A coupling model for cooperative dynamics in shape memory polymer undergoing
multiple glass transitions and complex stress relaxations
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ABSTRACT: Modelling multi-shape memory effect (multi-SME) of shape memory
polymers (SMPs) is a critical challenge for fields of engineering, mathematics/statistics
and condensed-matter physics. These SMPs have a huge number of segments and their
thermomechanical behaviors are determined by heating methods/history and
cooperative relaxations (e.g., relaxation of all segments occurs simultaneously). In this
study, a one-dimensional coupling model was proposed to investigate the cooperative
dynamics of multiple glass transitions and thermomechanical behaviors of the SMPs.
The overall relaxation behaviors of different tangled segments in the SMPs were
formulated based on the Boltzmann’s superposition principle by coupling the highest

transition temperature ( Tmax ) and initial transition temperature ( Tmin ) of all segments.
Dependences of thermomechanical properties and relaxation strains upon the
parameters of Tmax , Tmin , relaxation time and heating rate were theoretically
investigated. Multiple glass transitions, thermomechanical and shape memory
behaviors of the SMPs have been well described using this newly proposed coupling
model. Finally, the simulation results were compared with the experimental data, and
good agreements between them were obtained.
Keywords: shape memory polymer; shape memory effect; cooperative dynamics
1. Introduction
Shape memory polymer (SMP) is classified as a stimulus-responsive material which,
after a pre-deformation, has the superior ability of memorizing and regaining its original
shape [1]. In microscale, there are many segments tangled each other inside the SMP,
which generate reversibly configurational entropy and enable the macromolecule
chains having the shape memory effect (SME). SMPs have attracted a lot of attention
because of their sensitivities to temperature and other stimuli such as light, electricity
and chemicals [2-5]. Various types of SMPs including electrically/magnetically
actuated ones and light/chemically responsive ones [2-5] have been developed in recent
years. Their properties have been investigated and tested extensively for a wide range
of applications, from aerospace engineering to biomedicine [6-9].
Over the last few years, there has also been a great interest in the development of
SMPs with multi-SME [10], which is originated from the multiple glass transitions
[11,12] and structural relaxation in the SMP [13-16]. When macromolecules of the

SMP are incorporated with one hard segment and more than two soft segments, multiSME could be generated through the reversibly configurational entropy of all soft
segments under an appropriate stimulus [10]. As is well known, an appropriate
transition temperature difference between two adjacent soft segments is necessary to
present a distinct multi-SME [13]. Otherwise, the transition behaviors of two processes
will be overlapped due to their cooperative transitions (e.g., transitions of all segments
occur simultaneously). This is to say that the highest transition temperature ( Tmax ,
defined as the finish temperature of phase transition) of the first soft segment should be
lower than the initial transition temperature ( Tmin , defined as the starting temperature
of phase transition) of the second soft segment. Several important parameters such as
transition temperature, relaxation time, heating rate and thermomechanical modulus
play critical roles in determining the multi-SME [17-21]. In terms of thermodynamics,
multi-shape memory behavior is originated from the segmental relaxation of multiple
segments, which then respond in a time and temperature dependent manner [22,23].
Therefore, phase/state transition and stress relaxation are the driving force of the multiSME and shape memory behavior, respectively [24,25].
In the previous studies, the constitutive relations are typically investigated using a
specific modeling frame of either glass transition temperature ( Tg ) or relaxation time
[11,21,24]. Therefore, extended Maxwell models with multiple non-equilibrium
equations have been employed to explain the complicated thermomechanical and shape
memory behaviors of SMPs [22-24]. These models are expected to describe the
constitutive relationships of the SMPs, which are critical for discovery of new material

[26,27] and engineering structural design [28,29]. However, these phenomenological
studies need huge effort of calculations to determine parameters of the models and then
to be verified by means of experimental measurements.
In this study, we propose a coupling model to explore the cooperative dynamics in
multi-SME of the SMP undergoing multiple glass transitions. Boltzmann’s
superposition principle is initially introduced to characterize the overall coupling
interactions and relaxation behavior of all the segments [24]. Dependences of
thermomechanical properties and relaxation strains on the temperature, relaxation time
and heating rate were then theoretically investigated using this newly proposed model.
Finally, the simulation results were compared with the experimental data reported
inliterature [23,30,31] for further verifications. In this study, the one-dimensional
coupling model was proposed to explore the cooperative dynamics of multiple glass
transitions and the thermomechanical behaviors of the SMPs. The studies of 3D and
large deformation of SMPs without multi-SME have previously been investigated and
reported in literature [28,32,33].

2. Constitutive model
According to the previously reported phenomenological method [15], it is assumed
that the SME in SMPs is originated from the transition of soft segments from their
frozen phases into active ones with an increase in temperature. The function  f is
introduced as the volume fraction of the frozen phase in the soft segment. When  f
=1, it implies that there is no transition. While if  f =0, a 100% transition is assumed

to be achieved and the soft segment is in the active phase. It is assumed that the frozen
and active phases are in series connections and contributed to the thermomechanical
behavior of SMP. Therefore, the series connection model of various soft segments has
been used to characterize the multi-SME and predict the shape memory behaviors
[34,35].
n
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where q is the heating rate, Ai and Bi are the given constants.
Substituting Equation (2) into Equation (1), we can obtain:
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If the heating rates applied on the soft segment are different, the volume fraction of
frozen phase can be further written as:
z

 if (T ) = 1 −  {ai (Tk ) − ai (Tk −1 )  q }

(5)

k

k =1

where T0 is the initial temperature, ai (Tk ) and ai (Tk −1 ) are the volume fractions of
active phases at the temperatures of Tk and Tk −1 at a heating rate of qk , respectively,
and z represents the numbers of heating rates.
On the other hand, the strain (  i (T ) ) applied onto the soft segment in SMPs is
determined by the volume fraction of frozen phase based on Liu et al’s model [15],

 i (T ) =  if (T ) ipre

(6)

where  ipre is the pre-stored strain in the ith soft segment.
Based on the Boltzmann’s superposition principle [24], the overall stored strain
(  (T ) ) with respect to  if (T ) can be described using:
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where n is the total number of soft segments in the SMP.
On the other hand, the thermomechanical storage modulus and relaxation time of
SMPs are also critical for the multi-SME. In the progress of phase transition, the
temperature-dependent storage modulus of the ith soft segment ( E i (T ) ) is a
combination of those frozen and active phases, which can be written as follows [15],
E i (T ) = E if (T ) if (T ) + Eai (1 −  if (T ))

(8)

where superscripts f and a represent the frozen and active phases in the ith soft
segment, respectively.

Here the temperature-dependent storage modulus of the frozen phase can be
described using a phenomenological equation [37]:
log E if (T ) = log E if (Trefi ) −  i (T − Trefi )

(9)

i
where E if (Trefi ) is the storage modulus at the referenced temperature Tref and  i is

a constant.
It is assumed that the soft segments are in series connections with each other, and
parameter  i is used to represent the dimensionless length of the ith soft segment.
Therefore, the overall storage modulus E (T ) can be obtained:
E (T ) =   i E i (T ) =   i  ( E if (T ) if (T ) + Eai (1 −  if (T )) )
n

n
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Furthermore, based on the Kohlrausch-Williams Watts (KWW) equation [38,39], the
stress decay function 1 −  i (t ) is used to present the remaining fraction of the frozen
phase in the ith soft segment within the temperature range [ T , T +dT ], e.g.:
1- i (t ) = 1- exp( −(t /  i (T ))  )
i

(11)

where  i (T ) is the relaxation time and  i is a given constant. The temperaturedependent relaxation time can be further expressed as [40]:

 i (T ) =  ri exp( (Tri − T ))

(12)

where  r is the reference of relaxation time and Tri is the arbitrary reference of
i

temperature for the ith soft segment. Combining Equations (11) and (12), a constitutive
relationship of the stress decay function 1 −  i (t ) as functions of relaxation time and
temperature can now be obtained, e.g.,



1- i (t ) = 1-exp − t / ( ri exp( (Tri − T )) 

i



(13)

According to the well-established “thermorheological simplicity” principle [41], the
above equation of the relaxation time can be divided into two parts, e.g., the glassy nonequilibrium one and the rubbery non-equilibrium one. Accordingly, the relaxation time
can now be expressed as:

 i (T ) =  gi 0 i (T ) (Glassy non-equilibrium condition)

(14a)

 i (T ) =  ri 0 i (T ) (Rubbery non-equilibrium condition)

(14b)

where  i (T ) is the time-temperature superposition shift factor;  gi 0 and  ri 0 are the
relaxation times of the glassy and rubbery states for the ith soft segment, respectively,
where  i (T ) = 1 .
As is previously reported [42,43], the time-temperature superposition shift factor can
be described using the Williams-Landel-Ferry (WLF) equation, when the polymer is in
the rubbery state, e.g.:

C1i (T − Tmi )
log  (T ) = − i
C2 + (T − Tmi )
i

(15)

where Tmi is the WLF referenced temperature for the ith soft segment; and C1i and

C2i are the material constants for the ith soft segment. On the other hand, the timetemperature superposition shift factor is governed by the Arrhenius equation [24], when
the polymer in the glassy state, e.g.:
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is the

corresponding glass transition temperature.
If the polymer is heated at a constant heating rate, the temperature can be expressed

as:

T = T0 + qt

(17)

where q is the heating rate.
The stress volume function of the frozen phase in the ith soft segment can be obtained
using the following equation:
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where term of  if (qs + T0 ) / s is the volume fraction of the frozen phase which
should be unfreezing within the temperature range of [ T0 + qs , T0 + q( s + ds) ]. The
term of (1 −  i (t − s)) is the fraction function of the amount  if (qs + T0 ) / s at t (in
a unit of minute).
In combination of Equations (7) and (18), the stored strain can finally be obtained,
n

 (t ) =   if (t ) ipre

(19)

i =1

3. Thermomechanical and shape recovery behavior
Both the thermomechanical properties and shape memory behaviors of the SMPs are
originated from their phase transitions and stress relaxations. Generally, dynamic
mechanical analysis (DMA) measurements are used to experimentally characterize the
thermomechanical properties of SMPs. According to Equation (8), the analytical results
of storage modulus have been plotted as a function of temperature to compare with

those obtained in the experimental works reported in Ref. [23]. The results are presented
in Fig. 1.
The Universal Global Algorithm (UGO) method is adopted here in order to determine
the value of parameters. The convergence tolerance is set as 110-10 and the maximum
iteration is set as 1000. Equation (19) is used to compare with the free recovery behavior
of SMPs in order to determine the value of parameters m , n , A , B ,  r ,  ,

Tr − T0 and  . Then equation (8) is used to obtain the results and compare with DMA
results in order to determine the values of parameters  , Tref , E f (Tref ) and Ea . The
obtained parameters are used for material calibration. The free recovery behaviors at
different heating rates for the same material are then used for the verification of the
applicability of the developed model.
The parameters used in Equations (8) and (19) are listed in Table 1. The storage
moduli of the SMPs were measured in the temperature range from 310 K to 355 K,
using the different heating rates of 1 K/min, 2 K/min and 5 K/min. Simulation results
reveal that the storage modulus is gradually increased from 1989 MPa to 1508 MPa
with an increase in the heating rate from 1 K/min to 5 K/min. This results in the increase
of Tmax values from 337.9 K to 352.67 K according to Equation (2). With a large
volume fraction of the frozen phase in the SMP, large values of Tmax and storage
moduli are therefore obtained. This is based on the assumptions that the modulus of
frozen phase is always higher than that of the active phase according to Equation (8).
Table 1. Values of parameters used in Equations (8), (9) and (19) for the SMP.
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Fig. 1. Comparisons of storage moduli between the experimental data [23] and
simulation results using Equation (8), where the heating rates are 1 K/min, 2 K/min and
5 K/min.
On the other hand, recovery strain is another essential property to characterize the
SME in SMP. Here, the experimental data of the recovery strains reported in Ref. [23]
have been employed for verification of our newly proposed model. The constants used
in the Equation (7) are listed in Table 1. Figs. 2(a) and 2(b) present the simulation curves
of recovery strains as functions of temperature and relaxation time, respectively, where
the heating rates are 1 K/min, 2 K/min and 5 K/min. As shown in Fig. 2(a), the SMP
regains its original shape as the Tmax is increased from 337.9 K to 352.7 K and the
heating rate is increased from 1 K/min to 5 K/min. As presented in Equation (7), the

volume fraction of the soft segment is gradually increased with an increase in the
heating rate, thus resulting in a large recovery strain. The simulation results reveal that
the values of Tmax is increased with the increase of the heating rate, thus resulting in a
full recovery of strain at a high temperature. Meanwhile, the relaxation time is also
increased from 8.2 min to 26.3 min with the increase in the heating rate, as revealed in
Fig. 2(b). It is found that the simulation results obtained from our model fit well with
the experimental data, and the shape recovery behavior of the SMP has been well
described using this new model.

Fig. 2. Comparisons of shape recovery behaviors between the experimental data [23]
and simulation results using Equation (7), where the heating rates are 1 K/min, 2 K/min
and 5 K/min. (a) the recovery strain as a function of temperature. (b)the recovery strain
as a function of time.

Fig. 3. (a) Tmax with respect to heating rate. (b) One-stage recovery strain as a function
of temperature at the heating rates of q =1 K/min, 10 K/min and 100 K/min. (c) Twostage recovery strains as a function of temperature at the two stage heating, with first
stage heating rate q1 =1 K/min, while the second stage heating rate q2 =1K/min,
10K/min and 100K/min.
To further investigate the effect of heating rate, a shape recovery behavior of the SMP
which is actuated at two different heating rates has been considered. Fig. 3(a) plots the
simulation curve of Tmax as a function of heating rate increased from 0.01 K/min to
100 K/min. It is revealed that the value of Tmax is increased from 337.9 K to 380.1 K
with an increase of the heating rate from 1 K/min to 100 K/min. The effect of the heating
rate on the recovery strain of the SMP is plotted in Fig. 3(b) and Fig. 3(c), which shows
the simulated recovery strains are increased with an increase in the heating rate as a
function of temperature. Furthermore, a two-stage recovery strain was also obtained if

using two-step heating rates, where q1 =1K/min is used in the first step, and q2 =1
K/min, 10 K/min or 100 K/min are used in the second one. Simulation results show that
the recovery strain is significantly influenced by the heating rate. In the second stage,
the Tmax is gradually increased from 337.9 K to 380.1 K with an increase in the heating
rate from q2 =1 K/min to q2 =100 K/min. These simulation results prove that twostage or multi-stage recovery strain can be designed and achieved by using different
heating rates.
Fig. 1 and Fig. 2 show the comparisons between the experimental data of the storage
moduli and recovery strains, which have been used for the calibration. Based on the
parameters listed in Table 1, we investigated the free recovery process of the stored
strain of the same material at variable heating rates. The results are shown in Fig. 4,
which can be used for the verification of the applicability of our model. The results
shown in Fig. 4 are more accurately to describe the complicated recovery and stress
relaxation behavior in SMPs, if compared with the results obtained using the previously
proposed model in literature [23].

Due to the structural decay arrangement in the

amorphous polymers, , the relaxation duration of the SMP is increased, and the stored
strain within the same temperature interval (5K) are increased, when the heating rate is
low. Meanwhile, the number of the parameters which are needed in this newly proposed
model is 15. This is far less than 77 parameters needed in the previously proposed model
[23] which significantly reduces complexity of the computation.

Fig. 4. Comparisons of shape recovery behaviors among the experimental data [23],
simulation results using Equation (19), results obtained using the previously porposed
model [23] at various heating rates of 1 K/min, 2 K/min and 5 K/min.

4. Cooperative dynamics
For the multi-SME in SMP, it is normally required that there are more than three
segments involved in the stress relaxation processes. At the same time, more than two
soft segments will need to undergo glass transitions. However, experimental work is
difficult to reveal the cooperative dynamics in multiple glass transitions and stress
relaxations of the SMP. Therefore, it is necessary to theoretically explore the
cooperative dynamics of the SMP with multi-SME.
Experimental data of storage modulus and recovery strain published in Ref. [30] have
been used here to investigate the thermomechanical and shape recovery behaviors of
the SMP which undergoes two-stage glass transitions and stress relaxations. The
simulated results of storage modulus and recovery strain of the SMP have been plotted
in in Fig. 5(a) and Fig. 5(b), respectively, to compare with the experimental data [30].

The constants and parameters used in the Equations (7) and (10) are listed in Table 2.
It is found that the simulation results of storage moduli of the SMPs fit well with the
experimental data as shown in Fig. 5(a). The SMP undergoes two-stage glass transitions,
1
1
where the first one occurs in the temperature range from Tmin
=297 K to Tmax
=333 K,
2
2
whereas the second one occurs in a range from Tmin
=325 K to Tmax
=363 K. Meanwhile,

it should be pointed out that there is a strong coupling effect of two soft segments due
to the superposition of the transition temperatures. This is because the full transition
1
2
temperature ( Tmax
=333 K) of the first soft segment is higher than that of the Tmin
=325

K of the following second soft segment.

Table 2. Values of parameters used for the SMP with two-stage glass transitions and
stress relaxations.
Parameter

The first transition phase

The second transition phase



0.559

0.441

E f ( MPa)

1148.07

142.5

Ea ( MPa )

10

7.19

m

1.84

1.89

n

3.77

4.75

Tmin ( K )

297

325

Tmax ( K )

333

363

 g 0 (min)

2.287

6.54

 r 0 (min)

10-6

0.009

C1

10

5

C2

30

51

Tm (K)

353.38

413

 pre

0.0172

0.031

Fig. 5. (a) Comparisons of storage moduli as a function of temperature between the
experimental data [30] and simulation results using Equation (10). (b) Comparisons of
stored strains as a function of relaxation time between the experimental data [30] and
simulation results using Equation (7).

On the other hand, the simulation results of time-dependent recovery strains of the
SMPs are also plotted in Fig. 5(b), and then compared with the experimental results
[30]. It is found the stored strain is gradually decreased from 4.8% to 0% with an
increase in relaxation time from 0 min to 45 min. In the initial transition temperature
range from 297 K to 333 K, the stored strain in the SMP is released with an increase in
the temperature and relaxation time. The SMP took ~31 min to complete the transition
1
process at the full transition temperature of Tmax
=333 K. Whereas the following glass

transition of the second soft segment is induced at the initial transition temperature of

2
=325 K. It took ~28 min to complete the transition process when it was heated to
Tmin
2
=363 K. Furthermore, there is a cooperative relaxation of two soft segments in the
Tmax

time range from 17 min to 31 min. That is to say, the recovery strain is determined by
the cooperative relaxations of two soft segments in the temperature range from 325 K
to 333 K. These numerical results are in well agreements with the experimental data
reported in Ref. [30]. A two-stage glass transition porcess and stress relaxations in the
SMP have well characterized and predicted using our newly proposed model.
If the cooperative relaxation is not clearly presented due to the overlapping of two
stress relaxation stages, it is necessary to characterize this two-stage glass transition at
the molecular scale. Here the experimental data of Nafion SMPs reported in Ref. [31]
have been employed to compare with the simulation results obtained using our
proposed model, both of which are shown in Fig. 6. The constants used in the Equations
(7) and (19) are listed in Table 3.
Table 3. Values of parameters used for the Nafion SMP with multi-SME.
1st

A1 (K)

B1 (min)

1
(K)
Tmin

 1pre

transition
phase
2nd

347.66

A2 (K)

3.37

B2 (min)

293

2
(K)
Tmin

0.036
2
 pre

transition
phase

390.76

13.85

330

0.045

q(K/min)

m1

n1

0.5

6.56

14.05

1

4.35

3.39

5

3.77

6.82

q(K/min)

m2

n2

0.5

1.59

1.92

1

2.78

7.87

5

1.93

3.84

As revealed in Fig. 6(a), Fig. 5(c) and Fig. 5(e), the recovery strains of SMP were
successfully obtained at different heating rates of 0.5 K/min, 1 K/min and 5 K/min,

respectively. According to these experimental data [31] and simulation results, only
one-stage glass transition process is observed in the strain recovery process. Whereas
we know that there should have two glass transitions of two soft segments in the SMP.
The reason why these two glass transitions have not been shown is mainly attributed to
the cooperative effect of two soft segments in the SMPs.

Fig. 6. (a), (c), (e). Recovery strains of SMP as a function temperature at a heating rate
of 0.5 K/min, 1 K/min and 5 K/min, respectively. (b), (d), (f). First-order derivative
curves of recovery strains as a function temperature at a heating rate of 0.5 K/min, 1

K/min and 5 K/min, respectively.

To reveal more detailed kinetics information, the first-order derivative of recovery
strain of the Nafion SMP was calculated and are plotted in Fig. 6(b), Fig. 6(d) and Fig.
6(f), at the different heating rates of 0.5 K/min, 1 K/min and 5 K/min, respectively. The
experimental and simulation curves all show a similar pattern consisting of two
opposite peaks. The glass transition temperatures can be determined by analyzing the
corresponding peak values of the recovery strain curves shown in Fig. 6(a), Fig. 6(c)
and Fig. 6(e). Based on these simulation results, there are two transition temperatures
identified, i.e., ( Tg1 =326 K, Tg2 =351.5 K), ( Tg1 =335.2 K, Tg2 =355.4 K) and ( Tg1 =326
K, Tg2 =361 K), respectively. However, it should be noted that the peaks are
significantly determined by the cooperative dynamics in the two-stage glass transition
processes. This has resulted in shifts of the peak values and their amplitudes at different
heating rates.
To further verify the coupling interactions, dependence of cooperative dynamics on
the full transition temperature ( Tmax ) of the soft segment has been investigated. The
results are expected to reveal the coupling interaction between two soft segments and
cooperative dynamics in the multi-stage glass transitions. The effect of Tmax of the first
soft segment on the recovery strain has been plotted in Fig. 7. All the used constants are
listed in Table 3. As shown in Fig. 7(a) and Fig. 7(b), the obtained stored strains and
first-order derivative strains are presented as a function of temperature at a constant
heating rate of q=0.5 K/min. The peak position obtained from the derivative strain

curves of Fig. 7(b) is defined as the Tg value of the soft segments. It is found that the
1
is increased from 325 K
Tg1 is gradually shifted from 313 K to 335 K when the Tmax

2
to 355 K. While the Tmin
of second soft segment has been kept a constant. Simulation

results clearly show that the coupling interaction is determined by the cooperative effect
1
2
of Tmax
and Tmin
. With a decrease in the difference in Tg1 and Tg2 from 55 K to 25

K, the typical two-stage glass transition processes are not presented in the recovery
strain curve due to a strong cooperative effect.

Fig. 7. (a). Simulation results of the stored strains as a function of temperature, while
1
the Tmax
is increased from 325 K, 335 K, 345 K to 355 K. (b) First-order derivative
1
curves of stored strains with Tmax
=325 K, 335 K, 345 K and 355 K. (c). Simulation

2
results of the stored strains as a function of temperature, while the Tmax
is increased

from 380 K, 390 K, 400 K to 410 K. (d) First-order derivative curves of stored strains
2
with Tmax
=380 K, 390 K, 400 K and 410 K.

2
On the other hand, the effect of Tmax
on the coupling interaction of two soft

segments has further been investigated. Fig. 6(c) and Fig. 6(d) show the simulation
2
results of stored strain and first-order derivative strains of the SMPfor the cases of Tmax

=380 K, 390 K, 400 K, 410 K and a heating rate of 0.5 K/min. Simulation results clearly
2
show that the Tg2 is gradually increased from 358 K to 378 K when the Tmax
is

increased from 380 K to 410 K. The coupling interaction of two transitions is also
2
determined by the Tmax
.

Based on these simulation results, the two-stage recovery strain is strong determined
by the thermomechanical properties of the soft segments in SMP. Furthermore, a
cooperative dynamic is presented between these soft segments due to their
simultaneously relaxations. A strong cooperative effect makes it difficult to show a clear
two-stage relaxation as revealed by the simulation results. Here, the cooperative
dynamics in two-stage glass transitions is then similar to that in the SMP with multiSME.

5. Conclusion
In this study, a one-dimensional coupling model was proposed to describe the
multiple glass transitions and their thermomechanical behaviors of the SMPs with
multi-SME. The segmental relaxations of multiple soft segments have been identified
as the driving force for multi-SME and the overall relaxation behavior is formulated by
the Boltzmann’s superposition principle. The cooperative dynamics of multi-SME has
been characterized and verified by the simulation and experimental results. Dependence

of the coupling interaction on the full transition temperature ( Tmax ) and initial transition
temperature ( Tmin ) of soft segments has been investigated. The constitutive
relationships among storage modulus, recovery strain, first-order derivative strain,
relaxation time and heating rate of the SMP have been theoretically investigated and
discussed. Finally, the simulation results were compared and verified by the
experimental data reported in the literature, and good agreements between the
theoretical and experimental results had been achieved. This study is expected to
provide a theoretical guidance to understand and design of multi-SME in SMPs.
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Tables caption

Table 1. Value of parameters used in Equations (9) (10) and (20) for the SMP.
Table 2. Value of parameters used for the SMP with two-stage glass transitions and
structural relaxations.
Table 3. Value of parameters used for the Nafion SMP with multi-SME.

Figures caption

Fig. 1. Comparison of storage modulus between the experimental data [23] and
simulation results using Equation (9), where the heating rates are 1K/min, 2K/min and
5K/min.
Fig. 2. Comparison of shape recovery behavior between the experimental data [23] and
simulation results using Equation (8), where the heating rates are 1K/min, 2K/min and
5K/min. (a). For the recovery strain as a function of temperature. (b). For the recovery
strain as a function of time.
Fig. 3. (a) Tmax with respect to heating rate. (b) One-stage recovery strain as a function
of temperature at the heating rate q =1K/min, 10K/min and 100K/min. (c) Two-stage
recovery strain as a function of temperature at the heating rate q1 =1K/min, while q2
=1K/min, 10K/min and 100K/min.
Fig. 4. Comparison of shape recovery behavior among the experimental data [23],
simulation results using Equation (19), previous model results [23] at various heating
rate 1K/min, 2K/min, and 5K/min.
Fig. 5. (a) Comparison of storage modulus as a function of temperature between the
experimental data [31] and simulation results using Equation (11). (b) Comparison of
stored strain as a function of relaxation time between the experimental data [31] and
simulation results using Equation (8).
Fig. 6. (a), (c), (e). Recovery strain of SMP as a function temperature at a heating rate
of 0.5 K/min, 1 K/min and 5 K/min, respectively. (b), (d), (f). First-order derivative
curves of recovery strain as a function temperature at a heating rate of 0.5 K/min, 1
K/min and 5 K/min, respectively.

Fig. 7. (a). Simulation results of the stored strains as a function of temperature, while
1
the Tmax
is increased from 325 K, 335 K, 345 K to 355 K. (b) First-order derivative
1
curves of stored strains with Tmax
=325 K, 335 K, 345 K and 355 K. (c). Simulation

2
results of the stored strains as a function of temperature, while the Tmax
is increased

from 380 K, 390 K, 400 K to 410 K. (d) First-order derivative curves of stored strains
2
with Tmax
=380 K, 390 K, 400 K and 410 K.

