipment is not needed in the preparation process, which shortens the product design and
manufacturing time and saves raw materials.

4D printing makes it possible to print simple structures that can self-assemble into complex struc-
tures under external stimuli. For example, it would be possible to enable the self-assembly of larger
complex antennae or satellites from small simple structures printed in space. 4D printing integrates
sensing and driving into materials, eliminating the need for external motor drives, and reducing the
number of structural parts as well as assembly time.

In addition, 4D printing has great application value in adaptive and multi-functional personalized
medical devices, such as tracheal stents, vascular stents, and other similar devices. The printed devices
are compressed into smaller sizes in vitro, and implanted into lesions with minimally invasive surgery,
which can then self-assemble in the body under external magnetic fields [113].

3.2.1. Deformation Types
The 4D printing of SMPs can achieve multi-dimensional deformation, including deformation from

1D-to-1D/2D, 2D-to-2D/3D, and 3D-to-3D.

(1) Deformation from 1D-to-1D/2D

The 1D structure can be linearly deformed into another 1D structure through shrinkage/expansion,
or into a 2D structure through bending/folding. Yu et al. printed a deformable truss capable of achieving
the 1D linear deformation through compression and expansion (Fig. 13a) [114]. Yu, Qi, and Liao et
al. presented the 1D rods that were bent into arcs with different curvatures (Fig. 13b) [114–116].
Huang printed a shape-memory polyurethane sheet and placed it in water at 85 ◦C to achieve folding
deformation (Fig. 13c) [117]. Qi et al. successfully created a printed active composite (PAC) hinge
based on SMPs and elastomerics using the PolyJet technology (Fig. 13d) [118]. The curling and folding
deformation of the hinge was achieved by applying in-plane pre-deformation. Mao et al. also developed
a controllable folding structure (Fig. 13e) [119].

(2) Deformation from 2D-to-2D/3D

Wagner et al. designed three types of 4D printed deformable active meta-materials. The thermo-
mechanical and shape recovery properties of the printed samples were characterized [120]. They also
showed that the “ETH” logo assembled by the auxetic reentrant honeycomb unit cells recovered from
the 2D compressed shape to the 2D original shape (Fig. 14a). Gladman et al. printed some 2D planar
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Fig. 13. 1D-to-1D and 2D deformation of the printed structure: a contraction/expansion [114]; b 1D structure bending
deformation to 2D structure [115]; c 1D structure folding deformation to 2D structure [117]; d foldable hinges developed
by [118]; e controllable folding structure developed by [119]

structures, capable of assembling into complex flower shapes by twisting and bending under external
stimuli (Fig. 14b) [121]. Furthermore, Qi et al. printed a composite structure capable of deforming
into different shapes at different temperatures, which consists of SMPs with different Tg. After the
composite structure is programmed once, as the temperature increases, the SMP is gradually activated
to achieve controllable and orderly deformation of the structure. The composite structure was used
to design smart trestles, smart insect-like structures, and smart hooks which can be deformed from a
2D structure to a 3D structure by self-bending [115]. Qi et al. also developed a theoretical model for
predicting the structural deformation behavior [118]. Combining 4D printing with origami art, they
used the hinge featured in Fig. 13d to fabricate foldable boxes, airplanes, and pyramids (Fig. 14f).
Liao et al. applied pre-strain to the printed structure by adjusting the printing parameters, such as
printing speed and nozzle temperature [122]. Printed 2D plates via the fused deposition modeling
(FDM) technology can automatically curl or twist under heating without programming (Fig. 14g).
The self-assembled mailboxes designed by Miao et al., self-assembled flowers exhibited by Zhang et al.,
and self-assembled balls demonstrated by Ying were all deformed from 2D temporary shapes to 3D
structures [117, 123, 124].

(3) Deformation from 3D-to-3D

Magdassi first integrated the stereolithography (SLA) 3D printing technology with SMPs into the
4D printing technology. The printed cardiovascular stent, the Eiffel Tower, and bird are deformable
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Fig. 14. 2D printed structure from 2D to 3D deformation: a 2D deformable honeycomb structure [120]; b 2D planar
structure twists, bends, and deforms, then assembles into flowers [121]; c smart trestle [112]; d smart insect-like structure
[112]; e smart hook [112]; f foldable cartons and pyramids [118]; g automatic curling hinges [122]

Fig. 15. Deformation from 3D to 3D: a printed cardiovascular stent, Eiffel Tower, and bird models by [125]; b light-driven
bionic flower and c printed cube [126]; d printed circular braided tube [127]; e deformable lotus root [117]; f deformable
vase [128]
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Fig. 16. 4D printed capture structure: a printed grab structure gripping screw [130]; b Chen’s grab experiment: I. the
variable-stiffness robotic fingers; II. grab the bottle through pneumatics (T > Tg); III. the bottle drops when the air
is off; IV. grab the bottle by pneumatics (T > Tg); V. the bionic fingers remain in the grip state when pneumatically
closed (T < Tg) [131]

with temperature (Fig. 15a) [125]. Chen et al. fabricated cubes, bionic flowers, and other structures
that could be actively deformed under sunlight (Fig. 15b, c), providing vast opportunities for the design
and manufacture of bionic smart devices and soft robots [126]. Zhang et al. printed circular braided
pipes (Fig. 15d) and investigated the influence of geometric parameters on the SMB of pipes. They
also proposed their potential applications in functional composites [127]. Deformable lotus roots and
vases were also printed by Zhao [117] and Kuang [128], respectively (Fig. 15e, f).

3.2.2. Applications of 4D Printing
4D printing is suitable for rapid prototyping of complex structures and can integrate information

and functions into structures, adequately fulfilling the automation requirements in the field of robotics.
As a result, 4D printing carries broad application potential in robotics.

The catching structure of bionic robots has been extensively studied. The gripping performance
of the structure has been verified by experiments involving gripping cap [129], screw [130] (Fig. 16a),
and mineral water bottle [131]. Chen developed a variable-rigidity robotic finger by combining the 4D
printing technology with an aerodynamic structure. This bionic finger has the ability to hold a bottle
by heating (Fig. 16) [131].

SMPs are biocompatible, degradable, and remotely driven, making it an ideal tissue engineering
biomaterial. Ge et al. printed a series of thermally driven vascular stents with different geometric
parameters (height, diameter, number of joints, ligament diameter, and angle between ligaments) for
dilating arterial stenosis using the SLA printing technology [130]. Leng et al. prepared the magnetically
driven vascular stents through direct writing technology (Fig. 17a) [28]. In vitro deployment testing
demonstrated that the vascular stent could be deployed in 10 s. Cohn et al. prepared a customized
shape-memory tracheal stent using SLA, and the in vitro deployment experiments showed that the stent
could be deployed within 14 s (as shown in Fig. 17b) [132]. Zhang et al. prepared the biomimetic porous
tissue scaffolds, the surface morphology, thermodynamic mechanical properties, biocompatibility, and
shape memory effects of which were characterized [133]. The results revealed that the printed scaffolds
were highly biocompatible (Fig. 17c), making them conducive to the development of novel functional
biomedical stents.

Although the 4D printing technology has shown great application potential and research value, it is
still in its infancy. The surface structures fabricated by 4D printing are relatively rough, especially by
the FDM printing technology. With the increasing complexity and refinement of printing structures, it
is particularly important to optimize the manufacturing process and establish a cross-scale association
of the surface microstructure and internal defect evolution of the printed material with the macroscopic
thermomechanical properties and life of the fabricated structure.
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Fig. 17. 4D printed medical devices: a deployment process of the vascular stent under magnetic field [28]; b tracheal
stent recovery process [132]; c the scaffold prepared by Zhang et al.: the printed specimen compared to a one-cent coin;
pore diameters, SEM image, shape recovery process, and microscopic images of MSC growth [133]

In the future, the thermoset SMPs and fiber-reinforced SMPCs need to be developed to meet the
requirements of the aerospace industry. In addition, the thermal mechanical mechanisms involved in
the printing process need to be specified to improve the design of printed structures as well as the
print quality.

4. Conclusions
SMPs and SMPCs have the advantages of lightweight, large deformation, variable stiffness, and

biocompatibility and have been widely used in the aerospace field and 4D printing of intelligent robots
as well as for medical equipment. In conclusion, the mechanical models of SMPs, SMPNs, and SMPCs
and their applications in space-deployable structures and 4D printing techniques have been reviewed.
The possible research directions concerning SMPs and SMPCs in the future include:

(a) investigating the effect of interfacial damage on the effective properties of SMPCs under high
temperature and large deformation (because the interface layer and its damage influence the life
of SMPCs and induce macro-fractures);

(b) optimizing the process of printing manufacturing technology to make the surface of the printed
structure smoother, especially for the FDM printing manufacturing technology;

(c) establishing a cross-scale association of the surface microstructure and internal defect evolution of
the printed material with the macroscopic thermomechanical properties and life of the fabricated
structure;

(d) research on the 4D printing technology of fiber-reinforced thermosetting shape-memory materials
for aerospace applications.

The mechanical properties of SMPs/SMPCs and the deployable structures based on these materials
have attracted more and more attention. It is expected that SMPs will be applied in more fields.
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