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ABSTRACT: Recently, a paper-based (PB) strain sensor has turned out to be an ideal
substitute for the polymer-based one because of the merits of renewability,
biodegradability, and low cost. However, the hygroexpansion and degradation of the
paper after absorbing water are the great challenges for the practical applications of the
PB strain sensor. Herein, the superhydrophobic electrically conductive paper was
fabricated by simply dip-coating the printing paper into the carbon black (CB)/carbon
nanotube (CNT)/methyl cellulose suspension and hydrophobic fumed silica (Hf-SiO,)
suspension successively to settle the problem. Because of the existence of ultrasensitive
microcrack structures in the electrically conductive CB/CNT layer, the sensor was
capable of detecting an ultralow strain as low as 0.1%. During the tension strain range of
0—0.7%, the sensor exhibited a gauge factor of 7.5, almost 3 times higher than that of
the conventional metallic-based sensors. In addition, the sensor displayed frequency-
independent and excellent durability and reproductivity over 1000 tension cycles.
Meanwhile, the superhydrophobic Hf-SiO, layer with a micro—nano structure and low
surface energy endowed the sensor with outstanding waterproof and self-cleaning properties, as well as great sustainability
toward cyclic strain and harsh corrosive environment. Finally, the PB strain sensor could effectively monitor human bodily
motions such as finger/elbow joint/throat movement and pulse in real time, especially for the wet or rainy conditions. All these
pave way for the fabrication of a high-performance PB strain sensor.

KEYWORDS: paper, ultrasensitive, superhydrophobic, strain sensor, human bodily motion

1. INTRODUCTION

With the rapid development of electronic industry, flexible
electronic devices (such as strain sensors, supercapacitors,
nanogenerators, etc.) are urgently required in many fields,

enormous environmental problems in the near future. To solve
this problem, paper with the merits of renewability,”**®
biodegradability,”® and low cost””*® turns out to be an ideal
substrate to fabricate green degradable strain sensors in some

including soft robotic systems,l’2 electronic skins,>™® human
health monitoring,°”"" flexible displays,'> man—machine
interface systems,B_15 and so forth. Among them, the flexible
resistive-type strain sensor, which converts mechanical
deformation into a resistance variation signal, has received
great attention, and lots of investigations based on the flexible
polymer matrix have been widely conducted to acquire new
high-performance products.'®™>' However, most polymers are
difficult to be recycled or degraded,””*’ which will
undoubtedly bring plenty of electronic wastes and thus cause

-4 ACS Publications  © 2019 American Chemical Society

recently published papers.

Paper-based (PB) strain sensors are usually fabricated by
simply dip-coating the paper into electrically conductive filler
suspensions. 729731 1 general, carbonaceous fillers [e.g, zero-
dimensional carbon black (CB), one-dimensional carbon

nanotube (CNT), and two-dimensional graphene],'”**~*’
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Figure 1. Schematic illustration for the preparation of superhydrophobic electrically conductive paper.

metallic fillers,*>*" and hybrid fillers**~* are ideal electrically
conductive fillers. To lower the manufacturing cost, low-cost
CB is usually adopted. However, CB particles are prone to
aggregate in its suspension because of the strong van der Waals
force,™® leading to the inhomogeneous distribution of the
electrically conductive filler and unstable sensing performance.
Recently, it is proved that the application of hybrid electrically
conductive fillers could effectively enhance the dispersity of
fillers based on the synergistic effect between them, which will
be beneficial for the reduction of the percolation threshold and
the improvement of the stability of sensing performance arisin
from the simple and stable hybrid conductive network.*’~>
For instance, Liu et al. successfully prepared thermoplastic
polyurethane (TPU)/CNT/graphene nanocomposites, and a
homogeneous dispersion of the hybrid filler was obtained
through the synergistic effect between CNT and graphene.**
Here, entangled CNTs were separated and connected by a
single-layer graphene, achieving a stable conductive network
and excellent strain sensing behavior. Hence, the usage of a
secondary filler with CB can be more effective and suitable for
a large-scale production.

Meanwhile, the practical application requirements for the
flexible strain sensors in wearable electronics also raise new
expectations with other properties, such as waterproof,
corrosion-resistant (e.g., human sweat, soapy water, and acid
rain), and self-cleaning characteristics.”®>* All these appear to
be more important for PB strain sensors because of the
hygroexpansion and degradation of paper after absorbing
water, causing the invalidation of the sensor.”” Therefore, it is
of significant value to prepare PB strain sensors with
superhydrophobicity. Recently, superhydrophobic polymer-
based strain sensors, including modified silver nanoparticles/
polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene
(SEBS)/natural rubber,”” CNT/SEBS,” perfluoro silane/
graphene/TPU,”" and so forth, have been successively
fabricated, and the influence of wet condition on the sensing
performance has been effectively eliminated. For example, Li et
al. prepared electrically conductive CNT/SEBS composites
with a sustainable superhydrophobicity arising from the
micrometer-sized pit-like rough surface, and the composites
exhibited a stable sensing performance over a wide stain range
when used as strain sensors.”” However, superhydrophobic PB
strain sensors have rarely been reported.

In this study, superhydrophobic electrically conductive paper
was successfully fabricated by dip-coating the printing paper
into the CB/CNT/methyl cellulose (MC) suspension and
hydrophobic fumed silica (Hf-SiO,) suspension successively.
Here, CNT was used as the secondary filler to improve the
dispersity of CB and construct a more stable conductive
network. In addition, MC was used as a dispersant and binder

to improve the dispersity of fillers and the adhesion between
the electrically conductive filler and the paper. Then, the
electrical property and water contact angle (WCA) of the
paper were investigated, and scanning electron microscopy
(SEM) was conducted to study the microstructure of the
electrically conductive CB/CNT layer and superhydrophobic
Hf-SiO, layer. As for the feasibility of the paper for strain
sensor, the strain sensing behaviors under different strain
frequencies and cyclic strain were investigated systematically.
Besides, the self-cleaning property, the anticorrosion perform-
ance, and the stability of the superhydrophobicity were also
evaluated. Finally, the PB strain sensor was applied to detect
human bodily motions to demonstrate its potential application
for wearable electronic devices.

2. EXPERIMENTAL SECTION

2.1. Materials. CB (VXC-72) with a particle diameter of 30 nm
was purchased from Cabot Co. Ltd., USA. CNTs with the —-COOH
content of 1.23 wt % were bought from Chengdu Organic Chemicals
Co. Ltd,, Chinese Academy of Sciences. According to the producer,
the diameter and length of CNTs were 25 nm and 20 um,
respectively. Hf-SiO, with a specific surface area of 110 m?/g,
diameter of 16 nm, and carbon content of 0.9 wt % was obtained from
Evonik Industries Co. Ltd., Germany. MC with a molecular weight of
40 000—180 000 g'mol~" was bought from Tianjin Damao Chemical
Reagent Factory, Tianjin, China. Anhydrous ethanol was purchased
from Tianjin Fuyu Fine Chemical Co., Ltd., China. All the materials
and reagents were used as received.

2.2. Preparation of Superhydrophobic Electrically Con-
ductive Paper. Superhydrophobic electrically conductive paper was
prepared by successively dipping the printing paper into the CB/
CNT/MC suspension and Hf-SiO, suspension, as illustrated in Figure
1. For the preparation of CB/CNT/MC suspension, CB, CNT, and
MC were first added into the mixture of anhydrous ethanol and
deionized (DI) water with a volume ratio of 1:1 followed by
ultrasonication treatment (200W, DS-1000Y, Dusi Instrument Co.
Ltd., Shanghai) for 20 min. Here, the effects of MC and conductive
filler loading on the stability of the suspension were systematically
studied to obtain a suitable suspension for the dip-coating technique.
Besides, Hf-SiO, suspension (0.1 g/mL) was obtained by the
ultrasonic dispersion of Hf-SiO, particles into anhydrous ethanol
for 10 min to obtain a stable suspension. Next, the printing paper strip
with a length of 50 mm and width of 12 mm was first dipped into the
CB/CNT/MC suspension and then dried at 50 °C for 1 h repeatedly,
achieving an electrically conductive CB/CNT-coated paper. Finally,
the CB/CNT-coated paper was dipped into the Hf-SiO, suspension
and dried at 50 °C repeatedly to obtain the superhydrophobic
electrically conductive Hf-SiO,/CB/CNT-coated paper.

2.3. Characterization. The morphology and microstructure of
the paper were observed using SEM (JEOL JSM-75S00F) at an
accelerating voltage of S kV after spray-coating of gold. Fourier
transform infrared (FT-IR) spectra in the range of 500—4000 cm™'
were recorded on a Nicolet Nexus 870 instrument using the
attenuated total reflectance technique. Raman spectra in the range
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Figure 2. (A) Digital photos showing the settlement state of different suspensions after sonication; (B) relationship between the mass ratio of the
hybrid filler and the resistance of CB/CNT-coated paper after coating one time; SEM images of the surface of (C) CB and (D) CB/CNT-coated

paper.
600 180 40
A B .

500 13 .
o 150 3
Q40 g [RE S 130 5
= S 5 120 153
300 £ g Z
g o R (] 2 .
g 2 2, H20 &
Z 200 1 05 £ 90t H
g N S s 2
& m 9—0—0—9—0—0—0—0—9 < 75 - 15°%
100 | 2 4 G s 0 12 ok Sz PY ® 7

Prad Coating times .. \\\(./.——‘—' 10

If  9—0—0-90-0—9-90—0—0—0-0 asr
30 5
2 4 6 8 10 12 0 1 2 3 4 5

Coating times

uncoated

Figure 3. (A) Resistance of CB/CNT (3/2)-coated paper as a function of coating times; (B) WCA and resistance of Hf-SiO,/CB/CNT-coated
paper as a function of coating times. Insets: Representative optical photographs showing the water droplets (x5 uL) on the coated papers. (C)
Pictures of Hf-SiO,-coated and uncoated electrically conductive paper immersed/removed in water and (D) pictures of an LED circuit connected
with the Hf-SiO,/CB/CNT-coated paper (an unplugged LED was placed in the left as a reference).

of 500—3500 cm™' were obtained by utilizing confocal Raman
spectroscopy (HORIBA LabRAM HR Evolution) at room temper-
ature. WCA was measured by using an optical contact angle meter
(SL200KS USA KINO Industry Co., Ltd.) at room temperature.
During the test, 5 uL of water was dropped onto the surface of the
paper, and WCA was determined by averaging the measurements of at
least five different positions.

Electrodes were stickled onto the same side of both ends of the
superhydrophobic electrically conductive paper using silver paste to
fabricate the PB strain sensor. The resistance of the sensor was
measured using a digital multimeter (Tektronix DMM4050), and at
least five strips were tested for each sample. For the cyclic strain
sensing test, the digital multimeter (Tektronix DMM4050) was
coupled with a universal tensile testing machine (Shimadzu, Japan),
and the variation of resistance upon loading was recorded online
(Figure S1).
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The current—voltage (I—V) curves of the sensor were measured via
linear sweep voltammetry using an RSTS000 electrochemical
workstation (Suzhou Risetest Electronic Co., Ltd., China). The
voltage range was typically set between —5 and +5 V.

3. RESULTS AND DISCUSSION
3.1. Preparation of CB/CNT/MC Hybrid Suspension.

Generally, a long-term stable and uniform aqueous suspension
of the conductive filler is crucial for the dip-coating technique.
As shown in Figure 2A, the CB aqueous suspension exhibited a
rapid settlement in 6 h after the ultrasonication treatment
because of the strong van der Waals forces between the CB
particles. With the addition of CNTs, the aggregation of CB
particles was effectively solved with the assistance of the
synergistic effect between different dimensional conductive
fillers (Figure S2). However, the suspension of hybrid fillers
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Figure 4. SEM images of the surface of (A) original paper, (B) CB/CNT-coated paper, and (C) Hf-SiO,/CB/CNT-coated paper. Insets are their
corresponding physical photographs; (D,E) high-magnification image of (B) showing the rough cellulose fibers and the microcrack structure,
respectively; (F) Raman spectrum of the surface of the CB/CNT-coated paper; (G) high-magnification image of (C) showing the microstructure
of the Hf-SiO, layer; (H) elemental mapping of the surface of the Hf-SiO,/CB/CNT-coated paper; (I) SEM image of the cross section of the Hf-

SiO,/CB/MWNT-coated paper.

displayed the aggregation of conductive fillers again after 48 h,
indicating that the addition of a secondary filler also could not
satisfy the actual need. Then, it is surprising to observe that
MC used as a dispersant could effectively improve the stability
of the hybrid filler suspension for at least 3 months. Hybrid
fillers (0.1 g) and 0.05 ¢ MC dispersed in 20 mL of mixed
solvent were good for a stable suspension (Table S1). Higher
MC or hybrid filler loading would generate a gel, which is not
suitable for the dip-coating technique.

After dip-coating one time, the influence of the mass ratio of
CB/CNT on the resistance of the CB/CNT-coated paper was
studied to achieve a proper mass ratio. It can be seen clearly in
Figure 2B that the resistance of the paper decreased
significantly with increasing CNT loading, indicating the
construction of more perfect conductive networks with the
assistance of CNTs. Then, the resistance of the paper tended
to be constant when the mass ratio was reduced to 3:2.
Furthermore, the microstructure of the conductive network
distributed on the surface of the paper was also characterized,
as illustrated in Figure 2C,D. For CB-coated paper, the
existence of isolated CB aggregation was detrimental to the
construction of an effective conductive network, leading to a
higher resistance. As for the CB/CNT-coated paper, CNT
acted as a “bridge” to connect the gap between individual CB
clusters, favoring the formation of effective conductive paths.
All these indicated that the addition of CNT could effectively
reduce the resistance of the CB/CNT-coated paper. Therefore,
the mass ratio of CB/CNT was identified as 3:2 for the
following investigation.

3.2. Properties of the Superhydrophobic Electrically
Conductive Paper. As shown in Figure 3A, the relationship
between the resistance of the CB/CNT-coated paper and the
coating times was studied. It can be seen clearly that the
resistance decreased rapidly from 533 MQ after coating one
time to 2.2 MQ after coating two times. Then, it decreased

slightly in the successive coating cycles and tended to be
constant from the eighth time, indicating that the conductive
network reached a stable state. Next, the CB/CNT-coated
paper after coating eight times was further coated with Hf-Si0,
to fabricate Hf-SiO,/CB/CNT-coated paper, and the super-
hydrophobicity of the paper was influenced by the coating
times in the Hf-SiO, suspension (see Figure 3B). It can be
obviously found that WCA sharply increased from 60° for the
electrically conductive paper uncoated with Hf-SiO, to 136°
after coating one time and then further to 154° after coating
three times, indicating the transformation of the paper surface
from hydrophilic to superhydrophobic. With a further increase
of coating times, the WCA remained almost unchanged,
indicating that the structure of the superhydrophobic surface
tended to be a stable state. Interestingly, when the Hf-SiO,/
CB/CNT-coated paper was immersed into water, it displayed a
strong light reflection and remained completely dry after being
removed from water compared with the CB/CNT-coated
paper (Figure 3C and Video S1). All these indicated that the
water drops were in the Cassie—Baxter state on the Hf-SiO,/
CB/CNT-coated paper surface in this work.””*> On the other
hand, the resistance of the Hf-SiO,/CB/CNT-coated paper
exhibited a slight increase, suggesting that the coating of Hf-
SiO, had almost no influence on the structure of the CB/CNT
conductive network. As a demonstration for its practical
application, the Hf-SiO,/CB/multiwalled CNT (MWNT)-
coated paper was integrated with a light-emitting diode (LED)
to test its electrical characteristic upon bending, and the
brightness of the LED connected with a turn-on voltage of S V
was reduced when a bending strain was applied, as illustrated
in Figure 3D. All these indicated the feasibility of the
superhydrophobic electrically conductive coated paper to
serve as a waterproof strain sensor to satisfy the practical needs.

3.3. Characterization of the Superhydrophobic
Electrically Conductive Paper. From the photographs of
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Figure S. (A) Schematic illustration of compression strain and tension strain;

(B) definition of the physical parameters about the PB sensor;
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Figure 6. (A) Relative resistance change upon eight compression and tension cycles at a strain of 0.7%; (B) strain sensing behavior of the sensor
upon the tension strain of 0.1, 0.3, 0.5, and 0.7%; (C) dynamic sensing performance of the sensor under different tension frequencies at a tension
strain of 0.6%; (D) long-term stability of the sensor over 1000 cycles at a tension strain of 0.6%; (E) optical photographs of water droplets (xS uL)
on the coated paper surfaces with different chord lengths after 1000 tension cycles. Insets: Enlarged photographs showing the WCA.

the insets in Figure 4A,B, it can be observed that the paper
substrate turned from white to black and maintained its good
flexibility after coating with CB/CNT. As illustrated in Figure
4A,B, the smooth cellulose fibers became rough because of the
existence of the CB/CNT hybrid nanoparticles (Figure 4D).
Besides, lots of microcracks with an average width of 2 ym
existed on the surface (Figure 4E). The formation of
microcracks was mainly attributed to the mismatches of the
coating and the substrate material in the thermal expansion
coefficient and the elastic modulus during the drying
process.””*® The microcrack structure, which has been widely
designed for the preparation of a high-performance strain
sensor, holds a great potential to significantly enhance the
sensitivity of the sensor based on its propagation and closure
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upon an external strain.”*~*° Hence, the microcrack here might
be helpful for the achievement of highly sensitive strain
sensors. Furthermore, Raman spectroscopy was conducted at
different points over the CB/CNT coating. The typical
scattering peaks observed at 1362, 1712, and 2696 cm™
correspond to the D, G, and 2D bands of CB and CNT
(Figure 4F), respectively.””°® All these indicated that CB and
CNTs are evenly dispersed on the surface of the paper. After
further coatingwith Hf-SiO,, there is almost no change in the
color and flexibility of the paper (the inset in Figure 4C).
Meanwhile, the paper surface turned to be covered with lots of
microscale aggregation of nano-SiO,, forming a rough surface
with a micro—nano structure (Figure 4G). Generally, tailoring
the surface microtopography and surface free energy is
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required for a material surface with superhydrophobic
properties.”®” Here, the micro—nano structure and low
surface energy of the Hf-SiO, layer would undoubtedly
endow the paper with excellent hydrophobicity. Besides, it
can be concluded from Figures 4H and S1 that three elements
(C, O, and Si) of Hf-SiO, are uniformly distributed throughout
the whole surface, indicating the good uniformity of Hf-SiO,
coating. Finally, there was no clear interface between the Hf-
SiO, layer and the CB/CNT layer (Figure 4I). The strong
binding force between them can be ascribed to the existence of
hydrogen bonding between the Si—O groups of Hf-SiO, and
the —OH groups of MC as inferred from the FT-IR spectra
(Figure S4). In addition, the swelling of MC during the coating
process was also beneficial for the immobilization of Hf-SiO,
nanoparticles into the CB/CNT layer.

3.4. Strain Sensing Performance of the PB Strain
Sensor. As depicted in Figure SA, compression and tension
were defined as the states when the paper was bent forward
and backward with fixed electrodes. When the chord length
decreased from 45 to 37 mm, the relative resistance variation
AR/Ry (AR = R — R, where R is the resistance in the bending
state; R, is the initial resistance) of the PB sensor showed a
linearly decreasing trend upon compression and a linearly
increasing trend upon tension (Figure 5C). To investigate the
sensitivity of the PB sensor, gauge factor (GF, GF = (AR/R,)/
€) was calculated. Here, ¢ representing the applied strain of the
PB sensor upon compression and tension can be calculated to

be 0—0.7% according to formulas 1 and 217:27,68
e==+T/2r 1)
C = 2r-sin(L/2r) @)

As shown in Figure SB, T is the thickness of the sensor (T =

Tpaper + Teoating X 2 = 300 um + 4.5 ym X 2 = 309 pum); L is the
length of the PB sensor; C and r are the chord length and
curvature radius of the PB sensor upon bending, respectively.
Hence, it can be obtained from the fitting results in Figure SD
that the GF of the PB sensor upon compression and tension
are 2.6 and 7.5, respectively, showing an ideal sensitivity
compared with that of other recent publications.””’ As for the
different sensing behaviors and sensitivity upon compression
and tension, the schematic illustration shown as the inset in
Figure 5C can be applied to reveal the sensing mechanism.
Some microcracks in the CB/CNT layer would be closed upon
compression, causing the increase of the conductive pathway
number and the decrease of resistance. Conversely, the
external tension strain would induce the opening and
propagation of the microcracks, leading to a significant
destruction of the conductive network and the increase of
resistance. More importantly, the crack propagation would
generate more serious influences on the variation of the
conductive network than the crack closure.'”**%

Figure 6A displays the cyclic strain sensing behavior of the
PB strain sensors upon compression and tension strain (0.7%).
During eight cycles, the resistance of the PB sensor recovered
to its initial value after removing the external strain, and the
response pattern remained unchanged, showing good
reproductivity. Meanwhile, the PB sensor also exhibited a
stable sensing pattern upon the tension strain of 0.1, 0.3, 0.5,
and 0.7% (see Figure 6B), and the resistance variation ratio
increased with increasing strain, demonstrating the reliable
responses of the sensor to the different applied strains.
Notably, an ultralow strain of 0.1% can be accurately and

repeatedly detected, which is mainly ascribed to the microcrack
structure on the conductive layer. To study the dynamic strain
sensing performance of the PB sensor, it was subjected to a
cyclic tension strain (such as 0.6%) under different frequencies.
As shown in Figure 6C, the PB sensor produced a fast, stable,
and highly reproducible response. Besides, the response peak
values under different frequencies are all the same, showing the
frequency-independent strain sensing behavior. Hence, the PB
sensor possessed great potential applications for human bodily
motions with different frequencies, including blinking (0.17—
0.33 Hz), wrist pulse (1—1.7 Hz), heartbeat (1—2 Hz), and
convulsions (1.6—3.3 Hz, patients with epilepsy). Meanwhile,
the durability and stability of the PB sensors were also further
evaluated through 1000 cycles at a tension strain of 0.6%
(Figure 6D). The resistance changed periodically and no
obvious fluctuation of the sensing signal was observed. After
1000 tension cycles, the I=V curve of the original PB sensor in
Figure SS displayed a typical linear ohmic behavior, indicating
the good stability of the conductive network, which was
beneficial for the stable sensing behavior. When the PB strain
sensor was applied with an external tension strain, the slope of
the I-V curve exhibited a decreased trend, indicating the
increase of resistance. After the release of the tension strain,
the I-V curve coincided with that of the original one, showing
the full restoration of the electrical conductivity. All these
verified the good durability, reproductivity, and stability of the
PB strain sensor. Finally, the superhydrophobicity of the PB
strain sensor was also characterized after 1000 tension cycles.
As shown in Figure 6E, when the chord length decreased from
45 to 35 mm, the WCA declined slightly by 3° (154°/4S mm
— 153°/40 mm — 151°/35 mm). As a result, the sensor
remained superhydrophobic under long-term service, display-
ing outstanding stability of the superhydrophobicity.

Here, the properties of our superhydrophobic PB strain
sensor were compared with the recently published super-
hydrophobic strain sensors (see Table S2), and the advantages
of our strain sensor can be summarized as follows: (1) the low
cost (<$0.001), recyclability, and degradability of the PB strain
sensor made it to be an ideal alternative to the high-cost and
nondegradable polymer-based strain sensor. (2) The PB strain
sensor with superhydrophobicity was first fabricated. It could
effectively solve the problem of the invalidation of the existing
PB strain sensor after absorbing water because of the
hygroexpansion and degradation of the paper. Meanwhile,
the superhydrophobicity is also helpful for the improvement of
stability and service life of all strain sensors in any wet
condition during the practical application process. (3) The dip-
coating technique was much simpler compared with the
complicated techniques, facilitating the large-scale production
in practical applications. (4) Compared with other sensitive
architectures, the special microcrack architecture in the
conductive layer is also an effective method to improve the
sensitivity of the sensor upon a small bending strain. What’s
more, the PB strain sensor in this paper exhibited higher GF
compared with other similar ones. All these indicated that our
superhydrophobic PB strain sensor possesses broad application
prospects.

3.5. Superhydrophobic Performance of the PB Strain
Sensor. Considering the influence of harsh outdoor
conditions on the superhydrophobicity in practical applica-
tions, the anticorrosion property of the PB strain sensor was
investigated. First, the PB strain sensor was immersed into a
series of aqueous solutions with different pH values (such as
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Figure 7. (A) WCAs measured after immersing the paper in aqueous solutions with different pH values for 48 h; (B) optical photographs showing
the WCA of water droplets (=5 yL) on the PB strain sensor as prepared and after different treatments; (C) series of pictures displaying the self-
cleaning process of the PB strain sensor; (D) pictures of the droplets of ordinary liquid foods on the surface of the PB strain sensor.

pH =1, 4,7, 10, and 14) and sodium chloride solution (3.5 wt
%) for 48 h, followed by rinsing with DI water and drying at
room temperature. As displayed in Figure 7A, all the measured
WCAs were larger than 150°, demonstrating that the pH value
of the solution had no influence on the superhydrophobicity.
Furthermore, the PB strain sensor was also exposed to
ultraviolet radiation (UV-B irradiance, 48 h), water abrasion
(water droplets, 20 min), and high temperature treatment (100
°C in an oven, 48 h), and the WCA decreased slightly from
154° to 153° 151° and 153° respectively (Figure 7B),
retaining the superhydrophobic property. Hence, the super-
hydrophobicity of the PB strain sensor could be well-
maintained in various harsh environments.

On the other hand, the self-cleaning property, one of the
most important applications of superhydrophobicity, was also
evaluated. The dust particles attached on the surface of the
sensor could be completely taken away immediately by the
water droplets during the water-flushing process, revealing the
outstanding self-cleaning and extremely water-repellent ability
(Figure 7C and Video S2). In addition, wearable sensors may
also be contaminated by ordinary liquid foods in daily life.
Hence, the self-cleaning properties of the PB strain sensor
against ordinary liquid foods were also studied. As illustrated in
Figure 7D, the food droplets (=50 pL) including vinegar,
honey, orange juice, soy sauce, soy milk, and milk are spherical
in shape on the sensor surface, regardless of their color,
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viscosity, composition, and so forth. Similarly, these food
droplets could easily roll off the PB strain sensor surface
without leaving a trace. As a result, the good self-cleaning
property endowed the PB strain sensor with great prevention
toward a variety of liquids.

3.6. Application in Human Bodily Motion Detection.
Here, the PB strain sensor was mounted onto the different
parts of the body using a transparent breathable medical tape
to demonstrate the feasibility of the sensor as a wearable strain
sensor. As shown in Figure 8A, the sensor could precisely
detect the bending of the finger (from 0° to 90°), realizing the
real-time detection of the index finger movement. Besides, the
water droplets also had no impact on the sensing property
because of the superhydrophobicity of the PB strain sensor,
endowing it to be applicable under wet or rainy conditions. In
addition, it was also valid for the real-time monitoring of elbow
joint movement with a significant resistance variation and
excellent reproductivity (Figure 8B). As for the detection of
the human bodily motion with a small strain, the PB strain
sensor was attached onto the wrist hand to detect the pulse of
an adult (Figure 8C). It clearly displayed 10 periodic pulse
shapes in 8.2 s, which is fully consistent with the pulse
frequency (73 beats min~') of an healthy adult. Then, the
sensor was also assembled onto the throat, and stable and
repeatable signals were recorded when the tester drank water
(Figure 8D). As a result, the PB-based strain sensor exhibited a
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great potential to detect human bodily motion (especially for
the slight motion) for human healthcare application.

4. CONCLUSIONS

In summary, superhydrophobic electrically conductive paper
was successfully fabricated by dip-coating the printing paper
into an electrically conductive CB/CNT/MC suspension and
hydrophobic Hf-SiO, suspension successively. A stable
aqueous suspension of the conductive filler was achieved
with the assistance of the synergistic effect between different
dimensional conductive fillers. On the basis of the micro—nano
structure and low surface energy of the Hf-SiO, layer, the Hf-
SiO,/CB/CNT-coated paper possessed superhydrophobicity
with a WCA up to 154°. Meanwhile, lots of microcracks were
observed on the CB/CNT layer because of the mismatches of
the coating and the substrate material in the thermal expansion
coefficient and the elastic modulus during the drying process.
In a strain sensor, the closure and propagation of microcracks
upon compression and tension led to the decrease and increase
of resistance, and their corresponding GFs were calculated to
be 2.6 and 7.5 during the strain range of 0—0.7%, respectively.
Notably, the PB strain sensor also exhibited an ultralow
detection limit of 0.1%. During the cyclic tension process, the
PB strain sensor displayed stable, reproducible, durable, and
frequency-independent strain sensing behavior. In addition, the
superhydrophobicity of the sensor was also well-maintained
even after 1000 tension cycles, and the PB strain sensor
possessed excellent anticorrosion and self-cleaning properties.
Finally, the superhydrophobic PB strain sensor can be used to
detect human bodily motion and physiological signals for
human healthcare, especially for the wet or rainy conditions.
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