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Abstract: A thermoviscoelastic modeling approach is developed to predict the recovery behaviors of the thermally
activated amorphous shape memory polymers (SMPs) based on the generalized finite deformation viscoelasticity
theory. In this paper, a series of moduli and relaxation times of the generalized Maxwell model is estimated from the
stress relaxation master curve by using the nonlinear regression (NLREG) method. Assuming that the amorphous
SMPs are approximately incompressible isotropic elastomers in the rubbery state, the hyperelastic response of the
materials is well modeled with a hyperelastic model in Ogden form. In addition, the Williams-Landel-Ferry (WLF)
equation is used to describe the horizontal shift factor obtained with time-temperature superposition principle
(TTSP). The finite element simulations show good agreement with the experimental thermomechanical behaviors.
Moreover, the possibility of developing a temperature -responsive intravascular stent with the SMP studied here is
investigated in terms of its thermomechanical property. Therefore, it can be concluded that the model has good
prediction capabilities for the recovery behaviors of amorphous SMPs.
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0 Introduction

Shape memory polymers (SMPs) have drawn
considerable attention in recent years for their capa-
bility to recover a large pre-deformed shape under an
environmental stimulus such as temperature, light,
humidity, solution, electric field or magnetic
field"™. SMPs have plenty of advantages over shape
memory alloys (SMAs) , such as low cost, light
weight, electrical insulation, excellent manufactur-
ability, adjustable transition temperature, potential
biocompatibility and biodegradability. Besides, a

maximum strain of 200% can be stored by SMPs'™,
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compared with that of only about 8% by SMAs'".
Therefore, SMPs have broad applications in many
fields including clothing manufacturing, sensor and
actuators, self-deployable structures in spacecraft,
morphing aircraft and intelligent medical devices''""
Though being outstanding in many aspects
compared with SMAs, SMPs still have shortcom-
ings of much lower recovery stress, much longer re-
covery time and shorter cycle life, etc"?’. Obvious-
ly, the mechanical performance of SMPs can be im-

proved by reinforcing fillers. Therefore, a great vari-

ety of shape memory polymer composites (SMPCs)
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have been developed recently. Apart from the rein-
forcement effect, new stimulus methods, novel
shape memory effects (SMEs) and rich applications
can be enabled or enhanced by many SMPCs.

In general, the achievements made in con-
structing effective mechanical models for SMPs and
SMPCs are much less than that made in developing
novel SMPs and SMPCs. The thermally activated
amorphous SMPs have great potential in many as-
pects for their relative simple trigger mechanism.
Therefore, the main purpose of this paper is to de-
velop a new modeling approach to predicting the re-
covery behaviors of these materials. The following
discussion is under the condition that the glass tran-
sition mechanism accounts for the SMEs of the ther-
mally activated amorphous SMPs.

So far, the modeling approaches for amor-
phous SMPs have been classified into two catego-
ries, 1.e., phase transition modeling and thermovis-
coelastic modeling' ™. In order to describe the shape
storage and recovery effects, the first phase transi-
tion model in which the material was divided into
frozen and active phases was proposed by Liu et al.
in 2006, Thereafter, Qi et al. and Baghani et al.
further developed the phase transition modeling ap-
proaches """, It should be noticed that the phase
transition approaches describe a nonphysical process
which does not occur in real SMPs and this should
be the major shortcoming of these approaches.
Though the phase transition modeling approaches
are commonly used in modeling crystallizable poly-
mers, their phenomenological representations pro-
vide useful predictive tools'™'. The first three -
dimensional (3D) finite deformation thermovisco-
elastic model which is an extension of the three ele-
ments standard linear rheological solid was pro-
posed by Diani et al."*" Nguyen et al."*" further de-
veloped the model by using the theory of structural
and stress relaxation to account for the underlying
shape memory mechanisms. Xiao et al. %) im-
proved the model incorporated with multiple dis-
crete structural and stress relaxation processes and
enabled it to describe the viscoplastic yielding and
flow behavior of the glassy material at low tempera-

tures. Although these thermoviscoelastic models

can well describe and predict the thermomechanical
behaviors of SMPs, they are complicated and a
large number of material parameters should be deter-
mined, which limit their application. To tackle the
problem, Diani et al'*’. used a commercial finite ele-
ment code to predict the torsion shape storage and
recovery behaviors of the SMP in large-deformation
small-strain condition, by assuming that the thermo-
mechanical property solely depends on the material
viscoelasticity coupled with its time-temperature su-
perposition property (TTSP). In the model, the
generalized Maxwell model and Williams - Landel -
Ferry (WLF) equation were used to describe the
viscoelastic behavior and the TTSP, respectively.
Besides, the neo-Hookean model is used to describe
the hyperelastic response of the material in large-de-
formation condition. It should be noted that the mod-
eling approach is convenient since it only needs an
easy and standard use of the code'®. Arrieta et al."*
extended the model to large -strain uniaxial tension
by using the similar approach. It is found that the
model can predict both free length strain recovery
and constrained length stress recovery well. In order
to predict the free recovery behavior of the SMPs,
Ge et al. " presented a simple one - dimensional
model containing only eight parameters based on a
modified standard linear solid model incorporating
Kohlrausch-Williams-Watts stretched relaxation. In
fact, the thromechanical behaviors and the SMEs of
the same material in the same experimental condi-
tions were also predicted by Westbrook et al.'**, by
using a 3D finite deformation constitutive model in-
corporated with a multi-branch modeling approach
for nonequilibrium relaxation processes. Unlike the
modeling approaches presented by Ge et al.'””' and
Westbrook et al.'*', this study presents a thermovis-
coelastic modeling approach in the framework of the
approach developed by Diani et al.'* to predict the
recovery behaviors of the amorphous SMPs in uni-
axial compression. The relevant experimental condi-
tions and results can be found in Refs. [ 27-28].

In the work of Diani et al.** and Arrieta et al.”",
a set of dynamic mechanical analysis (DMA) tests
were conducted to obtain the values of storage mod-

ulus as a function of frequency at different tempera-
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tures. By applying the TTSP, the values of the stor-
age modulus as a function of frequency can be ob-
tained for an otherwise unmeasurable wide range of
frequencies. Then the parameters of the generalized
Maxwell model were determined by fitting this stor-
age modulus master curve. Herein, an alternative
approach for the determination of the parameters of
the generalized Maxwell model will be adopt,
which is based on the test of stress relaxation. As
demonstrated previously, the Ogden model can pro-
vide the best fitting to the stress-strain behavior of
the SMPs at high temperatures, among various
strain energy'®’. Therefore, it is used in this paper
instead of the Neo-Hookean model.

Moreover, the possibility of developing a tem-
perature-responsive stent using the material synthe-
sized by Ge et al."””’ and Westbrook et al."*' is inves-

tigated in the thermomechanical aspect.

1 Modeling and Implementation

The main purpose of this paper is to develop a
modeling approach to predicting the recovery behav-
iors of the amorphous SMPs. The material used
here is synthesized following Ref.[30]. Briefly, the
tert-butyl acrylate (tBA) monomer and crosslinker
poly-(ethylene glycol) dimethacrylate (PEGDMA)
were mixed according to a pre-calculated ratio, and
2, 2-dimethoxy-2-phenylacetophenone was added as

[27]

the photoinitiator'®’. To determine the thermome-
chanical property and SME of the material, the rele-
vant tests were performed by Ge et al.”*” and West-
brook et al.'* Therefore, the corresponding experi-
mental conditions and results can be found in Refs.

[27-28].
1.1 Model description

Similar to the models presented by Ref.[24,
26], the generalized Maxwell model together with
the T'TSP are used to describe the thermovicoelas-
tic behaviors of the amorphous SMPs. In Ref.[ 24,
26] , the parameters of the generalized Maxwell
model were determined from the storage modulus
master curve, i.e. the curve of the storage modulus
values as a function of frequency, by using the meth-
(NLREG). In

od of nonlinear regularization

Ref.[27], the experiments of stress relaxation at 13
different temperatures were carried out. Therefore,
a relaxation master curve at 27.5 °C can be con-
structed by shifting individual relaxation curves with
shifting factors at different temperatures, based on
the TTSP. The experimental data can be found in
Ref. [27]. Therefore, the parameters of the general-
ized Maxwell model are obtained from the stress re-
laxation master curve in this paper. Specifically, the

relaxation Young modulus can be first expressed as

E(Z)Eo@JrEfexp([) (1)
where E.. is the relaxation Young modulus at time
t =oo, E, and 7, are the relaxation Young modulus
and relaxation time of the 7th branch at the reference
temperature. In this paper, the reference tempera-
ture 1s 27.5 °C and E.. is set to be 3 MPa which is
slightly lower than the smallest value of the stress
relaxation master curve. Whereafter, 30 pairs of re-
laxation Young moduli and relaxation times are de-
termined from the stress relaxation master curve by
using an NLREG program of a commercial mathe-
matics software Matlab named LSQNONLIN,
which are listed in Table 1.

Fig.1 shows the comparison between the stress
relaxation master curve identified by using the gener-
alized Maxwell model and obtained from the experi-
ment. Obviously, the simulation results show good
agreement with the experimental data.

For simplicity, only the WLF equation is used
to describe the horizontal shift factor a; obtained by
using the TTSP.

—C(T—T,
Co+T—T.

where C, and C, are the material constants, and T,

(2)

loga; =

is the reference temperature. The values of C,, C,
and T, are 17.44, 51.6 and 27.5 °C, respectively,
which are equal to that of Ref.[27]. Additionally,
the storage Young moduli E'(w ), loss Young mod-
uli E”(w ) and tan ¢ can be derived from the follow-

ing equations

n CUZT,Z
E/(w):Ee+ Z;E,m (3&)
n wz_
E” = E———— 3b
(w) Zl 1F wie? (3b)
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Table 1 Relaxation Young moduli and relaxation times of the generalized Maxwell model

Parameter Value
E,—E;/ MPa 2.22X10 " 1.90x10 ¢ 74710 ° 1.08x10 ! 1.29x10 ! 6.33 10!
n—71 /s 9.98 X 10° 1.0 107 1.0 107 1.0X10° 1.0X10° 9.68X<10°
E,—E,,/ MPa 3.11 5.94 8.61 8.61 9.02 9.02
T,/ S 8.56 <X 10* 1.27 10 2.05x10°° 2.22X10°" 2.22X10° " 2.27X10°°
E.,—E, / MPa 9.02 9.73 1.24 10" 1.94 % 10" 1.94 10" 2.52X 10"
Ty — T/ S 4.17x10°° 2.22X10 " 2.98 < 10° 8.56 X 10° 8.56 X 10° 8.53X 107
E,—E., / MPa 8.90x 10’ 9.10X 10" 9.10X 10" 9.33X 10" 9.34 X< 10" 9.83x10'
Tiy—Tu /S 1.63x 10" 5.81 X107 1.09x10° 5.68 1.64 < 10" 5.68
E,.—E, / MPa 1.23 X107 1.24 X107 1.40x10° 1.47 X107 1.49 %107 2.82X10°
Tos— Ty / S 1.86 X 10° 1.86 X107 1.58x 10! 2.02 8.75x 10" 4.43X10"
10— Experiment”” change a little from 0 °C to 100 °C at a rate of 1 °C/

°  Generalized Maxwell approximation

Stress relaxation modulus / MPa
2

10'
10‘J 1 1 1 L 1 1 1 1 1 L 1
10*10°107°10'10°10'10° 10° 10* 10°10° 10 10°
t/ min

Fig.1 Comparison between the stress relaxation master

curve predicted by the model and the experiment

E"(w)
tand = m (3¢)
where w 1s the frequency. Then the temperature-de-
pendent storage modulus and the relative tand which
is normalized to the maximum can be derived from
Eq. (3) together with the WLF equation at a con-
stant frequency. In Ref.[28], the DMA data of the
SMP were obtained from a temperature sweep test
at 1 °C/min, 0.2% strain and 1 Hz, as shown in
Fig. 2"/, The comparison between the simulation
results and experimental data for the temperature -
dependent storage modulus and the normalized tand
is shown in Fig. 2. Clearly, the simulation results of
present work fit well with the existing experimental
data, which validates the fitting process in this pa-
per. Here, the results predicted by Ref.[28] are
also illustrated in Fig.2. Generally, the predictabili-
ty of this paper is a little better than that of Ref.[ 28]
in this aspect.
The coefficients of thermal expansion (CTE)
for this material can be found in Ref. [28] (see
Fig. 2). Tt should be noted that the CTE values

min. Since the CTE values for the material in the
glassy state and rubbery state are 1.25X10 */°C
and 2.52>X10*'/°C, respectively, an intermediate
value of 2.0X107*/°C is used here for simplicity.
Though the CTE value is not precise, it may have
little influence on the thermomechanical response of

the material since the value is relatively small.

10 - — 1.00
— Experiment™
« — Present work
E 10° == Model of Ref.[28] | ( -5 -
=
= Storage 9
=
g 10°F modulus 10.50 "._E
E > Normalized g
50 3
g 10 025 %
a | S
0.00

0 20 40 60 80 100
Temperature / 'C

Fig.2 Comparison between the simulation and the experi-
ment for the temperature dependent storage modulus

and normalized tand

The proposed model is simple without any ad-
justable parameters. Moreover, the model parame-
ters are not obtained by fitting the shape memory
thermomechanical experiments but on the routine
tests for material property. Therefore, the advan-
tage of this modeling approach is that the model is
convenient to construct and the parameters could be
easily determined. While it is worth noting that the
model is relatively simple as compared with the real
behavior of the material, since the effect of heat con-
duction and the response of pressure on the relax-

ation are not considered.
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1.2 Finite element simulation

As a commercial software for finite element cal-
culation, Abaqus has been proved to be successful in
estimating the nonlinear mechanical behaviors of the
materials. Since both the generalized Maxwell mod-
el and the WLF equation are available in Abaqus,
the model is implemented in this software. The gen-
eralized Maxwell model is based on the linear visco-
elastcity theory which is only used to account for the
small strain viscoelastcity behavior. While the exten-
sion of the generalized Maxwell model for finite
strain and large deformation is also available in
Abaqus, which only requires a reference elastic mod-
el for finite strain and large deformation without
modifying the relaxation times and relaxation modu-
li. Assuming that the amorphous SMPs are approxi-
mately incompressible isotropic elastomers in the
rubbery state, a hyperelastic model is used as the ref-
erence elastic model. The hyperelastic material is de-
scribed in terms of a “strain energy potential”. In
Refl. [28] , isothermal uniaxial compression tests
were performed at temperatures between O and
100 °C to explore the rubbery and glassy behavior®'.
For comparison, the strain energy potential in the
forms of Ogden model, Mooney -Rivlin model and
Neo-Hookean model are used to capture the material
hyperelastic behavior at a high temperature, as
shown in Fig. 3. The best fitting to the test can be
obtained by the Ogden model. Therefore, the Og-
den model will be used here, instead of the Neo -
Hookean model used by Ref.[24,26]. As shown in
Fig. 3, the parameters of the hyperelastic model in

— Experiment™
51 — Ogden model
—— Mooney-Rivlin model
g 4} — Neo-Hooke model
PR
o
& 2}
1 -
0 1 1 1
0 10 20 30 40
Strain / %

Fig.3 Comparison between the stress - strain response at
60 °C predicted by the hyperelastic models and the ex-

periment

Ogden form can be determined in Abaqus by fitting
the stress and strain relationship at the temperature
well above the glass transition temperature T,

(40 °C). The parameters values are listed in Table 2.

Table 2 Parameters of the hyperelastic model in Ogden

form used in Abaqus

) y2z Q;

1 1507 556.28 13.373 7357
2 3199 970.66 24.999 849 3
3 —1731166.32 —12.390 898 4

Since the VISCOELASTIC option of the
Abaqus requires the shear relaxation modulus G;
rather than the relaxation Young modulus E, provid-
ed by the generalized Maxwell model, the relax-
ation Young modulus E; should be converted to the
shear relaxation modulus G; by assuming that the
bulk modulus K is 1 130 MPa and temperature-

independent *”

. The cylindrical deformable part of
the specimen (both the diameter and the height are
10 mm) for compression is meshed with eight-node
biquadratic axisymmetric quadrilateral hybrid ele-

ment (CAXS8H).
1.3 Results

The detailed experimental conditions for the
shape memory cycle in Ref.[28] are presented as
follows. For these experiments, the cylindrical
SMP specimen was initially allowed to equilibrate
at the programming temperature. During an shape
memory cycle experiment, both free and con-
strained conditions during the recovery step were
explored. The thermomechanical test temperatures
for the free and constrained recovery are listed in
Table 3. At the loading temperature, a compres-
sive strain of 20% was applied to the specimen at a
rate of 0.01 s™". Then the specimen was allowed to
relax for 10 min before cooled to the lowest temper-
ature (shape fixing temperature) which is used to
fix the temporary shape at a rate of 2.5 ‘C/min.
Once the temperature reached the shape fixing
one, the specimen was held for 60 min. After expe-
riencing these programming steps, the specimen
could deform freely without any constraint as the

temperature increased at a rate of 2.5 °C /min in the
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free recovery test. Once the temperature reached
the required value, some time was given to the

specimen to stabilize. In contrast with the free re-

covery test, the length of the specimen was fixed
in the constrained recovery test. Here, the total

time for the both recovery processes was 60 min.

Table 3 Thermomechanical test temperature condition for the free and constrained recovery

Description Loading Cooling Recovery
Free recovery/C 40 20 30, 35, 40 and 50
Constrained recovery/C 60 10 60
The finite element simulations incorporated 1.2 50°C
with the model developed here are run under the S iy
same conditions as those of temperature and defor- 208 - —_ Experiment™
mation used experimentally. Fig.4 shows the simula- 306 Yok, " Simulaticn
tion results of the stress of programming for both g 04l
the free and constrained recoveries as a function of 3 02l
time. Clearly, the compressive stress of the loading - . ) ) ) )
0 10 20 30 40 50 60

at 40 °C is much higher than that at 60 °C since the
relaxation time of the material at the lower tempera-
ture 1s longer. The compressive stress decreases fast
in the cooling step. Once the compressive stress van-
ishes, the temporary shape is obtained. Fig.5 shows
the comparison between the finite element predic-
tions and the experiments for free recovery. General-
ly, the model could well predict the free recovery
process of the material except that the onset of the
strain recovery of the simulation is a little earlier
than that of the experiment. Fig.6 shows the recov-
ered stresses of the constrained recovery experiment
and the model. It is clear that there are some discrep-
ancies between the results of model prediction and
experiment. The peak stress of the simulation is
lower than that of the test. Besides, the onset of the
stress recovery of the simulation is shifted to a high-
er temperature. However, it should be noted that

the general stress evolution of the model is consis-

— Programming of free recovery
— Programming of constrained recovery

w

Loading )
Cooling

Stress / MPa
S

—
T

0 L 1 1 L
0 20 40 60 80 100

t/ min

Fig.4 Stress as a function of programming time

t/ min
Fig.5 Comparison between the simulation and the experi-

ment for free recovery

1.5 — - .
xperiment’
— Simulation
£ 1or
=
2
£
@ 051
0.0 1 1 1 1

10 20 30 40 50 60
¢t/ min
Fig.6 Comparison between the simulation and the experi-

ment for constrained recovery

tent with that of the test, and the final recovery
stress of the simulation is close to that of the test.

In general, the model used in this paper could
well predict the recovery behaviors of the amor-
phous SMP. Since T, of the material studied in this
paper is near the normal body temperature of the hu-
man, i.e., 37 °C, the possibility of developing a
temperature-responsive medical stent with this mate-
rial will be investigated in terms of the thermo-

mechanical aspect in the following section.

2 Medical SMP Stent

A realistic stent made of the amorphous SMP
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can be implanted into the blood vessel. In Fig.7, the
stent has an inner radius of R, =10 mm and an outer
radius of R, =12 mm. The diameter of the uniform-
ly distributed holes is 2 mm. Since the SMEs of the
stent are concerned primarily, only a quarter of the
periodic part of the stent geometry is analyzed due

to the symmetry, as shown in Fig.8.

Fig.7 Geometry and finite element discretization of a medi-

cal stent

Fig.8 Geometry and finite element discretization of a quar-

ter of the periodic part of the stent

Here the simulation is carried out for a typical
four-step thermomechanical history :

Step 1
from 0 to 0.13 MPa within 10 s is applied to the top

The pressure that increases linearly

and the bottom surfaces of the stent at 40 °C.

Step 2 The shape is fixed by the external con-
straint and then the temperature decreases at a rate
of 2.5 °C/min.

Step 3  Once it reaches 20 °C, the external
constraint is removed and the temporary shape is ob-
tained.

Step 4 The stent is heated to the human body
temperature (37 °C) when it is implanted into the
blood vessel. For simplicity, the heating rate is as-
sumed to be 2.5 °C/min. Once it reaches 37 °C,

some time is given to the specimen to stabilize. The

total time for this step is 30 min.

The contours in Fig.9 refer to the deformation
and the von-Mises stress of the periodic part at dif-
ferent steps of the thermomechanical cycle. The ini-
tial state and the post -pressed state are shown in
Figs.9(a,b). Fig. 9(c¢) shows the temporary shape
of the stent. The stent in this state can be implanted
into the blood vessel and then heated to the body
temperature. In Fig. 9(d) , the original shape is re-
covered perfectly, which represents that the stent

can hold the blood vessel open to a certain degree.

3 Conclusions

Based on the generalized finite deformation
viscoelasticity theory, a thermoviscoelastic model-
ing approach is presented to predict the recovery
behaviors of the thermally activated amorphous
SMPs. In contrast to the earlier approaches devel-
oped by Ref.[24,26], a series of moduli and re-
laxation times of the generalized Maxwell model is
estimated from the stress relaxation master curve
rather than the storage modulus master curve, by
using the NLREG method. The horizontal shift fac-
tor is described by the WLF equation. The simula-
tion results of present work fit well with the exist-
ing experimental data for the temperature - depen-
dent storage modulus and normalized tané of the
material, which validates the fitting approach in
this paper. Since the extension of the generalized
Maxwell model for finite strain and large deforma-
tion is available in Abaqus, which only requires a
reference elastic model, a hyperelastic model in
Ogden form is used here to model the hyperelastic
response of the material.

Generally, comparisons between the simula-
tion results and the recovery experiments show an
acceptable agreement. Therefore, the model has
good prediction capabilities for the recovery behav-
iors of the amorphous SMPs. Moreover, the possi-
bility of developing a temperature -responsive stent
with the material studied in this paper is investigated
in the thermomechanical aspect. The simulation re-
sults show that the stent can hold the blood vessel

open to a certain degree after experiencing a typical
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(c) Temporary state

(d) State after heating

Fig.9 Deformation and stress for a typical thermomechanical cycle

thermomechanical history.

It should be noted that the advantage of the pro-
posed modeling approach is that the model is conve-
nient to construct and the parameters could be easily
determined from the routine tests for material prop-
erty. The shortcoming is that the model is relatively
simple as compared with the real behavior of the ma-
terial, thus resulting in some quantitative differenc-
es between the model predictions and experiments.
Therefore, an accurate model with more predictive

capabilities should be further developed in the future.
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