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4D printing is an advanced manufacturing technology that combines the convenience of additive manufacturing
and uses stimuli-responsive materials, which has great application potentials in the field of smart structures.
Using electroactive shape memory polymer composites (SMPCs), smart devices with remote control capabilities
without a heat source can be prepared by 4D printing. In this work, a variety of 4D printed structures based on

PLA/CNT composites were fabricated by FDM. Electroactive SMPC filaments with different CNT contents were
prepared, and their electrical, thermal, and shape-memory properties were investigated. Moreover, a series of 2D
and 3D printed complex structures were designed and manufactured to realize their shape recovery behavior
under the electrical field. The relationship between the electroactive shape-memory performance of 4D printed
structures, structural design, and printing parameters was obtained. This work could provide a new feasible way
for the design and manufacturing of electroactive devices in the future.

1. Introduction

In 2013, Skylar Tibbits of Massachusetts Institute of Technology
(MIT) reported a new type of rope structure that could automatically
bend into the word “MIT” after being immersed in water, and this
phenomenon first revealed the concept of four-dimensional (4D) print-
ing [1]. Researchers have initially defined 4D printing as “3D printing +
time”, (addition of the time dimension to 3D printing); thus, the shape
and function of a printed structure can change with time. Currently, 4D
printing usually refers to additive manufacturing using smart materials.
Smart structures experience structural changes under certain external
excitations [2]. Moreover, 4D printed products have strong custom-
izability. Design ideas can be directly programmed into different
structures in a modeling process, providing greater design freedom for
printed products. In addition, during a design process, a complex
structure can be first made into a simpler one and then transformed into
the required complex geometry under external stimuli, thereby reducing
the difficulty of forming [3]. Currently, 4D printed structures are
generally applied to biomedicine, aerospace, photonic devices, and soft
robotics [4-7].

Smart materials, such as shape memory polymers (SMPs), shape
memory alloys, piezoelectric materials, liquid crystal elastomers, and
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electroactive polymers are used for 4D printing [8-10]. Among them,
SMPs have the advantages of low cost, adjustable transition tempera-
ture, different driving methods, and large deformation [11-15]. SMPs
are stimuli-responsive materials, which can be transformed into a tem-
porary shape under an external force when heating above the transition
temperature. The temporary shape can be fixed during cooling under the
same external force. When SMPs are heated above the transition tem-
perature, they can automatically recover from the temporary shape to
the original shape and complete one shape memory cycle. Shape
memory polymer composites (SMPCs) are composed of SMPs with other
functional materials, and they easily respond to light [16,17], electricity
[18-20], magnetic field [21,22] and other stimuli and have improved
mechanical properties. Liu et al. [23] used polylactic acid (PLA) as the
raw material to fabricate laminated Miura-origami tessellations and
tubes by 4D printing and realized their shape memory process under
compression. The resultant specimens manifested considerable shape
memory performance with a shape recovery rate of greater than 94%
and a volume change rate of 289%. Zhang et al. [24] prepared 4D
printed circular braided tubes and investigated the effects of different
structural parameters and temperatures on the shape memory behavior
of the products. Furthermore, by introducing a silicone elastomer, the
mechanical properties and shape memory properties of composites can
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be significantly improved.

Stimuli-responsive methods have significant impacts on the appli-
cation of SMPCs in different fields. Electroactive SMPCs are less
dependent on environmental factors, and their shape recovery can be
realized by the Joule heating effect. Electroactive SMPCs have good
filling dispersion, uniform heat distribution and remote control, and a
high driving efficiency [25-28]. The most commonly used matrix ma-
terials for electroactive SMPCs are epoxy [29], cyanate [30], poly-
styrene [31], polyurethane [32], and PLA [33]. According to their
shapes, conductive fillers can be divided into zero-dimensional particles,
one-dimensional fibers, and two-dimensional layers or films. In addi-
tion, fillers can be divided into two major categories- carbonaceous and
metal. Generally, carbonaceous fillers include carbon nanotubes (CNTs),
carbon nanofibers (CNFs), graphene, and carbon black, whereas metal
fillers include gold, silver, copper, and nickel [34-36].

Numerous methods have been developed to manufacture electro-
active SMPCs. Wang et al. [37] used a numerically controlled spray-
evaporative deposition process to deposit CNT layers on shape mem-
ory PU films to prepare SMP/CNT composites with a regular distribution
of CNTs. Zhang et al. [38] prepared a novel nanocomposite using an
ultra-thin polyacrylonitrile-based electrospinning CNF film and Nafion.
However, most of these methods are unsuitable for large-scale produc-
tion because of their complex processes, harsh conditions, long forming
cycles, and high cost. Different from the abovementioned methods, 4D
printing represented by the fused deposition method (FDM) is a low-
cost, fast forming process. In this process, mixed raw materials are
extruded into filaments. Subsequently, these filaments are melted and
deposited to form various structures [39]. However, very few reports are
available on the 4D printing of electroactive SMPCs, and these reports do
not elaborate on the relationship between the electrical and thermal
properties of 4D printed composites and structures. Moreover, no
research has revealed the main influencing factors for the electroactive
shape memory performance of 4D printed structures [40-44]. There-
fore, in the present work, 4D printed structures were formed based on
electroactive shape memory PLA/CNT composites by FDM. The shape
recovery behaviors of filaments and different 4D printed structures were
recorded. Furthermore, the influence of structural design on the elec-
troactive shape memory performance was investigated.

2. Experimental section
2.1. Fabrication of shape memory PLA/CNT composite filaments

PLA (4032D) provided by Harbin Institute of Technology was used
after drying at 50 °C for four hours [44]. CNTs (TNIM4) were supplied
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by Chengdu Organic Chemicals Co. Ltd. After weighing PLA and CNTs in
proportion, they were mixed by shaking and stirring. Subsequently, a
1.75 £ 0.05 mm electroactive PLA/CNT composite filament with uni-
form particle distribution was obtained through a consecutive twin-
screw extruder (CTE 20, Coperion Nanjing Machinery Co., Ltd). Two
types of composite filaments with different CNT ratios (5 wt% and 8 wt
%) were prepared. Fig. 1 schematically presents the preparation process
of electroactive PLA/CNT composite filaments.

2.2. 4D printing of composite structures

The FDM was used to realize the 4D printing of smart structures. A
GeeeTech I3 Pro C printer and a standard nozzle of 0.4 mm diameter
were used for 4D printing. In order to ensure a smooth extrusion of the
nozzle, the printing temperature and the hotbed temperature were set to
200 °C and 45 °C, respectively; thus, printed structures remained firmly
attached to the hotbed. The linear filling method was adopted, and the
filling rate was set to 100% to ensure internal continuity. The height of a
single layer was set to 0.2 mm (half of the nozzle diameter) to obtain
better printing quality.

2.3. Characterization

2.3.1. Electrical property measurement

Composites with high electrical properties generally manifest better
electroactive shape recovery behavior. Good and uniform conductivity
ensures a faster response speed and more uniform recovery. The elec-
trical properties of the composite filaments were tested based on the law
of resistance [45].

R=p 5 @
where p is the resistivity of the specimen of uniform shape, R is the
electrical resistance, S is the cross-sectional area, and L is the length of
the specimen.

Electrical property measurements were carried out through the
following steps. (1) Each composite filament was cut into small speci-
mens at different positions to keep them straight and reflect the uni-
formity of the composite filament. (2) The average cross-sectional area,
length and resistance with a DC power supply of each specimen were
measured. (3) The resistivity of each specimen was calculated according
to formula (1), and the obtained resistivity was subsequently converted
into conductivity. By comparing the conductivity values of five speci-
mens, the uniform conductivity of each composite filament was char-
acterized, and the effects of different CNT contents on the conductivity
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Fig. 1. Schematic for the preparation of PLA/CNT composite filaments.
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of PLA/CNT composites were analyzed.

2.3.2. Thermal property measurement

Differential scanning calorimetry (DSC) was carried out on a Mettler-
Toledo DSC 1 STAR SYSTEM to characterize the thermal properties of
the samples. The samples were heated from 25 °C to 200 °C and then
cooled to room temperature at a rate of 5 °C/min for two consecutive
cycles. The data of the second heating process was selected to eliminate
the influence of thermal history.

Thermogravimetric analyses (TGA) were executed on a METTLER
TOLEDO TGA/DSC 1 thermogravimetric analyzer. The samples were
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heated from room temperature to 700 °C at a rate of 10 °C /min in a
nitrogen atmosphere under a gas flow rate of 40 ml/min.

2.3.3. Dynamic mechanical analysis

Dynamic mechanical analyses (DMA) were performed on a TA Q800
instrument under the tension mode. The samples were heated from 20 °C
to 130 °C at a heating rate of 5 °C/min, a frequency of 1 Hz and
amplitude of 20 pm. PLA and PLA/CNT composite filaments were cut
into pieces of 30 mm in length.
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Fig. 2. (a) DSC curves of PLA/CNT electro-active SMPC specimens, (b) TGA curves of SMPC specimens, (c) DMA curves of SMPC specimens, (d) Conductivity test
results of filaments, (e¢) SEM image of the cross-section of PLA/CNT filament with 5 wt% CNT, and (f) SEM image of the cross-section of PLA/CNT filament with 8 wt

% CNT.
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2.4. Electroactive shape memory behavior

The shape memory performances of the filaments and the 4D printed
structures were tested by a DC power (ITECH IT6154) and an infrared
camera (JENOPTIK InfraTec). Electrodes of the power supply were
connected to the opposite ends of each filament specimen or the pre-
setting energization position of each printed structure to ensure overall
conduction. The applied voltage was adjusted to the appropriate value
of U to ensure that each specimen was just heated above its Ty The
shape memory behaviors were examined by a bending test using rect-
angular strip specimens as the permanent shape. An external force was
then applied to deform each specimen to the presetting deformation
state (U shape) at 70 °C, and the force was maintained after turning off
the power until the specimen became cooled and hardened, which is
named as shape fixing process. The voltage U, was then again applied to
the specimen, and the time to reach the maximum recovery (T,), 6s is the
sagging angle when the external force is removed in the cold; 6; is the
shape recovery angle in the shape recovery process. The shape fixity
ratio (Ry) shape recovery rate (R;) was calculated according to the
following formulas (a) and (3) [41].

0,

180° s
x 100% 2

R=— 5
! 180°

9[‘
R, = 80 _0, x 100% 3

3. Results and discussion
3.1. Basic properties of composites

Fig. 2a presents the DSC results of PLA filaments PLA/CNT composite
filaments (5 wt% and 8 wt%). The T, of PLA was around 66 °C, and the
addition of CNTs slightly increased the Tg of the composites. The crystal
peak of PLA was noticed at 115 °C, whereas those for 5 wt% and 8 wt%
PLA/CNT composite filaments were detected at 121 °C and 126 °C,
respectively. It happened because CNTs acted as heterogeneous nucle-
ation points to increase the crystallization temperature of the PLA ma-
trix. The melting temperatures of these three specimens were about the
same, and the endothermic peak was around 170 °C. The shape memory
effect of printed structures can only be noticed between Tg and Tp;
therefore, the working temperature of these structures should be
controlled within this temperature range. Moreover, during 4D printing,
the printing temperature should be 20-40 °C higher than Ty, to prevent
nozzle clogging.

The TGA curves of PLA filaments and PLA/CNT composite filaments
(5 wt% and 8 wt%) are exhibited in Fig. 2b. The decomposition tem-
perature of pure PLA started at 313.5 °C and ended at 389 °C. The
decomposition temperature of the 5 wt% CNT-filled filament started at
274.8 °C and ended at 379.6 °C, whereas the decomposition tempera-
ture of the 8 wt% CNT-filled filament started at 269.9 °C and ended at
375.7 °C. It can be seen from the TGA results that the thermal decom-
position temperature of the filaments decreased with the increase of
CNT contents. In addition, the remaining mass of the PLA/ CNT fila-
ments of 5 wt% and 8 wt% was almost unchanged around 600 °C and the
weight fraction of CNT in the filament was around 5% and 8%, which
was consistent with the proportion of the experimental design.

The DMA curves (storage modulus versus temperature) of pure PLA,
5 wt% and 8 wt% PLA/CNT filaments are exhibited in Fig. 2c. The
storage modulus of 5 wt% and 8 wt% PLA/CNT was much higher than
that of pure PLA because the addition of CNTs significantly enhanced the
stiffness of the PLA matrix. The T values of pure PLA, 5 wt% and 8 wt%
PLA/CNT were around 90 °C, higher than DSC results due to the
different test mechanisms. With the increase of CNT contents, the T, of
PLA/CNT increased. This trend is consistent with DSC results.

For each filament, the conductivity and resistivity of PLA/CNT SMPC
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filaments (5 wt% and 8 wt%) were tested at five different parts and the
average value was calculated. Fig. 2d presents the conductivity and re-
sistivity of PLA/CNT SMPC filaments (5 wt% and 8 wt%). Both filaments
had considerable conductivity, and 8 wt% PLA/CNT had a significantly
higher value. It can be attributed to the higher forming possibility of a
continuous conductive network inside the SMPC with the increase of the
CNT content. Compared to the pure PLA, the electrical conductivity and
thermal conductivity of the pure PLA were enhanced after the addition
of CNT (Fig. 2d and Table. S1). In order to demonstrate the PLA/CNT
composite filament with uniform particle distribution, SEM was carried
out to test the cross-section of the composite filament. From SEM images
of PLA/CNT composite filament, as shown in Fig. 2e and Fig. 2f, we can
see CNTs are distributed uniformly in the PLA matric, which is signifi-
cant for the conductivity property.

3.2. Electroactive shape memory performance of composite filaments

Both 5 wt% and 8 wt% PLA/CNT filaments were bent into a U-shape
to test their electroactive shape memory performance. The corre-
sponding test results are shown in Table. 1, and the electroactive shape
recovery processes of both specimens are displayed in Fig. 3. Although
the lengths of the two specimens were similar, the electroactive shape
memory performance of the 8 wt% specimen was superior to that of the
5 wt% composite filament. It happened because adding a higher CNT
content significantly improved the electrical conductivity and thermal
conductivity of the 8 wt% composite filament. Compared to the 8 wt%
specimen, the 5 wt% composite filament had lower heat production
efficiency and poorer heat conductivity, resulting in uneven heat dis-
tribution in different parts of the specimen and an unsatisfying shape
recovery performance. Hence, 8 wt% composite filaments were used to
fabricate printed structures.

3.3. Electroactive shape memory performance of 4D printed film
structures

In comparison to filaments, factors affecting the electroactive shape
memory performance of printed structures are more complicated. In
order to explore the influences of different printing parameters on the
shape memory performance of printed structures, strip-shaped (Fig. 4a)
and U-shaped (Fig. 4b) structures are designed. These two structures had
a thickness of 0.6 mm and included three identical single layers; thus,
they could be regarded as two-dimensional structures. The interior
filling method of the strip-shaped structure was linear, and filling wires
were placed parallel to the axial direction. Electrodes were connected at
both ends of the structure to make it energized and heated. An infrared
camera was used to observe the heating process of the structure
(Fig. 4a). Due to the good electrical conductivity and thermal conduc-
tivity of the printed structures (Table. S2), the internal heat distribution
and heating rate were very uniform, indicating that the electrical con-
ductivity of the structure did not change significantly along the direction
of internal filling wires. The printing process has little effect on the
thermal properties of the printed structures (Fig. S1a). However, the
storage modulus of the printed structures decreased slightly (Fig. S1b),
the reason may be that the printing structure was formed by melt
printing layer by layer, with a small number of voids, which is not dense,
resulting in the reduction of storage modulus.

The printed U-shaped structure shown in Fig. 4b was used to test the
influences of different internal filling wires with direction on its shape

Table 1

Electroactive shape memory testing results of PLA/CNT filament specimens.
Samples 5% CNT 8% CNT
Driving voltage (v) 20 10
Recovery time (s) 90 30

Shape recovery ratio (%) 80 100
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5% CNT/PLA composite filament under 20V

8% CNT/PLA composite filament under 10V

: E.P"— _

Fig. 3. Electroactive shape recovery process of SMPC filament: (a) 5 wt% PLA/CNT and (b) PLA/CNT 8 wt%.

(d)

Fig. 4. 2D printed structures: (a) heat distribution of the strip-shaped structure during the energization process, (b) U-shaped structure, (c) U-shaped structure with
different infill directions (0°, 45°, 90°), and (d) heat diffusion direction inside the U-shaped structure.

memory performance. A total of three U-shaped structures with different
filling directions (0°, 45°, 90°) were prepared (Fig. 4c). The U-shaped
structure bent in the perpendicular direction to the board surface, and
the two long legs of the structure were the main deformation parts.
Theoretically, when electrodes were connected at the edge of the two
long legs of the U-shaped structure, and overall energization could be
realized; however, in the actual scenario, the current mainly passed
through the innermost part of the structure with the shortest total dis-
tance and the temperature rise in other parts mainly depended on heat
diffusion from this area; hence, the thermal conductivity of the structure
along the direction perpendicular to the two long legs as shown in
Fig. 4d had a significant impact on the shape memory behavior. The
electroactive shape memory performances of three different types of U-
shaped structures are shown in Table. 2. For the programming process,
the voltage was adjusted to make the current in each branch of the
printed sample the same (the current of each branch was controlled at

Table 2
Electroactive shape memory test results of U-shaped structures with three
different filling directions.

Filling Direction 0° 45° 90°
Activation Voltage (v) 35 45 50
Recovery Time span (s) 80 70 920
Shape Recovery Ratio (%) 83.3 98 95
Shape Fixation Ratio (%) 100 100 100

about 0.1A) to keep the component programming temperature consis-
tent. The electroactive shape recovery processes are displayed in Fig. 5,
and their internal heat distribution image are presented in Fig. 6.

The specimen with 0° infill direction had the most uniform internal
heat distribution and the lowest activation voltage. In contrast, the
specimen with 90° infill direction had the worst internal heat distribu-
tion uniformity and the highest activation voltage. This difference can
be attributed to the filling directions of the structures. The deformation
of the U-shaped structure mainly occurred in its two long legs. Interior
filling wires of the 0° specimen were parallel to the heat transfer di-
rection in two legs of the structure, whereas filling wires of the 90°
specimen were parallel to the direction of two legs of the structure. The
Joule heat of the former type was quickly transferred to other areas of
the structure through interior filling wires, whereas the latter type
needed to transfer heat through contacts between different filling wires,
resulting in a large thermal conductivity difference. On the contrary, the
final shape recovery ratio of the 0° specimen was the lowest (less than
90%), whereas that of the 90° specimen could reach 95%. As the filling
direction was perpendicular to two legs of the 0° specimen, only filling
wires of the bent part were deformed during the deformation process.
Hence, only these filling wires participated in the shape recovery process
when the specimen was energized again; thus, the shape recovery force
was significantly low. By contrast, interior filling wires of the 90°
specimen were parallel to the two-leg direction; thus, almost all filling
wires became bent during the deformation process. Only a small part of
the structure reached above T, during the initial stage of energization,
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Fig. 6. Heat distribution maps of U-shaped structures: (a) 0° infill direction, (b) 45° infill direction, and (c¢) 90° infill direction during the electroactive shape re-

covery process.

and the rest could not be softened, resulting in a large deformation
resistance. The 45° specimen manifested a more comprehensive per-
formance, balanced thermal conductivity, and had the shortest recovery
time and the highest shape recovery ratio.

3.4. Electroactive shape memory performance of 4D printed composite
structures

As 3D structures require more printing layers and their circuit design
is far more complicated than 2D ones, their performance is subjected to
more factors. As the current mainly flows along the shortest path inside a
printed structure, 3D structures need an extremely high heating power.

Under the consideration of driving efficiency, a 3D electroactive struc-
ture consisting of several shunt branches was designed as the frame
structure. In addition, in order to ensure that the entire structure had the
same heating efficiency, branches with the same voltage at both ends
were designed to have the same resistance and thermal conductivity;
hence, each branch connected to the same power source should have the
same length. Moreover, the layer-by-layer forming characteristics of
FDM made each branch have a different internal structure, resulting in
different heating efficiencies.

In order to determine this effect, a pyramid-shaped structure with
three equal-length branches was designed as shown in Fig. 7a. Under
two different printing directions (Fig. 7b and Fig. 7c), a type-A specimen
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(2)

(d) Shape recovery process of 4D printed A-type specimen under 25V

Fig. 7. 4D printed electroactive pyramid-shaped structure. (a) model of pyramid-shaped structure; (b) printing direction of the type-A specimen which contains three
branches of identical infill structure; (c) printing direction of the type-B specimen including three branches of two kinds of infill structure; (d) Electroactive shape
recovery process of the type-A specimen and (e) heat distribution of the type-B specimen during energization process.

with three branches of the same internal structure and a type-B specimen
with three branches of two different internal structures were prepared.
These two specimens were energized and elongated and then subjected
to an electroactive shape memory test. The electroactive shape memory
recovery process of the type-A specimen is displayed in Fig. 7d. The
three branches of the specimen had the same heating efficiency, their
deformations were synchronized during the entire energization process,
and the original shape was completely recovered within 75 s. The type-B
specimen, after being energized, manifested no shape memory behavior
(Fig. 7e), and its equal-length branches with different internal structures
had different heating efficiencies. It was found that the branch parallel
to the direction of the current was always preferentially heated. The low
printing accuracy led to insufficient contact quality between filling wires
in the structure, and in the stacking direction, structure layers were in
closer contact by gravity, resulting in better conductivity. The pro-
gramming temperature was 70 °C. The shape fixity of the sample was
about 100%. The recovery temperature was around 70 °C. Hence, in the
design process of 4D printed electroactive structures, in addition to
improving the printing accuracy, it is necessary to ensure that branches
participating in deformation have the same internal printing structure.

Furthermore, a diamond-shaped structure (Fig. 8a) is also designed.
After connecting them to a power supply, they had 12 and 8 branches of
the same length, respectively. These branches were composed of oblique
edges, and no current flowed in horizontal edges. The diamond-shaped

structure exhibited excellent electroactive shape memory performance.
After being compressed, it could completely recover to its original shape
within 23 s (Fig. 8b). And the thermal distribution of the diamond-
shaped structure is shown in Fig. 8c. Moreover, a crown-shaped struc-
ture as shown in Fig. 8d is designed. By contrast, the shape memory
performance of the crown-shaped structure was weaker. After its eight-
pointed ends became bent, it took 44 s to achieve a 75% shape recovery
ratio (Fig. 8e). The thermal distribution of the diamond-shaped structure
is shown in Fig. 8f. Therefore, it can be inferred that the shape memory
performance of 4D printed structures mainly depends on their shape
recovery force. Each branch of the diamond-shaped structure worked
synchronously to produce a greater recovery force. The deformation
degree of each branch of the diamond-shaped structure was the same.
The resulting conductivity change was also synchronized; hence, its
eight branches had the same shape recovery degree during the re-
energization process. By contrast, each branch of the crown-shaped
structure deformed independently. The conductivity change of each
branch was different during the shape recovery process; hence, the
heating conditions of each branch were different, resulting in poor
electroactive shape memory recovery performance.

Furthermore, two 4D printed electroactive SMPC structures with
practical application potentials were designed. The first one was a multi-
segment controllable actuator that could be deployed in three states, as
shown in Fig. 9a. The actuator was composed of three identical



X. Dong et al.

Ss

Shape recovery process of 4D printed diamond structure under 2

f’uﬁ_

Composites Part A 157 (2022) 106925

ov
il

10s 23s

Fig. 8. Diamond-shaped and crown-shaped structures: (a) model of the diamond-shaped structure, (b) electroactive shape recovery process of the diamond-shaped
structure, (c) heating process of diamond, (d) model of the crown-shaped structure, (e) electroactive shape recovery process of the crown-shaped structure, and (f)

heating process of crown.

rectangular parallelepiped frames that were fixed in a bent state. Con-
necting the actuator to a power supply according to the connection
methods [-II shown in Fig. 9b-d, the deformations of segments 1-3 of
the device corresponding to the 1-3 deployment states could be
controlled. The bent and level 1-3 deployment states of the actuator at
25 V (around 70 °C) are shown in Fig. 9e-h. The actuation of the multi-
segment controllable actuator at different segments can be controlled
and designed (Fig. S2). Compared to actuators based on motors or
artificial muscles, this SMPC actuator had a more straightforward
principle and manufacturing process, lighter weight, and lower cost;
however, it had some significant problems of low control accuracy and
small driving force.

The second structure was an external fixation stent as shown in
Fig. 10a. The stent had a net structure composed of diamond-shaped
grids and was initially in a curled state. The stent became energized
and heated when electrodes were connected at vertices of the top and
bottom grids. The stent was unfolded before use and then placed outside
the body part that needed to be fixed. The stent automatically shrank
after being energized and exhibited a good holding and fixing effect after
cooling. The clamping process of the stent under energization at 20 V is
shown in Fig. 10b, and it completed 90% of shape recovery within 60 s.
This external fixation stent was easy and quick to operate and had an
excellent fixing effect.

4. Conclusions
A facile method to fabricate electroactive shape memory structures

by FDM was proposed in the current research. First, a commercial FDM
printing standard filament was prepared using PLA/CNT SMPC as the

raw materials by successfully combining the electrical conductivity of
CNTs with the shape memory effect of PLA. The electrical, thermal, and
electroactive shape memory properties of the filament were character-
ized. With the increase of the CNT content within a certain range, the
electrical conductivity, thermal conductivity, and shape recovery ratio
of SMPC manifested an upward trend. Subsequently, a series of 2D and
3D structures were printed with the abovementioned filament and their
electroactive shape memory cycles were realized. In addition, by
changing printing parameter settings and structures, the influencing
factors for the electroactive shape memory performance of the 4D-
printed SMPC structures were investigated, and the resultant struc-
tures manifested excellent electroactive shape memory performance.
The shape fixation ratio was 100% at room temperature, whereas the
shape recovery ratio reached more than 90% under a certain voltage.
Finally, two electroactive deformable devices with certain application
potentials were designed and prepared based on the abovementioned
method. This work broadens the range of potential materials in the 4D
printing field and provides a new forming route for electroactive SMPC.
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Fig. 9. 4D printed electroactive multi-segment controllable actuator at 25 V: (a) model of the actuator, (b) connecting method I corresponding to segment 1 control,
(c) connecting method II corresponding to segments 2 control, (d) connecting method III corresponding to segments 3 control, (e) actuator in the bent state, (f)
actuator in the level 1 deployment state, (g) actuator in the level 2 deployment state, and (h) actuator in the level 3 deployment state.

()

Fig. 10. 4D printed electroactive external fixation stent: (a) model of the external fixation stent and (b) electroactive clamping process.
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