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Abstract. With the help of three-dimensional (3D) printing technique, complicated and sophisticated structured shape memory polymers (SMPs) devices could be obtained, which have drawn tremendous attention in recent years. However, there is
technical limitation for 3D photo-polymerization printing technique to prepare multi-responsive SMP devices. A major problem for this is that functional fillers added to the photo-curing resins disturb or even inhibit their photo polymerization
process. Herein, we demonstrated that the fused deposition modeling (FDM) technology seems more promising for fabrication of multi-responsive SMP devices. In this research, SMP devices are printed using a new material, polycyclooctene
(PCO), whose application in FDM printing is never reported in the previous work. A universal and facile method, gammaray irradiation, is used to realize the crosslinking of printed structures. The printing quality and thermo-responsive speed of
SMPs can be improved by incorporation of highly thermal conductive fillers (hexagonal boron nitride, BN) to PCO; in addition, after the addition of multiwalled carbon nanotubes (MWCNTs), the 3D SMP devices obtained multi-responsive ability
owing to the enhanced electrical conduction and light absorption of the composite materials.
Keywords: polymer composites, fused deposition modeling (FDM), shape memory polymers (SMPs), multi-responsive

1. Introduction

advantages. SMPs have enjoyed a long history of interest and academic development due to their broad
tunable range of mechanical, thermal, optical properties, low density and low cost, compared to shape
memory alloys [21]. They can keep the temporary
shape stable for a long time and recover to the permanent shape upon exposure to an external stimulus
[22–24] such as light [25], heat [26–29], PH change
[30], and electromagnetic field [31, 32]. Currently,
most of such devices are fabricated based on thermal-responsive shape memory polymers, which exhibit a mechanical response when triggered only by
heat [7, 19, 20]. However, direct heating is often limited in practical applications. Thus, electricity and
light as external triggers are attracting notable interest on account of their capability for remote control,

Three-dimensional (3D) printing has drawn tremendous attention from both academia and industry with
its potential applications in various fields, such as
electronic [1], soft robots [2], medical [3], and pharmaceutical [4] domains. It has become a common
method for manufacturing objects with complex [5,
6], unusual geometries [7, 8], and special functions
[9, 10]. 3D printing shape-morphing systems, which
are also called four-dimensional (4D) printing, have
attracted much attention recent years [11–14]. The
ways to achieve shape-morphing are various, such as
bilayer system [15, 16], uneven expansion [17, 18],
shape memory material [7, 19, 20], and so on.
Among them, shape memory polymers (SMPs) are
widely applied in 4D printing owing to their many
*
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2. Experimental section
2.1. Materials

accurate focusing, and rapid switching of properties
[33, 34]. Adding fillers to matrix, or modifying the
polymer chain by functional groups are the most useful methods to achieve electro-response and photoresponse [35–37].
However, addition of fillers to photo-curing resins
will decrease their transmittance significantly, which
leads to incomplete cure or even failure cure of resin,
thus limiting their applications in 3D photo-polymerization printing. Additionally, the photo-responsive
groups of functional materials can undergo significant conformation or structure transitions when exposed to UV illumination during 3D printing, which
may affect the shape memory property of the composites. Moreover, it is difficult for frequently-used
thermosetting polymers, such as methacrylate and
epoxy acrylate, to realize recovery under electro- or
photo stimuli at lower temperatures because of their
relative higher glass transition temperatures (Tg).
Comparatively, fused deposition modeling (FDM)
technology attracted our attention, which is suitable
for printing thermoplastic polymers. By adding functional fillers, thermoplastic polymers could obtain
additional enhanced properties, such as high electrical conductivity, high thermal conductivity, high light
absorption, and so on, which are important to achieve
multi-response. The relatively lower Tg of thermoplastic polymers are conducive to realize multi-response.
In order to fabricate 3D multi-responsive devices by
FDM, polycyclooctene (PCO) is chosen owing to its
excellent shape memory property (recoverable strain
over 700% [38]) and suitable melting temperature
(ca. 55 °C). To date, no paper has succeeded in developing PCO filaments for 3D printing applications. A universal and facile method, gamma-ray
(γ-ray) irradiation, is used to realize the crosslinking
of printed structures. The irradiated structures show
excellent shape memory effect. Hexagonal boron nitride (BN) with excellent thermal conductivity, has
been applied as filler to improve the thermo-response speed and the mechanical properties of 3Dprinted PCO structures. Moreover, multiwalled carbon nanotubes (MWCNTs) with excellent electrical
conductivity and photo-thermal conversion efficiency are added into PCO endows 3D printable shape
memory devices to fabricate multi-responsive devices.

Polycyclooctene (PCO, type Vestenamer 8012) pellets from Evonik Industries AG (Germany) had a
density of 0.910 g·cm–3 and a melt flow index of
16 g(10 min)–1. Hexagonal boron nitride (PN08) was
provided by Zibo Jonye Ceramics Technology Co.,
Ltd., which has an averaged particle size of 8 μm.
MWCNTs with a purity greater than 95%, outer diameter of 20–30 nm, and length of 10–30 μm were
purchased from Chengdu Organic Chemical Co.
Ltd., Chinese Academy of Sciences, China.

2.2. Preparation of BN/PCO, MWCNTs/PCO
and PCO filament.
BN platelets or MWCNTs were fully dispersed in
PCO to prepare composites using an internal mixer
(HAAKE Industries, Germany) at 70 °C, 60 r/min
for 25 min. The composites were cut into the little
particles followed by extruding using a single-screw
extruder (HAAKE Industries, Germany) to form filament suitable for fused deposition molding 3D printer. With careful control of the extrude temperature
and tensile speed, filaments with a circular cross section of average diameter of 1.75 mm were produced.
2.3. 3D printing and irradiation
Different 3D digital models were designed using
SolidWorks 2010 to meet various experiments. Objects were printed using a Cubicon Single 3DP-110F
desktop 3D printer (Cubicon Industries, Korea) with
standard setting: e.g. 220°C nozzle temperature, 30°C
chamber temperature and 40 °C printed bed temperature. In the case of pure PCO, nitrogen was blown
onto the samples during printing process to increase
cooling rate.
All printed objects were crosslinked by γ-ray irradiation with irradiation dose from 50 to 200 kGy.
2.4. Characterization
The thermal stability of composites was checked on
a TGA (TA Instruments Q500, USA) under a nitrogen atmosphere with the temperature range from a
room temperature of ca. 25 to 800 °C at a heating
rate of 10 °C·min–1.
The mechanical properties of PCO and composites
were measured by Dynamic mechanical analysis
(DMA, TA Instruments Q800, USA) in the tensile
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mode from -50 to 60 °C at a heating rate of
10 °C·min–1. The dimensions of the samples were ca.
2.0×10.0×0.2 mm3. Five samples were tested for
each composition, and the most representative curve
was plotted.
The thermal conductivity of the composites was
measured on a comprehensive physical property
measurement system (PPMS-9, American Quantum
Design, USA) at 25 °C.
The curing and phase transitions of c-PCO and
nanocomposites were measured on a DSC (TA Instruments Q2000, USA) in temperature modulation
mode under a nitrogen atmosphere (50 mL·min–1).
The calibration of temperature and enthalpy was performed with indium. 3–7 mg samples were sealed in
aluminum crucibles. The scan rate for non-isothermal measurements was 10 °C·min–1. Three samples
were tested for each composition, and the most representative one was plotted.
The electrical conductivity (σ) of MWCNTs/c-PCO
nanocomposites was calculated by Equation (1):
1
L
v = t = R$S

f=

(3)

where Mf is the mass fraction of BN.
The photo-response test was taken by a solar simulator (91159A, Newport Corporation, USA). The illumination intensity is 100 mW/cm2.
In order to show the electro-responsive property, the
voltage was applied on the sample using a DC power
source (UTP3315-L, UNI-T Corporation). Copper
wires were adhered to samples by conductive silver
adhesive as the electrodes.

3. Results and discussion
3.1. Thermal-responsive BN/PCO composites
printed by FDM
Figure 1 schematically shows the fabrication process
of the 3D printed SMPs device and their recovery
process. First, device is fabricated through layer-bylayer deposition; γ-ray is then used to irradiate the
sample to crosslink and endows the shape memory
effect; finally, external force is applied to the irradiated structures to fix temporary shape and recover to
the original shape under stimulation.
As mentioned above, PCO is a good choice for
FDM 3D printing to fabricate multi-responsive devices, but there are still many challenges in developing high-quality filaments for 3D FDM printing.
At relative low printing temperature (110 °C), the
viscosity of melt PCO is really high, which makes
it difficult to extrude and bend. At high printing
temperature (240 °C), the viscosity of PCO decreases, and the melt PCO can be extruded fluently.
However, the melt PCO creeps easily at such a high
temperature and to keep the designed shape is hard.
Here we found that addition of BN can effectively
improve the printing quality of PCO probably
owing to the enhanced modulus and cooling rate of
the melt BN/PCO. A series of BN/PCO composites
are prepared with various BN loading ranging from

(1)

where R is the resistance of sample, S is the crosssection of sample, L is the length of sample. The resistance of sample was measured by Keithley
DMM7510.
To measure the gel fraction (f), each sample was extracted using boiling THF for 24 h, and then vacuum-dried at 50 °C to remove residual solvent. Gel
fraction values of pure PCO were calculated using
the initial dry weight, before extraction, Wi, and the
dry weight after extraction, Wd, by the following
Equation (2):
W
f = Wd $ 100%
i

Wd - Mf Wi
R1 - Mf W Wi

(2)

The f of the BN/c-PCO composites was calculated
by the following Equation (3):

Figure 1. The fabrication process of multi-responsive device printed by FDM 3D printing.
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crosslinked by γ-ray irradiation for further test. In
order to distinguish the PCO composites before and
after irradiation, the crosslinked PCO and BN/PCO
composites after irradiation are named as c-PCO
and BN/c-PCO.

5 to 20 wt% using internal mixer, and then, extruded to form filaments with average diameter of
1.75 mm suitable for the commercial FDM 3D
printer (see details in Experimental Section 2.2).
The PCO and BN/PCO composite samples are

Figure 2. (a) TGA curve of BN/PCO composites with different BN loading. (b) The storage modulus of samples with different BN loading at –50 and 60 °C. (c) Thermal conductivity of the BN/PCO composites with different BN loading.
(d) Filaments of PCO and BN/PCO composites with 20 wt% filler content. (e) The images of different printed objects, top view (top) and front view (bottom).
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posites is measured and shown in Figure 2c. As expected, kT of the BN/PCO composites with 20 wt%
BN loading reaches to 0.55 W·m–1·K–1, compared to
0.2 W·m–1·K–1 of the pure PCO. The high kT could
largely improve the cooling rate of the composites,
which is beneficial to enhance the printing quality.
Considering the above measurement results, BN/PCO
composites with 20 wt% BN loading is chosen to
prepare the 3D printing shape memory devices. The
filaments of PCO and BN/PCO with ca. 1.75 mm diameter are prepared by twin-screw extruder. The
image of filaments is shown in Figure 2d. And the
images of printed objects are shown in Figure 2e. As
mentioned, due to its low modulus and kT, the printing quality of pure PCO is poor. Numerous defects
can be observed from the image. Nitrogen blowing
is used to increase the cooling rate to improve printing quality, which reduces the defects effectively.
Among these printed subjects, due to its high kT,
BN/PCO sample exhibits the best printing quality
without any assistant cooling method, as we expected.

The thermal behaviors of PCO and BN/PCO composites are shown in Figure 2a. BN/PCO composites
show similar thermal decomposition behavior to pure
PCO. The thermal stability of composites can be
slightly improved with the addition of BN. The reason can be ascribed to the high thermal conductivity
and high thermal capacity of the BN, which can absorb a lot of heat and delay the decomposition of the
composites [39, 40]. The onset decomposition temperatures (Tonset, the temperature of 5% weight lost)
of PCO and BN/PCO composites are over 400 °C.
Therefore, the printing process (220 °C) does not
cause the decomposition of materials. To investigate
the mechanical properties of the BN/PCO composites, tensile tests are conducted at –50 and 60 °C, and
the results are shown in Figure 2b. With the addition
of BN microplates, the storage modulus (E′) increases significantly from 383 to 1132 MPa at –50 °C and
from 1.63 to 3.85 MPa at 60 °C. The enhanced modulus of BN/PCO composites could effectively prevent the bending of filament during printing. On the
other hand, the thermal conductivity (kT) of the com-

Figure 3. (a) DSC thermographs of PCO-based composite samples with/without irradiation. (b) The gel fraction of c-PCO
and BN/c-PCO composites with different dose. (c) The storage modulus of c-PCO and BN/c-PCO samples at –50
and 60 °C (above Tm). (d) 3D diagram of shape memory cycles of c-PCO with irradiation of 200 kGy.
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ratio (Rr) for the samples are calculated as following
Equations (4) and (5):

The PCO and BN/PCO composites printed by the 3D
FDM printer are irradiated by γ-ray to crosslink. Figure 3a shows the different scanning calorimetry
(DSC) thermographs of heat flow (HF) during heating with different γ-ray doses for c-PCO and BN/
c-PCO composites at 200 kGy. The Tm of pure c-PCO
decreases with increasing of irradiation dose. This
means at higher crosslink density PCO crystals become imperfect and have lower Tm.
To investigate the crosslinking quality, network gel
fraction values of the crosslinked samples are measured. Figure 3b plots the change of gel fraction for
c-PCO and BN/c-PCO composite containing 20 wt%
BN as a function of irradiation dose. The gel fraction
of un-irradiated PCO is zero, indicating no gelation
occurs at all. After γ-ray irradiation, the gel fraction
of c-PCO increases up to 69% at 100 kGy and to
92% at 200 kGy. The gel fraction of BN/c-PCO composites also reaches 94% at 200 kGy, which indicates that the three-dimensional network structure of
c-PCO molecules can be formed by the γ-ray irradiation at 200 kGy.
Tensile tests are also conducted at –50 and 60 °C to
investigate the mechanical properties of the composites under different irradiation doses (Figure 3c). As
shown in Figure 3c, the storage modulus of the
c-PCO and BN/c-PCO composite are improved with
increasing of irradiation doses. The storage modulus
also exhibits a dramatic increase with the addition
of BN of ca. 300% both in –50 and 60 °C.
3D diagram of shape memory cycles of c-PCO after
irradiation of 200 kGy is shown in Figure 3d. High
shape fixity and recovery can be seen from the figure. The strain fixity ratio (Rf) and the strain recovery

f
Rf = f fix $ 100%
load
Rr =

(4)

f fix - f rec
$ 100%
f fix

(5)

where εload, εfix, and εrec are the maximum strain
under load, the fixed strain after cooling and load removal, and the strain after recovery, respectively. Rf
and Rr for c-PCO and BN/c-PCO composites are
summarized in Table 1. With the increase of irradiation dose, both Rf and Rr increase due to the increased crosslinking degree. The high Rf and Rr of
c-PCO and BN/c-PCO composite under 200 kGy irradiation indicate their excellent shape effect.
To demonstrate the printability of well-prepared filaments, various objects are printed by FDM 3D printer and are shown in Figure 4. A rooster grille, representing the Year of the Rooster in China of 2017, is
printed using pure PCO (see details in Experimental
Section 2.3), as shown in the left of Figure 4a. As
mentioned above, pure PCO is hard to cool to Tm
quickly to keep shape. So, nitrogen is blown on the
samples during printing pure PCO to increase the
cooling rate. The thickness of the grille is 0.4 mm.
After heating, adding external force, and then cooling
Table 1. The strain fixity ratio (Rf) and strain recovery ratio
(Rr) of different samples.
Samples

c-PCO- c-PCO- c-PCO- c-PCO- BN/c-PCO50 kGy 100 kGy 150 kGy 200 kGy 200 kGy

Rf [%]

96.09

97.08

97.09

98.8

98.9

Rr [%]

90.82

87.96

93.50

98.6

99.2

Figure 4. (a) FDM 3D printed rooster grille and its shape recovering process in hot water (ca. 70 °C). The images on the
right are obtained in 0 and 3 s, respectively. (b) Comparison of recovering process of c-PCO and BN/c-PCO flowers
printed by FDM 3D printer. The images are obtained in 0, 2, 5, 10, 15 s, and 20 s, respectively.
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The thermal decomposition behavior of PCO and
MWCNTs/PCO nanocomposites are shown in Figure 5a. A series of MWCNTs/PCO nanocomposites
with MWCNTs content ranging from 5 to 20 wt% are
prepared, and extruded to form filaments suitable for
3D FDM printing. (See details in Experimental Section 2.2) As mention above, high mechanical properties are required to ensure the success of printing.
Thus, DMA tensile tests of MWCNTs/PCO composites are also conducted at –50 and 60 °C, and the results are shown in Figure 5b. With the increase of filler
loading, the storage modulus shows a remarkable increase both in –50 and 60 °C. When the MWCNTs
content comes to 20 wt%, the storage modulus increases significantly from 383 to 1454 MPa at –50 °C
and from 1.63 to 18.7 MPa at 60 °C. The conductivity of MWCNTs/c-PCO composites is shown in Figure 5c. The electrical conductivity of MWCNTs/
c-PCO composites increases markedly with increasing MWCNTs contents and reaches as high as 6.5 S/m

to room temperature, the temporary shape of the
grille is fixed from original state. The grille can fully
recover from a ball to the original shape when put in
the hot water (ca. 70 °C), as shown in the right of
Figure 4a. To investigate the influence of the addition
of BN on response rate, flowers using c-PCO and
BN/c-PCO composite with BN loading of 20% are
printed and the recovering process are shown in Figure 4b. It can be clearly seen that the flower with BN
fillers shows a much faster response rate compared
with the c-PCO flower, due to the enhanced thermal
conductivity of the BN/c-PCO composite. The composite sample can recover in 10 s, while the c-PCO
sample needs over 20 s to recover.

3.2. Multi-responsive device printed by FDM
technology
3.2.1. Electro-responsive shape memory effect
Due to their high conductivity, MWCNTs are chosen
as the conductive filler to prepare c-PCO composites.

Figure 5. (a) TGA curves of MWCNTs/PCO composites with different MWCNTs loading. (b) The storage modulus of different MWCNTs/PCO samples at –50 and 60 °C. (c) Conductivity of the MWCNTs/c-PCO composites with different MWCNTs loading. (d) DSC curves of MWCNTs/c-PCO composites with different MWCNTs loading.
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Figure 6. (a) The printed composite samples with 20 wt% MWCNTs loading and (b) its recovering process. The images of
recovering process are obtained in 0, 5, 10, 30, 60, and 90 s, respectively.

at 20 wt%. The appropriate conductivity makes it
possible to achieve electro-response under a low
voltage. Figure 5d shows the DSC thermographs of
heat flow during heating of MWCNTs/c-PCO
nanocomposites with different filler loadings from 0
to 20 wt%. With the addition of MWCNTs, the Tm
of the composites decrease from ca. 51 °C to ca.
47 °C due to the inhibiting effect of fillers on polymer crystallization.
The printed structure with 20 wt% MWCNTs loading and its electro-response recovering process are
shown in Figure 6. Beneficial from the high conductivity and relative low Tm of MWCNTs/c-PCO nanocomposite, the sample could recover under a very
low voltage, ca. 5 V, which is much lower than that
of thermosetting material in literature (50 V).1

3D printable shape memory devices with photo response.
A series of MWCNTs/PCO films are 3D-printed, irradiated to study the photo-response behavior and
the photo-thermal conversion during illumination.
The result is shown in Figure 7a. When the loading
of MWCNTs in c-PCO increases from 0 to 20 wt%,
the maximum temperature after illumination increases from 25.9 to 51.1 °C, indicating the addition of
MWCNTs increases the maximum temperature of
the composites reached under the same conditions.
According to the above study, a flower is 3D printed
using MWCNTs/c-PCO composite with 20 wt% filler
loading, and then, irradiated by γ-ray to complete
crosslinking. The photo-response recovery process
of the flower under illumination is shown in Figure 7b. As the illumination time increases, the shape
of flower petal eventually recovers to its original
state, resulting in a shape change from closed to open
state. After 200 s of illumination, full blooming of
the flower is achieved.

3.2.2. Photo-responsive shape memory effect
In addition of high conductivity, MWCNTs also exhibits excellent photo-thermal conversion efficiency.
Thus, the addition of MWCNTs into PCO endows

Figure 7. (a) Photo-thermal conversion of shape memory materials with different weight ratios of MWCNTs to c-PCO under
a light intensity of 100 mW·cm–2. (b) The recovery process of printed flower using 20 wt% MWCNTs/c-PCO
composite under a light intensity of 100 mW·cm–2. The images are obtained every 25 s.
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4. Conclusions
In this work, FDM is applied to prepare multi-responsive shape memory PCO and PCO composites filled
with functional fillers. The FDM technique can avoid
the technical limitation that fillers inhibit photo-polymerization process which often occurs to photo-polymerization printing technique. The addition of BN to
PCO improves the printing quality due to increased
modulus and thermal conductivity. The printed devices made of BN/c-PCO composites show better
shape memory effect and higher recovery rate compared with pure c-PCO. The addition of MWCNTs
endows PCO higher conductivity and relatively
lower Tm, making it possible to achieve electro-response under very low voltage (ca. 5 V), which is difficult to realize for thermosetting materials (like
epoxy). The MWCNTs/c-PCO device can recover
under light also owing to the excellent photo-thermal
conversion efficiency of MWCNTs. The strategy reported here is facile for designing and fabricating
multi-responsive shape memory polymer devices,
which have great potential applications in the field
of customized devices and soft robotics.
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