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a b s t r a c t

Styrene-based shape memory polymer (SMP) tubes were fabricated and their basic mechanical prop-
erties in different deformation states were investigated. The tensile, compression, bending and twisting
shape memory properties of the tubes were analyzed and discussed, and the results indicated that SMP
tubes exhibit good shape fixity ratio and shape recovery ratio. In addition, the shape recovery behavior
was investigated at different heating rates. These experimental results will provide guidance for future
applications of SMP tube structures.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Shape memory polymers (SMPs) are a class of stimulus-
responsive materials, which retain a temporary shape and
recover the original state in response to various external stimuli,
such as temperature, electricity, light, solutions, etc. [1e5]. Due to
the unique advantages of large deformation, widely tailored tran-
sition temperature and low cost, SMPs and their composites are
attracting more and more attentions [6,7]. Nowadays, many
achievements have been obtained in the synthesis technology,
properties characterization, structure fabrication, experimental
investigation and theory analysis. Various SMPs have been suc-
cessfully synthesized, mainly including polyurethane-based SMP
[8,9], styrene-based SMP [10,11], epoxy-based SMP [12e14],
cyanate ester-based SMP [15,16] and polyamide-based SMP [17,18].
Moreover, various actuation methods have been developed to
trigger SMPs and their composites. SMPs can be classified according
to the activation method, for example temperature-induced SMP
[19], electricity-induced SMP [20], light-induced SMP [21],
microwave-induced SMP [22], magnetic-induced SMP [23], and
water/solution-induced SMP [24], etc. Furthermore, many defor-
mation structures have been proposed fromone-way SMPs through
two-way SMPs and multistage SMP to realize more complex
functions [25e27]. The application fields have also covered a wide
range, including aerospace engineering (hinge, truss, boom and
reflector, etc.) [28e30], bio-medicine (suture, stent and orthodon-
tics etc.) [31e33] and textile industry (coatings, finishing, weaving
and knitting, etc.) [34e36]. For theoretical analysis of SMP mate-
rials, two general approaches have been used, one based on clas-
sical viscoelastic theory and the other based on phase transform
theory [37e39].

Current experimental investigations are mostly focusing on SMP
plates [40e42]. In contrast, there is little literature concerning the
mechanical behavior of SMP tubes which are commonly used as
actuators or smart deformable structures [43e48]. Baghani M et al.
[43,44] built a three-dimensional SMP constitute model and
simulated the shape memory effect of SMP tubes. Leng et al. [45]
designed and fabricated an eight paws release device and tested
the twisting recovery using electrical resistor-based heating,
however they did not consider the effect of heating rate on these
tubes. In addition, Yakacki et al. [46] synthesized acrylate-based
SMPs that have been considered for biomedical applications.
Takashima et al. [47,48] also reported the bending and rotation
mechanism in SMP pneumatic actuators.

In this study, we fabricated styrene-based SMP tubes and
analyzed their mechanical properties including tensile, compres-
sion, bending and twisting deformation properties. These results
will provide experimental guidance for future applications. This
study is organized as follows. Sections 2: the basic static and dy-
namic properties of SMPs were characterized by static tensile test
and dynamic mechanical analysis to obtain elastic modulus and
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Fig. 2. Tensile properties of SMP materials at different temperatures. Elastic modulus
curve from 22 �C to 82 �C (Black color); Strain at breaking point curve from 22 �C to
82 �C (Blue color). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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glass transition temperature. Section 3: tensile, compression,
bending and twisting experiments were designed and analyzed
under different load conditions, and the shape fixity and recovery
ratios were measured by free-recovery and constrained-recovery
experiments, respectively. Section 4 summaries our conclusions.

2. Basic mechanical properties of SMP materials

2.1. Materials

Thermosetting styrene-based SMPs were used to fabricate SMP
tubes for tensile, compression, bending and twisting experiments.
The detailed synthesis and curing processes were retained by
Harbin Institute of Technology (HIT), the process can be shown in
Ref. [11]. Dumbbell samples were used to test the static mechanical
properties based on the standard of ASTM D638. Rectangular plate
samples were cut to study the dynamic mechanical properties of
SMP.

2.2. Static tensile test for SMP

Tensile experiments under isothermal temperature condition
were carried out from 22 �C to 82 �C with increments of 10 �C, five
samples were tested at every temperature. A Zwick010 tensile
machine with 1 kN load cell was used to measure the maximum
load and elastic modulus at a rate of 2 mm/min until the specimens
broke. The sizes of specimens were cut as 115 mm � 6 mm �
2.89 mm according to ASTM D638. The deformation-load curves at
different temperatures are shown in Fig. 1.
Fig. 1. Deformation-load curves at different temperatures. (a) Temperature ranges
from 22 �C to 82 �C; (b) Temperature ranges from 52 �C to 82 �C.
Fig. 1(a) shows that the load curves begin to obviously yield
when the temperature is lower than 42 �C. The maximum load
declined quickly when the temperature was above 32 �C and the
curves exhibited a similar trend when the temperature was above
42 �C. In order to better understand the relationship between
deformation and load, the curves above 52 �C are re-plotted in
Fig. 1(b). The elastic modulus and strain at the material breaking
point are plotted in Fig. 2. The elastic modulus decreased quickly
from 22 �C to 82 �C, SMPs gradually changed from glass state to
rubber state. When the temperatures were above 52 �C, the elastic
modulus was near constant which meant that the SMPs were in the
rubber state. In addition, the strain at breaking point (deformation
divided by gage length 25 mm) first increased and then declined
with increasing temperature. The critical value was between 32 �C
and 42 �C, meaning that the SMP possessed best deformation
ability in this temperature range.

2.3. Dynamic mechanical analysis

Dynamic mechanical analyzer (DMA) from 01Db-Metravib
(France) was used to characterize the basic dynamic mechanics
(Storage modulus, loss modulus and loss factor) of SMP materials.
The dimension of sample was 33.4 mm � 11.6 mm � 2.89 mm and
the single/dual-cantilever modewith displacement-controlled load
was applied from 25 �C to 120 �C at different heating rates. The
glass transition temperatures of SMPs were obtained by three
methods, including deviation peak value of storage modulus
(Method 1), peak value of loss modulus (Method 2) and peak value
of loss factor (Method 3) [49e51], as shown in Fig. 3. The results
demonstrated the glass transition temperatures derived from peak
value of loss modulus and deviation peak value of storage modulus
were obviously lower than the peak value of loss factor. The tran-
sition temperature ranged from 42.65 �C to 81.27 �C at different
heating rates. In our work, the low temperature (room tempera-
ture) and high temperature (80 �C) were used as critical tempera-
ture to hold temporary shape and recover the initial shapes of SMP
tubes under different deformation conditions in the following
section, such as investigate tensile, compression, bending and
twisting deformation.

3. Shape memory experiments and analysis

3.1. Thermomechanical cycle for SMP materials

In general, a typical thermomechanical cycle has five steps. Step



Fig. 3. Glass transition temperatures of SMP materials at different heating rates.
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①: Fabricating the SMP tube and heating it above the glass tran-
sition temperature. Step ②: Holding the high temperature and
deforming the SMP tube into pre-deformed shape. Step③: Holding
the pre-deformed shape and reducing the temperature below the
glass transition temperature. Step④: Holding the low temperature
and removing the load. Step ⑤ includes two conditions; (i) free-
recovery experiment: Maintaining a 0 N load and reheating the
sample above the glass transition temperature, and (ii)
constrained-recovery experiment: Maintaining the pre-deformed
shape after removing the load and reheating above the glass
transition temperature. The temperature-time curve and load-time
curve of free-recovery and constrained-recovery experiments are
shown in Fig. 4.
3.2. Free-recovery test for tensile deformation

For the free-recovery thermomechanical shape memory pro-
cess, the load should be 0 N after removing the load at low tem-
perature. In order to maintain the straight shape of the SMP tube,
the load is held at a small value during the reheating process.
Finally, the pre-deformed shape gradually recovers the original
shape with increasing temperature.

SMP tubes with inner diameter 36 mm, outer diameter 40 mm
and total length 115 mm were fabricated for the tensile
Fig. 4. Temperature-time curves and load-time curves of SMP.
experiments. The hose clamps, end fixity and load bearing devices
were assembled together to form the tensile structures. A Zwick010
tensile machine equipped with a 1 kN load cell and temperature
chamber was used during the deformation and recovery stages of
the tensile test. As shown in Fig. 5, a small pre-load is used to keep
the tubes straight. First, the sample was deformed by 5 mm at high
temperature (80 �C), which amounted to a 5% strain for the SMP
tube (the net distance was 100 mm between the two end hose
clamps). Since the SMP tube was in the rubber state, the load was
small, only about 14.5 N. Afterwards, the samplewas cooled and the
load was removed. After that, a small load of about 1 N was applied
to keep the tube straight. Finally, the sample was reheated to
recover the shape.

Fig. 6 shows the shape memory properties of SMP tubes at
different heating rates. As shown in Fig. 6(a), the higher the heating
rate, the more the curves move towards a higher temperature. Both
the start and end temperature for shape recovery are significantly
different. The start temperature increased from 42 �C at 2.5 �C/min
to 55 �C at 10 �C/min, and the end temperature increased from
60 �C at 2.5 �C/min to 80 �C at 10� C/min. The heating rates had an
obvious effect on the recovery process. The shape fixity ratios are
higher than 97% and the shape recovery ratios are higher than 95%
after the samples are reheated above the glass transition temper-
ature, as shown in Fig. 6(b). These results verified that the SMP
tubes exhibited good shape memory behavior.

It was noted that the thermal expansion effect was obvious
when the temperaturewas low, so the deformation increased at the
initial step. After that, the deformation recovered quickly to the
original state. The recovery rate increased and recovery time
reduced with increasing heating rate. In addition, due to limitations
of the Zwick010 machine, it was difficult to record the recovery
deformation at small loads (1 N), so the reported peak values of the
load curves always exceeded 1 N during the heating process. The
load curves at different heating rates were similar with a Gaussian
function distribution, which can avoid the shock effect during the
recovery process.

3.3. Constrained-recovery test for tensile deformation

For the constrained-recovery process, the deformation
Fig. 5. Tensile test setup for the SMP tubes.



Fig. 8. (a). Experimental setup for compression test; (b). Shape recovery curves during
compression test.

Fig. 7. Shape memory properties of SMP tubes during constrained-recovery test. (a)
Time-deformation curves of SMP tubes; (b) Load recovery curves of SMP tubes.

Fig. 6. Shape memory properties of SMP tubes during free-recovery test. (a)Temper-
ature-deformation curves of SMP tubes; (b) Temperature-shape recovery ratio curves
of SMP tubes.
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maintained constant after removing the load at low temperature.
The load changed with increasing temperature under constant
deformation state during the constrained-recovery process. In our
work, the original deformation at high temperature was the same
as for the free-recovery test. The shape memory properties of
constrained-recovery SMP tubes are shown in Fig. 7.

Fig. 7(a) shows that the deformation declined little after
removing the load at low temperature. The shape fixity ratios are
more than 97%. The deformation-load curves were linear for small
strain deformations (<5%), and the SMP tubes can be assumed as
elastic materials during the deformation process. As shown in
Fig. 7(b), the load gradually comes back to the original pre-
deformed values in the constrained-recovery test, and the load
curves change as the temperature increases. At first, the values
decreased due to the thermal expansion effect of SMP tubes.
Beyond the turning point, the values gradually increase with tem-
perature until the original shape is recovered, due to the release of
stored strain during the cooling step. The compression values
increased at the turning point shifted to higher temperatures with
increased heating rate.

3.4. Free-recovery test for compression deformation

Apart from the tensile deformation, the compression behavior
in the radial direction was also investigated. Such deformation and
recovery properties are commonly used in biomedical application
[33,46]. The main advantages include the large compressive vol-
ume ratio and the good shape recovery ability. SMP tubes identical
to those used during the tensile experiments were used to analyze
the radial compression properties, with an experimental setup that
included PMMA plates, steel rulers and a camera, as shown in
Fig. 8(a). The PMMA plates were assembled into a support structure
along with, two vertical steel rulers and the camera to record
temperature induced shape recovery process. The shape recovery
behavior at different heating rates is plotted in Fig. 8(b). The re-
covery temperature increased from 40 �C at 2.5 �C/min to 55 �C at



Fig. 9. Shape recovery process of compressed SMP tubes.
10 �C/min. However, the shape recovery profiles were similar and
the original circular shapes were recovered at all heating rates.

Images extracted from the video record were used to charac-
terize the shape recovery behavior at different heating rates. Fig. 9
shows the shape recovery behavior at a heating rate of 5 �C/min.
Starting at 30 �C, the tube was initially in a compressed state; af-
terwards, with the temperature raised to 50 �C, the tube began the
recovery process, with further recovery of the cross-sectional
profile at 55 �C and 60 �C. With the temperature raised to 70 �C
and beyond, the original shape was fully recovered and the total
recovery time was 627 s from room temperature to 78 �C.
3.5. Free-recovery test for bending deformation

To investigate the potential aerospace applications such as
hinges, booms and support parts of antenna [29], an experiment
was set to analyze the bending behavior of SMP tubes. The exper-
imental setup included a PMMA plate acting as a cuboid support
structure, mounted inside a temperature controlled chamber with
a camera to record the temporal deformation, as shown in
Fig. 10(a). The shape recovery behavior at different heating rates is
shown in Fig. 10(b). Although the heating rates influenced the
shape recovery behavior, the tubes consistently recovered the
initial shapes.

Fig. 11 shows the shape recovery behavior at a heating rate of
5 �C/min. There was very limited shape recovery as temperature up
to 50 �C, but obvious recovery between 50 �C and 60 �C. At tem-
peratures above 60 �C, the sample returned to the original straight
shape.
Fig. 10. (a). Experimental setup for bending test; (b). Shape recovery curves during
3.6. Free-recovery test for twisting deformation

The twisting tubes can be used for aerospace applications, such
as release devices [45]. The main advantages lie in the releasing of
storage strain with increasing temperature. The twisting behavior
of SMP tubes were investigated as a function of twisting angle. The
experimental setup made of PMMA plate is shown in Fig. 12. From
the top view of torsion setup, the SMP tube was twisted into the
spiral shape by hand at high temperature and then the temporary
shape held with decreasing temperature, the shape was different
from the simulated contours of reference [43,44], in which the
surface of SMP tube has not happened obviously wrinkle. A pro-
tractor was fixed on the support structure to measure the recovery
bending test.



Fig. 11. Shape recovery process of bending SMP tubes.

Fig. 12. Top view of experimental setup for twisting test.

Fig. 13. Shape recovery process of SMP tubes during twisting test. (a) Time-angle
curves of SMP tubes; (b) Temperature-shape recovery ratio of SMP tubes.
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angle. The experiment setup was put into the thermal chamber and
the twisted angle was set as 90�. The shape recovery processes at
different heating rates are shown in Fig. 13.

Due to the elastic recovery after removing the external load at
low temperature, the original angle of SMP tubes are 83�, 83�, 85�

and the shape fixity ratio are 92.22%, 92.22% and 94.44%, respec-
tively, as shown in Figure 13(a). The recovery time declined obvi-
ously with increasing heating rate and the values were 320 s, 730 s
and 1140 s, respectively. The angle recovered 0� at different heating
rates, which verified that the SMP tubes exhibited good shape
recover performance. The shape recovery ratios at different heating
rates are plotted in Figure 13(b). Although the total shape recovery
trends were similar at different heating rates, the onset and end
temperatures for shape recovery were different. The reason was
that the low heating rate made the SMP tube reach thermal equi-
librium in time, however, the high heating rate only heated the
surface of SMP tube in a short time, the real temperature was lower
than the recorded temperature. The results demonstrated that
external environment changes significantly affected the shape re-
covery ability of SMP structures.
4. Conclusions

The mechanical deformation and shape memory properties of
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styrene-based SMP tubes were investigated in this study. Me-
chanical properties were characterized by static tensile testing and
dynamic mechanical analysis. Tensile, compression, bending and
twisting deformation experiments demonstrated that the shape
fixity and shape recovery ratios of SMP tubes were all higher than
90%. Moreover, the shape recovery properties were affected by
heating rate, with an increase in shape recovery onset temperature
as the heating rate was increased. This work will provide experi-
mental guidance for the future applications, including aerospace,
automotive, robotics, and smart actuator etc.
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