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Local deformation

4D printing holds the important potential for various applications in military, robotics, and healthcare.
Among the numerous 4D printed materials, the thermally induced shape memory polymer has been
the most used one, which is traditional driven by thermal environments like hot water bath or hot
stage. In such way, the whole structure deforms at the same time to transform the shape. However,
the environment independent local deformation is required for many applications. In this work, the
silver nanowires (Ag-NWs) were employed combining with polylactic acid (PLA) to create a novel
electrically driven 4D printing composite. Ag-NWs networks ensured the excellent electric conductivity
after repeated tensile and bending deformations. As a result, Ag-NWs could be the excellent “heater”
to stimulate the local deformation of PLA under an applied voltage. The theoretical constitutive
equations were given, which allowed quantitatively design the structure for desired deformation and
property. A biomimetic flower with five petals were demonstrated, that each petal could be controlled
independently. An application of the 4D printed structure as a gripper grabbing the cargo in the cold
icy environment was realized. Our study has great significance for the future application of shape

memory composite materials for multi-functionality in different environments.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

4D printing, which prints smart materials to fabricate three-
dimensional objects by a 3D printer [1-3], then the 4D printed
structure can change shape or properties versus time under the
external stimulus such as heating, vibration and illumination [4,
5]. It has been reported that the internal strain stored in the
printed material can trigger its shape transformation to create a
smart 3D lightweight structures under the external thermal stim-
ulus [5]. This intelligent shape changing could naturally cause the
function variation which makes it more attractive in different ap-
plication prospects, such as aerospace deformation structure [6],
temperature indicator [7], biomedical field [8] and smart robot [9,
10].

Although the 4D printing materials have made great pro-
gresses, there are still some impediments in its further devel-
opment and application. For the time being, the electroactive
polymer [11,12] and shape memory materials [13] are frequently
used for 4D printing. Among them, the most deeply studied
4D printing material is the thermally induced shape memory
polymer (SMP) [14-16]. The traditional methods to control the
deformation of 4D printed SMP structures are water bath heating
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and hot stage heating. A common disadvantage of these heating
methods is the deformation can only occur when the structure
is completely surrounded by the thermal environment. What is
more, the deformation is overall. However, the local structural
deformation is required for many applications, such as mechani-
cal grippers [9,17], self-folding expansion hinges and bionics [18].
In order to solve this problem, various driving methods have
been developed, such as electro-thermal [19], illuminated [20]
and magnetic driving [10,21]. Among them, the electro-thermal
driven method by including the conductive fillers has been the
most important one, because it has the advantages of convenient
heat generation, easy to drive remotely and adaptable to multi-
environments. The metallic particles [22] of Au, Ag and Cu, carbon
black [23], carbon nanotubes (CNT) [24], graphene [25] and car-
bon fiber [26] have been utilized as the conductive fillers in SMP.
However, most of the metallic particles are not resistant to the
repeated large deformation, and the high expense of the low-
producing CNT and graphene is also an impediment for appli-
cation. Compared to these conductive filling materials, the silver
nanowires (Ag-NWs) are easy to aggregate into chains, forming
an electroosmotic flow network that is conducive to improve the
conductivity of the system [27-29]. Ag-NWs can maintain the
excellent electrical conductivity in large deformation and can be
mass produced [30,31].

Here, we printed the structure with polylactic acid (PLA) via
3D printer. The Ag-NWs synthesized via chemical liquid polyol
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method were uniformly coated into the groove of PLA structure.
The obtained PLA/Ag-NWs composite showed fast response under
an applied voltage, and took only four seconds from tempo-
rary shape to restore the initial shape. Moreover, we studied
the deformation mechanism of PLA structure and deduced the
corresponding equations, which agreed very well between the
theoretical results and the experimental results. For application,
a biomimetic flower was fabricated, and the gradual opening of
each petal could be realized by controlling the applied voltage.
A functional gripper was demonstrated, which could realize the
grabbing and releasing the object in cold environment. All of the
applications showed the ability of precisely controlled local de-
formation of the 4D printed PLA/Ag-NWs composite in different
environments.

2. Methods

The composite fabrication and functionalization included three
steps: (1) Synthesis of Ag-NWs, (2) Combination of Ag-NWs and
shape memory polymer, and (3) Electro-thermal experiment, as
schematically shown in Fig. 1.

Synthesis of Ag-NWs: Firstly, a mixture of 0.5 g PVP (K30) and
50 ml anhydrous 99.8% ethylene glycol (EG) were heated and
thermally stabilized at 180 °C in a magnetically stirred flask with
the speed of 350 r/min for 20 mins via Magnetic stirring heating
plate (ZNCL-BS, Shanghai, China). Then, added 0.1 ml NaCl in EG
solution with the concentration of 0.1 mol/L and heated for 10
mins. Afterwards, dissolved 0.5 g silver nitrate into 50 ml EG and
mixed them evenly. Then slowly dripped into the flask through
the peristaltic pump tube to avoid spherical or rod-shaped ir-
regular structure, and kept heating for 20 mins. Finally, 100 ml
anhydrous 99.8% acetone was added into the cooled solution
to get rid of EG, and let it stand for 24 h. Repeated this step
for more than three times. After cleaning, the supernatant was
poured into the centrifuge tubes, in which 50 ml 99.5% ethanol
absolute was added. Then repeated the centrifugation for more
than three times to remove the PVP at the speed of 1400 r/min for
17 mins for each time. Finally, the pure Ag-NWs were dispersed
in the ethanol solution. The morphological characterization of Ag-
NWs was investigated by a Scanning Electron Microscope (SEM,
S-4800, Japan), which was shown in the inset of Fig. 1. All of the
chemicals used in this work were purchased from Aladdin, China.
Fabrication of the composite structure: The printed material is
polylactic acid (PLA) (PolyPlus™ PLA, USA) whose glass transi-
tion temperature is about 60 °C. Mechanical properties of PLA
including tensile modulus and tensile strength can be found in
the literature [32]. All the three-dimensional structures were fab-
ricated by printing PLA materials via MakerBot printer (MakerBot
replicator™, Los Angeles, USA). The basic structural unit was a
thin beam with the dimension of 60 x 8 x 0.4 mm? with a
groove of 12 x 8 x 0.1 mm? in the middle. The thin beam was
placed on a hot plate at 37 °C, and then the Ag-NWs solution was
evenly dropped into the groove with a syringe. The solution was
magnetically stirred for 2 mins before suction to ensure the Ag-
NWs were uniform distributed in the solution. After the Ag-NWs
were dry, a very thin layer of the commercial conductive silver
paste (CSP, SPI#05001-AB, West Chester, USA) was painted on top
of the Ag-NWs for protection. Then the composite structure was
left in air for 24 h for complete drying.

Electro-thermal deformation procedure: An appropriate volt-
age was applied on the thin beam until the glass transition tem-
perature (Tg) of PLA was reached. Afterwards, a temporary shape
was constructed by applying an external load till the composite
material was cooled down to the room temperature. Turned on
the power again, when the temperature reached to T; under the
applied voltage, the structure quickly recovered to its original

shape. The temperature of composite structure was measured
by an infrared camera (FLIR A655SC, Dresden, Germany) during
the experiment. The power supply (SS-3020KD, A-BF, Dongguan,
China) was used for applying the voltage. The strain of the beam
was measured by the dynamic mechanical analysis (DMA, Electro
Force 3200, USA).

3. Results and discussion

Fig. 2(a) illustrates the recovery angle (left) and temperature
(right) variations versus the heating time of the thin beam as
the inset shown. The obvious slope changes of the curves can
be observed. At the beginning, both the decreasing of the re-
covery angle and the increasing of the temperature are slow,
which corresponds to the thermal expansion process. There are
dramatically slope changes at the time of 2 s, where the T, =
60 °C of PLA is reached. Thereafter the temperature increases fast
and the deformation rate of the structure is very high, which is
corresponding to the phase changing process. Finally, it takes ca.
5 s in total to restore the initial shape of the thin beam. In order to
investigate the dependence of the deformation rate on the size of
the heater, different dimensions of the Ag-NWs have been coated.
As schematically shown in Fig. 2(b), the thickness is constant, and
the width is fixed to 8 mm. The angle of the thin beam decreases
faster with the larger coated area of Ag-NWs under the applied
voltage of 5 V as depicted in Fig. 2(b). The sample was a thin beam
with the dimension of 60 x 8 x 0.4 mm?, and with a groove of
12 x 8 x 0.1 mm? in the middle which was coated with Ag-NWs.
The temperature changes versus the different applied voltage
and the corresponding temperature distributions are illustrated
in Figs. 2(c) and 2(d), respectively. Since Ty of PLA is 60 °C,
the minimum required voltage is 2.8 V for this sample. In other
words, the minimum electric power is ca. 4.704 W to realize the
phase change deformation of PLA/Ag-NWs structure.

In order to precisely control the deformation, the detailed
deformation equations of SMP were given as follows. For the
rectangular thin beam model as shown in Fig. 2, the deformation
could be divided into two stages: thermal expansion and shape
memory release processes when heated by the applied voltage.
The XYZ coordinate system was established along the direction
of the beam’s length, width and thickness as the inset of Fig. 3(b)
shown. According to Tobushi’s [33] one-dimensional linear con-
stitutive model based on the classical viscoelastic theory, when
0 <t <tyand T < Tg, the thermal expansion strain &g of the
thermal expansion deformation stage is as follows,

£g = agTt (1)

where «y is the coefficient of thermal expansion, T is the heating
rate, t is the time and t; is the time when the temperature reach
to Tg.

Because the beam is very thin, which can be simplified as the
plane stress problem. The stress is constant along the X axis and
varies continuously and uniformly along Z axis. Thus, the thermal
expansion bending angle 6 is obtained as
20Tt

P (2)
where 6, is the initial angle after pre-deformation, h is the thick-
ness of the beam.

As the temperature increasing until T > T,, which corresponds
to the shape memory stage, the phase change induced strain ¢,
is:

&‘p(fz) = aefthZ (3)

O1(x, t) = 6p —
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Fig. 1. Schematic plot of the fabrication process of PLA/Ag-NWs composite. Firstly, the Ag-NWs were synthesized via chemical liquid polyol method. The PLA structure
was printed by MakerBot™ printer and set a groove in the middle of SMP structure, then the Ag-NWs were evenly dropped into the groove. After drying, the Ag-NWs

layer was coated with a thin layer of commercial conductive silver paste.
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Fig. 2. The characterization of the applied electric power, temperature and deformation of the composite. (a) The relationship between the bending recovery angle
(left) and temperature (right) variations versus the heating time of thin beam. (b) The bending recovery angle changes with heating time of the Ag-NWs with
different areas. (c) The equilibrium temperature under different driving voltages. (d) The temperature distributions of the beam corresponding to four points A, B, C

and D of Fig. 2(c).

where t; t — tg, agr is the effective thermal expansion
coefficient, which can be calculated by Eq. (3) and the following
equation [4]:

ep(ty) = (sr — eg) (1 — e_‘T?>

where ¢, is the strain stored in pre-deformation.
The bending angle of the thin beam during the shape memory
process is obtained:

(4)

)
oz(x,tz)zeo—eg—z(e,—eg)<1—eff)% (5)
where 6; is the angle of recovery during the whole thermal
expansion stage.

The previous work has explained how internal strain in PLA
was generated during printing [5]. Similarly, we firstly evaluated
the internal strain stored in PLA materials after pre-deformation.

The strain of the strip during the deformation process was ob-
tained by calculating the ratio of the contraction to the initial
length. Then, the release of internal strain was recorded as shown
in Fig. 3a when their temperature exceeds the T, of PLA (60 °C).
The moment t 0 is corresponding to the heating started,
during which time is the thermal expansion process till t = T,.
The theoretical strain and bending angle changing with time are
plotted according to the above equations, which are compared
with the experiment results as shown in Fig. 3. The experimental
results agree well with the theoretical results, which both show
the obvious transition points at the time of 2 s. At this point, the
phase changing temperature, T, of PLA is reached, which leads to
the dramatically change of the deformation rate.

As we introduced in the method section, the major filler
was the Ag-NWs. In order to be against the oxidation of Ag-
NWs, a very thin layer of CSP was brushed on top. One can
also choose other organic matter to protect Ag-NWs. In order to
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compare the change of electrical conductivity of different fillers
after several large deformations, the bending tests were taken
on the thin beams with different fillers. The thin beam model
with the dimension of 60x8x0.4 mm?3, and with a groove of
12x8x0.1 mm? in the middle which was coated with fillers. One
model was only coated with CSP, the other was mainly coated
with Ag-NWs and thin CSP layer on top, but the total quality
of the Ag for each sample was the same. At the beginning, the
conductivities of both fillers are 10> S/m. Then the beam was
electro thermally pre-deformed to 90° followed by restoring to
0° both under an applied a voltage of 2.8 V, which is regarded as
bending once. After the first bending test, the conductivity of the
CSP decrease 83.87% as shown in Fig. 4(a), and no conductivity at
all after the third time bending. In contrast, the conductivity of
Ag-NWs filler decrease 66.67% after the third time bending and
still keep a high conductivity (5319.149 S/m) after bending for
three times, which illustrates the good bending resistance of the
Ag-NWs filler.

Moreover, the tensile resistance of these two fillers are in-
vestigated. The thin beams were immersed in the water bath at
70 °C and stretched to different strain. As shown in Fig. 4(b), the
conductivities of the Ag-NWs and CSP fillers dropped to 476.2 S/m
and 200 S/m at 3% strain, respectively. The conductivity of CSP
is 0 S/m when the strain is more than 8%, while that of Ag-
NWs is nearly unchanged. Under stretching, the silver particles in
CSP are separated apart and even disconnected to a great extent,
which leads to the dramatic decrease of the electrical resistance
of CSP. In contrast, Ag-NWs network could maintain excellent
connection, thus the relative stable conductivity.

A biomimetic flower was designed as shown in Fig. 5(a). The
flower consists of five petals, which are fixed on the support
separately. Each petal could be controlled independently. After
applied a 4 V voltage, each petal could be pre-deformed as de-
sired. Similarly, the petal could also be open as designed by
applying the required voltage. When heated to the temperature
of T,, the petals were expanded one by one in order, and finally
the initial shape was restored (as shown in video 1). The petals
could also expand together by applying the voltage at the same
time (as shown in video 2).

Compared with the traditional pre-deformation methods such
as water bath heating or hot stage heating, this method can
make the structure get rid of the support of the solid platform
to achieve a certain degree of freedom (line suspension heating),
which make it adaptive to complex environments. In this way, the
desired function can be realized by the SMP/Ag-NWs composite
structure in different environments.

The gripper is an important application of SMP [34]. Therefore,
an application of the SMP/Ag-NWSs composite structure as a grip-
per in cold environment is demonstrated in Fig. 5(b). The heating
without destroying the cold environment is hard to realize with
the traditional methods, such as hot water bath and hot stage.
Here, the gripper was mainly composed of three bending thin
beams, which can be independently controlled. The beams were
printed with a tiny curve of 150°. At the beginning, the gripper
were pre-deformed by applying a voltage of 4.5 V till the beams
becoming straight. Then, the beams were applied the same volt-
age to restore to the initial shape to grab the ball (m = 2.7 g)
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Fig. 5. The environment independent applications of the electrically controlled PLA/Ag-NWs composite structure with local deformation. (a) A biomimetic flower
with five petals, and each petal could be independently expanded under the applied voltage. (b) A gripper grabbed a ball from the icy cold environment. Note that
both applications cannot be realized by the traditional hot water bath or hot stage heating.

from icy environment (as shown in video 3). In this way, we do
not need to put the whole structure in the thermal environment
as the traditional method, which has great significance for the
future application of shape memory composite materials at low
temperature. The method in our work can be further combined
with the hybrid printing [35,36], which could more precisely
control the 3D printed structures to achieve the multifunction.

4. Conclusions

To summarize, the Ag-NWs and PLA was combined to develop
a new 4D printing composite for electrically controlled local
deformation. The composite had been shown to own two defor-
mation processes upon applying a voltage, namely the thermal
expansion and phase changing. The shape changing was fast as
soon as the temperature achieving the phase changing tempera-
ture of the PLA. The minimum electric power was ca. 4.704 W to
realize the phase change deformation of PLA/Ag-NWs structure. A
biomimetic flower with five petals was presented, and each petal
could be independently expanded under the applied voltage.
In particular, a gripper functionalized in cold environment was
shown. The method in this work could be used for different kind
of SMP and the corresponding 4D printing composite and struc-
tures would be promising for applications in the fields of robots,
temperature sensors, biomedicine, folded wings of deformable
aircraft and so on.
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