eXPRESS Polymer Letters Vol.14, No.4 (2020) 295–308
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2020.26

A simple and universal strategy for preparing external
stress-free two-way shape memory polymers by making use
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Abstract. In the present work, a new strategy for preparing authentic two-way shape memory polymer was proposed by
using a conventional crosslinked polyurethane (PU) containing crystalline poly(ε-caprolactone) (PCL) as the proof-ofconcept material. Lauroyl peroxide (LPO) was added as a chemical crosslinker for inducing secondary crosslinking during
the programming. Having been stretched and heat treated without additional ingredients and chemicals, the trained PU
showed the desired two-way shape memory effect. The crosslinking network created by LPO was successfully converted
into internal stress supplier, which represents the core progress of this research. As the temperature changed, the reversible
melting/re-crystallization of the crystalline phases elaborately cooperated with the compressed crosslinking network, leading
to the implementation of two-way shape memory effect. Through the optimization of the LPO quality, an average reversible
strain of up to ~21% in the direction of stretching was measured. In principle, all semi-crystalline polymers can be imparted
with two-way shape memory effect following the above-proposed method. Given the great convenience of material selection,
preparation, programming and application, the current research may have opened a new way for the production and usage
of the smart materials in practice.
Keywords: smart polymers, two-way shape memory effect, external stress-free reversible shape memory effect, polyurethane,
peroxidation initiator

1. Introduction

the two-way shape memory effect (SME) is classified into quasi two-way shape memory effect [28–
43] and true two-way shape memory effect [44–74].
Due to the difficulty of application of external stress
in practical usage, true two-way shape memory effect is more favorable.
The key issue for preparing a two-way shape memory semicrystalline polymer capable of working in
the absence of applied force lies in the introduction
of internal stress provider. It plays the same role as
the external stress in the case of quasi two-way SMPs
[28–43] and closely cooperates with the crystalline

Shape memory polymers (SMPs) [1–4] can remember one or more temporary deformations and recover
to their permanent shapes under certain external stimuli. Compared to one-way SMPs, two-way SMPs
have attracted increasing attentions in recent years,
mainly because the latter can reversibly morph so
that they can be possibly used in soft robots [5–11],
actuators [12–14], artificial muscles [15–19], shape
changing substrates [20–24], intelligent fibers [25],
4D printing [26, 27], etc. According to the criterion
whether external stress is necessary for operation,
*
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two-way SMPs employing peroxides for building up
internal stress providers, to the best of our knowledge. In this context, we decide to explore the possibility of offering a simple and universal solution by
taking advantage of peroxide crosslinking agent.
That is, during the programming of a crosslinked crystalline polymer, the oriented molten molecule chains
are crosslinked by the decomposed peroxides and a
second chemical network is established. The joint
action of the temperature-induced reversible bi-directional deformations of the crystalline phases and
compressed crosslinking networks accompanying
melting and orientated recrystallization of the polymer matrix would thus realize two-way shape memory effect (Figure 1). If the above thinking proves to
be feasible, two-way SMPs could be easily fabricated without using complicated reactions or dynamic
reversible chemistry or particular polymer species.
Hereinafter, the proof-of-concept poly(ε-caprolactone) (PCL)-based crosslinked polyurethane (PU,
Figure 2), in which the aforesaid secondary crosslinkages are constructed by lauroyl peroxide (LPO),
is studied in detail.

phase when temperature changes, inducing oriented
recrystallization of the melted phase during cooling
and restoring mechanical energy during warming up.
So far, the reported internal stress providers include
crosslinking networks [53–57], higher Tm crystalline
phases [61–72], H-bonds [58, 73] and uneven stress
relaxation [56]. The internal stress providers based
on crosslinking networks [53–57] seem to have
broader applicability. They can make full use of the
switching phases (i.e. crystal regions, relative to the
case of higher Tm crystalline phases [61–72]), apply
to the crystalline polymers without hydrogen bonds
(relative to the case of H-bonds [58, 73]), and survive
without the need of incorporating dynamic reversible
bonds to the macromolecular backbones (relative to
the case of uneven stress relaxation [56]).
It is worth noting that, however, the external stressfree two-way SMPs with crosslinking networks as
internal stress providers used to experience twostage crosslinking for remembering the permanent
and temporary shapes, respectively. The second stage
of crosslinking, which proceeds during programming, involves a variety of chemical reactions specific to different polymer matrices. As a result, popularity of the techniques in industrial production has
to be limited.
Peroxides are common crosslinking agents for polymers no matter whether they are saturated or unsaturated [75–77], but there have not yet been works on

2. Experimental
2.1. Materials
Hexamethylene diisocyanate (HDI, 99%), 1,4-butanediol (BDO, 99%), dibutyltin dilaurate (DBTDL,
95%), trimethylolpropane tris(3-mercaptopropionate)

Figure 1. Mechanism of the external stress-free two-way shape memory polymer with the secondary crosslinking network
as internal stress provider.
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Figure 2. (a) Synthesis of PU prepolymer. (b) Crosslinking of PU prepolymer by TMPMP. (c) Secondary crosslinking of PU
by LPO. The hydrogens on the methylene groups are stripped by the oxygen free radicals from the decomposed
LPO and new chemical crosslinking sites are formed by the termination of carbon free radicals.

(TMPMP), and lauroyl peroxide (LPO, 98%) were
purchased from Adamas Reagent, China. Polycapro-

lactone diol (PCL 3000, Mn = 3000 g/mol) was supplied by Daicel Chemical Industries, Japan.
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2.2. Characterization
Spectra of proton nuclear magnetic resonance
(1H NMR) were measured by an AVANCE III
(400 MHz, Bruker, Germany) with dimethyl sulfoxide-d6 as the solvent.
Fourier transform infrared (FTIR) spectra were
recorded by a Nexus 670 spectrometer (Thermo Nicolet, USA). The orientation of the polymers was characterized in terms of dichroism of δ(–CH2–) absorption of PCL at about 1470 cm–1 [78]. The extent of
anisotropy in the oriented PU was assessed by the
corresponding dichroic ratio, R = A║/A┴, where A║
and A┴ are the absorption intensities measured with
radiation polarized parallel and perpendicular to the
stretching direction, respectively. Accordingly,
(R – 1)/(R + 2) gives a measure of the orientation degree [78, 79]. Prior to the measurements, two background single-beam spectra were recorded with the
polarizers parallel and perpendicular to the elongation direction with the same experimental parameters, respectively.
Molecular weight was determined at ambient temperature using a Waters Breeze gel permeation chromatography (GPC) system with tetrahydrofuran
(THF) as eluent and polystyrene standards for calibration.
The melting and crystallization behaviors were measured using differential scanning calorimeter (DSC,
Q10, TA Instruments, USA) with nitrogen as the
purge gas and an electric intracooler as the cooling
source. The temperature was cyclically controlled. For
each temperature cycle, the sample was heated to
60 °C at 3 °C/min, kept at 60 °C for 2 min, cooled
down to –20 °C at –3 °C/min, and finally kept at
–20 °C for 2 min.
Dynamic mechanical properties were measured with
a dynamic mechanical analyzer (DMA, Q800, TA
Instruments, USA) at 1 Hz. Controlled forced mode
was applied to measure the variation in specimen
length at zero force. The temperature profile was the
same as that of DSC measurement. According to the
equation of state for rubber elasticity, crosslink density, υ, was calculated from Equation (1) [80]:
El
y = 6RT

(1)

where E′ stands for storage modulus at rubbery
plateau zone, R gas constant, and T absolute temperature, respectively. In this work, E′ values at T =
Tg + 30 °C were used for the calculation.
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Wide angle X-ray diffraction (WAXD) patterns were
recorded by a PANalytical Empyrean X-ray diffractometer with Cu Kα radiation. The scanning range
of Bragg 2θ angle was from 5 to 30° with a scanning
rate of 3°/min.

2.3. Synthesis of PU and the control
PCL (30.0 g, 0.01 mol), HDI (3.7 g, 0.022 mol) and
two drops of DBTDL were dissolved in tetrahydrofuran (THF, 150 ml). The mixture was heated to
60 °C and stirred in argon for 1 h (Figure 2a). BDO
(0.22 g, 0.0024 mol) was incorporated under stirring
for 30 min to produce PU prepolymer 2. Then, the
crosslink agent, TMPMP (2.55 g, 0.0064 mol), was
added with stirring for 30 min (Figure 2b). When the
mixture was cooled down to room temperature, the
peroxide crosslinking agent LPO (0.94 g, 0.0024 mol)
was added with stirring for 30 min. Afterwards, the
mixture was poured into a polytetrafluoroethylene
(PTFE) mold to remove the solvent at room temperature for 48 h, yielding the chemically crosslinked
PU sheet containing LPO.
1
H NMR (400 MHz, DMSO, 25 °C, δ [ppm]) spectra of HDI, PCL, PU prepolymer 1 and prepolymer 2: HDI (1.34, 1.56, 3.35. 1.34 (4H,
OCN–(CH2)2–(CH2)2–(CH2)2–NCO), 1.56 (4H,
–CH2–CH2–NCO), and 3.35 (4H, –CH2–CH2–NCO));
PCL (1.30, 1.53, 2.28, 3.98, 4.34, 4.48. 1.30 (4nH,
–CO–(CH2)2–CH2–),
1.53
(8nH,
–CO–CH2–CH2–CH2–CH2–), 2.28 (4H, –CO–CH2–),
3.98 (4nH, –CO–CH2–CH2–CH2–CH2–CH2–), 4.34 (8H,
–O–CH2–CH2–O–CH2–CH2–O–), and 4.48 (2H,
–CH2–CH2–OH)); PU prepolymer 1 (1.28, 1.52,
2.25, 3.97, 6.96. 6.96 (H, –CO–NH–CH2–), and the
other characteristic peaks (1.32, 1.55, 2.28 and 3.99)
representing CH2 on PCL or HDI); PU prepolymer 2
(1.28, 1.52, 2.25, 3.97, 6.96. 6.96 (H,
–CO–NH–CH2–), and the other characteristic peaks
(1.32, 1.55, 2.28 and 3.99) representing CH2 on PCL
or HDI). FTIR spectra (KBr [cm–1]) of HDI, PCL,
PU prepolymer 1and PU prepolymer 2: PCL (3551,
2943, 2866, 1734, and 1462); HDI (2941, 2862,
2267, and 1464); PU prepolymer 1 (3342, 2944,
2862, 2267, 1728, 1527, 1467, and 1244), and PU
prepolymer 2 (3342, 2944, 2862, 2267, 1728, 1527,
1467, and 1244).
To highlight the critical role of LPO, the control
sample excluding LPO was also prepared following
the above steps.
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Figure 3. Programming of PU towards two-way shape-memory effect.

The crystalline feature of the prepared PU is characterized by WAXD (Figure 4c) and DSC (Figure 4d),
respectively. The data in Table 1 demonstrate that
after PCL is included in the PU chains, both Tm and
Tc as well as the crystallinity of the former decrease,
suggesting that the crystallization ability of PCL in
PU is depressed by the hard segments [82]. Such a
reduction in crystallizability is also observed after
curing by LPO to produce the second crosslinking
network (Figure 1 and Figure 2c). Nevertheless, the
unit cell dimensions of PCL remain unchanged as
the characteristic WAXD peak positions are independent of the composition (Figure 4c).
The glass transition temperature, Tg, and crosslink
densities of the prepared PU and the control are estimated from the DMA curves in Figure 4e and 4f.
According to the peak position of tan δ, Tg of the programmed PU is found to be –8.2 °C, which is higher

2.4. Programming
To gain the desired true two-way shape-memory effect, the as-synthesized crosslinked PU and the control were trained following the procedures depicted
in Figure 3. Firstly, the dumbbell-shaped PU specimen was heated to 60 °C for 10 min and stretched to
5 times the length of the original one. Then, the specimen was kept at 80 °C for 8 h in N2 atmosphere
under the constant strain conditions. Finally, the applied force was removed and the specimen was
cooled down to 25 °C.

3. Results and discussion
At the beginning, structures of the designed polymers should be confirmed and characterized. The
1
H NMR (Figure 4a) and FTIR (Figure 4b) spectra
evidence that PU prepolymer 1 has been produced
as planned, and GPC measurement further gives its
Mn of 1.2·104 g/mol. When the chains of PU prepolymer 1 have been extended by BDO, the molecular weight of the resultant PU prepolymer 2 was determined to be 1.4·104 g/mol. The obviously weakened absorption of –NCO at 2267 cm–1 on the FTIR
spectra of PU prepolymer 1 and prepolymer 2 (Figure 4b) as compared with that on the FTIR spectrum
of HDI indicates that PCL has completely reacted
with excessive HDI. In other words, sufficient –NCO
groups are available for the subsequent reaction with
TMPMP to create the first crosslinking network
(Figure 1 and Figure 2b).

Table 1. Characteristic parameters of the DSC measurement
of Figure 4d.
Tma)
[°C]

Tcb)
[°C]

Xcc)
[%]

PCL

52.3

31.3

62.2

PU (as synthesized excluding LPO)

48.0

8.6

32.9

PU (programmed without stretching)

47.6

11.2

29.8

PU (programmed)

47.3

11.7

31.1

Materials

a)T

m: peak endothermic temperature;
b)T : peak exothermic temperature;
c
c)X : apparent crystallinity of PCL calculated
c

from ∆Hf° (where
∆Hf denotes the measured heat of fusion, and ∆Hf° is the heat
of fusion of 100% crystalline PCL (139.5 J/g [81]).
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Figure 4. (a) 1H NMR spectra of HDI, PCL, PU prepolymer 1 and PU prepolymer 2. (b) FTIR spectra of HDI, PCL, PU
prepolymer 1 and PU prepolymer 2. (c) WAXD intensity profiles of PU: as-synthesized (original version), after
stretching (step  in Figure 3, followed by cooling down to room temperature), after curing by LPO (step  in
Figure 3, followed by cooling down to room temperature), programmed, and after seven heating-cooling cycles
between –20 °C and 60 °C. (d) DSC heating and cooling scans of the programmed PU and the related materials
(ramp: 3 °C/min). DMA spectra of (e) the programmed PU and (f) the control (ramp: 3 °C/min; frequency: 1 Hz).

On the basis of the above fundamental analyses, the
structural variations in PU accompanying the training procedures (Figure 3) for acquiring external
stress-free two-way shape memory effect are discussed in the following. Initially, the specimen is
heated to 60°C for 10 min (step  in Figure 3), which
is higher than Tm of PU (Figure 4d and Table 1), so
that the specimen can be easily elongated (step  in

than that of the control (–12.8 °C). Because the secondary network is absent in the control, the higher
Tg of the programmed PU manifests that an additional crosslinking network must have been established
by LPO decomposition. The analysis is supported by
the results of crosslinking density, which is
1.4·105 mol/m3 for the programmed PU and
1.2·105 mol/m3 for the control.
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course of step , the tension status of the internal
stress provider is somewhat relaxed along with the
expansion originating from the re-crystallization.
With the help of the above training, the programmed
PU should be able to implement two-way shape memory effect free of external stress. An increase of temperature of the specimen higher than 47.3 °C (Tm of
the PCL phase) would lead to melting of the oriented
crystalline domains. Accordingly, macroscopic shrinkage would be perceived. In case the specimen is
cooled to room temperature, the oriented crystalline
domains would be re-generated under the guidance
of the compressed internal stress provider, so that the
specimen length increases. The cyclic melting and
re-crystallization of the crystalline regions cooperate
with the variation in the tension states (slacker and
tighter tension) of the internal force provider, ensuring repeated shape transformation of the PU in the
absence of applied force (Figure 1). The photos in
Figure 6a prove that the consideration is true.
To quantify the two-way shape memory effect, both
thermomechanical behavior and thermogram of the
programmed PU are repeatedly measured between
–20 and 60 °C. As shown in Figure 6b and 6c, the
length contraction induced by entropy increase occurs

Figure 3). Meantime, LPO decomposes extremely
slowly because the half-life, t1/2, of LPO at 60 °C is
as long as 21 h [83]. The subsequent heating at 80 °C
for 8 h at the fixed strain (step  in Figure 3) greatly
speeds up LPO decomposition (t1/2 of LPO at 80 °C =
1 h [83]) and hence leads to chemical crosslinking
of the oriented macromolecular chains of PU giving
birth to the second crosslinking network. Afterwards,
the applied force is removed (step  in Figure 3)
and the specimen length became shortened as a result of entropy increase induced contraction, while
the second crosslinking network created by LPO decomposition keeps almost intact and tends to recover
to the expanded state when it is built (i.e. step  in
Figure 3). The two opposite deformations eventually
result in the fact that the ultimate specimen length is
significantly reduced, but slightly longer than the
original one. This is because the second crosslinking
network has become a compressed spring-like internal stress provider after step . Lastly, the specimen
is cooled to room temperature, offering the programmed version (step  in Figure 3), while the oriented crystalline of PCL (with orientation degree of
0.19, see Figure 5 and Table 2) is re-created under the
tension exerted by the internal stress provider. In the

Table 2. Characterization of orientation of the PU specimen based on the measurement of FTIR dichroism in Figure 5.
PU

As-synthesized

After stretching*

Programmed

After 7 heating-cooling cycles between RT and 60 °C

A║

1.37

1.15

0.50

0.44

A┴

1.37

0.51

0.34

0.31

R

1.00

2.25

1.47

1.42

0.00

0.38

0.19

0.17

(R – 1)/(R + 2)
*The

specimen was deformed to a temporary shape with strain of 500% and cooled to room temperature.

Figure 5. δ(–CH2–) region on the FTIR spectra of the PU specimens.
Note: The specimen measured during programming means that it was deformed to a temporary shape with strain
of 500% and cooled to room temperature.
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Figure 6. (a) Length variation of the programmed PU measured during heating-cooling cycles between 25 and 60 °C. (b) Twoway shape memory effect (measured by DMA) and (c) the corresponding DSC curves of the programmed PU during heating-cooling cycles between –20 and 60 °C (ramp: 3 °C/min). The first cycle is used to remove the thermal
history and is not displayed for clarity.

phases) after seven heating-cooling cycles resembles
that of the as-programmed one, which suggests that
the reversible shape memory effect is quite stable.
According to the mechanism of two-way shape memory effect illustrated in Figure 1, the programmed
PU should be able to be reversibly bended in addition to reversible shortening. As shown in Figure 7,
when a hair dryer approaches the middle of the programmed PU from the right side, the specimen

when temperature exceeds Tm of PU. Soon after being
cooled below Tm of PU, length increase of the specimen is detected. The bidirectional deformations are
allowed to autonomously proceed along with cyclic
temperature variation as expected. According to Figure 6b, the average reversible strain of the first three
cycles is determined to be 20.9%. Table 2 further
shows that the value of (R – 1)/(R + 2) of the specimen (that is related to orientation of the crystalline
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Figure 7. Reversible bending of the programmed PU subjected to repeated localized heating provided by a hair dryer.

ends fixed is uniformly heated (Figure 8), the longitudinal contraction during heating is nearly invisible,
but the extension during cooling results in the arch
shape. This bending behavior can also be reproduced
for the same reason as discussed above.
On the other hand, the two-way shape memory PU
can be coupled with irreversible one-way shape memory effect through additional programming. As shown
in Figure 9, when the specimen, which is reversibly
deformed in the course of heating-cooling cycles, is
subjected to an external tensile stress as the specimen

quickly bends towards the hair dryer as the hot air
out of the dryer leads to melting of the nearby crystalline phases. The portion close to the hair dryer has
to contract, while the rest part keeps still, which leads
to the above-mentioned bending behavior. Upon removal of the heating source, the melted part is recrystallized under the tension of the internal stress
provider, and the specimen is straightened again. The
same bending action can be repeated for many times
due to the two-way shape memory effect. Similarly,
when a specimen of the programmed PU with the two

Figure 8. Reversible bending of the programmed PU specimen (with the two ends fixed) subjected to heating-cooling cycles
between 60 and 25 °C. Cycling sequence: (a) → (b) → (c) → (d) → (e) → (f) → (g) → (h).
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Figure 9. Thermomechanical behavior (measured by DMA) of the programmed PU during cyclic heating/cooling between
–20 and 60 °C (ramp: 3 °C/min). An additional tensile stress of 0.50 MPa was applied during the DMA test to
impart one-way shape memory effect to the two-way shape memory PU.
Note: The amount of the additional tensile stress is optional, so long as a certain degree of tensile strain can be induced.

Moreover, peroxides are cost-effective and have
been largely used in industry. In principle, the first
crosslinking network that enables the crystalline
polymer to be trained above melting point can also
be formed by another peroxide. It means that external stress-free two-way shape memory polymer may
be obtained by adding two types of peroxides with
different decomposition temperatures into the target
polymer to generate the first and second crosslinking
networks, respectively, which would further simplify
the manufacturing.

length becomes the shortest at 60 °C, an immediate
increase in length takes place (which is favored by
the fully melted crystalline phases). With further decreasing temperature from 60 to –20 °C, the specimen
keeps on being stretched and reaches a plateau. Even
when the additional stress is unloaded at –20 °C, only
an insignificant reduction in the specimen length is
observed. It means that a new temporary shape has
been remembered by the specimen via formation of
oriented crystals. During the subsequent heating from
–20 to 60 °C, the specimen length is recovered from
the new temporary shape, and a complete cycle of
one-way shape memory effect is realized. The shape
fixity, Rf, and shape recovery, Rr, of this one-way
shape memory effect are calculated to be 99.2 and
98.7%, respectively. What is more, since the additionally applied force is in the same direction as the
tension offered by the internal stress provider, the
two-way shape memory effect is not affected after
the implementation of the one-way shape memory
effect.
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