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Abstract

Superhydrophobic flexible strain sensors have great application value in the fields of personal health monitoring, human
motion detection, and soft robotics due to their good flexibility and high sensitivity. However, complicated preparation
processes and costly processing procedures have limited their development. To overcome these limitations, in this work we
develop a facile and low-cost method for fabricating superhydrophobic flexible strain sensor via spraying carbon black (CB)
nanoparticles dispersed in a thermoplastic elastomer (SEBS) solution on a polydimethylsiloxane (PDMS) flexible substrate.
The prepared strain sensor had a large water contact angle of 153 +2.83° and a small rolling angle of 8.5+ 1.04°, and exhib-
ited excellent self-cleaning property. Due to the excellent superhydrophobicity, aqueous acid, salt, and alkali could quickly
roll off the flexible strain sensor. In addition, the sensor showed excellent sensitivity (gauge factor (GF) of 5.4-7.35), wide
sensing ranges (stretching: over 70%), good linearity (three linear regions), low hysteresis (hysteresis error of 4.8%), and a
stable response over 100 stretching-releasing cycles. Moreover, the sensor was also capable of effectively detecting human
motion signals like finger bending and wrist bending, showing promising application prospects in wearable electronic devices,
personalized health monitoring, etc.

Article Highlights

1. The process of preparing of the CB-SEBS/PDMS supe- 3. The properties and promising applications of the CB-
rhydrophobic flexible strain sensor is proposed. SEBS/PDMS sensor are discussed.

2. The relationship between the superhydrophobicity of the
conductive coating and the mass percentage of the SEBS
is analyzed.
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1 Introduction

Thanks to its high flexibility and good sensitivity, a flex-
ible strain sensor has promising application prospects in the
fields of personal health monitoring, human motion detec-
tion, human—machine interfaces, and soft robotics [1-3].
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In nature, lotus leaves are born in the dirt but remain
unstained, which attracts the interest of researchers [7].
They have discovered that the self-cleaning ability is
attributed to the superhydrophobic property of the lotus
leaves [8—10]. A superhydrophobic surface usually refers
to a surface with a large water contact angle (CA > 150°)
[11, 12]. In addition, water droplets can easily roll off the
superhydrophobic surface with a tilted angle of less than
10° [13, 14]. Thus, the superhydrophobic surface can pro-
tect the sensor from being wetted by liquids like acids,
bases and salts, thereby ensuring the sensor to operate
under humid and corrosive conditions with high perfor-
mance [15]. To date, a lot of research has been conducted
to apply the superhydrophobic surface in the flexible strain
sensor [16-28]. Liu et al. prepared a multifunctional sili-
cone rubber/multi-walled carbon nanotubes/laser-induced
graphene/silicone rubber (SR/MWCNTSs/LI- G/SR) supe-
rhydrophobic composite strain sensor by integrating a
MWCNTSs/LIG cross-linked conductive network layer, a
superhydrophobic layer, and a stretchable SR layer in a
sandwich sensor via laser direct writing [17]. Ding et al.
fabricated superhydrophobic flexible conductive thermo-
plastic elastomer/carbon nanotube (TPE/CNTSs) films with
higher sensing performance, exploiting the phase separa-
tion at the air-water interface. The film could operate as a
sensor to detect various human motions even under high
mechanical deformation and harsh environments [20]. Gao
et al. decorated SiO, nanoparticles/graphene onto polyu-
rethanes (PU) nanofiber prepared by the electrospinning
to obtain superhydrophobic strain sensors with high sen-
sitivity and excellent durability [23]. Li et al. prepared
multifunctional smart coatings through spraying multi-
walled carbon nanotubes dispersed in a thermoplastic
elastomer solution, followed by ethanol treatment. The
superhydrophobic conductive coatings could be prepared
on different substrates and applied to full-range and real-
time detection of human motion, while showing extreme
repellency of water, acid, and alkali [28]. These works
provided enlightenment for preparing high-performance
sensors for use in harsh environments. Nevertheless, the
preparation processes were generally time-consuming,
and tended to involve high-cost methods, such as laser
direct writing, transferring, and electrospinning. Hence,
it remains challenging to prepare the superhydrophobic
strain sensor with good flexibility and sensitivity using a
simple and economical method.

In this work, we proposed a facile and high-efficient
method to fabricate a superhydrophobic flexible strain
sensor via spraying carbon black (CB) nanoparticles dis-
persed in a thermoplastic elastomer (SEBS) solution on a
polydimethylsiloxane (PDMS) flexible substrate. The pre-
pared strain sensor exhibited good superhydrophobicity and
showed excellent repellency in corrosive environments such
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as acids and alkalis. Meanwhile, the sensor could be used for
precise detection of various human motions. The prepared
CB-SEBS/PDMS superhydrophobic flexible strain sensor is
expected to have promising application prospects in various
harsh environments.

2 Experimental
2.1 Materials

PDMS (Sylgard 184) base and curing agent were purchased
from Dow Corning. CB nanoparticles with an average parti-
cle size of 10 nm were provided by Shanghai Maclean Bio-
chemical Science and Technology Co. Ltd. SEBS powder
was purchased from TSRC (Nantong) Industrial Co. Ltd.
Cyclohexane (analytical purity) was provided by Guangdong
Guanghua Technology Co. Ltd. Hydrochloric acid (HCl),
sodium chloride (NaCl), and sodium hydroxide (NaOH)
were purchased from Dalian Bono Chemical Reagent Co.
Ltd.

2.2 Experimental Preparation

Figure 1 illustrates the processes of preparing the CB-SEBS/
PDMS superhydrophobic flexible strain sensor. First, PDMS
base and curing agent were uniformly mixed in the ratio of
10:1, followed by vacuum de-bubbling for 10 min. After-
wards, the mixture was spin-coated onto a plastic Petri dish
and cured in an oven (101-3AB, Tianjin Taisite Instrument
Co. Ltd) at 60 °C for 3 h [29], and the superhydrophobic
conductive coating was then obtained. The CB nanoparticles
were dispersed into 80 ml of cyclohexane by ultrasonic treat-
ment using an ultrasonic cleaner (JP-020, Skymen Clean-
ing Equipment Shenzhen Eidelberg Instruments Ltd.) for
1 h, followed by magnetic stirring for 1 h to fully dissolve
the SEBS powder, resulting in a homogeneous ink solution.
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Fig.1 Schematic diagram of the preparation processes of the CB-
SEBS/PDMS superhydrophobic flexible strain sensor
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Finally, the ink solution was applied to the prepared PDMS
substrate via the spraying-coating method [28, 30]. The
spraying pressure was kept at 40 psi. The distance between
the spray gun and the substrate was about 15 cm, and the
spraying speed was about 2 cm/ s. Due to the nano-scale CB
particles and the SEBS with good flexibility and viscosity in
the ink solution, a superhydrophobic and conductive coating
was constructed on the PDMS substrate surface, which could
be used for strain detection.

2.3 Characterization

The morphology of the samples was characterized by a scan-
ning electron microscope (SEM, JSM-6360LV, Japan). The
element compositions were characterized by an energy dis-
persive spectroscope (EDS, JSM-6360LV, Japan). The water
contact angle (CA) and rolling angle (RA) of the sample
surface were measured immediately after dropping water
droplet with the volumes of 5 pl and 10 pl under room tem-
perature, respectively, by an optical CA measuring device
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Fig.2 a Contact angle and rolling angle of the sample surface at dif-
ferent addition ratios of the SEBS, b SEM image of the sample sur-
face with 25% addition ratio of the SEBS, ¢ SEM image of the sam-

(SL200KS, USA). The average water CA and RA for the
same sample were obtained by measuring at five different
positions on the sample [31]. The tensile properties of the
strain transducers were tested at room temperature using a
tensile tester (HPH, Eidelberg Instruments Co. Ltd.), and the
changes in resistance were recorded simultaneously using
a benchtop digital multimeter (XDM1041, Fujian Lilliput
Optoelectronics Technology Co. Ltd).

3 Results and Discussion
3.1 Superhydrophobicity of Flexible Strain Sensor

Due to its good flexibility, the PDMS could endow the strain
sensor with excellent tensile strength and flexibility; while
the CB nanoparticle coating facilitated the construction of a
conductive network, so that the sensor had good conductiv-
ity. However, the coating could not be firmly adhered to the
PDMS substrate relying only on the adhesion of the PDMS.

ple surface with 50% addition ratio of the SEBS, d SEM image of the
sample surface with 75% addition ratio of the SEBS
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In the absence of binding agents, the contact angle was large
and the rolling angle was small; however, the CB nanopar-
ticles were only loosely adhered to the PDMS substrate,
and this bond was not secure enough. Therefore, we chose
to add the SEBS to improve the binding strength between
the CB nanoparticles and the PDMS substrate. Micro-nano
structures were formed by spraying solution containing CB
particles, while the SEBS reduced surface energy of the
coating, thus resulting in the superhydrophobic surface. As
shown in Fig. 2a, with the increase of the SEBS mass per-
centage, the CA of the sample decreased slightly, while the
RA of the sample increased sharply. To explore the reasons
for the above phenomenon, we observed microstructures of
the coating surface, as shown in Fig. 2b—d. When the mass
percentage of the SEBS was 25%, the CB nanoparticles
were densely packed, and the surface was relatively rough.
When the mass percentage of SEBS was 75%, there was
almost no CB nanoparticles protruding the surface, and the
surface became flat. This was because the SEBS gradually
encapsulated the CB nanoparticles with the increase of the
SEBS percentage, which reduced the micro-nano structures
of the coating surface, and thereby increased the adhesion
of the coating surface. As a result, the CA and RA differed
obviously at different SEBS percentages. When the mass
percentage of the SEBS was 25%, the CA of the sample was
153 +2.83° and the RA was 8.5 +1.04°, showing low adhe-
sion and good superhydrophobicity. In addition, the C, O,
and Si elements were evenly distributed over the surface, as
shown in the elemental mapping image (Fig. S1).

3.2 Performance of Flexible Strain Sensor

The above results showed that the coating was superhydro-
phobic with the CA greater than 150° and the RA lower
than 10°. We then investigated sensing performance of the
flexible strain sensor. The samples were cut into rectangular
strips of 46 mm X 10 mm. The resistance of a conductor with
a certain electrical conductivity was closely related to its
cross-sectional area and length. Linear stretching led to a
change in the conductive path, decreasing the cross-sectional
area while increasing the conductive length. In addition, as
the sample was stretched to a certain length, the distance
between the CB nanoparticles would increase, reducing the
effective connection of the conductive channels of the coat-
ing and making it less conductive. With the combination of
the above two factors, the prepared superhydrophobic flex-
ible sensor could be regarded as a strain sensor to convert a
mechanical signal into a resistive signal. The resistance R
of the CB-SEBS/PDMS films was measured simultaneously
with a digital multimeter during stretching [32]. The experi-
mental measurement points and fitted curves for AR/R-¢ are
shown in Fig. 3a. AR/R, increased monotonically with the
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tensile strain, and showed a linear relationship in the range
of 0%-70%. However, the resistance had different response
rates in different strain regions, which indicated that the
sensor showed different sensitivities to strain. According to
sensitivity Eq. (1), the gauge factor (GF) in different strain
ranges can be obtained as follows [33],

) AR/

GF = ey

£

where AR=R—R,, R, is the film resistance at the relaxed
state [34], e=(L—Ly)/L,, L and L are the film lengths at the
tensile state and the relaxed state, respectively.

The gauge factor is 5.4 in the strain region of
0% < e<10%, 7.3 in the strain region of 10% < ¢ <40%,
and 5.8 in the strain region of 40% < e <70%. All three fit-
ted curves showed a good linear relationship between the
two parameters, normalized resistance AR/R, and & (R2 of
0.9877, 0.9940, and 0.9950 respectively). The GF varied
with the strain range. In the small strain range of 0%—-10%,
the distance between the conductive particles became larger
due to the stretching, resulting in a corresponding change in
resistance; however, the conductive network was not signifi-
cantly disrupted, therefore, the change in resistance was not
very significant and the GF was small. By contrast, in the
strain range of 10%—40%, as the tensile deformation contin-
ued increasing, the conductive network was further disrupted
and the distance between the conductive particles increased,
severely decreasing the effective conductive path; as a result,
the resistance increased obviously, and the GF value at this
point was larger than that in the small strain of 0%—10%.
When the strain was 40%—70%, the GF value was smaller,
because the coating was more flexible due to the addition of
SEBS, and did not deform as much as the substrate, so the
conductive network connection was not more seriously dam-
aged by the further increase in strain. Shown in Fig. 3b is
the strain-sensing behavior under cyclic tensile testing with
different strains from 10% to 70%. The normalized resist-
ance AR/R, increased sharply as the maximum strain range
increased from 10% to 70%, and also exhibited an accurate
and repeatable signal at the different stretching-releasing
strain cycles. As shown in Fig. 3c, the normalized resistance
curve had a certain hysteresis in the tension and response
process, but the maximum hysteresis error was only 4.8%. In
addition, the sensor had a highly repeatable response under
multiple cycles of loading. The change in sensor resistance
from e=0% to e=10% over 100 stretch-release cycles at
a stretch rate of 0.5 mm/s was shown in Fig. 3d. It could
be seen that the normalized resistance AR/R( maintained
a relatively constant signal output, and did not change sig-
nificantly during the 100 stretching-releasing cycles. The
results demonstrated that the CB-SEBS/PDMS strain sensor
possessed excellent repeatability at relatively small strains
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Fig.3 a Experimental measurement points and fitted curves of nor-
malized resistance versus strain & for the CB-SEBS/PDMS strain sen-
sors. b Variation of normalized resistance AR/R,, for the CB-SEBS/
PDMS strain sensors during five cycles of stretching-releasing at
strains ranging from 10% to 70%. ¢ Variation of AR/R,, for the CB-
SEBS/PDMS strain sensors during one stretching-releasing. d Vari-

(0%-10%). Besides stretching, deformation from bending is
also a common type of mechanical deformation. To achieve
signal detection of bending deformation, the CB-SEBS/
PDMS strain sensor was fitted on a silicone rod, which was
fixed at one end and bent at the other. The bending of the
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ation of normalized resistance AR/R,, for the CB-SEBS/PDMS strain
sensors tested for 100 stretch-response cycles from e=0% to e=10%
at a stretch rate of 0.5 mm/s. e Variation of normalized resistance
AR/R,, for the CB-SEBS/PDMS strain sensors with bending angle. f
Response and recovery time of the CB-SEBS/PDMS strain sensors

silicone rod caused a strain on the sensor, which resulted in a
change in the resistance signal. The normalized resistance of
the CB-SEBS/PDMS strain sensor versus the bending angle
is shown in Fig. 3e. The sensor could well detect bending
deformation with a wide bending detection range of up to
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Fig.4 a Self-cleaning process for contaminants on the CB-SEBS/
PDMS strain sensor surface. b Contact angles of the CB-SEBS/
PDMS strain sensor surface with droplets of different pH. ¢ Contact
angle of the CB-SEBS/PDMS strain sensor in the stretching-releasing

150°. To investigate response time of the CB-SEBS/PDMS
strain sensor, a tensile-release test with a strain of 10% was
performed on the sensor, as shown in Fig. 3f. The strain sen-
sor exhibited a tensile response time of 168 ms and a recov-
ery response time of 290 ms, possessing a fast response rate.

3.3 Self-Cleaning and Anti-Corrosion Properties

In practical applications, the CB-SEBS/PDMS strain sensor
may come into contact with dust, acid, base, and other cor-
rosive contaminants from the environment, which will lead
to deterioration in the sensing performance. Therefore, it
is of great significance to investigate the self-cleaning and
the anti-corrosion properties of the superhydrophobic CB-
SEBS/PDMS films. To test the self-cleaning performance,
we placed chalk dust as the contaminant source on the CB-
SEBS/PDMS film, and rinsed with water droplets. Figure 4a
revealed that the water droplets could easily take away the
contaminants from the surface of the CB-SEBS/PDMS
film, indicating good self-cleaning performance. As shown
in Fig. 4b and Fig. S2, we dropped 5 pl of the HCI aqueous
solution, the NaCl aqueous solution, and NaOH aqueous
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process. d Contact angle of the CB-SEBS/PDMS strain sensor sur-
face after being immersed in an acid solution (HCI) of pH=1 for dif-
ferent times

solution on the CB-SEBS/PDMS film surface, respectively.
In order to distinguish the three solutions of acids, bases, and
salts more visually, we respectively dyed the hydrochloric
acid, sodium chloride, and sodium hydroxide solutions as
green, blue, and red using water dyes. All the droplets main-
tained good spherical shapes on the CB-SEBS/PDMS film
surface with the CAs of 152.2+2.77° atpH=1, 153 +2.83°
at pH=7, and 151.1 +4.13° at pH=13. In addition, the
droplets of the HCI aqueous solution, the NaCl aqueous
solution, and NaOH aqueous solution could easily roll off
the CB-SEBS/PDMS film surface, which illustrated that it
was difficult for the corrosive liquids to adhere to the CB-
SEBS/PDMS film surface. Figure 4c shows the correspond-
ing change in CA during one stretching-releasing. The CA
of the surface decreased from 153 +2.83° to 145.4+5.97°
when the strain increased to 50% during the stretching pro-
cess. As the film was released to its initial state, it returned
to its original value. This phenomenon could be explained
by the deformation process caused by stretching and releas-
ing. In the unstretched state, the CB nanoparticles were
densely distributed, thus hindering droplet penetration.
However, with the strain increased, the distance between the
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CB nanoparticles increased, thus reducing superhydropho-
bicity. During the releasing process, the distance between
the CB nanoparticles recovered, and the film surface then
retained good superhydrophobicity. To test the durability of
the film against corrosion, the film was placed in an acidic
solution, as shown in the inset image in Fig. 4d. It can be
seen that the change of CA was very slight throughout the
test. The surface of the CB-SEBS/PDMS film maintained a
high CA of 151.2° after being immersed in the hydrochloric
acid solution for 6 h, indicating that the sensor had excellent
resistance against acid corrosion. Thus, the good self-clean-
ing property, the excellent resistance against acid, salt, and
alkali, along with the ability to maintain superhydrophobic
under certain strain, may facilitate application of the sensor.

3.4 Applications for Human Motion Detection

As described above, the CB-SEBS/PDMS film with the good
tensile property, corrosion resistance, and excellent durabil-
ity may have promising application prospects in the wearable
strain sensor that can be used for human motion detection
[35-38]. We then designed a wearable strain sensor to detect
the finger bending process, and its operation was shown in
Fig. 5a. The tester bended the finger from horizontal to verti-
cal (90° bend), which caused a change in the length with the
stretched CB-SEBS/PDMS film. Then, we connected a resist-
ance meter at the ends of the sensor to convert the mechani-
cal signals into the electrical signals. Then, the tester motion
was monitored by detecting changes in the resistance of the

Fig.5 a Schematic diagram of the finger from straightening to bend-
ing, b Output signal of the normalized resistance AR/R,, for different

degrees of the finger movements of bending, ¢ Schematic diagram of

film. As shown in Fig. 5b, the normalized resistance AR/R,
increased with the bending angle and reached the maximum
value at the maximum bending state, and the output signal
had a good repeatability under the multiple repetitions of
the action. In addition, we also designed a wearable strain
sensor to monitor the wrist bending. The tester bended the
wrist from a horizontal to a near vertical state (80° bending),
as shown in Fig. 5c. The normalized resistance AR/R,, also
increased with the bending angle, and had excellent repeat-
ability under various repetitions, as shown in Fig. 5d. It should
be noted that the resistive response was stable during human
motion detection, and the sensing curves were almost identi-
cal, showing excellent durability. It can be seen that the sen-
sor has sufficient sensitivity to rapidly and accurately output
resistance signals with the changes of human motions. From
the motion signal monitoring curve, we could see that the dif-
ferent parts of the body would show dissimilar motion signal
curves during movements. Moreover, we could also judge the
movement status of different parts of the body based on the
electrical signal curve. Therefore, the CB-SEBS/PDMS film
can effectively monitor the movement of the human body, and
is expected to be applied in the field of wearable electronics.

4 Conclusions

In conclusion, we developed a low-cost and simple method
to prepare a superhydrophobic flexible strain sensor with
excellent properties. The superhydrophobic flexible strain

b Bending
1.5 Straightening

50 100 150 200
Time(s)

Straightening Be"fi"g

150 200 250 300
Time(s)

50 100

the wrist from straightening to bending, d Output signal of the nor-
malized resistance AR/R, for different degrees of the wrist move-
ments of bending
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sensor could be efficiently prepared by spraying the CB
nanoparticles dispersed in the thermoplastic elastomer
(SEBS) solution on the PDMS substrate. The strain sen-
sor surface had a large water CA of 153 +£2.83° and a
low RA of 8.5+ 1.04°. The rolling water droplets could
easily take away contaminants on the surface, indicating
excellent self-cleaning property of the sensor. In addi-
tion, the superhydrophobic flexible strain sensor exhib-
ited excellent repellency against acid, salt, and alkali lig-
uids, which enabled the sensor to be applied in humid
and corrosive conditions. The sensor also possessed good
strain sensing performance, including excellent sensitiv-
ity (gauge factor (GF) of 5.4-7.35), good linearity (three
linear regions), low hysteresis (hysteresis error of 4.8%),
and stable response over 100 stretching-releasing cycles.
Furthermore, we successfully applied the sensor to human
motion detection, which could effectively detect human
motion signals, such as the finger bending and the wrist
bending. The fabricated superhydrophobic flexible sensor
showed a broad application prospect in the field of wear-
able electronic devices.
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