
Northumbria Research Link

Citation: Wang, Xiaodong, Lu, Haibao, Fu, Richard, Leng, Jinsong and Du, Shanyi (2020)
Collective and cooperative dynamics in transition domains of amorphous polymers with
multi-shape memory effect. Journal of Physics D: Applied Physics, 53 (9). 095301. ISSN
0022-3727 

Published by: IOP Publishing

URL:  https://doi.org/10.1088/1361-6463/ab57d6  <https://doi.org/10.1088/1361-
6463/ab57d6>

This  version  was  downloaded  from  Northumbria  Research  Link:
http://nrl.northumbria.ac.uk/id/eprint/41455/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of  the research,  please visit  the publisher’s website (a subscription
may be required.)

                        

http://nrl.northumbria.ac.uk/policies.html


Journal of Physics D: Applied Physics

ACCEPTED MANUSCRIPT

Collective and cooperative dynamics in transition domains of amorphous
polymers with multi-shape memory effect
To cite this article before publication: Xiaodong Wang et al 2019 J. Phys. D: Appl. Phys. in press https://doi.org/10.1088/1361-6463/ab57d6

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2019 IOP Publishing Ltd.

 

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.
As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 212.219.26.7 on 15/11/2019 at 14:19

https://doi.org/10.1088/1361-6463/ab57d6
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6463/ab57d6


Collective and cooperative dynamics in transition domains of amorphous 

polymers with multi-shape memory effect  

Xiaodong Wang1, Haibao Lu1,3, Yong Qing Fu2, Jinsong Leng1 and Shanyi Du1 

1Science and Technology on Advanced Composites in Special Environments 

Laboratory, Harbin Institute of Technology, Harbin 150080, China  

2Faculty of Engineering and Environment, University of Northumbria, Newcastle 

upon Tyne, NE1 8ST, UK  

3luhb@hit.edu.cn  

 

Abstract: Multi-shape memory effect (multi-SME) in amorphous shape memory 

polymers (SMPs) linked with collective and cooperative rearrangements and 

accommodations of monomeric segments, thus leading to generation of complex 

thermodynamic modes. In this study, an extended domain size model is initially 

formulated to describe various temperature-dependent relaxation behaviors and 

domain transitions in amorphous SMPs. According to the Adam-Gibbs theory, a 

cooperative model is employed to identify the principle role of domain size in the 

collective dynamics of multi-SME in amorphous SMPs. The phase transition theory is 

then combined with multi-branch Kelvin model to describe the collective and 

cooperative relaxation behaviors of the SMPs with multiple transition domains. It is 

shown that the proposed model is able to characterize the thermomechanical 

transitions and multiple shape recovery processes. Finally, the model is applied to 

predict shape recovery behavior of SMPs with triple- and quadruple-SME, 
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respectively, and the theoretical results are well validated by the experimental ones.  

Keywords: shape memory polymer, multi-shape memory effect, Adam-Gibbs theory, 

cooperative domain model  

 

1. Introduction 

Shape memory polymers (SMPs) are one type of smart materials that can recover to 

their permanent shapes [1,2] from a pre-deformed temporary shape upon external 

stimuli such as Joule heating, infrared-light radiation, laser heating and solvent [3-7]. 

Among these, thermal actuation of SMPs is the most popular approach to trigger the 

shape recovery and has been widely used in smart textiles [8], intelligent medical 

devices [9], sensor and actuators [10], self-deployable and self-folding structures in 

spacecraft [11,12], as well as aerospace applications [13]. Therefore, the 

thermodynamics of SMPs have been identified as one of the critical issues to explore 

the working mechanism of shape memory effect (SME) and extend the potential 

applications of SMPs. According to literature [14,15], a conventional SMP can only 

memorize one temporary shape in each shape memory cycle, whereas new types of 

SMPs have been synthesized recently to show multi-SME, which enables the 

polymers to memorize more than two temporary shapes [16-21]. Multiple and 

reversible transitions of various phases with well-separated glass transition zones have 

been identified as the driving force for the multi-SME in SMPs [18,22]. Digital 

manufacturing technologies have also been used to control the shape changing 

sequence of SMPs and exploit their multi-SME [23,24]. 
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To theoretically explore the physics and mechanics of SMPs with multi-SMEs, a 

model of their segmental relaxation behavior was initially proposed by Yu et al based 

on the generalized Maxwell model [25]. The multiple phase transitions were 

formulated based on the thermodynamics of structural configurations [26] and the 

proposed models well predicted the multiple shape recovery behaviors of the SMPs 

[27-29]. However, as is well known, thermomechanical properties of the SMPs are 

resulted from the cooperative rearrangement of all segments inside, and the 

cooperative and collective dynamics have never been considered during the studies of 

the multi-SMEs of the SMPs.  

In this study, we firstly formulate a cooperatively rearranging domain model to 

characterize the multi-SME, according to the Adam and Gibbs theory [30-33]. 

Different from the existing modeling approaches that are mainly replied on the 

thermo-viscoelastic theory [22,25], this model provides an effective approach to 

investigate the multi-SMEs based on the physical parameters such as activation 

energy and cooperative domain size. The phase transition theory is then combined 

with a multi-branch relaxation model to describe the collective and cooperative 

rearrangement of monomeric segments. Results show that the proposed model is able 

to characterize and predict the thermomechanical responses and describe the shape 

recovery processes. The proposed model is then applied to predict the shape memory 

behavior of SMPs with triple- and quadruple-SMEs, respectively, and theoretical 

analysis results have been validated using the experimental ones. It should be noted 

that this article mainly is focused on the multiple phase transition and multi-SME of 
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amorphous SMPs, which undergo glass transitions to achieve their shape deformation 

and recovery.  

  

2. Cooperative dynamics of the SME in SMP  

As discussed in the previous studies [34,35], the SME in amorphous polymers is 

resulted from the glass transition where the frozen segments are changed into active 

ones and the stored mechanical strain is released. Here we use a cooperative domain 

model to characterize the temperature dependences of configurable entropy and 

relaxation behavior in the shape recovery process [30,31]. In this model, the 

conformer (e.g., the smallest segmental unit of rotation) is surrounded by other 

conformers. If the conformer is able to undergo relaxation, its neighbors must also 

move in a cooperation way [30]. The domain size ( z ) is defined as the number of 

conformers which are meshed with each other and relaxed simultaneously during the 

relaxation process [31-33]. With an increase in temperature, the domain size decreases 

and the mobility of polymer segment is significantly increased. 

For one mole of conformers in polymer, there are 
zN  domains consisting of z  

numbers of conformers. Therefore, the domain size could be written as follows [32]:  

/A zz N N=                             (1) 

where 
AN  is the Avogadro constant. 

The conformational entropy 
cS  for one mole of conformers with 

zN  domains is 

[32]: 

lnc z BS N k=                            (2) 
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where 
Bk  is the Boltzmann constant, and   is the number of states that a conformer 

can have.  

According to the Adam-Gibbs theory [30], parameter *S  is defined as the 

maximum value of conformational entropy (
cS ) when all the conformers are relaxed 

independently at the high-temperature limit of *T . According to this definition, when 

*

cS S=  at the temperature of *T , the domain size (z) equals to 1. Based on equation 

(2), parameter *S  can be written as [33]:  

* lnA BS N k=                            (3) 

Assuming that free energy, enthalpy, and entropy are all scaled proportionately [32], 

then we can obtain:  

                      
*

* 0

*

0

/c

T TT
S S

T T T

−
= 

−
                      (4) 

where there is no cooperativity among the conformers at the high-temperature limit 

*T . On the other hand, all conformers are meshed with each other and cooperatively 

relaxed at the low-temperature limit 0T  simultaneously.  

By substituting equations (2), (3) and (4) into equation (1), the domain size z can be 

expressed as:  

   

*
* 0

1 1 *

0

ln / ln /A B z B c

T TT
z N k c N k c S S

T T T

−
= = = 

−
             (5) 

As is discussed above [34,35], the SME in SMP is originated from the transition of 

the monomeric segments from a frozen phase into an active one [15,35]. On the other 

hand, the conformer in the same cooperative domain are relaxed simultaneously 

[31-33]. Therefore, the energy barrier for a domain to relax is determined by the 
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energy barriers of all the conformers inside the SMP [32]. Here the activation energy 

( H ) for a domain to relax can be written as: 

*

0

*

0

T TT
H z

T T T
 

−
 =  =  

−
                   (6) 

where   is the activation energy of a single conformer to relax independently.  

The relaxation time ( ), one of the most critical parameters to determine the 

viscoelastic behavior of SMPs, can be derived from the domain size and temperature 

as follows [32]: 

exp r
r

r

zz

R T T


 

  
= −   

  
                      (7) 

where R =8.314 / ( )J mol K  is the gas constant, 
r  and 

rz  are the relaxation time 

and domain size at the referenced temperature of 
rT , respectively.  

According to the equations (6) and (7), the relaxation behavior can be studied by 

means of domain size model for the amorphous SMPs.  

 

3. Constitutive relationships and collective dynamics 

3.1 Constitutive relationships of multi-SME in SMP 

The multi-SME was firstly discovered in the Nafion based SMP, which is 

originated from the broadened glass transition temperature region from 55°C to 140°C 

[19]. According to the domain size model, multi-SME is resulted from the various 

relaxation processes during the glass transition process. Here the relaxation process is 

governed by the relaxation equation, e.g., equation (7). However, each relaxation 

process is controlled by its domain size ( z ), and the conformers in the same domain 
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are assumed to have the same relaxation time and relax, simultaneously. Therefore, 

the multi-SME is originated from the collective dynamics of various relaxation 

processes in the SMP. Figure 1 presents a schematic illustration of the relaxation 

behaviors in the Nafion SMP by a discrete domain size.  

Meanwhile, an extended Kelvin model [25] is introduced to characterize the 

relaxation and viscoelastic behavior of each domain which is composed of one frozen 

phase and one active phase. Here, the frozen phase presents an elastic behavior, 

whereas the active one presents a viscoelastic behavior. Thus, we have,  

1 1

( ) ( ) 1f i a i

i i

z z 
= =

+ =                         (8) 

where ( )f iz  and ( )a iz  are the volume fractions of the frozen and active phases, 

respectively, in the domain with the domain size iz .  

[Figure 1] 

According to the phase transition theory [34], temperature dependent volume 

fraction of the frozen phase ( ( )f T ) equals to the ratio of stored strain (
s ) and 

pre-stretched strain (
pre ), therefore,  

( ) ( )s f preT T  =                           (9) 

As discussed above, the SMP contains n number of domains, of which one domain 

has one frozen phase. Therefore, the average volume fraction of the frozen phase can 

be written as,  

1 1

( ) ( ) /
n n

f f i i i

i i

T z z z 
= =

 
=  

 
                      (10) 

where superscript i represents the ith relaxation domain, and the term 
1

/
n

i i

i

z z
=

  is 
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used to represent the volume fraction of the ith domain in the SMP. 

According to the transition state theory [35-37], ( )f iz  is a function of both 

temperature T and time t: 

  0( ) 1 exp( ( ) / ) i

t

f i iz H z RT  = − −                    (11) 

where 
0i  is initial relaxation time which is a constant.  

Substituting equation (6) into (11), we can obtain:  

0

( ) 1 exp
i

t

i
f i

z
z

RT




   
= − −  

  
                    (12) 

In combination of equations (9), (10) and (12), we can obtain an expression of the 

stored strain in the SMP as functions of both temperature T and time t,  

0

1 1

1 exp /
i

t

n n
i

s i i pre

i i

z
z z

RT


 

= =

 
    = − −        
 

                 (13) 

Under the continuous heating, polymer can obtain an average domain size of ( z
−

) 

[27], therefore, equation (13) can be rewritten as,  

0z
1 exp

t

s pre
RT


 

−−  
  = − − 

  
  

                    (14) 

Here, modeling results obtained using equations (13) and (14) are plotted to 

compare with the experimental data reported in reference [19] for the Nafion SMP. 

Results show a dual-SME and multi-SME induced by heating. In this section, the 

Universal Global Algorithm (UGO) method is adopted here in order to determine the 

values of all the parameters used in equations (13) and (14), which are listed in Table 

1.  

The modeling results of Equation (14) are further used to compare with the 
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experimental data of the Nafion SMP with a dual-SME. As shown in Figure 2(a), 

Nafion SMP shows an SME and presents a continuous changes of strains when the 

temperature is increased from 293 K to 413 K at a heating rate of 4.5 minq K= . 

With an increase of temperature, the pre-stored strain is gradually released and 

decreased from 43.64% to 0.99%. Clearly the modeling results shown in Figure 2(a) 

are well fit with the experimental results.  

[Table 1] 

On the other hand, this Nafion SMP also presents a multi-SME phenomenon using 

a segmental heating process as shown in Figure 2(b). Both time and temperature will 

significantly influence this multi-SME. At this condition, domains with different sizes 

have different hysteresis patterns upon the release of the stored strain. The complex 

form of equation (13) is used to compare with the experimental data of the Nafion 

SMP. Five transition processes have been presented during the strain recovery process, 

when the SMP undergoes five isothermal heating processes, i.e., (1) from 10min to 

47.5 min at a temperature of 240 K; (2) from 52.5 min to 92 min at a temperature of 

263 K; (3) from 97 min to 135 min at a temperature of 300 K; (4) from 140 min to 

178.5 min at a temperature of 330 K and (5) from 183.5 min to 224.5 min at a 

temperature of 360 K. The modeling results shown in Figure 2(b) reveal that the 

domain size is critically determined by the temperature, as presented in equation (5). 

Meanwhile, the relaxation behavior of the SMP is also critically determined by the 

domain size. Therefore, five relaxation behaviors have been observed due to the 

various holding temperatures of 
0 ( )T K =240 K, 263 K, 300 K, 330 K and 390 K.  
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[Figure 2] 

Effect of segmental heating procedures on the thermomechanical properties 

(especially the multi-SME) of the SMP is further investigated. As shown in Figure 1, 

different relaxation domains are in series connections. Therefore, the modulus of the 

SMP can be obtained,  

( ) ( ) ( )f f a aE T T E T E = +                     (15)  

where 
fE and 

aE  are the moduli of the frozen and active phases, respectively. 

The modulus of the frozen phase can be obtained using the following 

phenomenological equation [38],  

log ( ) log ( ) ( )ref ref

fE T E T a T T= − −                (16) 

where ( )refE T  is the Young’s modulus, refT  is the referenced temperature and a is a 

constant parameter linking with the temperature sensitivity of the material.  

The modeling results obtained using the equation (15) as shown in Figure 3 are 

further plotted to compare with the experimental data measured using dynamic 

mechanical analysis (DMA) for the Nafion SMP, reported in reference [19]. Values of 

the parameters used in equation (16) are listed in Table 1. It is revealed that the 

storage moduli of the SMP are gradually decreased from 900 MPa to 2.2 MPa with 

the temperature increased from 293 K to 420K, and the changes of the storage moduli 

prove that the Nafion SMPs show a dual-SME at a constant heating rate. The 

modeling results of the storage moduli are in well agreements with the experimental 

results. Therefore, the proposed model can be used to characterize and predict the 

changes of storage moduli and thermomechanical properties of the Nafion SMP.  
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[Figure 3] 

When an external force 
0  is applied, the overall strain ( ( )i ) of SMP is divided 

into three parts, which can be expressed as: 

( ) ( ) ( ) ( )frozen i dashpot i spring ii z z z   = + +                  (17) 

where ( ),  ( ),  ( )frozen i dashpot i spring iz z z    are the strains of frozen phase, dashpot and 

spring in active phase in the ith domain, respectively, as shown in Figure 1. 

According to the Voigt model [39,40], the function of ( )dashpot iz  with respect to 

time t is given by:  

/( ) ( )(1 )t

dashpot iz e   −= −∞  (
0 2( ) / E =∞ )              (18) 

where ( ) ∞  is the equilibrium strain when the time reaches to infinite, 
2E  is the 

modulus of the spring and   is the decayed time. 

When the temperature is decreased from 
1T  to 

2T , the active phases are gradually 

transformed into their frozen states, and the strain ( )dashpot iz  is therefore decreased. 

The time-dependent ( )dashpot iz  can be expressed as: 

/
( ) ( )dashpot i s

d z
e

ds


 



−=
∞

                      (19) 

where s  is the time. With decrease in the temperature, the 
dashpot  can be written as: 

1

/

-
0

i 1 1

( ) /
n nt

s

dashpot a i T T qs i i

i

e z z z ds
 



−

=

= =

  
=   

  
 

∞             (20) 

where q  is the heating/cooling rate.  

The moduli of the frozen and active phases in different domains are the same due to 

the same molecular structure, thus, the ( )frozen iz  and ( )spring iz  can be expressed 

using the following equations: 
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0
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( ) ( )
n

frozen frozen i f

i f

z T
E


  

=

= = ;  
0

1 1

( ) ( )
n

spring spring i a

i

z T
E


  

=

= =       (21) 

By substituting equations (20) and (21) into equation (17), the overall strain 

(
mechanic ) caused by the external mechanical force can be written using:  

1

/0 0

0
1 1

( ) ( ) ( ) / ( ) ( )
n nt

s

mechanic f a i T T qs a

i if r

T e z z i z i ds T
E E

 
   



−

= −

= =

 
= + + 

 
 

∞    (22) 

On the other hand, the instant strain (
instant ) will disappear at a temperature of 

2T , 

which can be described using,  

2 2 2 1 2

0 0 0
instant ( )f T T spring i a T T f T T a T T a T T

f f r

z
E E E

  
      = = = = == + = +      (23) 

While the decayed strain (
decayed ) can be obtained using the following equation: 

2 2
exp( / )decayed dashpot a T T T Tt   = == −                   (24) 

Therefore, the stored strain (
store ) can be obtained by combining equations (22), 

(23) and (24): 

instant= - -store mechanic decayed                         (25) 

Figure 4 shows the numerical results of the strain and stress as a function of time at 

the differently controlled cooling and heating rates. The experimental data of the 

Nafion SMP reported in reference [19] are used here to compare with our modeling 

results. Table 1 lists the fit data, and 
1E =1.02MPa and 

2E =1.21MPa. These 

parameters are used to determine the relaxation time and the volume fraction of 

frozen phase ( f ) at the specific loading temperature, and then they are substituted 

into equations (22), (23) and (24).” 

As revealed from the modeling results, the stored strain ( store ) of SMP is gradually 

increased from 0% to 50% when the temperature is decreased from 413 K to 326 K at 
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a constant cooling rate. It is then relaxed to 40% from 50% at the temperature of 326 

K within the relaxation time from 28 min to 36.3 min, when the external force is not 

applied to the SMP. Afterwards, a larger external stress is then applied on the SMP, of 

which the stored strain ( store ) is increased from 40% to 105%. After this stage, the 

free relaxation behavior of SMP is only determined by temperature and heating rate, 

and results showed that there is no external stress applied on it during the relaxation 

time from 63.8 min to 128 min. During the free relaxation (recovery) stage, the stored 

strain ( store ) in SMP is gradually released. A two-step recovery process has been 

obtained as shown in Figure 4 which is resulted from a two-step heating processes, 

e.g., one is from 293 K to 326 K, whereas the other is from 326 K to 413 K. Clearly 

the modeling results obtained using the equation (25) fit well with experimental data 

[19] of the Nafion SMP with the multi-SMEs.  

[Figure 4] 

 

3.2 Collective dynamics of multi-SME in SMP 

The other approach for SMPs to achieve multi-SMEs is to generate two or more 

temporarily phases in the SMP, i.e., each phase shows inherent relaxation and shape 

recovery behavior [16,18]. To formulate a constitutive relationship of the SMP with 

multiple transition domains, the relaxation behavior of the SMPs is assumed to be 

resulted from the cooperative and collective dynamics of all the domains, as 

illustrated in Figure 5. Each domain represents a temporarily phase, which is 

incorporated of a hard phase and an active one, and their relaxation behavior is ruled 
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by the extended Maxwell model.  

[Figure 5] 

According to the Takayanagi principle [41] and equation (15), the storage modulus 

( ( )E T ) of the SMP can be calculated through parallel connections of different 

relaxation domains as follows:  

  
1

1/ ( )
( ) ( )

n
i

i f i fi a i ai

E T
z E z E



 =

=
+

  (
1

( ) ( ) 1  ( ) 1
n

f i a i i

i

z z  
=

+ = =，        (26) 

where 
i  is the fraction of each domain in the SMP, and ( )f i  and ( )fE i  are 

determined by the equations (12) and (16), respectively.  

Modeling results of equation (26) are plotted in Figure 6 and also compared with 

the DMA experimental data of MA-V/MP-A SMP reported in reference [16]. The 

values of fitting parameter are listed in Table 2. Clearly the MA-V/MP-A SMP shows 

a two-step transition behaviors, i.e., from 253 K to 302 K for the transition of MA-V 

component, and from 302 K to 362.3 K for the transition of MP-A component. 

Although the transition behaviors of these two-stages are different from each other, 

the transition behavior of the SMP is confirmed to be determined by the cooperative 

and collective dynamics of these two components. Therefore, the cooperative and 

collective model of equation (26) has been found to well predict the 

thermomechanical relaxation and transition behavior of the MA-V/MP-A SMP. The 

modeling results are in good agreements with the experimental data.  

[Table 2] 

[Figure 6] 

According to equation (13), the changes of recovery strains were calculated and 

Page 14 of 32AUTHOR SUBMITTED MANUSCRIPT - JPhysD-122068.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



then compared with the experimental data of MA-V/MP-A triple-SMP and 

EOC/LDPE/HDPE quadruple-SMP, reported in reference [16,17]. The results are 

shown in Figures 7(a) and 7(b), respectively. The values of parameters used for the 

simulations are listed in Table 3. As shown in Figure 7(a), there is a two-step strain 

recovery of the MA-V/MP-A triple-SMP. The first strain recovery occurs in the 

temperature range from 270 K to 301 K, which is originated from MA-V component 

transition. Whereas the second one occurs in the temperature range from 315 K to 344 

K, which is originated from MA-V component transition.  

On the other hand, the EOC/LDPE/HDPE quadruple-SMP presents a three-step 

strain recovery behavior, as shown in Figure 7(b). The SMP has its first strain 

recovery originated from the transition of EOC component. The second strain 

recovery is originated from the transition of LDPE component, and the third strain 

recovery is originated from transition of HDPE component. Furthermore, the 

modeling results fit well with the experimental data of the SMPs. It is verified that the 

proposed model is suitable to characterize and predict the strain recovery behavior of 

the SMP with multi-SMEs.  

[Table 3] 

[Figure 7] 

 

4. Conclusion 

In this study, an extended cooperative model is employed to identify the principle 

role of domain size in the collective dynamics of SMPs with multi-SMEs. It is found 
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that the multi-SME and multiple domain transitions can be achieved not only in the 

polymer with multiple domains, but also in the polymer with one domain which 

presents multiple domain transitions by means of programmed changes in temperature. 

The phase transition theory is then combined with multi-branch Maxwell model to 

describe the collective and cooperative relaxation behaviors of the amorphous SMPs. 

The modeling results using the proposed model have been plotted to compare with the 

experimental results of the storage modulus and strain recovery of SMP for 

verification. Results showed that the proposed model can well predict these 

experimental results. Finally, the domain size model is employed to characterize the 

multiple shape recovery behaviors of SMPs with triple- and quadruple-SMEs, 

respectively, and results showed the theoretical results fit well with the experimental 

ones. This study is expected to provide an effective approach to explore the working 

mechanism in multi-SME for the SMPs.  
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Tables caption 

Table 1. Values of parameters used in equation (13). 

Table 2. Values of parameters used in equation (26). 

Table 3. Values of parameters used in equation (13) to fit the strain recovery of 

EOC/LDPE/HDPE quadruple-SMP composite [17]. 
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Figures caption 

Figure 1. Schematic illustration of the viscoelastic behaviors of monomeric segments 

in Nafion SMP by means of the discrete domain size 
iz . 

Figure 2. Comparisons between the modeling results and experimental data [19] of 

the stored strain stress with respect to time. (a) A dual-SME by means of continuous 

heating method. (b) A multi-SME by means of segmental heating method.  

Figure 3. Comparisons between the modeling results using equation (15) and 

experimental data [19] of the stored strains with respect to time.  

Figure 4. Comparison between the modeling results of proposed model with the 

experimental data [19] of Nafion SMP with multi-SME.  

Figure 5. A schematic illustration of relaxation behavior of SMP with multiple 

transition domains and their temperature-dependent phase transition behaviors.  

Figure 6. Comparison of storage moduli of MA-V/MP-A SMP between the modeling 

results of equation (13) with the DMA experimental data [16].  

Figure 7. (a). Comparison of strain recovery between the modeling results of equation 

(13) with the DMA experimental data [16] of MA-V/MP-A SMP. (b). Comparison of 

strain recovery between the modeling results of equation (13) with the DMA 

experimental data [17] of EOC/LDPE/HDPE quadruple-SMP. 
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Table 1. 

 z  1z  2z  3z  4z  5z   (KJ/mol) ( )fE MPa     ( )aE MPa  

 
0 ( )T K  260 240 263 300 330 390  

 

  

0 (min) 3.72 1.12 2 2.2 2.4 2.5 

q(K/min) 4.5 4.0 4.0 4.0 4.0 4.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

323.98 900  2.2 
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Table 2. 

 0T (K) 
0 (min) refT (K) a  

aE (MPa) pre (%) 

The 1st transition 

component 
253 0.39 277 0.2 43.4 2.8 

The 2nd transition 

component 
303 0.11 314 1.5x10-6 7.1 11.5 
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Table 3. 

 0T (K) 
0 (min)  (KJ/mol) 

pre (%) 

EOC component 290.12 2.11 1087.75 41.5 

LDPE component 332.28 4.54 672.51 47.3 

HDPE component 378 2.74 1032.43 11.2 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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