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ABSTRACT: Shape memory polymers (SMPs) are a novel
class of shape memory materials which can store a
deformed (temporary) shape and recover an original (per-
manent) shape under a shape memory thermomechanical
loading–unloading cycle. The deformation mechanisms of
SMPs are very complicated, but the SMPs also have a lot of
advantages and the widespread application value and pros-
pect. So developing proper constitutive models that describe
thermomechanical properties of SMPs and the shape mem-
ory effect is very challenging and of great theoretical and
application value. Based on the deformation mechanisms
and considerable experimental investigations of SMPs,

researchers have developed many constitutive models. This
article investigates the deformation mechanism and introdu-
ces the recent research advance of the constitutive models of
thermal-sensitive SMPs. Special emphases are given on the
micromechanical constitutive relations in which the defor-
mation is considered being based on the microstructure of
the SMPs. Finally, the lack of research and prospects for fur-
ther research are discussed. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 123: 1502–1508, 2012
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INTRODUCTION

Shape memory polymers (SMPs) are a new family of
smart materials. As a kind of stimuli-responsive
materials,1–3 they can store a deformed (temporary)
shape and recover an original (permanent) shape
under appropriate stimulus such as temperature,1,2

moisture,4–7 light,8–10 electric field,11,12 magnetic
field,13,14 and so forth. SMPs belong to the family of
shape memory materials, which also includes shape
memory alloys (SMAs) and shape memory ceramics.
Compared to SMAs and shape memory ceramics,
SMPs have the advantages2,3,15 of light weight, low
cost, good manufacturability, high shape deformabil-
ity, high shape recoverability, biodegradability, and
tailorable switch temperature. However, SMPs also
have the limitations2,3,15 such as low strength, low
stiffness, low recovery stress, electric insulation, and
so on. Although the deficiencies put them at a disad-
vantage, the excellent characteristics makes it attrac-
tive and promising in broad applications area such
as in aerospace industry,15,16 biomedical engineer-

ing,17–19 microsystems,20–22 smart textile products,23,24

and numerous other areas.
Among stimulus-sensitive SMPs, the thermal-

sensitive SMPs have been most widely studied and
used by academic and industrial researchers. Ther-
moresponsive SMPs are those which are capable of
changing their shapes from a temporary shape to a
permanent shape on application of an external ther-
mal stimulus. Developing proper constitutive mod-
els that describe the thermomechanical behavior of
SMPs is critical and urgent, and of great theoretical
and application value. Based on the deformation
mechanism1–3 and considerable experimental investi-
gations25–34 of thermal-sensitive SMPs, researchers
have developed many constitutive models. Espe-
cially in the past few years, modeling of thermal-
sensitive SMPs have witnessed significant advances.
The main focus of this review article is mainly on
the constitutive models of thermoresponsive SMPs,
which are also of great reference value for other
types of stimulus-sensitive SMPs.
This article first investigates the deformation

mechanism of thermosensitive SMPs, then introdu-
ces the recent research advance of the constitutive
models of thermosensitive SMPs and gives the main
characteristics of the models. Special emphases are
given on the micromechanical constitutive relations
in which the deformation are considered being
based on the microstructure of the materials. Finally,
the article discusses the lack of research and the
prospects for further research.
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Shape memory mechanism of thermoresponsive
SMPs

Although having found ‘‘shape memory’’ effects in
polymers in 1941 in a United States patent,35 until
1980s, people just come to realize the importance of
SMPs. Many kinds of polymer materials were
designed and synthesized mainly in industrial fields,
and the main focus was preparation of these new
materials for various end applications.36 Recently,
SMPs, being regarded as a novel class of smart
materials, have aroused interests for a very broad,
additional spectrum of possible applications. Up to
now, scientists have prepared large quantity of
SMPs and carried out extensive researches to the
characteristics of microstructure and thermomechan-
ical properties. The work accommodates basic
knowledge and understanding of the special defor-
mation mechanism of shape memory polymer (SMP).
As Behl and Lendlein1 state, ‘‘the shape memory
effect (SME) is not related to a specific material prop-
erty of single polymers; it rather results from a com-
bination of the polymer structure and the polymer
morphology, together with the applied processing
and programming technology.’’ The macroscopic de-
formation or the SME of thermal-sensitive SMPs
depends on the combined actions of the molecular
structure, the morphology, and the particular thermo-
mechanical loading–unloading cycle.

Now being widely accepted that the thermal-sen-
sitive SMPs could be a thermoplastic elastomer or
elastic polymer network, crosslinked chemically or
physically.2,37,38 Although having some impercepti-
ble differences in molecular structures and morphol-
ogy, they are both considered being consisting of
molecular switches and ‘‘netpoints’’ on the molecular
level and both have a transition of morphology as
the temperature changes termed glass transition or
melting. The netpoints that determine the permanent
shape of the polymer network can be of a chemical
(covalent bonds) or physical (intermolecular interac-
tions) nature. For the physically crosslinked polymer
network, the domains related to the highest thermal
transition temperature act as netpoints (a hard seg-
ment), whereas chain segments in domains with the
second highest thermal transition act as molecular
switches (a switching segment), which determine the
temporary shape of the polymer network.

The SME for most of thermal-sensitive SMPs is
obtained by a precisely designed thermomechanical
loading–unloading cycle. A typical temperature/load-
ing cycle for shape memory and recovery consists of
four steps: loading at constant high temperature,
cooling at constant prestrain or constant deformation
gradient, unloading at constant low temperature, and
heating at zero stress. The process is shown schemati-
cally in Figure 1.

The transition of thermal-sensitive SMPs between
a state dominated by entropic energy (rubbery state)
and a state dominated by internal energy (glassy
state) as the temperature changes provides the basic
thermodynamical explanations of the SME. In the
amorphous state, the flexible polymer chains take up
a completely random distribution and can undergo
large random conformational changes only under
the limititation of the netpoints. Applying a longtime
external load could bring in plastic irreversible de-
formation due to the slipping and disentangling of
the polymer chain from each other and reduce the
possible configuration and the configurational en-
tropy of the macromolecular chains. The removal of
the external load at current temperature will
increase its entropy of the materials and recover the
undeformed shape defined by the spatial arrange-
ment of the netpoints. However, if the temperature
reduces, which will cause the glass transition or for-
mation of crystallite phase, the mobility of macromo-
lecular chains will be significantly reduced by the
reduction in free volume, the flexibility of the entire
segments is limited, cooperative conformational
change of neighboring chains becomes dominant,
and deformation thus requires much higher
energy. The transition from the rubber-elastic
state to glassy state stores the deformation in the
crosslinking structure by cooling the polymer
below its switch transition temperature. In the glassy
state, all movements of the polymer segments are
frozen, and hence, the permanent shape of SMP is
retained. In the following uploading at low tempera-
ture, only a small amount of shape recovery
appears. Most of the shape recovery is invoked by
heating the polymer above the switch transition tem-
perature and the thermal-sensitive SMP recovers its
permanent shape as a result of releasing internal
stress stored in the crosslinking structure. Figure 2
shows the molecular mechanism of thermal-sensitive
SME.

Figure 1 A typical temperature/loading cycle.39
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Constitutive models of SMPs

SMPs are being attracting increasing attention of
researchers all over the world due to its unique struc-
ture and excellent properties. To design SMP compo-
nents and devices, developing appropriate constitu-
tive models that can seize the key molecular
characteristics and describe thermomechanical proper-
ties of SMPs is an important aspect. The thermome-
chanical behaviors of thermal-sensitive SMPs are close
to the microstructure of the materials and the specific
thermomechanical loading–unloading cycle; for this
reason, developing constitutive models that describe
the SME of SMPs is very complicated. The intensive
constitutive models for polymer materials,40–44 which
describe the thermomechanical properties of polymers
in the past have been developed. However, these
models cannot be applied to SMPs because of the lack-
ing of the underlying mechanism for SMEs. The con-
stitutive models for SMAs45,46 developed in the past
also cannot be applied to SMPs because of the
fundamental differences in the underlying mechanism
for SMEs between SMPs and SMAs. However,
researchers have developed many constitutive models
based on the deformation mechanisms and consider-
able experimental investigations of thermal-sensitive
SMPs.

To evaluate polyurethane series, SMP’s character-
istic of shape memory and recovery, Tobushi47 pro-
posed a four-element linear constitutive modeling
involving a slip mechanism by adding a slip element
due to internal friction to the linear viscoelastic
equation, which well expressed the overall thermo-
mechanical properties of SMPs. The stress–strain
relationship is expressed as follows:

_e ¼ _r
E
þ r

l
� e�es

k
þ a _T (1)

es ¼ Sec (2)

where r, e, ec, es, and T denote stress, strain, creep
strain, irrecoverable strain and temperature, respec-

tively. The material parameters E, l, k, and a, which
are expressed as functions of temperature represent
modulus of elasticity, viscosity, retardation time,
and coefficient of thermal expansion.
To express the behavior of large deformation,

Tobushi48 revised the model above to build a nonlin-
ear equation of SMPs by adding two nonlinear terms
expressed by power functions of stress to the elastic
term and the viscous term, respectively. Equation (1)
became

_e ¼ _r
E
þm

r� ry

j

8: 9;m _r
j
þ r

l
þ 1

b

r
rc

� 1

8>: 9>;n

� e�es
k

þ a _T ð3Þ

And eq. (2) became es ¼ S(ec þ ep). ry, rc denoted
proportional limits of stress in the time-independent
term and the viscous term and ep presented plastic
strain. Because of deficiency of internal mechanism
of strain storage and recovery, the model had lim-
ited predictive effectiveness.
Liu39 systematically investigated the thermome-

chanics of shape storage and recovery of an epoxy
resin for small strains (within 610%) in uniaxial
tension and uniaxial compression. Based on the ex-
perimental results and the molecular mechanism of
SMPs, they developed a three-dimensional small-
strain internal state variable linear-elastic constitu-
tive model. The constitutive model assumes that the
polymer model is a mixture of two kinds of extreme
phases: the ‘‘frozen phase’’ and the ‘‘active phase.’’
The shape memory behavior in a thermomechanical
cycle mainly is obtained by the frozen fraction,
which represents the volume fraction of the frozen
phase and being used to describe the extent of the
glass transition and the state of polymer, and the
storage and release of the entropic strain energy,
which is used to explain the strain that is stored
(memorized) in the material during freezing. The
overall constitutive equation for the polymer in a
thermomechanical cycle is:

r ¼ ð/fSi þ ð1� /f ÞSeÞ�1 : ðe� es � eTÞ (4)

where r, e, es, and eT denote stress, strain, stored
strain, and thermal strain. Si, Se, and ff represent
the fourth-order elastic compliance tensor corre-
sponding to the internal energetic deformation, the
elastic compliance fourth-order tensor corresponding
to the entropic deformation and frozen fraction
respectively. In the article, the free energy function
of the model is also developed, which is proved
being compatible with the second law of thermody-
namics in the sense of the Clausius–Duhem inequal-
ity. Although the model can be used to investigate

Figure 2 Molecular mechanism of thermal sensitive
shape-memory effect.1 [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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the strain and stress recovery responses under vari-
ous external constraints, the range of application
was limited because of its framework of small strain.

Diani49 proposed a 3D thermoviscoelastic constitu-
tive model to describe the thermomechanical behav-
ior of SMPs under large strain deformations. This
model is based on thermodynamic considerations
for the viscoelastic behavior of crosslinked SMP net-
works and is formulated in a finite strain framework
and the stress evolution of the material in a thermo-
mechanical cycle is derived from the Helmholtz free
energy. The total Cauchy stress including the por-
tion due to the entropy change and the portion due
to the internal energy change can be expressed as
follows:

r ¼ Er

3

T

Th
B� pIþ Le lnðVeÞ½ � (5)

where r, B, and Ve denote Cauchy stress, the left
Cauchy-Green tensor, and left stretch tensor; Er and
Le denote the Young’s modulus of the material, the
fourth-order elastic constant tensor; and T, p, and I
characterize the temperature, Lagrange multiplier,
and unit tensor, respectively. This model can capture
critical features of SMP deformation and provide
very favorable prediction of experimental results
especially in the estimation of the remaining strain
during stress release and in the prediction of the
overall material behavior in compressive prestrain.
However, the stress–temperature curves during con-
strained thermomechanical recovery of SMPs show
obvious discrepancy with experiment data, so the
evolution equation between glassy and rubbery state
of the material needs to be precisely chosen to obtain
better agreement with the experimental
observations.

Rao et al.50–53 had done symmetric investigations
for the constitutive modeling of crystallizable poly-
mers. Based on the studying of the crystallization in
polymers and on the theory of multiple natural config-
urations, Rao et al.54 developed a constitutive equation
to model the thermomechanical behavior of crystalliz-
able SMPs in 2006 and the stress for the semicrystal-
line phase can be given by:

T ¼ �pIþ ð1� aÞ2qFja
@wa

@Cja
FTja þ a2qFjc

@wc

@Cjc
FTjc

¼ �pIþ ð1� aÞT̂a þ aT̂c (6)

where T is the average stress of the entire material,
T̂a is the stress in amorphous phase, T̂c is the stress
in crystallite phase, p is the Lagrange multiplier due
to the constraint of incompressibility, Cj0

and Cjc
is

the right Cauchy-Green tensor, Fj0
is the deforma-

tion gradient measured from fixed configuration ja

associated with the amorphous phase, and Fjc
is the

deformation gradient measured from configuration
jc associated with the crystalline phase. w is the
Helmholtz potential, a is the volume ratio of the
crystalline phase. In a typical thermomechanical
cycle, the model described the process of shape
memory and shape recovery by using the formation
of the crystalline phase, which is used to retain the
temporary shape and the melting of the crystalline
phase, which is used to recover its original shape,
respectively. The behaviors of a homogenous defor-
mation of uniaxial cycle and an inhomogeneous de-
formation of circular shear of a hollow cylinder were
investigated by using the model and the uniaxial
cycle of deformation demonstrates good agreement
with experiments.
Applying the general mesomechanical concept,55

which is based on the assumption of existence of a
continuous substructure that remains elastic
throughout the SM process, Kafka56 formulated a
mescoscopic constitutive equation with tensorial in-
ternal variables for small strains of SMPs. The con-
stitutive modeling is based on a description of two
3D continuous elastic substructures in the SM
process. One of the 3D continuous substructures,
which cause the recovery of shape on the macroscale
is assumed to remain elastic throughout the SM
process, while the others deform in an elastic–
plastic–viscous way. The macroscopic differential
constitutive equation in the form of the deviatoric
and isotropic parts is as follows:

_�eij ¼ _�eij þ dij _�e ¼ �l _�Sij þ vnðMnSijn þM0
nS

0
ijnÞ _hn þ dij�a _T

(7)

In the continuation of their model, the article gives the
description of uniaxial time- and temperature-inde-
pendent elastic–plastic process and uniaxial time- and
temperature-dependent viscous process and the
method of determination and optimization of the
model parameters, respectively. The constitutive mod-
eling can successfully represent the material’s defor-
mation in response to a complicated loading path, and
also provides good agreement with experimental data.
Based on the experimental observations and an

understanding of the underlying physical mecha-
nism of the shape memory behavior, Qi37 developed
a three-dimensional (3D) constitutive model to
describe the finite deformation thermomechanical
response of SMPs. In the models, the SME of an
SMP is considered consisting of two concurrent
processes: the transition from rubbery behavior
dominated by entropic energy at high temperatures
to glassy behavior dominated by internal energy at
low temperatures, and the storage of the deforma-
tion incurred at high temperatures during cooling.
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Based on the assumption above, the change in
Helmholtz energy is used to describe the transition
of energy, and the model develop Liu’s assumption
of two phases of SMPs to three phases by dividing
the glassy phase into two phases: frozen glassy
phase (FGP), which is vital in capturing the SMEs
and initial glassy phase. The total Helmholtz energy
and the total stress, therefore, are written, respec-
tively, as:

Htotal ¼ frHr þ fg0Hg0 þ fTHT (8)

T ¼ frTr þ fg0Tg0 þ fTTT (9)

The evolution rule for volume fractions is defined,
the Langevin chain based Arruda–Boyce eight-chain
model is used to capture the hyperelastic behavior
of rubbery phase and the behavior of glass phase is
characterized by applying a viscoplastic model in
which the continuity of overall deformation of fro-
zen glass phase is considered. The ultimate constitu-
tive equations are summarized in the article.37 This
model considers separate material behaviors at tem-
peratures above and below of Tg and hence, other
type of models for rubbery behavior and glassy
behavior is allowed to be used to capture the SME.
The definition of the FGP, which causes the new de-
formation due to the redistribution of overall defor-
mation, make unnecessary the introduction of a 3D
finite deformation equivalent ‘‘stored strain,’’ which
was used in a Liu’s small deformation constitutive
model.37

Based on the idea in the work of Liu39 and on the
framework of nonlinear thermoelasticity, Chen38

developed a three-dimensional nonlinear constitutive
theory for large deformations of SMPs. The average
deformation gradient is expressed as follows:

FðtÞ ¼ 1� /ðhðtÞÞ½ �F̂aðtÞðSðtÞ; hðtÞÞ

þ
Z t

0

F̂f ðtÞðSðtÞ; hðtÞÞF̂�1

f ðSðsÞ; hðsÞÞF̂aðSðtÞ;

� hðtÞÞ/0ðhðsÞÞ _h0ðsÞds ð10Þ

The theory considers glass transition as the underly-
ing mechanism of SME, and defines the frozen
region function to describe the freezing process of a
SMP. After the derivation of the constitutive equa-
tion for individual material points in which the fro-
zen reference configuration is applied to ensure the
continuity of deformation in the process of glass
transition, the constitutive equation for the whole
material, which gives the relation between the over-
all deformation and the stress is derived by the inte-
gration of the constitutive equations of the
coexisting phases. The theory can describe thermo-
mechanical properties of the active and frozen
phases of the material, as well as the corresponding

phase transitions and can be used to examine the
thermomechanical behavior of the SMP in an arbi-
trary temperature/loading process. In the continua-
tion of their model, Chen et al.57 also derived a
linear constitutive model by considering small defor-
mations and compared the predictions of this model
with experimental measurements.
In 2008, Rao et al.58 extended the constitutive eq.

(6), which was developed within a mechanical set-
ting to a full thermodynamic framework. The
changes of morphology of the SMP in a typical cycle
are considered consisting of four different processes
namely: loading, cooling/crystallization, unloading,
and heating/transition to the amorphous phase.
Constitutive equations for rubbery phase (the amor-
phous phase), the semicrystalline phase and the
transition between the semicrystalline phase and the
amorphous phase are formulated. The specific for-
mation of the constitutive modeling, respectively, for
the above mentioned morphology can be found in
the article.58

Based on the assumption that structural and stress
relaxation are the primary molecular mechanisms of
the SME and its time-dependence, Nguyen59 devel-
oped a thermoviscoelastic constitutive model for the
finite-deformation, time-dependent thermomechani-
cal behavior of thermally active amorphous SMPs.
This constitutive model incorporates the nonlinear
Adam–Gibbs model of structural relaxation and a
modified Eyring model of viscous flow into a contin-
uum finite–deformation thermoviscoelastic frame-
work and includes structural relaxation in the glass-
transition region, viscoelasticity in the rubbery and
transition regions, and viscoplasticity in the glassy
region. Comparisons with experiments show that
the model can explain the temperature dependence
and time dependence of the shape memory
phenomena.
Wang60 proposed a new physical-based, tempera-

ture- and time-dependent constitutive model to pre-
dict the thermomechanical response of SMPs under
different prestrain constraint conditions. In the
model, the crystallization theory is applied to the
determination of the frozen fraction, and Mori-
Tanaka approach,61 which is a method to determine
the effective properties in composites, is used to pre-
dict the effective elastic properties of SMPs. The
overall constitutive equation is expressed as:

r ¼ eLðe� eMf � eTf Þ ¼ eL epreð1� UM
f Þ þ eTð1� UT

f Þ
h i

(11)

Kim62 developed a one-dimensional constitutive
model to predict the shape memory behavior of
shape memory polyurethanes according to their
microstructure. This model separates the material
domain into three phases: one hard segment phase
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that governs the viscoelastic behavior and two
(active and frozen) soft segment phases that undergo
a reversible phase transformation. Hyperelastic and
viscoelastic equations are applied to describe the
thermomechanical behavior of the soft and hard seg-
ments in SMPUs. Linking models are built by the se-
ries and parallel between the active phase and
frozen phase of the soft segments and then connect-
ing the hard segment phase with the soft segment
phases. The final series and parallel models can
respectively be expressed as follows:

k ffi nh eh rð Þ þ 1ð Þ þ nsf
2C01;sf

2C01;sf � r

8>>:
9>>;1=3

þ nsa
2C01;sa

2C01;sa � r

8>>:
9>>;1=3

þkst � 1

(12)

rh ¼ rs ¼
Z
t

Y t� sð Þ dkh � 1ð Þ
ds

ds

¼
h
nsf0 2C10;sf ks � k�2

s

� �þ 2C01;sf 1� k�3
s

� �� �
þ nsa 2C10;sa ks � k�2

s

� �þ 2C01;sa 1� k�3
s

� �iþ rsfst

h i
= 1� nnð Þ ð13Þ

For modeling of SMP stents, Reese63 presented a new
constitutive approach for the modeling of SMPs. The
modeling applies a simple rule of mixture to identify
the energy parts of the rubbery and the glassy phases
and is assumed that, in the rubbery phase, the frozen
deformation is equal to the total deformation, which
is then held constant in the glassy phase. Applying
the viewpoint of thermodynamics, the article derives
the full thermomechanical coupling constitutive
equations both in a macromechanical and in a micro-
mechanical format in the framework of large strains.
The models have been implemented into the finite
element method to investigate two kinds of stent
structures.

CONCLUSIONS

SMPs are new stimuli-responsive materials. The spe-
cific SME makes it attractive and promising in broad
applications areas. SMPs have been made rapid pro-
gress in theories and practical applications in the
past several years. As the shape memory processes
in SMPs are so complicated that any constitutive
model can describe them only in some main fea-
tures. This article first summarized the basic defor-
mation mechanism, and then introduced the new
advancement of the constitutive modeling of ther-
moresponsive SMPs.

Although the advancements lay an important foun-
dation for application of SMPs, so far as I know, the
practical application examples are so little that the

new materials are far from the expectation. There are
still many problems to solve. (1) As the deformation
of polymer is obviously time dependent, now devel-
oping viscoelastic constitutive modeling for SMPs still
need further research. (2) One of the key problems
which limit the practical application is the lower me-
chanical properties of SMPs. So developing the SMP
composites and related research methods is of special
significance. (3) Besides the problem of materials itself,
how to control the deformation in a thermomechani-
cal cycle to ensure sufficient accuracy especially in
microsystems also is very important, especially in
complex environmental condition. Up to now, the
modeling effort for SMPs is still in its infancy, the fur-
ther research still needs the coworks of physical, me-
chanical, and material scientists.
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