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Abstract: A temperature memory effect (TME) refers to the ability of shape memory 

polymers (SMPs) to memorize the temperature at which pre-deformation was conducted. 

In the past few years, this TME was experimentally demonstrated by comparing the 

applied programming temperature (Td) with a characteristic recovery temperature (Tc), 

which corresponds to either maximum recovery stress or free recovery speed. In these 

well designed experiments, Tc was observed to be close to Td, which is consistent with the 

intuitively understanding of ‘memorization’. However, since the polymer recovery 

behavior has been proved to be strongly dependent on various programming and recovery 

details, a new question that whether Tc is always equal to Td in any thermo-temporal 

conditions remains to be addressed. In this paper, we answered this question by 

examining the free recovery profile of an acrylate based amorphous SMP. The recovery 

Tc, which is the temperature with maximum recovery speed versus recovery temperature, 

is shown to be strongly dependent on both programming and recovery conditions. Their 

detailed influence could be explained by using reduced time. During a thermomechanical 

working cycle of SMPs, in addition to the Td, any other thermo-temporal conditions, such 

as holding time (th), cooling rate and recovery heating rate (q) etc., can affect the 

observed Tc by changing the reduced programming or recovery time. In this manner, the 

relation between Tc and Td is not uniquely determined. Besides, the TME in SMPs can 
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only be achieved within a given temperature range. Both onset and offset of this 

temperature range is shown to be influenced by the programming history, but is 

independent on the recovery conditions. 

Keywords: Temperature memory effect; Multi-branched model; Shape memory polymers 
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1. Introduction 

The conventional definition of shape memory polymers (SMPs) is a class of stimuli-

responsive smart materials that can be deformed at high temperature and subsequently be 

frozen upon cooling to fix the programmed temporary shape, which remains stable unless 

an environmental stimulus is applied, such as temperature [1-8], magnetic fields [9-14], 

light [15-20] and moisture [21, 22] etc. Depending on whether or not the external load 

still exists when the SMP is activated, the polymers demonstrate shape memory (SM) 

effect by providing recovery stresses or showing shape recovery, namely a constrained or 

free recovery process. Among the variety of external stimuli that might be utilized as the 

triggering mechanism, the most common one is direct heating to increase the temperature. 

Although the basic concept of SMPs has been known for decades, recent advances 

have led to the discovery of previously uncovered memory properties that challenge our 

understanding of this type of polymer material [23-31]. For example, the programming 

condition has been shown to significantly affect the shape memory behavior of SMPs 

even if the same thermo-temporal recovery condition is used [27, 29, 30, 32-34]. A 

temperature memory effect (TME), in this occasion, refers to the capability of SMPs to 

memorize the applied programing temperatures (Td). Early works in this area demonstrate 

that both of the free recovery curves and maximum recovery stress under strain constraint 

will be shifted to a higher recovery temperature if a higher programming temperature was 

used [4, 35]. Subsequently, Pierre et al. [28] tested the shape memory property in a 

polyvinyl alcohol (PVA) based nanocomposite, where the temperature memory is 

described such that the temperature corresponding to the maximum recovery stress is 

roughly identical to Td. Xie et al [23, 25, 36] also reported the free recovery based TME 
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in Nafion polymer. The temperature at which a maximum shape recovery rate was 

observed was also shown to be close to the applied Td. From these pioneer experimental 

investigations, one can gain recognition that the shape memory characteristic temperature 

(Tc), which is either corresponding to maximum recovery stress or shape recovery speed, 

can be quantitatively related to the programming temperature.  

However, the question remains whether Tc would always be equal to Td in any SM 

cycles, or their detailed relation is also dependent on other experimental parameters 

during the programming and recovery steps. Many previous works show that the free 

recovery curves of SMPs are strongly dependent on the packaging programming 

conditions, such as loading rate, holding time (th) and cooling rate etc [27, 30, 37-40]. 

Tobushi et al [41] also experimentally demonstrated the influence of recovery heating 

rate (q) on the free recovery behavior of SMPs. In case of higher q being applied, the 

amount of recovered strain is indeed lower when a given recovery temperature is reached, 

namely a delayed shape recovery. In this manner, Tc is also dependent on the recovery 

heating rate. More recently, Wang et al [42] also showed that free recovery based TME 

could only be observed within a specific range of recovery temperature, but not in its 

entire range of glass transition temperature (Tg). These observations indicate that the 

relation between Tc and Td is not so straightforward as we expected. The detailed 

programming and recovery conditions during the SM cycle, as well as the polymer 

temperature dependent thermoviscoelastic properties, may determine Tc during the free 

recovery of SMPs, and should be considered when we study the TME. 

In this paper, we study the TME of thermally responsive amorphous SMPs under the 

aforementioned considerations, and explore the detailed relation between Tc and Td during 
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the polymer free shape recovery. Experimental observations firstly revealed the influence 

of programming temperature and heating rate on free shape recovery behavior of an 

acrylate based SMP material. A one dimensional (1D) multi-branch rheological model 

was then used to capture the experimental observations, and parametrically predicted the 

free recovery Tc under various programming and recovery conditions. We conclude that 

both the temperature range to observe TME in the SMPs, and the relation between Tc and 

Td, are not unique. They are both dependent on the thermo-temporal history within a 

shape memory (SM) cycle. The TME in the SMPs is indeed a synergistic effect of both 

programming and recovery conditions on the material free recovery behavior.   

 

2. Experiments 

2.1 Material 

The SMP material used in this study is an acrylate-based network polymer. Its liquid 

monomer tert-butyl acrylate (tBA), liquid cross-linker poly (ethylene glycol) 

dimethacrylate (PEGDMA) and the photo polymerization initiator (2, 2-dimethoxy-2-

phenylacetophenone) in powder form are ordered from Sigma Aldrich (St. Louis, MO, 

USA) and used in their as received conditions without any further purification. The 

synthesis procedure of the SMP followed Yakacki et al [43] by mixing the tBA monomer, 

cross-linker and photo polymerization initiator with a weight ratio of 4000:1000:1, and 

the solution is then exposed in a UV irradiation for 10 min before the final heat treatment 

at 90°C for 1 hour to assist the complete conversion of monomers.  

All the experiments involved in this paper were conducted on a Dynamic 

Mechanical Analyzer (DMA, TA Instruments, Model Q800, New Castle, DE, USA). The 
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SMP was cast into rectangular specimens with a uniform dimension of 10 mm×3 

mm×0.2 mm. 

2.2 DMA test 

DMA tests were performed to characterize the glass transition behavior of the 

acrylate SMPs. The SMP specimen was firstly heated to 95 °C on the DMA machine and 

stabilized for 20 minutes to reach thermal equilibrium. During the experiment, the strain 

was oscillated at a frequency of 1 Hz with a peak-to-peak amplitude of 0.1% while the 

temperature was decreased from 95 °C to 5 °C at a rate of 1 °C/min. 

2.3 Thermomechanical working cycle of SMPs 

Free recovery tests of acrylate SMP were conducted on the DMA machine by using a 

strain controlled methods, and the detailed procedure follow the SM cycle shown in 

Figure 1a: In the programming step, the SMP is stretched to a target strain 
maxe  (20%) 

with a constant loading rate e&  (0.01/s) at the programming temperature Td, followed by a 

specified holding time (th) at Td before being cooled to the shape fixing temperature TL 

(20
o
C) at a rate of 2.5°C/min. Once TL is reached, the specimen is held for one hour then 

the tensile force is removed. In the free recovery step, the temperature is increased to the 

recovery temperature Tr at a given heating rate of q. The strain evolution during this step 

was used to calculate the time dependent shape recovery ratio.  

Throughout the paper, the shape recovery ratio rR  and the shape recovery speed rV  

are respectively defined as [25, 44] 

 1 ( )r rR e t e= −   (1a) 

and  r
r

H

R
V

T

∂
=
∂

,  (1b) 
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where ( )e t  is the strain evolution during the free recovery step, 
re  is the strain measured 

at the start of the free recovery process, ( )HT t qt=  is the time dependent recovery 

temperature, and the characteristic recovery temperature Tc is taken to be the temperature 

corresponding to the maximum recovery speed (see Figure 1b). 

  
 (a)  (b) 
Figure 1. A schematic illustration of (a) the thermomechanical history of the programming and 

free recovery process in a SM cycle, and (b) the characteristic free recovery temperature Tc 

 

3. Constitutive Modeling of SMPs 

Currently, theoretical studies of shape memory phenomena in polymers are mainly 

based on two modeling approaches: phase evolution [45-50] and thermoviscoelastic 

modeling method [27, 51-55]. Here in this study, to capture the shape memory properties 

of the acrylate-based SMP, we use a multi-branched thermoviscoelastic constitutive 

model. The model resembles a generalized Maxwell element that consists of one 

equilibrium branch and several thermoviscoelastic nonequilibrium branches (number of n) 

to represent the multiple relaxation processes (for example, Rouse modes) of the polymer. 

eqE  and 
iE  is the elastic modulus in the equilibrium and nonequilibrium branches, 

respectively. ( )i Tτ  denotes the temperature dependent relaxation time in the dashpots. A 
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detailed description of the multi-branch model for SMP application can be found in Yu et 

al [27], which is also shown in the supplementary material of this paper. Its extension for 

3D nonlinear model can be found in Westbrook et al [54] and Diani et al [53]. 

Here, it is assumed that the time-temperature shift for each branch follows the same 

rule. According to the well-established “thermorheological simplicity” principle [56] 

under a non-isothermal condition, the relaxation times (or viscosity) of each 

nonequilibrium branch vary as the temperature changes: 

 ,  (2) 

where  is a time-temperature superposition (TTSP) shifting factor, and
 

 is the 

reference relaxation time at the temperature when .  

Depending on whether the temperature is above or below a shifting temperature Ts 

[57], the shift factor  is respectively calculated by the following two equations, 

namely the (Williams-Landel-Ferry) WLF equation [58] and the Arrhenius-Type 

equation [59]:  

 , (3a) 

 .  (3b) 

where Tr is the WLF reference temperature, C1 and C2 are material constants that depend 

on the choice of Tr, A is a material constant, Fc is the configurational energy and kb is 

Boltzmann’s constant. Ts is taken to be the crossing point of two curves representing Eqs. 

3a and 3b on a  vs T plot. 

0( )i T iT=τ α τ

( )
T

Tα 0

iτ

( ) 1T Tα =

( )
T

Tα

( )
( )

1

2

( )
r

T

r

C T T
log T

C T T

−
= −

+ −
α

1 1
( ) c

T

b g

AF
ln T

k T T

 
= − −  

 
α

( )
T

Tα
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The model parameters were determined by using the tan δ and storage modulus of the 

SMP obtained in the DMA tests. The identification procedure is briefly introduced in the 

supplementary material. A detailed model parameters identification method of the multi-

branch model can be found in previous studies [27, 52, 53].  It should be noted that in this 

paper, the applied modeling method is based on linear thermoviscoelasticity. Cautions 

should be taken if a SMP demonstrates highly nonlinear or inelastic behavior. Small 

strain DMA test will be insufficient to characterize the thermoviscoelastic (or 

thermoviscoplastic) behaviors and thus may not be able to provide an accurate estimation 

of the SM performance. In this case, nonlinear modeling approach such as those 

presented by Abrahamson et al.[60], Tobushi et al.[61] and Srinivasa et al. [62] can be 

used. 

As shown in Figure 2a, the identified parameters could enable the multi-branch model 

to successfully capture the experimental storage modulus and tanδ curves within the 

entire testing temperature range (5
o 

C-95
o 

C). The temperature dependent shift factors 

were then calculated by using Eq. 3 and plotted in Figure 2b as a function of temperature. 

The final set of model parameters are listed in Table 1. Compared with our previous work, 

where seven nonequilibrium branches are constructed in the multi-branch model, the 

amount of nonequilibrium branch in this study is extended to be sixteen with refined 

relaxation time distribution, which will enable a smooth and accurate prediction on the 

recovery speed curves versus recovery temperature.  
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 (a)  (b) 

Figure 2. (a) 1D estimation for the DMA result of SMP by using NLREG software. The original 

experimental curves are shown in solid lines. (b) Shifting factors at different temperatures: above 

27.5 °C, shifting factors follow the WLF equation; below 27.5 °C, shifting factors follow the 

Arrhenius-Type behavior. 

Table 1. Parameters of the multi-branched constitutive model 

Parameters Values Parameters Values 

1C  16.44 2C  51.6 
o
C 

1

c bAF k −  -40000 K gT  42.7 
o
C 

sT  27.5 
o
C MT  30 

o
C 

eqE  3.05 MPa 

iE
 

(424.2, 424.2, 399.2, 276.6, 329.7, 245.3, 153.4, 64.4, 23.5, 7.51, 3.02, 1.50, 0.71, 

0.43, 0.12, 0.16) MPa for [1,16]i∈  

0

iτ  
(10

-0.5
, 10

0
, 10

0.5
, 10

1
, 10

1.5
, 10

2
, 10

2.5
, 10

3
, 10

3.5
, 10

4
, 10

4.5
, 10

5
, 10

5.5
, 10

6
, 10

6.5
, 10

7
) 

s, for
 

[1,16]i∈  

 

4. Results and Discussion 

4.1 Experimental Observations 

We start our discussions by firstly showing some experimental observations on the 

free recovery ratio and speed under different programming and recovery conditions. As a 

baseline SM cycle, the programming temperature Td, the holding time th at Td and the 

recovery heating rate q are respectively set to be 35
o
C, 60s and 1

o
C/min. Other 
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experimental setup is the same as that described in Section 2.3. As comparisons, another 

two SM cycles were performed: one with increased programming temperature (Td=40
 o

C), 

while the other one with decreased heating rate (q=0.1 
o
C/min). The shape recovery ratio 

and speed in these three SM cycles are respectively plotted in Figure 3a and 3b as a 

function of recovery temperature (TH). 

As shown in Figure 3, both programing temperature and heating rate significantly 

affect the material free recovery profile: On one hand, increasing Td from 35 
o
C to 40 

o
C 

will decrease the shape recovery speed under the same heating rate, and elevates the Tc 

from 34
 o

C to 38
 o

C. On the other hand, similar with previous study of Tobushi et al. [41], 

decreasing q increases the recovery speed versus recovery temperature, and consequently 

shift Tc to a small value. This is because a lower heating rate, which means longer heating 

time before reaching a given recovery temperature, would allow the SMPs to evolve 

more towards the equilibrium state and hence give a larger recovery strain. When the 

heating rate is set to be 0.1 
o
C/min, the Tc is seen to be decreased from 34

 o
C to 30 

o
C.  

In addition to the experimental observations, simulation results based on the multi-

branch model and predetermined model parameters are also plotted in Figure 3 as dash 

lines. It could be seen that the numerical simulations adequately capture the temperature 

dependent shape recovery ratio and normalized recovery speed. In the following, 

parametric studies based on the multi-branch model will be performed to investigate the 

influence of programing and recovery conditions on the TME in SMPs. 
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 (a)  (b) 

Figure 3 Influence of programming temperature and heating rate on the temperature dependent. 

(a) shape recovery ratio and (b) normalized shape recovery speed. Note: the dash line denote 

simulation curves by using the 1D multi-branch model. 

4.2 Influence of Programming Condition  

The influence of Td on the polymer free recovery profile is predicted and 

demonstrated in Figures 4a and 4b, where the Td is gradually increased from 25 
o
C to 59 

o
C (2 

o
C of temperature interval) during the simulation. The holding time th at Td and the 

heating rate during the free recovery are respectively set to be 60s and 1 
o
C/min in each 

case. Figure 4c further plots the Tc during the polymer free recovery as a function of 

applied Td.  

Two main features could be found from the numerical simulations in Figure 4. Firstly, 

within a specific temperature range (~30
o
C - ~47.5

o
C), increasing programming 

temperature will decrease the recovery speed versus recovery temperature. Tc increases 

with Td in exhibiting a roughly linear relation. This obeys the recognition of traditional 

TME that Tc observed during the free recovery step is close to the Td applied at 

programing step. Secondly, beyond this temperature range, changing Td does not 

obviously affect the Tc. This prediction, that the TME could only be realized within a 

given temperature range, is consistent with the recent study of Wang et al [42].  
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 (a)  (b) 

 
(c) 

Figure 4. Parametric study on the influence of programing temperature. Td increases from 25 
o
C 

to 59 
o
C with 2 

o
C of temperature interval.  (a) Shape recovery ratio as a function of recovery 

temperature. (b) Shape recovery speed as a function of recovery temperature. (c) Tc as a function 

of Td 

The two features shown in Figure 4 could be explained by examining the stress 

distribution within each branch of the multi-branch model. Previously, we demonstrated 

that if the same thermo-temporal recovery conditions are applied on SMPs, their free 

recovery profiles are only dependent on the stress distribution after unloading, or namely 

the stress distribution at the beginning of recovery [27]. Figure 5a shows this stress 

distribution at the end of seven different programming conditions with different Td (27.5 

o
C, 30 

 o
C, 40 

o
C, 47.5 

o
C and 60 

o
C respectively).  
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As the temperature is higher than 47.5
 o

C, Tc is observed to be independent of Td. This 

phenomenon can be explained as followings: when the SMPs are stretched at higher 

temperatures, the elastic strain development within each nonequilibrium branch is small 

due to the high mobility of dashpots. The stress relaxation in the subsequent holding and 

cooling steps will further release these nonequilibrium elastic strains. During the 

unloading at low temperature, removing the external load will cause a re-distribution of 

strains (due to the rebalance of forces to maintain overall equilibrium) in all the branches 

[24, 27], and internal stress state after unloading is that only the equilibrium spring 

remains in tension while the rest springs are being compressed (see Figure 5a for the case 

of Td =47.5 
o
C and 60

 o
C). In this manner, when the temperature is raised again during the 

recovery step, only the equilibrium branch provides driven forces for viscous strain 

release (see Figure 5b) and material shape recovery, while the rest branches keep on 

resisting until the contained dashpots are activated. Since the nonequilibrium elastic 

stress are already released essentially before unloading for the case of Td =47.5 
o
C, 

further increasing the programming temperature to 60 
o
C will not affect the rheological 

stress state, and therefore, the subsequent free recovery curve of SMPs are almost the 

same. This is the reason for Td =47.5 
o
C being observed as the upper temperature limit for 

TME in the acrylate SMP as seen in Figure 4c.  

However, when gradually decrease the programming temperature from 47.5 
o
C to 30 

o
C, the dashpots mobility is decreasing, and considerable elastic strain could be 

developed when stretching the multi-branch model, especially in branches with larger 

relaxation times. These elastic strains could not be totally released during the subsequent 

holding and cooling, and will be stable when the temperature is low. As seen in Figure 5a, 
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decreasing the programming temperature will change the rheological stress state after 

unloading in two ways: firstly, the stress magnitude in each nonequilibrium branch is 

increased. The intensified stress state will proportionally increase the releasing rate of 

viscous strain in the dashpots (see bottom figure in Figure 5b). Secondly, after the stress 

re-distribution among all the branches during the unloading, more and more 

nonequilibrium springs will remain stretched in addition to the equilibrium spring. These 

branches will provide additional driven forces for the shape recovery of the multi-branch 

model, and consequently increase the recovery speed.   

In the rheological multi-branch model, this additional driven force, namely the tensile 

stresses in the nonequilibrium branches at the beginning of recovery, is essentially 

representing the internal energy stored in the real polymer system after the programing 

step. When stretching the polymer network at lower temperatures, mobility of polymer 

chains might be insufficient for them to adjust the self-conformation and fully comply 

with the external deformation. In this manner, in addition to the network entropy change, 

some internal energy will also be generated and stored within the SMPs. This internal 

energy is originated from the alteration in macromolecule bond length and angle during 

the deformation, and will assist the spontaneous shape recovery of the polymer network 

upon reheating. 

According to the influence of programming temperature as revealed in Figure 5a, it 

seems that decreasing the programming temperature is a good choice to increase the 

shape recovery speed. But this will sacrifice the material’s shape fixing ability because 

the material tends to be unstable during unloading and a large portion of the programmed 

deformation is recovered right after unloading [27], which is unfavorable in most 
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engineering applications. For example, when Td =30 
o
C, only ~41% of the programmed 

strain is fixed after unloading. Further decrease the programming temperature will 

continually decrease the polymer’s shape fixity, but does affect the stress state too much. 

In this manner, the recovery Tc will remain unchanged when Td is below 30 
o
C.  

    
 (a)  (b) 

Figure 5. (a) Stress distribution after unloading in seven different programing conditions. (b) 

Viscous strain release in each nonequilibrium branch and strain evolution in the equilibrium 

branch for the case of Td=47.5 
o
C and Td=30 

o
C 

Now it is clear that the rheological stress state at the beginning of free recovery is the 

key to determine Tc. Previously, we have demonstrated that this stress state is only 

dependent on the reduced programming time rt  [27]. For non-isothermal process,  

 
0 ( )

t

r

ds
t

Tα
= ∫ , (6) 

where t is the physical time and T is the temperature evolution during the programming 

step. Therefore, in addition to Td, any other thermo-temporal programming conditions, 

such as holding time th after loading, cooling rates, and shape fixing temperature TL etc., 
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can also affect the recovery speed and the Tc by changing the reduced programming time 

and then consequently the rheological stress state. Here, we select the th as the parametric 

variable, and the predicted free recovery curves are shown in Figure 6a. The Td and 

heating rate q are set to be 35 
o
C and 1 

o
C/min respectively in each simulation case.  

As shown in the figure, increasing the holding time th will decrease the recovery 

speed because it plays the same role as increasing Td in determining the reduced 

programming time.  Besides, two boundary holding times are revealed from the figure: 

one represents the extreme condition that no holding time is applied (black curve). While 

for the second one, it indicates a 6×10
4
s (~17 hours) holding time at Td =35 

o
C is long 

enough to essentially release the elastic stresses in nonequilibrium branches during the 

programming, and the corresponding recovery profile is therefore the same as that with th 

=6×10
8
 s (~19 years) .  

Subsequently, Figure 6b summarizes the recovery Tc as a function of both Td and 

holding time th. Clearly, the relation between Tc and Td is not unique under the influence 

of th. A longer holding time will increase the Tc towards a saturated level at ~ 47.5 
o
C. 

Besides, both onset and offset value of the temperature range with TME observed 

decreases with the holding time increment.  

For the curves in Figure 6b, after shifting each of them horizontally to a reference 

holding time th0, namely by 

 
0( , ) ( , )c d h c th d hT T t T T tα= ,  (7a) 

where 
thα is the holding time dependent shift factors, a master curve can be constructed 

as shown in Figure 6c. The corresponding shift factors are plotted in Figure 6d as a 
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function of holding time. A linear relation between 
thα  and th is then revealed in the 

semi-log scale. By using the nonlinear regression method, we approximate the relation as 

 
0

0.85 0.083log( )h
th

h

t

t
α = + .  (7b) 

Within the temperature range with clear TME observed, Eq. 7 quantitatively 

demonstrates the packaging effect of both programming temperature and holding time on 

the Tc. That is, when a large holding time is applied during the programming step, the 

corresponding shift factor will be exponentially ramped and therefore a smaller Td should 

be used if an equivalent Tc is expected. Otherwise the Tc will be monotonically increased. 

The analysis on the effect of increasing Td and th can be extended to the influence of other 

thermo-temporal programming conditions, such as decreasing loading rate, cooling rates, 

or increase the stabilization time at TL etc. 

 
 (a)  (b) 
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 (c)  (d) 

Figure 6. Influence of both Td and holding time on the free recovery profiles and Tc of SMPs. (a) 

The predicted free recovery curves with different holding times. Td=35 
o
C. (b) Tc plotted as a 

function of both holding time and Td. (c) The constructed master curve of Tc. the reference 

holding time th0=6×10
1
s. (d) The holding time dependent shift factors during the construction of 

master curve. 

4.3 Influence of Recovery Conditions  

In addition to the programming condition, we will show in this section that the 

relation between Tc and Td is also dependent on the free recovery condition. Considering 

the SM cycle shown in Figure 1a, the only parametric variable under investigation is the 

recovery heating rate q. Figure 7a shows the predicted free recovery curves with q 

increasing from 10
-3 o

C/min to 10
2
 
o
C/min. All the programming procedures are set to be 

identical in each simulation case with Td= 35 
o
C and holding time equal to 60s.  

As demonstrated in our previous study [27], if the SMPs are experienced by the same 

programming step, their free recovery ratio is only dependent on the reduced recovery 

time, and a larger reduced recovery time will lead to a higher recovery ratio, namely: 

 ( )r r rR R t=   (8a) 

with  
( )

H

L

T

r
T

dT
t

q Tα
= ∫  , (8b) 
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where TH is a given recovery temperature. Eq. 8b indicates that a larger heating rate will 

decrease the reduced recovery time and then consequently the recovery ratio when TH is 

reached, as confirmed in Figure 7a. Figure 7b summarizes the recovery Tc as a function 

of both Td and q. In addition to the revealed relation between Tc and Td that is dependent 

on q, the temperature range to observe TME is shown to be unchanged upon changing the 

heating rate.  

Subsequently, by shifting each curves in Figure 7b vertically into to a reference 

heating rate (q0=10
0 o

C/min) according to  

 0

1
( , ) ( , )c d c d

q

T T q T T q
α

=   (9a) 

where 
q

α  is a heating rate dependent shift factor, the curves are seen to be rejoined 

together to form a master curve, as shown in Figure 7c. The corresponding shift factors 

are summarized in Figure 7d. In the semi-log scale, the shift factor is linearly decreased 

as the increment of heating rate, namely: 

 
0

1 0.092log( )
q

q

q
α = −   (9b) 

Eq. 9 quantitatively approximates the influence of recovery heating rate on the Tc 

with two features revealed: firstly, when a larger heating rate q is applied during the 

polymer free recovery step, both the shift factor and corresponding Tc will be decreased. 

Secondly, different from the above mentioned effect of programing condition, there is no 

boundary heating rate condition for the influence of heating rate. Keeping on increasing q 

will continually elevate Tc towards the target TH. An infinitely large value is representing 

an isothermal recovery condition, where the Tc is always equal to TH regardless of the 

applied programming temperature. In the opposite, if no heat is applied during the 
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recovery step, namely q=0, a thermally simple SMP can still recover into the original 

shape, even though this process may take for several years [8, 27]. Under this condition, 

Tc is equal to the shape fixing temperature TL.  

  
 (a)  (b) 

  
 (c)  (d) 

Figure 7. Influence of both Td and heating rate q on the free recovery profiles and Tc of SMPs. (a) 

The predicted free recovery curves with different heating rates. Td=35 
o
C and holding time equals 

to 6s.  (b) Tc plotted as a function of both Td and q. (c) The constructed master curve of Tc. The 

reference heating rate q0=10
0 o

C/min. (d) The heating rate dependent shift factors during the 

construction of master curve. 

 

5. Conclusion 
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In this paper, from both experimental and theoretical point of view, we investigated 

the temperature memory effect (TME) in the acrylate based amorphous shape memory 

polymer (SMP). Different from the tradition definition of TME in the SMPs, our study 

indicates that the characteristic recovery temperature (Tc), which is the temperature with 

maximum recovery speed, is not always equal to the programming temperature (Td). By 

revealing the underlying mechanism, we can gain a deeper understanding of how the 

programming and recovery conditions will affect the free recovery behavior of SMPs 

synergistically, which consequently provides a facile strategy to optimize the shape 

memory performance of SMPs by adjusting their thermomechanical working conditions, 

instead of developing new polymer systems. Such strategy offers huge convenience for 

engineering SMPs in the industry, especially in the field of medical, aeronautics and 

astronautics, where a long period of performance verification and official approval is 

typically expected.  
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