Carbon 155 (2019) 7787

Contents lists available at ScienceDirect

Carbon

Carbon

journal homepage: www.elsevier.com/locate/carbon

CNT-based electro-responsive shape memory functionalized 3D N
printed nanocomposites for liquid sensors et

Xue Wan ¢, Fenghua Zhang ¢, Yanju Liu °, Jinsong Leng *

@ National Key Laboratory of Science and Technology on Advanced Composites in Special Environments, Harbin Institute of Technology, Harbin, 150080,
People's Republic of China
b Department of Astronautical Science and Mechanics, Harbin Institute of Technology, Harbin, 150001, People's Republic of China

ARTICLE INFO ABSTRACT

Article history:

Received 2 June 2019

Received in revised form

29 July 2019

Accepted 13 August 2019
Available online 13 August 2019

3D printing of conductive polymer nanocomposites, which combines the electrical conductivity of
nanofillers with customer-designed geometries, is promising for various sensors. However, the single
shape of sensors restricts their environmental adaptability if the detecting environment changes. Herein,
3D and 4D printing of poly (D,L-lactide-co-trimethylene carbonate) (PLMC)/CNT nanocomposites with
electro-responsive shape-changing capability was achieved by direct ink writing (DIW). The rheological
and solvent evaporation capabilities of PLMC/CNT ink were modulated to make it printable. Electrical,
mechanical, thermal and shape memory properties were investigated and various structures from micro
to macro were constructed. The printed structure showed excellent shape-changing behavior under 25V
within 16 s. Then UV photoinitiators were introduced to trigger hydrogen abstraction reaction to make
PLMC chains form cross-linking networks. The modified composite ink was printed into shape-changing
liquid sensors. The influence of three solvents and layer thickness on liquid sensitivity was compared.
The shape-changing capability helped the sensor maintain a high precision for liquid detection. The
sensor in its original, deformed and recovered shape showed similar changing trend of resistance and
exhibited excellent repeatability. We envision wide environmental adaptability of using the shape-
changing sensor for detecting leakage of various solvents in varying environment.

© 2019 Elsevier Ltd. All rights reserved.

functions based on the swelling phenomena as the liquid enters the
polymer network and enlarges the distance between conductive

1. Introduction

Conductive polymer nanocomposites with carbon nanotubes
(CNT) [1,2], graphene [3], carbon grease [4] and silver nanoparticles
[5], are multifunctional materials due to their high strength, elec-
trical conductivity and thermal stability. With the development of
3D printing, multifunctional nanocomposites could be printed into
complex customer-designed 3D geometries. The printed conduc-
tive nanocomposites have potential in various sensors, such as
strain sensor [5], liquid sensor [6], capacitive pressure sensor [7],
temperature sensor [8] and tactile sensor [9], etc. The working
mechanism of these sensors is the change of electrical conductivity
when they contact with specific materials or deform under applied
stress [4,10]. When the distance between nanofillers changes, the
varying percolation pathways will affect the electrical conductivity,
thus the composites can serve as sensors [10,11]. The liquid sensor
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fillers [12]. Some techniques such as melt spinning [13] and
compression modeling [14], have been reported to fabricate liquid
sensors in the form of 1D fiber or 2D film. Melt-processed film of
polylactic acid (PLA)/CNT was used as a liquid sensor to compare
the liquid sensitivity in various solvents [12,15]. The sizes of sensors
are of the order of centimeters which takes up much space and
lacks portability. Besides, these techniques require high power
consumption. Daniel and coworkers reported 3D printing of PLA/
CNT sensors using direct ink writing (DIW) and investigated the
effect of printed configurations on liquid sensitivity [6,16]. DIW
enables nanocomposites ink to fabricate various structures with
only a small amount of materials, without any mold. The sizes of
nozzles are of the order of micrometers, which could provide high
resolution. These sensors have promising applications to monitor
the leakage of solvents in pipelines for security detection [15,16].
However, the ductility of PLA-based nanocomposites was not good
enough, thus limiting the deformation of printed structures [16,17].
Besides, the reported nanocomposites sensors could not adapt to
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the environment intelligently when the shape of liquid container
changed. The single shape of printed sensor limited their applica-
tion in varying environment. Therefore, it is desired to design and
print a new sensor with shape-changing behavior to adapt to the
testing environment.

Shape memory polymers (SMPs) are a type of stimuli-
responsive smart materials, that have shape-changing capability
from temporary shapes to original shapes when triggered by an
external stimulus [18—20]. Owing to their intrinsic shape memory
properties, SMPs have potential in different applications, such as
flexible electronics [21,22], space deployable structures [23,24] and
soft robotics [25,26]. Qi and coworkers proposed that the shape of
3D printed SMPs could alter with the change of time under an
external stimulus, or called 4D printing [27]. SMP-based 4D shape-
changing structures have been printed by fused deposition
modeling (FDM) [28], stereolithography (SLA) [29], digital light
processing (DLP) [30] and Polyjet [31]. Compared to DIW, these
printing methods are usually limited in pure polymers. DIW is
much more suitable to print homemade nanocomposites inks with
different loadings of nanofillers, and it only requires a small amount
of materials [7,32].

Herein, we demonstrate the possibility of a novel 3D and 4D
printing of poly(D,L-lactide-co-trimethylene carbonate) (PLMC)/
CNT nanocomposites into shape-changing structures. Bao et al.
reported electrospun fibrous scaffolds from shape memory PLMC
[33]. This material was soft compared to PLA because of the
introduction of soft segment of trimethylene carbonate (TMC). We
first regulated the rheological and solvent evaporation properties of
PLMC/CNT nanocomposites to make it printable. Then we investi-
gated the macroscopic properties of the printed nanocomposites
and analyzed its electro-responsive shape-changing capability. To
enhance the stiffness and stability, UV photoinitiators were intro-
duced into PLMC/CNT ink to form cross-linking networks under UV
light. The modified CNT-based nanocomposites ink with higher gel
fraction was used to print shape-changing liquid sensors. The liquid
sensors with customer-designed geometries could adapt to
changing environments. It revealed the advantages of combining
3D printing with electro-responsive shape-changing performance.

2. Experimental
2.1. Materials

PLMC was purchased from Jinan Daigang Biomatereial Co.,Ltd
(China). The molar ratio of D,L-lactide(DLLA):TMC was 80:20. The
weight-average molecular weight (M,,) and polydispersity index
tested by Gel permeation chromatography (GPC) were 420 kDa and
1.9, respectively. Dichloromethane (DCM) and multi-walled
carbon nanotubes (CNTs, NC7000) were purchased from Aladdin
Industrial Inc and Nanocyl, respectively. PLMC and CNT powders
were dried in a vacuum oven at 50 °C for 12 h. The photoinitiators
were 2-isopropylthioxanthone (ITX) combined with ethyl 4-
dimethylaminobenzoate (EDB), both purchased from Sigma-
Aldrich.

2.2. Preparation of CNT-based inks

The ink of PLMC 1/6 was prepared by diluting PLMC pellets in
DCM with a weight ratio of 1:5. For PLMC/CNT inks, PLMC was first
dispersed in DCM with a weight ratio of 1:20. After diluting, CNTs
were dispersed with different concentrations (0.5, 1.0, 1.25, 2.0, 3.0,
5.0, 7.0, 9.0, 10.0, 11.0 wt%) in PLMC. The crosslinking-PLMC (c-
PLMC) ink was prepared by diluting ITX/EDB/PLMC/DCM at a
weight ratio of 0.01:0.03:1:20. For c-PLMC/CNT ink, the CNTs were
dispersed in c-PLMC at a mass fraction of 10 wt%. The CNT-based

inks were mixed through mechanical stirring in a container
which was kept open for DCM evaporation. When the weight ratio
of PLMC/DCM reached 1/5, the container was sealed and placed in a
ball mill mixer (SamplePrep 8000 M, SPEX) for thorough mixing.
Finally, the ink was sonicated in an ultrasonic bath for 30 min.

2.3. 3D printing of CNT-based nanocomposites

The ink was fed into a 3cm? syringe fixed inside a robot
(1&J2200-4, Fisnar) and deposited through a micronozzle. The
applied pressure ranging from 1.75 to 3.5 MPa was controlled by a
pneumatic apparatus (HP-7X, EFD) to match with the robot ve-
locity. The real-time apparent viscosity of various inks was calcu-
lated by the capillary flow analysis [34] and the solvent evaporation
rate was calculated from the real-time solvent content [16]. For the
ink of c-PLMC and ¢-PLMC/CNT, the printed structure was further
placed in a UV chamber to trigger the photopolymerization to
obtain crosslinking networks. The printed scaffold after UV cross-
linking was called as c-scaffold.

2.4. Shape memory effect measurement

The shape memory cycle (SMC) was conducted on the films to
quantitatively evaluate the shape memory effect using Q800 (TA
Instruments) [35,36]. The printed film had a size of
30 x 4 x 0.6 mm>. To prevent the film from slipping, a preload of
0.001 N was set to fix it. The procedures were as follows: (i) The
rectangular film was thermally equilibrated at 75 °C for 5 min to
obtain the initial strain (ejnigq) of the Nth cycle. Then it was
stretched isothermally to 0.08 MPa under a ramping rate of
0.02 MPamin~' to record the deformed strain (edeform)- (i) The
sample was cooled at a rate of 5°C min~! and kept isothermal at
0°C for 5min. (iii) The external force was unloaded at a rate of
0.05 N min~! and the specimen was equilibrated at 0 °C for 5 min to
obtain the fixed strain (efy). (iv) The sample was reheated at a rate of
5°C min~! and equilibrated at 75 °C for 10 min. The obtained strain
was recorded as the residual strain after recovery (erecover). Thus, the
shape fixity ratio (Rf) and the shape recovery ratio (R;) were
calculated as follows:

Rp(%) =— 2% » 100% (1)
Edeform
o €defrom — €recover .
Ry (%) =——— x 100% (2)

Edeform — Einitial

2.5. Characterization of CNT-based nanocomposites

(1) The electrical property was measured using four-probe
method attached to a digital multimeter (6517B, Keithley).
The CNT-based inks were poured into molds and dried at
room temperature for 24h to form films at the size of
25 x 55 x 0.6 mm®. For completely drying, the films were
then placed in a ventilated oven at 50 °C for 6 h. The volume
conductivity was calculated from the resistance based on the
length and the cross-sectional area of the films.

(2) The static mechanical properties of solvent-cast films were
tested using an Instron 5944 Universal Machine equipped
with a 2 kN load cell. The films were stretched at a speed of
2 mmmin~' at room temperature.

(3) The dynamic mechanical analysis (DMA) was performed
using Q800 under the tension mode. It was conducted at
frequency of 1Hz, a preload of 0.01 N, amplitude of 20 um
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and a heating rate of 3°C min~’. The rectangular-shaped
sample was cut from the solvent-cast film at the size of
30 x 4 x 0.6 mm>,

(4) The thermal stabilities of the nanocomposites were charac-
terized by thermogravimetric analysis (TGA) on Mettler-
Toledo thermal analysis instrument (TGA/DSC1). The sam-
ple was scanned from 25 to 800 °C in nitrogen atmosphere, at
a rate of 10°C min .

(5) The FTIR spectrum was characterized by Spectrum Two
(PerkinElmer Inc.). The sample was tested in a wavenumber
range of 800—4000 cm™~! at a scanning resolution of 4 cm™!

(6) The irradiated films of c-PLMC and c-PLMC/CNT were dis-
solved in DCM at room temperature for 24 h. The undissolved
gel was dried in an oven at 50 °C for 12 h. The gel fraction (GF)
was calculated as follows [37]:

GF:%X 100% 3)

0

where Wy and W, were the weight of films before and after
dissolution, respectively.

2.6. Liquid sensing test

The printed U-shaped c-scaffold could serve as a liquid sensor.
The liquid sensitivity was measured by monitoring the electrical
resistivity during several immersion/drying cycles. The upper of the
sensor was attached to two gold electrical probes with a 10 mm gap
while the bottom was immersed in the solvent. The real-time
resistance was recorded by a digital multimeter (2400, Keithley)
connected with a software. Relative resistance change (RRC) was
the ratio of difference value between the original and real-time
resistance to the original resistance. The influence of solvents
(ethanol, normal saline and acetone) on liquid sensitivity was
studied using a 4-layer sensor (immersion/drying time of 120/1800,
120/1800 and 20/1900 s, respectively). The effect of layer thickness
(2, 4 and 6 layers) on RRC was investigated in ethanol. RRC of the
shape-changing sensor with 4 layers was compared in its original,
deformed and recovered shapes.
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3. Results and discussion

Fig. 1 illustrates the 3D and 4D printing of shape memory
nanocomposites by DIW. In order to fabricate electro-responsive
structures, PLMC or c-PLMC served as a matrix with shape-
changing capability. CNTs served as conducting fillers to endow
the material with electrical response as shown in Fig. 1(a). Once
CNTs were mixed with PLMC or ¢-PLMC in DCM to form printable
ink, the customer-designed structures could be constructed
through DIW. The printing process was based on fast evaporation of
DCM under a suitable applied pressure and robot velocity
(Fig. 1(b)). After printing, the electro-responsive shape memory
structure could show shape-changing behavior in an electric field
(Fig. 1(c)). The UV cross-linking reaction of PLMC with photo-
initiators is shown in Fig. 1(d). The printing process is illustrated in
Fig. S1.

The inks require appropriate viscosity to flow continuously from
the micronozzle and maintain the filamentary morphology.
Fig. 2(a) depicts the log-log graph of the process-related apparent
viscosity versus shear rate. The inks exhibited a shear-thinning
performance, which was essential for DIW. The viscosity pre-
sented a slightly increasing trend when the CNT content increased.
This was because as the mass content of the ink increased, the
modulus increased and thus the shape retention ability was
enhanced. The solvent evaporation ability of the ink is critical to
complete a fluid-solid transition. Fig. 2(b) shows the real-time
solvent content of the printed filament extruded from the micro-
nozzle of 200 um. It could be seen that various inks showed similar
trend and the introduction of CNT shortened the solvent evapora-
tion time. This was due to the increase of mass fraction of solution,
which was consistent with the results of previous literature [38].
The solvent content of 10 wt% CNT ink dropped by 70% within
8 min, facilitating the successful printing of the structures.

The electrical properties of the nanocomposites films were
critical to select the appropriate CNT content for application as
sensors. The volume conductivity of the PLMC/CNT solvent-cast
films with respect to the mass fraction of CNT is shown in
Fig. 2(c). A power-law theory was utilized to fit conductivity data
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Fig. 1. 3D and 4D printing of shape memory nanocomposites. (a) electro-responsive shape memory behavior of printed material. (b) DIW process; (c) electro-responsive shape-
changing behavior of 4D printed structure; (d) UV cross-linking reaction of PLMC to form c-PLMC. (A colour version of this figure can be viewed online.)
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Fig. 2. Investigation of the PLMC/CNT nanocomposites. (a) log-log graph of the process-related apparent viscosity versus shear rate; (b) real-time solvent content as a function of
time; (c) electrical conductivity as a function of CNT content. The inset was the log-log fitting curve. Red line is a fit to the experimental data; (d) tensile stress-strain curve of the
nanocomposites films; (e) DMA curve of tan d; (f) TGA curve. (A colour version of this figure can be viewed online.)

for a percolating network given by [39]:

n
Volume conductivity = @, (w) (4)

Mcg

where m is the CNT loading (wt%), m is the percolation threshold
(wt%), Bcs and n are the power-law constants. The experimental
data agreed well with the fitting curve using Equation (4), yielding
the value of m.,=0.73 +£0.05, as shown in Fig. 2(c). The nano-
composites ink of 10 and 11.11 wt% CNT exhibited the electrical

conductivity at 65 and 106 S m ™!, respectively. The value was at the
same order of magnitude obtained on other similar composite
systems containing CNTs and polymers [40,41]. The tensile stress-
strain curve of the composites at room temperature is illustrated
in Fig. 2(d). It exhibited linear elastic behavior within a small strain
range followed by softening behavior, i.e. elasto-plastic behavior.
The tensile strength and elastic modulus increased as CNT content
increased, while the elongation at break decreased. PLMC showed a
low Young's modulus of 190.1 MPa, low tensile strength of 7.0 MPa
and high elongation at break of 88.9%. By contrast, nanocomposites
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of 10 wt% CNT exhibited a higher Young's modulus of 609.3 MPa,
higher tensile strength of ~17.9 MPa and lower elongation at break
of ~35.4%. This was because the addition of CNT limited the
mobility of PLMC chains and enhanced the strength.

Fig. 2(e) depicts the DMA curve of tan ¢ under continuous
heating. The glass transition temperature (Tg) was defined by the
peak of tan ¢ vs. temperature curve, which was essential to trigger
shape memory behavior. T slightly increased from 66 °C (PLMC) to
69°C (10 wt% CNT) because the composites became stiffer thus
requiring higher deformed temperature. It could give reference to
the reheating temperature in an electric field to trigger shape-
changing performance. The thermal stability of the nano-
composites is shown in Fig. 2(f). It could be seen that the com-
posites had an evident thermal decomposition process which
corresponded to the cleavage of main chains of PLMC. All the
composites decomposed completely above 400°C. The thermal
decomposition temperature (Tg) was defined as the temperature
with 10% mass loss. From Fig. 2(f), Tgs of PLMC, 5 wt% CNT and 10 wt
% CNT were 290, 294 and 297 °C, respectively. The enhancement of
T4 resulted from the introduction of CNTs. Considering the com-
posites with 10 wt% CNT showed appropriate viscosity, fast solvent
evaporation rate, good conductivity, high mechanical strength,
moderate Ty and high thermal stability, we chose this ink for further
study.

Various structures were fabricated using 10wt% CNT ink

extruded from a nozzle of 200 um as shown in Fig. 3. Fig. 3(a) de-
picts the side view of 1D filament under the applied pressure of
1.75MPa and robot velocity of 0.5mms~ L. The filament had a
uniform diameter of 170 pm and the surface was smooth, providing
the basis for printing various structures. Fig. 3(b) shows the zig-zag
patterns fabricated under a 1.75MPa applied pressure and
0.5mm s~ robot velocity. Fig. 3(c) illustrates 2D printed Lily under
the applied pressure of 2.1 MPa and robot velocity of 1 mms~'. A
four-layer scaffold of displaced pattern configuration (DISP) is
shown in Fig. 3(d). It was printed using the applied pressure of
2.1 MPa and robot velocity of 1 mms~'. The SEM image of DISP
scaffold (Fig. 3(e)) featured well-defined structures with pore size
~115 + 15 um and strut width ~ 174 + 11 pm. Fig. 3(f) illustrates a 3D
printed Dart under 2.8 MPa and 3 mm s~ . The 3D printed scaffold
was used as an electrical component to trigger an LED light under
9V (Fig. 3(g)). It was printed under the conditions of 2.1 MPa and
1 mm s~ The SEM image of the cut from the scaffold is illustrated
in Fig. 3(h), featuring pore size~329+22um and strut
width ~ 172 + 15 um. Fig. 3(i) depicts the micrograph of cross-
section of the nanocomposites. It showed that CNTs were
dispersed relatively uniformly in the polymer matrix without se-
vere aggregates even at a high mass content of 10 wt%.

The shape memory property of the printed structure was
essential to endow the composites with shape-changing behavior.
The SMC result of printed nanocomposites containing 10 wt% CNT

Fig. 3. Various structures printed by 10 wt% CNT ink. (a) side view SEM image of a printed filament; (b) SEM image of zig-zag patterns in 1D array; (c) SEM image of a 2D printed lily;
(d) optical image of a 4-layer scaffold of DISP pattern; (e) SEM enlarged view of the scaffold unit; (f) optical image of a 3D printed dart; (g) the usage of 3D printed scaffolds as an
electrical component; (h) SEM image of the cut electrical component; (i) SEM micrograph of the cross-section of the nanocomposites. (A colour version of this figure can be viewed

online.)
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is illustrated in Fig. 4(a). Four consecutive SMCs were tested and the
shape memory properties calculated by Equations (1) and (2) are
illustrated in Fig. 4(b). In all cycles, Rr was nearly 100%, indicating
the printed composites had an excellent shape retention ability.
While in the first cycle, R, was only 56.37%. This poor recovery
behavior in the initial cycle attributes to the residual stress after
printing which is common for SMPs [42]. Repeating several SMCs,
R, increased from 96.31% in the second cycle to 99.99% in the fourth
cycle. Both Ry and R, were close to 100% as shown in Fig. 4(b),
exhibiting excellent shape memory behavior and repeatability. The
macroscopic shape memory behavior was also demonstrated by a
printed scaffold. Firstly, a 5mm x 5 mm scaffold of 4 layers was
printed using 10 wt% CNT ink. A voltage of 25 V was utilized to heat
the scaffold and the temperature distribution was recorded with an
infrared video (InfraTec GmbH). Fig. S2 shows that under a 25V
electric field, the scaffold could be heated above 80 °C within 47 s. It
revealed that it had good Joule heating effect, which created the
conditions for realizing electro-responsive shape-changing
behavior. To prove it, the composites ink was printed into a U-
shaped scaffold as the original shape (Fig. 4(c)). Then it was
manually deformed into a temporary folded shape as shown in the
SEM image in Fig. 4(d). Fig. 4(d) and Video S1 show the shape re-
covery process from the folded scaffold to the flat status within 16 s
under 25V. In the first 4s, it had a high speed of deformation,
followed by slowly recovery. It revealed that exposed in an electric
field, the printed object could show shape-changing behavior since
CNTs generated heat to reach the actuation temperature.
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.carbon.2019.08.047.
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The FTIR spectra of PLMC, c-PLMC and ¢c-PLMC/CNT are shown in
Fig. 5(a). PLMC had the characteristic —C=0 vibration peak at
1745 cm™!, C—O stretching peak at 1080 cm™! and C—C stretching
peak at 1183 cm~ For c-PLMC, the intensity of —CH— vibration
peak at 1317 cm™ !, —CH,- peak at 2920 and 2850 cm™!, and —CH3
peak at 1453 and 1381 cm™! attenuated. This was due to the
hydrogen abstraction of PLMC by ITX and EDB under UV irradiation.
It revealed that the radicals of PLMC molecular chains recombined
to form covalent crosslinking networks. This was also evidenced by
the GF result (Fig. 5(b)). No GF calculated from Equation (3) was
found for PLMC because it was dissolved completely in DCM. After
UV crosslinking, GF of c-PLMC and c-PLMC/CNT increased to 27.5
and 18.6%, respectively. The increasing value reflected that with the
addition of photoinitiators, the crosslinking networks (c-PLMC)
formed under UV light. A decreasing value of GF was seen for the
composites because CNTs affected the UV absorption of PLMC. Be-
sides, the existence of CNTs hindered the contact of free radicals
initiated by UV light thus decreasing the irradiation efficiency [43].
Therefore, the degree of crosslinking of the composites was lower
than c-PLMC.

As shown in Fig. 5(c), T; decreased from 66 to 55 °C after UV
crosslinking due to the introduction of small molecules of ITX and
EDB. These small molecules served as plasticizers to enhance the
flexibility of molecular chains thus decreasing the transition tem-
perature. Ty of c-PLMC/CNT increased to 57°C because CNT
enhanced the stiffness of the material. Fig. 5(d) shows the storage
modulus as a function of temperature and it had two platforms.
One was high storage modulus at low temperature and the other
was low modulus at high temperature. The variation spanned over
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Fig. 4. Shape memory behavior of the printed 10 wt% CNT nanocomposites. (a) four consecutive SMCs; (b) quantitative shape memory properties; (c) original shape of the printed
scaffold; (d) shape recovery process of the folded scaffold under a voltage of 25 V. (A colour version of this figure can be viewed online.)
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three orders of magnitude that contributed to excellent shape
memory behavior. The moduli of c-PLMC and c-PLMC/CNT were
higher than that of PLMC in both platforms. This enhancement was
due to the introduction of crosslinking networks and nanoparticles.

From Fig. 5(e), Young's modulus (870.4MPa) and tensile
strength (24.3 MPa) of c-PLMC increased dramatically after UV
crosslinking. The introduction of CNT into c-PLMC enhanced the
Young's modulus (1016.8 MPa) and tensile strength (26.2 MPa) in
further. However, the increasing amplitude from c-PLMC to c-
PLMC/CNT was not as huge as that from PLMC to PLMC/CNT
because of the lower degree of crosslinking in the composites. The
thermal stability after UV crosslinking is shown in Fig. 5(f). Tgs of
PLMC, c-PLMC and c-PLMC/CNT were 290, 289 and 290°C,
respectively. It revealed that after crosslinking, the thermal stability
was as excellent as the pristine PLMC. The summary and

comparison of the properties are illustrated in Table 1.

To enhance the adaptability in liquid sensing for solvents, the c-
scaffold was printed using c-PLMC/CNT. The mechanism of liquid
sensing is that RRC would change when the sensor is immersed in
solvent. It results from polymer swelling behavior which allows
molecules of solvent to penetrate into composites network and
disturb connection between CNTs [14]. Flory—Huggins interaction
parameter xj» could reflect penetrating ability of solvent into
polymer network, which is calculated as follows:

Vsol <6pol - 6sol>2

RT (5)

X12 =

where Vo denotes to the molar volume of solvent, 0y and dso; are
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Table 1
Characteristics of the polymer and the nanocomposites after UV crosslinking.
Material GF (%) Tg (°C) bE (MPa) om (MPa) ey (%) T4 (°C) Volume conductivity (S m™")
PLMC 0 66 190.1+9.2 7.0+0.2 889+4.2 290 —
c-PLMC 27.5 55 8704+ 17.6 243 +0.5 41.1+1.7 289 —
PLMC/CNT 0 69 609.3 +32.6 179+0.8 354+16 297 65
c-PLMC/CNT 18.6 57 1016.8 +30.2 26.2+0.6 242+12 290 68

? Tg: glass transition temperature tested by DMA; b E: Young's modulus; € ¢,,: maximum tensile strength; ¢ ¢,: elongation at break; € T;: decomposition temperature tested by

TGA.

Table 2

Characteristics of c-PLMC and solvents used for liquid sensing tests.
Material 6 (MPa'/?) Boiling point (°C) Vapor pressure (kPa, 20 °C) Vsor (cm® mol 1) Xi2
c-PLMC 21.62 — — — —
Water 47.47 100 2.34 18 4.85
Ethanol 26.5 783 5.80 57.6 0.55
Acetone 199 10.0 24.6 74 0.09

solubility parameters of the polymer and the solvent, respectively,
R is the ideal gas constant of 8.314 ] K~! mol~! and T is the absolute
temperature. The value of x1» calculated by Equation (5) is illus-
trated in Table 2, reflecting the interaction of three polymer/solvent
pairs. Here, the solubility parameter of c-PLMC was taken the same
as PLMC as the approximation [44]. The minimum value
(x12=0.09) indicated strong interaction, as acetone had the
maximum penetrating ability into the polymer. Correspondingly,
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we found that it was soluble in acetone. The value for ethanol
(x12 =0.55) was higher than 0.5, indicating ethanol was not a good
solvent for c-PLMC. Accordingly, c-PLMC was insoluble but swelled
in ethanol. c-PLMC showed the lowest solubility in water as the
interaction parameter (2 = 4.85) was higher than 1.

Based on above theory, we investigated the effect of various
solvents on RRC. Fig. 6(a) illustrates the liquid sensitivity of a
nanocomposites sensor in three solvents. In every immersion/
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Fig. 6. Liquid sensing capability of the c-scaffold. (a) RRC variation in three solvents during immersion/drying cycles; (b) close-up of RRC in ethanol and normal saline; (c) the effect
of layer thickness on RRC; (d) schematic of an electro-responsive shape-changing sensor. (A colour version of this figure can be viewed online.)
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drying cycle, RRC dramatically rose up to a maximum peak and
then gradually decreased. The initial increase in immersion period
was attributed to polymer swelling. In the drying period, plenty of
liquid remaining on the sensor started to evaporate, exhibiting a
decreasing trend of RRC. The maximum peak of RRC in acetone
reached at ~260% in the first cycle and slightly decreased to 240% in
the next three cycles. It revealed that the liquid sensitivity became
steadier as the number of cycles increased. The maximum RRC
value was much higher than that in other solvents. The close-up of
RRC is illustrated in Fig. 6(b). In the first cycle, RRC in ethanol and
normal saline reached the maximum peaks at 14 and 3%, respec-
tively. The lowest value of RRC in normal saline indicated water had
a small impact on polymer swelling. During the drying process, RRC
in ethanol decreased sharply while slowly in normal saline. This
was because remaining ethanol on the sensor had a higher evap-
oration speed than water. In the first two cycles in ethanol, RRC did
not go back to the initial value after drying. It returned in the next
two cycles, indicating the repeatability was enhanced with
increasing cycles. Fig. 6(c) shows the influence of layer thickness on
RRC when immersed in ethanol. It could be seen RRC peak
decreased as layer thickness increased. The sensor with 2 layers
showed the highest RRC value above 30% while the sensor with 6
layers exhibited the minimum value of 6%. This was because thicker
layers prevented solvent from penetrating and covering the surface
of the sensor, leading to a relatively low sensitivity. These results

were consistent with the previous investigation on liquid sensi-
tivity [6]. It revealed that 3D printing could be used to optimize the
structural parameters of liquid sensors for high sensitivity.

When liquid level decreases, only small volume of sensor is
immersed in liquid, leading to low sensitivity. Designing and
printing new sensors for every liquid environment is not conve-
nient and causes waste of materials. Thus, we envision a sensor
with shape-changing capability could be deformed to an arbitrary
shape to adapt to liquid environment, as illustrated in Fig. 6(d). If
the shape of liquid container changes, it only requires a shape
memory cycle to endow the sensor with a new shape to adjust to
new surroundings. To demonstrate the liquid sensitivity in different
environments, the shape-changing sensor was monitored
immersed in ethanol and acetone with different liquid levels.

As seen from Fig. 7(a—c), RRC of the deformed and recovered
sensor showed the same trend as the original sensor, while RRC
peak varied a little due to variation of the immersed volume.
Fig. 7(b) shows the RRC peak was at ~16% in the deformed shape,
slightly higher than in the original shape. It revealed when the
height of liquid level (i.e. the shape of environment) changed, the
deformed sensor in folded shape could remain a high value of RRC.
This was because the temporary folded shape kept more contact
area between sensor and solvent thus increasing the precision of
liquid detection. When an electric field was utilized to trigger shape
memory behavior, the sensor in folded shape recovered to its
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original shape. The sensor showed excellent repeatability as the
RRC peak of recovered sensor (~12%) as depicted in Fig. 7(c) was
almost the same as the original one (~13%). The similar detection in
acetone also exhibited the same rule as shown in Fig. 7(d—f). We
simulated an environment that liquid level decreased. If the sensor
was in the static original shape (shape “1”), the contact area be-
tween the sensor and solvent would decrease and a low RRC peak
of 3.8% was seen (Fig. 7(g)). This was due to weak polymer swelling
behavior at very small contact area. To enhance the detection
precision in new environment, we utilized an electro-responsive
shape memory cycle to change the shape of the sensor. When
connected in an electric field, the temperature increased above
actuation temperature. As seen from Fig. 5(d), the modulus
decreased significantly as the temperature increased, thus the
nanocomposites became soft. Then we could easily deform the
sensor into shape “2”, a new folded shape. After deformation, the
circuit was cut off and the folded shape could be fixed at room
temperature. Once immersed in liquid again, the contact area be-
tween the folded sensor and liquid increased significantly thus RRC
increased fourfold to 15.4%. The whole process for high detecting
precision is illustrated in Fig. 7(h). This would help the sensor
guarantee high precision for liquid detection. Thus we envision this
shape-changing nanocomposites sensor could be extended to
adapt to new shapes of surroundings. Besides, the high volume
conductivity of the printed sensor with 10 wt% CNTs enabled us to
test the resistance change under an applied voltage as low as 6.5 V.
It was in the same order of magnitude compared to the previous
literature whose mass fraction of CNTs was three times higher than
ours [6].

4. Conclusions

In summary, we propose a facile method to construct CNT-based
3D structures with electro-responsive shape-changing capability
through direct ink writing. First, we regulate the rheological and
solvent evaporation properties to make it printable. We combine
electrical conductivity of CNT with shape memory behavior of
PLMC. The printed structure exhibit fast electro-responsive shape-
changing behavior in a 25V voltage within 16 s. Then we modified
PLMC by hydrogen abstraction reaction using UV photoinitiators to
form crosslinking networks. The crosslinking CNT-based nano-
composites enhance the strength and expand the detecting liquid
range, thus we print them into liquid sensors. The electro-
responsive shape memory behavior endows the sensor with envi-
ronmental adaptability, as the shape could be redefined to adapt to
new environment. The integration of multifunctional CNT-based
nanocomposites with shape-changing capability and customer-
designed structures, may be of great potential for detecting
leakage of various solvents in varying environment. Although we
focus on 3D and 4D printing of shape-changing sensors, it could be
extended to other electronic applications such as actuators, elec-
tromagnetic interference shielding and energy harvesting, etc.
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