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Abstract. A triple-shape memory effect represents that polymers can memorize two temporary shapes and show a subsequent
recovery from the second temporary shape to the first temporary shape and further to the permanent shape with heating,
which provides more design freedom for the applications of shape-memory polymers. In this work, we investigate the shapememory performance of three polymers produced by a commercial 3D printer. Two polymers with a pure component exhibit
distinct glass transition regions spanning 30°C for each material. The copolymer has a broader glass transition region from –4
to 59 °C. The dual-shape memory tests show that the deformation temperature has a limited influence on the two pure polymers, while a clear temperature memory effect can be observed in the copolymer. For the copolymer, the recovery region
has only a small overlap when deformed at 60 and 20 °C, which allows programming two temporary shapes at these two
temperatures. Both uniaxial tension tests and three-dimensional demonstration show that the copolymer exhibits a good
triple-shape memory effect.
Keywords: smart polymers, shape-memory polymers, triple-shape memory effect, 3D printing

1. Introduction
The conventional shape-memory polymers (SMPs),
which can only return to the permanent shape in each
shape memory cycle, display the so-called dualshape memory effect [1–6]. In contrast, the triple
SMPs can fix two temporary shapes and recover sequentially from one temporary shape to the other and
eventually to the permanent shape with increasing
temperature [7–9]. The triple/multiple-shape memory effect, together with the two-way shape memory
effect, has enabled SMPs to perform more functionality, which has potential applications in various
areas, such as sensors and self-deployed structures
[10–12].
Several strategies have been proposed to achieve the
triple-shape memory effect in polymers. Luo and
Mather [7] fabricated shape-memory composites,
consisting of a SMP matrix with a high glass transition

region and non-woven fibers with a low melting
transition region. Chen et al. [13] synthesized crosslinked liquid crystalline networks exhibiting a glass
transition and a nematic-isotropic phase transition.
Hoeher et al. [14] achieved the triple-shape memory
effect by chemical crosslinking a blend of polyethylene with distinctly different melting temperatures.
Hoeher et al. [15] further adopted polymorphism of
syndiotactic polypropylene to design a triple-SMP,
which is sensitive to the heating rate applied for triggering. Some works [16, 17] have employed the coextrusion to create multilayer structures composed of
two or more components, each of which exhibits a
distinct melting or glass transition region. The physical mechanism of achieving the triple-shape memory effects in the above material and structure systems is that two-phase transitions exist, and each
phase transition can be used to fix one temporary
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shape [18–21]. In contrast, polymers with a broad
glass/melting transition region can also demonstrate
a good triple-shape memory behavior [8, 22]. This is
because SMPs show a temperature memory effect,
which means the recovery region is directly related
to the deformation temperatures. Thus, for a broad
glass/ melting transition region, the polymers can be
programmed to two temporary shapes with separated
recovery regions. Xie [23] firstly demonstrated that
Nafion, with a broad glass transition region from 55
to 130 °C, can memorize two and more temporary
shapes. A comprehensive review of the triple/multishape memory effects in polymers can be found in
Xiao et al. [24] and Wang et al. [25].
Though various triple SMPs have been reported, the
material syntheses still mainly base on the traditional
curing and extrusion methods, which have intrinsic
difficulty in fabricating structures with complex
geometries to satisfy the requirement of some practical applications. Instead, the fast development of 3D
printing technique offers a feasible way to design
SMP-based devices with complicated structures [26–
32]. For example, Lin et al. [30] employed the 3D
printing technique to fabricate occlusion devices
based on SMPs. A detailed characterization, both in
vitro and in vivo, was carried out to obtain the actual
performance of this medical device. Zhang et al. [29]
integrated the self-healing property into printed SMPs
with complex geometries. Different from the commonly used thermoset polymers, Miao et al. [33]
printed SMP systems with dynamic bonds resulting
in reconfigurability of the permanent shape. The 3D
printed structures can further show a time-dependent
response to the environmental stimulus, which is
named as 4D printing. Several groups have employed
4D printing to achieve the triple-shape memory effect
and further multiple-shape memory effect [34–36].
In this work, we focus on the triple-shape memory
behaviors of printed polymers. We explore the shape
memory performance of three polymers, including
two pure polymers and one copolymer, which are all
printed using a commercial 3D printer. The glass
transition region of three polymers is first characterized using a small strain dynamic test. The uniaxial
tension test is adopted to investigate the shape memory response. The dual-shape memory tests are carried out on all three polymers, while the triple-shape
memory characterization is performed on the copolymer. The triple-shape memory performance of a

printed complex structure with multiple components
is also investigated.

2. Experimental methods
2.1. Materials
The materials were printed using a commercial 3D
printer Objet260 (Stratasys, Ltd. USA). All the printed polymers are photosensitive resins, including two
pure components with commercial names Tango and
Vero, and a copolymer resin with a commercial name
2085. The Tango liquid resin is composed of urethane polyurethane resin, acrylate oligomer, exo1,7,7-trimethylbicyclo[2.2.1]hept-2-yl acrylate,
methacrylate oligomer, and a photoinitiator. And the
Vero liquid resin comprises isobornyl acrylate, acrylic
monomer, urethane acrylate, epoxy acrylate, acrylic
monomer, acrylic oligomer, and a photoinitiator [37,
38]. The copolymer 2085 is a mixture of Tango and
Vero. Before printing, the CAD file for the specially
designed geometry was implemented into the 3D
printer. During printing, the polymeric inks were preheated to around 65 °C and jetted from print heads.
Ultraviolet light within the printer was used to cure
the resin. The specimens were printed at 100 μm/min
with a layer thickness set at 30 μm. Three different
types of specimens were printed. To characterize the
mechanical properties, film specimens with a dimension of 25 mm×5 mm×1 mm were printed. For the
demonstration of the triple-shape memory effect, we
also printed film specimens with a dimension of
80 mm×5 mm×1 mm. A film specimen with two materials was also printed with the detailed information
shown in the results part.

2.2. Characterization
Some general mechanical properties of the printed
polymer have already been provided by the Stratasys Ltd (https://www.stratasys.com/materials).
Here, some extra mechanical tests were carried out
to further investigate the mechanical properties and
shape memory performance of the three polymers
with an emphasis on the copolymer 2085. The following characterization tests were performed on a
dynamic mechanical analyzer (DMA) Q800 (TA Instruments, New Castle, DE, USA) with a specimen
size of 25 mm×5 mm×1 mm. The specimens were
first subjected to a dynamic temperature sweep
scanning with a dynamic strain of 0.2% and a frequency of 1 Hz to obtain the glass transition region.

1117

Dai et al. – eXPRESS Polymer Letters Vol.14, No.12 (2020) 1116–1126

The specimens were heated from -50 to 100 °C at
3 °C/min.
The stress-strain relationship was obtained in a constant force rate loading condition. Tango specimens
were deformed at –10, 0, 20 and 40 °C respectively.
Vero specimens were deformed at 60, 80, and 100 °C,
while the specimens of the copolymer 2085 were deformed at 20, 40, 60, and 80 °C. The deformation
temperature was chosen based on the glass transition
region of each material. The stress-strain relationship
was further used to investigate the dual-shape memory effect. The loading rate was set as 1 N/min. The
specimens were all stretched to a final engineering
strain of around 10%.
The dual-shape memory effects were investigated in
the force-control mode of DMA. The specimens
were first deformed at a constant force rate for 1 min
at a high temperature, cooled down to a temperature
below the glass transition region at 5 °C/min, and
then unloaded to zero force to obtain the temporary
shape. The force rate was chosen to obtain an engineering strain of around 10% during the programming step. The specimens were then heated at
2 °C/min to achieve shape recovery in the stress-free
state. The effect of programming temperature (Tp)
was also investigated with at least two deformation
temperatures for each polymer. Among three polymers, Vero can withstand the smallest deformation.
Thus, cyclic tests were also performed on Vero. The
experimental setup is the same as the dual-shape
memory tests. The total cycles were chosen as 10.
The triple-shape memory performance of the copolymer 2085 was also analyzed. The specimen was first
stretched at 0.8 N/min for 1 min at 60 °C, cooled to
20 °C, unloaded to zero force, reloaded again at
3.2 N/min for 1 min, cooled to –20 °C and unloaded

to zero force again. The cooling rate was chosen as
5 °C/min. During the recovery process, the specimen
was first heated to 20 °C, held for 0, 15 or 60 min,
and then heated to 70 °C. The heating rate was chosen as 2 °C/min. The 3D demonstrations were also
provided. In the demonstration, the specimens were
programmed with the first temporary shape at 60 °C
and cooled to 20 °C, while the second temporary
shape was programmed at 20 °C and cooled to
–10°C. The two recovery temperatures were chosen
as 20 and 60 °C, respectively. The shape programming and recovery were achieved in water with different temperatures, while the condition of –10 °C
was reached using freezing saltwater.
To characterize the glass transition behavior of the
copolymer, a differential scanning calorimetric (DSC)
scanning was also performed on a differential scanning calorimeter DSC 25 (TA Instruments, USA). A
specimen with a weight of 10 mg was heated from
–50 to 90 °C at 10 °C/min.

3. Results
Figure 1 compares the responses of the three polymers from the dynamic mechanical analysis. As
shown, the glass transition of the two pure components is well separated, while the glass transition region of the copolymer 2085 is between that of Tango
and Vero. The peak of tan δ of the copolymer is the
smallest among three polymers. In the glass transition region, the storage modulus quickly decreases
by 2–3 orders. In contrast, in the rubbery region, the
storage modulus increases with temperature for all
three polymers due to entropic hyperelasticity.
To quantitatively evaluate the glass transition behaviors, we define the low and high glass transition temperatures (Tgl and Tgh) from the intersections between

Figure 1. a) Storage modulus and b) tan δ as a function of temperature of three polymers.
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Figure 2. An illustration for determining the glass transition
temperature from storage modulus.

the lines fit the plateau regions and the transition region, as shown in Figure 2. For each polymer, the
fitted region of the glassy plateau was chosen from
–50 to –40 °C, while the fitted region of the rubbery
region was set from 90 to 100 °C. For the transition
regions, the fitted regions were chosen as –10–10 °C,
45–65 °C, and 10–40 °C for Tango, Vero, and the
copolymer 2085, respectively.
As shown in Table 1, the breadth of the glass transition region, defined as ΔTg = Tgl – Tgh, is around 30 °C
for both Vero and Tango, while the breadth is significantly expanded to more than 60 °C for the copolymer 2085. The rubbery modulus was determined as
the storage modulus at 100 °C, where all polymers
are in the rubbery state with negligible viscoelastic
effects. As shown in Table 1, the corresponding rubbery modulus of the copolymer 2085 is about 4 times
of Tango and 1/4 of Vero. The rubbery modulus Er
can be used to estimate the molecular weight Mc between crosslinks as Mc = 3ρRT/Er, where ρ is the
polymer density with a value of 1.17 g/cm3 for three
polymers and R is the gas constant [39]. Based on the
rubbery modulus, the molecular weight between the
crosslinks can be calculated as 19100, 1220, and
4500 g/mol for Tango, Vero, and the copolymer 2085.
The crosslink density is proportional to 1/Mc and Er.
Thus, the rubbery modulus can also provide the information of crosslink density.
Table 1. The mechanical properties of SMPs from the DMA
tests.
Material

Tgl
[°C]

Tgh
[°C]

∆Tg
[°C]

Er
[MPa]

Tango

–15.4

18.8

34.2

0.57

Vero

40.0

70.0

30.0

8.90

2085

–3.7

59.0

62.7

2.40

Figure 3. The DSC scanning of the copolymer 2085.

The copolymer exhibits a broad glass transition region. However, as shown in Figure 1b, the tanδ curve
is not smooth for the copolymer. It raises the question, whether it is possible that the copolymer exhibits a double Tg rather than a single broad glass
transition behavior. Thus, we also perform a DSC
scanning on the copolymer. Figure 3 shows that the
copolymer exhibits a smooth glass transition behavior, which confirms that the copolymer exhibits a
broad glass transition rather than a double Tg.
To determine the loading force in the programming
step of shape-memory tests, we have investigated the
stress-strain relationships of three polymers with the
results shown in Figure 4. The stress is calculated by
dividing the applied force with the area of the initial
cross-section. Thus, it is nominal stress or engineering stress. The strain is defined as the ratio between
the displacement and the initial length of the specimen. It is also termed as the nominal strain or engineering strain. As shown, with increasing loading
temperatures, the specimens become softer. For
Tango, the response of specimens deformed at 40 °C
and 20 °C almost overlap. This is also observed in
the other two materials deformed at temperatures
above Tg. Vero exhibits a significantly larger stress
response in the rubbery state, which indicates that
Vero is a stiffer material. This result is consistent with
the DMA results. We have also evaluated the failure
strain of the three polymers. Tango is a ductile material. The uniaxial tension tests show that Tango can
be stretched to more than 50% without failure. The
failure strain of the copolymer 2085 is generally
smaller than 20%. Vero exhibits the smallest failure
strain, ranging from 8–13%. The measured failure
strain was smaller than the data provided by the
Stratasys. However, the general trend is the same.
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Figure 5. The dual-shape memory performance of three
printed polymers.

Figure 4. The stress-strain relationship at different temperatures for: (a) Tango, (b) Vero, and (c) copolymer 2085.

The dual-shape memory performances of three polymers are shown in Figure 5. The normalized strain
is defined as ε– = (ε – εmin)/(εmax – εmin), where ε is
the strain, and εmin and εmax are the corresponding
minimum and maximum strains in the recovery
process. For Tango and Vero, two different deformation temperatures were chosen. The shape recovery
region only slightly shifts to a higher temperature

region with increasing deformation temperatures.
However, for the copolymer 2085, increasing the deformation temperature results in a pronounced increase in the recovery temperature, namely exhibiting a temperature memory effect. Figure 5 also
clearly shows that the breadth of the recovery region
of the copolymer 2085 is broader than that of Tango
and Vero. The shape-fixity ratio and shape-recovery
ratio were also analyzed. In all the conditions, the
shape-fixity ratio is above 98%, while the shape recovery ratio is around 90%.
To further quantitatively evaluate the shape-memory
performance, a similar method to that of determining
the glass transition temperature is proposed to obtain
the shape recovery temperature Trstart and Trend (Figure 6). The fitted region was chosen as the first 5 °C
and the last 5 °C of the recovery regions, as well as
the regions with the normalized strain from 0.3–0.8.
The values of the recovery temperatures are listed in
Table 2. Comparing the values listed in Tables 1 and 2
shows that the shape recovery region is within the
glass transition region of each polymer. For the
copolymer 2085, the shape recovery region at the deformation temperature 60 °C is 25–57 °C, while that
at the deformation temperature 20 °C is from 9–
31 °C. Only a small fraction of the recovery region
overlaps between two cases, indicating that it is possible to achieve a triple-shape memory effect in this
copolymer.
Among three polymers, Vero can withstand the smallest deformation. To obtain the information regarding
how many cycles the materials can withstand, the
cyclic test was performed on Vero. As shown in
Figure 7, Vero still exhibits good shape-memory
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Figure 6. Determining the shape recovery region of dualshape memory tests.

performance after 10 cycles. This indicates that the
printed SMPs can be repeatedly used for many cycles with similar shape-memory responses.
The triple-shape memory performance of the copolymer 2085 is illustrated in Figure 8. As shown, when
unloaded at 20 °C, the programming strain decreases
from 8.5 to 7.2%, representing a shape-fixity ratio of
85% for the first temporary shape. A limited decrease
in strain occurs after unloaded at –20 °C because the
copolymer 2085 exhibits a stiff glassy response at
this temperature. In the recovery process, when a
holding process is allowed, the recovered shape
shows a good correspondence to the unloaded shape.
The strain at the final shape is not zero, indicating
some permanent residual strain exists after the shapememory cycle. However, as shown in Figure 8a,
without holding time, the two distinct temporary
shapes cannot be well separated. This is because a
broad glass transition region is employed to achieve
the triple-shape memory effect. Thus, when heated to
the intermediate temperature (20 °C), the second temporary shape has achieved shape recovery. However,
with further increasing temperature, the first temporary shape already begins to recover. This is different
from the method using two distinct transitions to
Table 2. The recovery temperature of the dual-shape memory performance.
Material
Tango

Tp
[°C]
00

Trstart
[°C]
–10.0

Trend
[°C]

∆Tr
[°C]

4.8

14.8

Tango

20

–8.8

6.2

15.0

Vero

60

43.4

59.1

15.7

Vero

80

44.0

60.2

16.2

2085

20

9.4

31.2

21.8

2085

40

16.0

42.6

26.6

2085

60

25.5

57.1

31.6

Figure 7. The cyclic shape-memory performance of Vero.

achieve triple-shape memory effect. If the two transition regions are well separated, the recovery of two
temporary shapes can also be separated. Overall, the
shape fixity ratio for the first temporary shape is 85%,
and that for the second temporary shape is above
99%. The shape recovery ratio for the second temporary shape is 95%, while the shape recovery ratio
for the first recovery ratio is 90%. However, the maximum applied strain chosen is only around 12%,
which is a small value compared with SMPs in the
literature. In the preliminary study, we found that
with further increasing the applied loading, the specimens can fail during the shape-memory cycle.
While the above tests have shown the shape-memory
performances of the printed polymers in uniaxial deformation conditions, it is intriguing to demonstrate
the abilities of the printed polymers to be programmed
with complex temporary shapes. Here we first show
that a film specimen of the copolymer 2085 can be
programmed to different 3D shapes. As shown in Figure 9, two different sets of temporary shapes were designed. For the first set, the film specimen was first
programmed with a wave shape and then deformed
to a ‘∞’ shape. During the recovery process, the
specimen first returned to the wave shape and then
to the permanent rectangular shape. We also noticed
that the recovered shape at 20 °C was not exactly the
same as the unloaded first temporary shape. It
seemed that a certain ratio of the first temporary
shape already recovered when holding at 20 °C. The
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Figure 9. Demonstration of triple-shape memory effect in
the copolymer 2085 with different temporary
shapes: (a) a wave shape and a ‘∞’ shape, and
(b) two helical shapes.

Figure 8. A triple-shape memory cycle for the copolymer 2085 with varied holding time at the intermediate temperature 20 °C: (a) 0 min, (b) 15 min, and
(c) 60 min.

copolymer exhibits a better triple-shape memory effect in a uniaxial mode, as shown in Figure 8. However, for the complex programming conditions, as
shown in Figure 9a, the copolymer may lose some
shape fixity of the first programmed temporary shape.
This is probably because the programmed strain is
small in the bending/twisting condition though the
geometric shape change is large. The shape fixity and
recovery may depend on the amount of the programed

strain. For the second set, the two temporary shapes
were both set as helix shapes with different diameters. As shown, the copolymer can achieve a subsequent recovery from the helix shape with a small diameter to the helix shape with a large diameter, and
eventually to the original shape. The results also
show that the recovery process at 20 °C takes less
than 1 min. The recovered shape was stable with no
apparent change when held for 10 min at 20 °C. This
is consistent with the results of Figure 8b and 8c.
The 3D printing technique also allows us to create
complex structures with multiple materials. Here, we
printed a planar structure composed of the stiff polymer Vero and the copolymer 2085. The planar structure can be folded to a box with the hinge part composed of the copolymer 2085. The shape-memory
cycle is demonstrated in Figure 10. Figure 11 shows
the two temporary shapes after unloading and the recovery shapes at 20 and 60 °C, respectively. From this
demonstration, we can also estimate the shape fixity
ratio and shape recovery ratio. Here we used the bending angle as the parameter similar to the strain. The
initial folding angle was 90°. The angle after unloading at 20 °C was 68°. The angle of the second temporary shape was set as 0° and the angle changes negligibly after unloading. The recovery angle at 20 °C
was measured as 56°. Thus, the shape fixity ratio for
the first and second temporary shape can be approximated as 75% and nearly 100%, while the shape recovery ratio for the first and second temporary shape
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Figure 10. A schematic diagram of 3D triple-shape memory effect of the structure composed of Vero and copolymer 2085.

Figure 11. Three-dimensional demonstration of the triple-shape memory performance of the structure composed of Vero and
copolymer 2085.
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[4] Li J., Kan Q., Chen K., Liang Z., Kang G.: In situ observation on rate-dependent strain localization of thermo-induced shape memory polyurethane. Polymers, 11,
982/1–982/17 (2019).

can be approximated as 82% and nearly 100%. This
demonstration confirms a good triple-shape memory
performance of the copolymer 2085 and provides inspiration for designing various kinds of deployable
models using printed structures based on SMPs.
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[5] Patel K. K., Purohit R.: Improved shape memory and
mechanical properties of microwave-induced shape
memory polymer/MWCNTs composites. Materials
Today Communications, 20, 100579/1–100579/8 (2019).

4. Conclusions
In this work, we investigate the shape-memory performance of three printed polymers. Each pure polymer exhibits a narrow yet well-separated glass transition region. In contrast, the copolymer 2085 has a
much broader glass transition region spanning more
than 60 °C. In the dual-shape memory performance,
both Vero and Tango are insensitive to deformation
temperatures, while the copolymer 2085 shows a
clear temperature memory effect. The copolymer
demonstrates a good triple-shape memory performance. The main contribution of this work is that we
demonstrate that the commercial printed 3D polymers can exhibit a good triple-shape memory response. Thus, structures with complex geometry can
be readily designed and applied for practical applications. However, the failure strain of the printed SMPs
is within the median strain region, which limits the
application requiring a large deformation strain. We
also want to emphasize that large scale geometrical
shape changes still can be achieved by using these materials when deformed in bending or twisting modes,
in which the extensional strain is low.
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