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Abstract: Inspired by lotus leaves in nature, superhydrophobic surfaces have attracted extensive
attention in many fields. However, their complex preparation process, poor durability and high cost
seriously restrict their large-scale application in industrial production. Based on the good flexibility
and durability of carbon nanofibers, several simple modifier-free one-step approaches were adopted
to fabricate a durable CNF/PVDF/PDMS conductive superhydrophobic coating. The fabricated
coating not only possesses good superhydrophobicity to many kinds of liquids, but also has excellent
self-cleaning and anti-fouling properties. In addition, the superhydrophobicity of the obtained
multifunctional coating is stable even after harsh bending fatigue deformation, long immersion
times and high-temperature treatment. Due to its strong adhesion and excellent conductivity, the
CNF/PVDF/PDMS coating displays reliable mechanical stability and superior sensitivity. These
distinct features make the obtained conductive superhydrophobic coating a good candidate for
multifunctional smart sensors, with great application prospects in gesture detectors, waterproof
wearable electronics and health monitors.

Keywords: one-step methods; durable; superhydrophobicity; flexible; electronic sensor

1. Introduction

With a high water contact angle (WCA, >150◦), and a low sliding angle (SA, <10◦),
superhydrophobic surfaces, inspired by natural creatures, have attracted extensive at-
tention in academia [1,2]. Many methods, such as electrospinning [3,4], sol–gel [5–7],
etching [8–10], hydrothermal [11,12], self-assembly [13,14] and template methods [15,16],
have been used to prepare superhydrophobic surfaces. With the development of superhy-
drophobic technology, a single superhydrophobic surface cannot meet our requirements.
Therefore, multifunctional superhydrophobic surfaces are fabricated by combining super-
hydrophobicity with other properties, such as conductivity [17,18], antimicrobial activ-
ity [19], electromagnetic shielding [20] and self-healing [21,22], expanding the application
field of superhydrophobic surfaces. As an important development of multifunctional
superhydrophobic surfaces, conductive superhydrophobicity has been a new focus of
superhydrophobic surfaces. In addition to exhibiting electrical conductivity, conductive
superhydrophobic surfaces can work in humid and acid-base conditions, which can greatly
extend the service life of surfaces [23].

Flexible durable conductive superhydrophobic surfaces will be widely used in indus-
trial production because of their flexible, convenient and practical characteristics [24,25].
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To date, a few studies on flexible conductive superhydrophobic surfaces have been re-
ported [26–28]. As is known, superhydrophobic surfaces depend on two main factors:
surface roughness and low surface energy [29,30]. The surface roughness is mainly pro-
vided by various surface treatment methods, and low surface energy can be obtained from
fluorinated or long chain polymers [31]. Nevertheless, it is well known that polymers
generally have high surface resistivity, and the adhesion between polymers and matrices is
usually not good [32]. Thus, the preparation of conductive superhydrophobic (CS) surfaces
with good conductivity and adhesion to substrate is still a great challenge [33]. In general,
CS surfaces are obtained by adding a certain amount of conductive filler to surfaces. The
commonly used conductive fillers are metals, metal oxides, carbon materials and conduc-
tive polymers [34]. In particular, due to their excellent thermal conductivity and ability
to effectively eliminate accumulated static charges, carbon materials have been utilized
to prepare conductive superhydrophobic surfaces [35,36]. Lu et al. [37] fabricated robust
superhydrophobic surfaces by spraying commercial adhesives between superhydrophobic
paint and substrates. Even after finger wiping, knife scraping and 40 sandpaper abrasion
cycles, the obtained superhydrophobic surfaces remained superhydrophobic. It provides
a way of thinking to the weak point of the superhydrophobic field is handed over to
more mature adhesive technology to overcome. Based on the above analysis, it is feasible
to fabricate stable and durable conductive superhydrophobic surfaces by using carbon
materials and commercial binders. The fabrication of robust CS surfaces using simple
methods has good application prospects.

Carbon nanofibers (CNF), a common carbon material, has been widely used in indus-
trial production because of its chemical inertness, low production costs and good bending
stability [38]. It also has been used to fabricate CS surfaces due to its excellent conductiv-
ity [39]. However, constrained by complex preparation processes, high production costs,
and environmental protection, most of the reported CS surfaces are difficult to apply in
practical production [40,41]. Therefore, it is very important for superhydrophobic surface
applications to prepare low-cost and environmentally friendly superhydrophobic surfaces
by simple methods. In fact, coating is the most convenient and universally applicable
approach for preparing superhydrophobic surfaces [42]. In this work, three simple one-step
methods (brush coating, spraying and dip-coating) were adopted to fabricate conductive
superhydrophobic coatings. Compared with common polymer materials, polyimide is a
good high-temperature-resistant material with excellent mechanical, radiation and solvent
resistance properties, so it is a good candidate material for the preparation of flexible
substrates [43]. To improve adhesion between a coating and a substrate, polyimide (PI)
tape was selected as the flexible substrate. The obtained CS coating was composed of CNF,
PDMS and PVDF. CNF, producing multi-scale microstructures and thus, rough surfaces,
were selected as conductive fillers to prepare flexible wearable conductive superhydropho-
bic coatings. Polydimethylsiloxane (PDMS), as the binder, as well as polyvinylidene
fluoride (PVDF), provide the required low surface energy for the CS coating. In addi-
tion, PVDF can also combine with CNF to form a multi-scale micro/nano-composite
structure, which provides roughness support for superhydrophobic surface formation.
These multiple simple one-step methods with low production costs can meet the needs
of various industrial production processes. It is believed that the processes elaborated
in this article possess certain practical application value and reference significance for
superhydrophobic research.

2. Experiment
2.1. Materials

Polyimide tape was obtained from Shenzhen Hongzhan Adhesive Technology Co.,
Ltd. (Shenzhen, China). CNF (20–200 µm-long and 100 nm in diameter) were purchased
from Sigma-Aldrich Co., Ltd (Saint Louis, MI, USA). Polyvinylidene fluoride power was
supplied by Arkema Kynar Co., Ltd. (Paris, France). Terpineol was obtained from Xilong
Science Co., Ltd. (Shantou, China). Polydimethylsiloxane was provided by Dow Sili-
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cones Corporation (Midland, MI, USA). The other reagents were used as received without
further purification.

2.2. Preparation of the Flexible Conductive Superhydrophobic Coating

At room temperature, 0.1 g CNF and 0.1 g PVDF were added into 2.5 g terpineol to
form a uniform dispersion solution after enough stirring. Subsequently, 0.1 g PDMS and
0.01 g curing agent were added into the above homogeneous solution in turn, ultrasonically
dispersed and adequately agitated to form well dispersed paint.

Multiple simple methods were adopted to fabricate the conductive superhydrophobic
composite coating. First, the brush coating method can be used to prepare a flexible conduc-
tive superhydrophobic coating (FCS coating). The well dispersed paint was evenly applied
to the PI tape surface with a homemade brush. At room temperature, the brushed sample
was placed in a petri dish for 30 min to let the paint level. Second, the spraying method can
also be adopted to fabricate the FCS coating. Before spraying, PI tape (30 mm × 20 mm,
sticky side up) was fixed to cardboard with double-sided tape. Afterwards, the above
prepared paint was sprayed onto the polyimide tape surface using the 1.0 MPa N2 gas
spray gun. During the spraying process, the spray gun was at a 45◦ angle with the sample,
and the nozzle was about 15 cm away from the sample. The spraying time lasted for 3 s,
and then the samples were dried in a 100 ◦C oven for 10 min. After spraying three times,
the paint can completely and evenly cover the substrate surface. Finally, the FCS coating
can be fabricated by the dip-coating method. The PI tape was immersed in the paint for
10 s and then slowly removed. After that, the removed samples were dried at 100 ◦C for
10 min. The FCS coating can be obtained after 5 times of dip-coating. The coatings obtained
by the above three methods were cured at 230 ◦C for 10 min. A schematic diagram of the
preparation process used for the FCS coating is shown in Figure 1.
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Figure 1. Schematic diagram of the preparation process of the flexible conductive superhydropho-
bic coating.

2.3. Characterization

The surfaces of the specimens were sputtered with Au before testing and observed by
field emission scanning electron microscopy (FESEM, JSM-6701F, Japan Electronics Co.,
Tokyo, Japan, measured current of 10 µA, accelerating voltage of 5 kV). Fourier transform
infrared spectroscopy (FTIR, Nexus 870, Thermo Fisher Scientific, Waltham, MA, USA) was
employed to analyze the chemical compositions in the measuring range of 4000–400 cm−1.
The WCAs and SAs were measured with 5 and 8 µL deionized water droplets, respectively,
on a contact angle (CA) system (JC2000D1CA meter, Shanghai Zhongchen, Shanghai,
China). The average values of WCAs and SAs were obtained by measuring five different
regions of the sample. The element distribution and chemical compositions were analyzed
by energy-dispersive X-ray spectroscopy (EDS, JSM-5600LV, Japan Electronics Co., Tokyo,
Japan). A resistivity meter (MCP-T610, Mitsubishi, Tokyo, Japan) with a four-point probe
was used to measure the electrical conductivity of samples with differently modified CNF
contents. The normalized relative resistance was measured by using a digital multimeter
(EM33D, Elecall, Wenzhou, China). A precision roughness tester (JB-4C, Shanghai Precision
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Instrument Co., Shanghai, China) was utilized to measure the CS surface roughness. The
average values of all data were obtained by measuring five different regions of the sample.
The average values of all the results in this paper were obtained by measuring five groups
of test data.

3. Results and Discussion
3.1. Fabrication of the FCS Coating

To determine the best parameters for processing the coating, variations in superhy-
drophobicity, surface roughness and surface resistivity obtained with different additive
contents were investigated by using the control variable method. In Figure S1a,d,g, it can
be easily seen that the WCAs increase first and then decrease with increasing CNF content,
which is similar to the change trend of roughness and opposite to that of SAs obtained with
different CNF contents. The above results are consistent with Wenzel’s theory. Increasing
the surface roughness is beneficial for improving the hydrophobicity of the coating. When
the CNF amount is more than 0.1 g, the surface superhydrophobicity is not improved
by increasing roughness, which can be explained by the fact that excessive carbon fibers
can increase the surface energy of the coating. Similar phenomena can also be found at
different PVDF contents (Figure S1c,f). In addition, increasing the CNF content can reduce
the surface resistivity because of the formation of a conductive path, as shown in Figure
S1g. However, at 0.20 g CNF, the excessive CNF cannot be evenly dispersed in the coating,
which damages the conductive path and then increases the surface resistivity. In Figure S1i,
the surface resistivity increases with increasing PVDF content, which is attributed to the
poor conductivity of the polymer (PVDF). At different PDMS contents (Figure S1b,e), the
WCAs increase first and then decrease with increasing PDMS contents, which is contrary
to the change trend of roughness. The above phenomenon can be attributed to the low
surface energy and good adhesion of PDMS. In the initial stage, the increase in the amount
of PDMS uniformly coated on the particle surface can reduce the surface energy of the
coating and improve the superhydrophobicity. Meanwhile, it can also reduce the surface
roughness. When the PDMS amount is more than 0.1 g, the particles in the coating will
agglomerate with the addition of PDMS, which can affect the dispersion of the coating.
Therefore, the roughness increases with increasing PDMS content due to the agglomeration
of particles, which affects the microstructure of the superhydrophobic surface. In Figure
S1h, the surface resistivity increases with the increasing PDMS content because of its poor
conductivity. With the further increase in PDMS content above 0.05 g, the surface resistivity
of the coating decreases and tends to be stable, which can be explained by the fact that the
conductive path of the coating is more compact due to the adhesiveness of PDMS.

Accordingly, it can be concluded that an appropriate surface roughness is indispens-
able for the preparation of superhydrophobic coatings. Based on the above analysis results,
the optimal parameters for obtaining superhydrophobicity (157.5◦ WCA, 5.3◦ SA) on the
coating surface are 0.1 g CNF, 0.1 g PDMS and 0.1 g PVDF. Table S1 shows the surface
resistivity and logarithmic values of the superhydrophobic coating with different carbon
contents (g and wt %). From Table S1 and Figure S1g–i, it is easily seen that the opti-
mal conductivity (339 Ω) can be obtained on the coating surface when the CNF amount
is 0.15 g. Furthermore, the WCA is 149.3◦ and the SA is 9.9◦, which indicates that the
superhydrophobicity achieved with 0.15 g CNF is worse than that achieved with 0.2 g
CNF. In addition, the surface resistivity achieved with 0.1 g CNF is 784 Ω, which is the
same order of magnitude as that achieved with 0.15 g CNF. Considering the factors of
superhydrophobicity, conductivity and material savings, the optimal parameters of the
FCS coating are 0.1 g CNF, 0.1 g PDMS and 0.1 g PVDF.

The cross-sectional morphology of the coatings prepared by three methods are shown
in Figure S2a,c,d. The FCS coating obtained by brush coating (Figure S2a) has a compact
cross-section morphology, which may be beneficial to improve the durability of the coating.
In contrast, the FCS coatings prepared by spraying (Figure S2c) and dip-coating (Figure S2c)
have relatively loose cross-section morphologies, which may be attributed to the multiple
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coating processes in the preparation process. Therefore, in this paper, the FCS coating
obtained by brush coating is selected for relevant experimental analysis and research. In
addition, from Figure S2b, it can be estimated that the thickness of the coating prepared by
brush coating is about 40 µm.

Figure 2a shows a digital picture of the paint fabricated with the optimum parameters.
It can be clearly seen that the paint, without delamination, is uniformly stored in a transpar-
ent sample bottle. Moreover, some paint is adhered on the inner wall of the sample bottle,
which indicates that the prepared paint has certain adhesion. The adhesion of the obtained
paint is the basis of three one-step methods. After two weeks of storage, the additives are
still well dispersed in the obtained paint without obvious delamination (Figure 2b), which
illustrates that the prepared paint has good durability and stability. Figure 2c displays the
state of different droplets on the coating surface prepared on different substrates. The pre-
pared paint can be applied on different substrates, and the six different droplets maintain
spherical shapes on the coating surface, which illustrates that the coating surface has good
superhydrophobicity to different droplets.
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Figure 2. (a) Digital picture of the fabricated paint; (b) digital photo of the paint after two weeks of
storage; (c) the states of different droplets on the coating surface prepared on different substrates
(from left to right, the three substrates are a polyimide (PI) film, a slide and Q345).

The SEM surface morphologies of the fabricated FCS coating are exhibited in Figure 3a–c.
From Figure 3a, it can be clearly seen that the microstructure of the coating is cauliflower-
like, and particles with random sizes are evenly distributed on the coating surface. The
insets are images showing the WCA (157.5◦) and SA (5.3◦). In addition, even in the
bending state, the water droplets can still easily roll off the coating surface, and a water jet
can bounce on the surface without leaving any residual droplets (Movie S1). The above
results show that the prepared coating has excellent superhydrophobic properties. The
surface roughness curve of the obtained FCS coating is displayed in Figure 3d, and the
corresponding roughness value is 0.404 µm. In Figure 3b, particles of different sizes are
distributed on the coating surface at intervals to form a random concave and convex
microstructure, which provides important structural support for superhydrophobicity.
According to Wenzel’s theory, air is filled between the concave and convex structures,
which reduces the contact area between the surface particles and water droplets, thus
improving the superhydrophobicity of the surface. In addition, the CNF are embedded
in the coating and show network structures interwoven with each other on the surface
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(red circles in Figure 3c). The network structures formed by the CNF can provide good
conductive paths for the charges to improve the conductivity of the FCS coating.
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Surface energy is a significant factor in the fabrication of superhydrophobic surfaces
and it can be calculated by the model proposed by Owens [44]. According to the Owens’
model, the liquid surface energy can be expressed as follows:

γla = γd
l + γ

p
l (1)

where γla, γd
s and γ

p
s are the gas–liquid surface tension, dispersion force and polarity force,

respectively. The contact angle of liquid on the smooth solid surface can be expressed by
Young’s Equation (2):

γsa = γsl + γla cos θ (2)

where γsa and γsl correspond to solid–gas and solid–liquid surface tensions, respectively,
and θ is the steady contact angle of the smooth solid surface. In this paper, before measuring
θ, the superhydrophobic surface should be polished, and then the liquid contact angles
were measured on the polished surface. The corresponding liquid contact angles are shown
in Table S2. In addition, solid–liquid surface energy can be expressed by the following:

γsl = γsa + γla − 2
√

γd
s γd

l − 2
√

γ
p
s γ

p
l (3)

The relationship between the contact angle and the component forces (Equation (4))
can be obtained by simultaneous Equations (2) and (3):

1 + cos θ =
2
√

γd
s γd

l

γl
+

2
√

γ
p
s γ

p
l

γl
(4)

The dispersion force and polarity force of water and Diiodomethane are displayed
in Table S2. After calculation, we can get γsa = γd

s + γ
p
s = γd

s = 26.4 mJ/m2, which is the
surface energy of the FCS coating.

The peaks at 1210 and 1176 cm−1 in the FTIR spectra of the FCS coating (Figure 4a) are
assigned to the –CF2– group stretching vibration in PVDF, which provides the low surface
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energy essential for the FCS coating. The absorption bands observed at 1400 cm−1 should
be ascribed to the stretching vibration of –CH2– groups. In addition, the bands at 1260 and
796 cm−1 correspond to the asymmetric bonds of Si–O–C and Si–C in PDMS, reducing
the surface energy of the FCS coating. The EDS spectrum in Figure 4b shows that the FCS
coating is composed of C, F, Si, and O. The F and Si peaks are attributed to the existence of
PVDF and PDMS in the FCS coating, respectively. Moreover, the elemental distribution
images are displayed in Figure 4c–f, showing that the elements of various additives are
evenly distributed on the coating surface, which corresponds to the result in Figure 4b.

Coatings 2021, 11, 95 7 of 15 
 

 

The dispersion force and polarity force of water and Diiodomethane are displayed in 
Table S2. After calculation, we can get 𝛾 = 𝛾 + 𝛾 = 𝛾 = 26.4 𝑚𝐽/𝑚 , which is the 
surface energy of the FCS coating. 

The peaks at 1210 and 1176 cm−1 in the FTIR spectra of the FCS coating (Figure 4a) 
are assigned to the –CF2– group stretching vibration in PVDF, which provides the low 
surface energy essential for the FCS coating. The absorption bands observed at 1400 cm−1 
should be ascribed to the stretching vibration of –CH2– groups. In addition, the bands at 
1260 and 796 cm−1 correspond to the asymmetric bonds of Si–O–C and Si–C in PDMS, 
reducing the surface energy of the FCS coating. The EDS spectrum in Figure 4b shows that 
the FCS coating is composed of C, F, Si, and O. The F and Si peaks are attributed to the 
existence of PVDF and PDMS in the FCS coating, respectively. Moreover, the elemental 
distribution images are displayed in Figure 4c–f, showing that the elements of various 
additives are evenly distributed on the coating surface, which corresponds to the result in 
Figure 4b. 

 
Figure 4. (a) FTIR spectra of the FCS coating; (b) EDS spectrum of the FCS coating (the inset shows 
the mass and atomic percentages of the FCS coating surface). Elemental distribution on the FCS 
coating surface (c–f). 

3.2. Water Droplet Adhesion, Self-Cleaning and Anti-Fouling Properties 
A facile method was adopted to measure water droplet adhesion on the FCS coating 

surface. As shown in Figure 5a,b, a 5 µL water droplet adhering to the needle moved ver-
tically to the FCS coating surface and fully contacted the surface. After that, the water 
droplet was elongated as it moved upward (Figure 5c), which was attributed to the fact 
that the water droplet was embedded in the rough surface caused by curing. In Figure 5d, 
after the water droplet was completely separated from the surface, no residual droplet 
was found on it. In the droplet pinning test (Figure 5e,f), although the water droplet was 
also elongated due to adhesion between the water drop and rough surface, it can also be 
clearly seen that no residual droplet remained on the coating surface, indicating the low 
adhesion of the FCS coating surface. 

Figure 4. (a) FTIR spectra of the FCS coating; (b) EDS spectrum of the FCS coating (the inset shows
the mass and atomic percentages of the FCS coating surface). Elemental distribution on the FCS
coating surface (c–f).

3.2. Water Droplet Adhesion, Self-Cleaning and Anti-Fouling Properties

A facile method was adopted to measure water droplet adhesion on the FCS coating
surface. As shown in Figure 5a,b, a 5 µL water droplet adhering to the needle moved
vertically to the FCS coating surface and fully contacted the surface. After that, the water
droplet was elongated as it moved upward (Figure 5c), which was attributed to the fact
that the water droplet was embedded in the rough surface caused by curing. In Figure 5d,
after the water droplet was completely separated from the surface, no residual droplet was
found on it. In the droplet pinning test (Figure 5e,f), although the water droplet was also
elongated due to adhesion between the water drop and rough surface, it can also be clearly
seen that no residual droplet remained on the coating surface, indicating the low adhesion
of the FCS coating surface.

Surface cleaning is very important for the practical application of flexible wearable
materials, and self-cleaning surfaces have been proven to be effective in surface decon-
tamination [45]. To test the self-cleaning property of the FCS coating, sand particles in
a park were selected as contaminants. Figure 6a,c show images of sand particles on the
PI surface and FCS coating, respectively. In the self-cleaning test, water droplets were
continuously dropped onto the surface of sand pollutants by using a rubber tip dropper,
and then changes in the surface cleaning property were observed. After the test, a large
amount of sand contaminants still remained on the PI surface (Figure 6b). However, in
contrast, water droplets with sand pollutants rolled down the FCS coating surface quickly,
and soon the contaminants were all washed away from the surface by the water droplets,
leaving a clean surface (Figure 6d). From the above analyses, it can be easily concluded
that the FCS coating surface has excellent self-cleaning properties.
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In practical applications, the anti-fouling properties of flexible wearable materials
to different contaminated fluids are closely related to the service life of materials. Here,
corrosive waste polishing liquid and milk were selected to test the anti-fouling property of
the FCS coating. Images of the PI surface and the FCS coating are displayed in Figure 7a,d.
Figure 7b clearly shows that the corrosive polishing droplets flowed slowly through the
surface as they dripped on the PI surface. After that, a large amount of residual liquid
remained on the PI surface. Furthermore, a similar phenomenon was found when milk
ran down the PI surface. For the FCS coating, as shown in Figure 7e,f, contaminated
fluids displayed spherical shapes and rapidly rolled down the coating. No contaminated
droplets were left on the surface, illustrating that the FCS coating has outstanding anti-
fouling properties.
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and anti-pollution properties of the FCS coating surface (g–j).

Many studies have been performed to explain the self-cleaning and anti-pollution
mechanisms of superhydrophobic surfaces [46]. However, few experiments have been
conducted to verify the mechanisms. The experimental verification process of self-cleaning
mechanism is shown in Figure 7g–j. From Figure 7g, the droplet moved downward, closer
to the sand particles. When the water droplet contacted the sand particles in Figure 7h, the
sand particles were absorbed into the water droplet. After that, as the droplet moved to
come into close contact with the FCS coating surface (Figure 7i) and then moved upward
to separate from the FCS coating surface, no residual solution was found on the surface
(Figure 7j), suggesting that the FCS coating surface has a low liquid adhesion property.
Therefore, it can be concluded that the low surface adhesion force and the adsorption of
water droplets on contaminated particles are the main factors affecting the self-cleaning
and anti-fouling properties of superhydrophobic surfaces.

3.3. Durability

Flexible surfaces often bend and deform in applications. Therefore, it is very important
to study the durability of superhydrophobic surfaces under different bending deformations.
Furthermore, the durability of superhydrophobic surfaces is the basis of their large-scale
industrial application. Movie S2 clearly shows that water droplets can still easily roll off
the surface, even after rubbing by hand many times, showing the good superhydrophobic
stability of the fabricated coating. Figure 8a shows the change in the wettability of the
FCS surface at different numbers of bending cycles. Overall, with the increase in the
number of bending cycles, the superhydrophobicity of the FCS coating worsens, showing
that the WCA decreases and the SA increases. In particular, at 1700 bending cycles, an
inflection point occurs in the variation of the FCS coating wettability, that is, the WCA curve
drops sharply (the slope decreases), and the SA curve rises suddenly (the slope increases).
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The above results can be attributed to the destruction of surface micro-nano structures
during continuous bending. However, at 1900 bending cycles, the coating surface still
remains superhydrophobic (152◦ WCA and 9.2◦ SA), which indicates that the FCS coating
has good bending fatigue resistance. As the number of bending cycles increases to 2000,
according to the definition of superhydrophobicity, the surface wettability changes from
superhydrophobic to highly hydrophobic.
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In addition, the durability of the FCS coating surface immersed in deionized water was
also studied in this work. In addition, the related results are displayed in Figure 8b. It can
be easily observed that the WCA decreases and the SA increases with increasing immersion
time, which suggests that the superhydrophobicity of the FCS coating surface gradually
deteriorates. The FCS coating surface still maintains excellent hydrophobicity (149.5◦

WCA, 11◦ SA) after 6 h of immersion, proving that the obtained coating can maintain
good superhydrophobic durability under water. As the immersion time increases to more
than 6 h, at the same time, the fluctuation amplitudes of the WCAs (decrease) and SAs
(increase) increase significantly. After 8 h of immersion, the WCA decreases to 108.7◦

and the SA increases to 21.6◦. These above results are mainly caused by the hydrostatic
pressure on the superhydrophobic surface. The corresponding detailed explanation can be
obtained from Figure S3. Figure S3a displays the force analysis of the air layer trapped in
the microstructure at the superhydrophobic interface. When the system is stable, a balance
can be established between the hydrostatic pressure (PG), air layer pressure (PV) and
suspension force generated by capillary force (PH). The equilibrium relationship between
the above three forces can be expressed by the following:

PG = PS = PV + PH (5)

where PV is related to temperature and air pressure, and PH is determined by the length
of the solid–liquid–gas three-phase contact line per unit area (Λ), solid–liquid contact
area fraction ( fs), forward contact angle (θa) and liquid surface tension (γLV). Just as the
sample is immersed in water, the coating surface of the sample is filled with an obvious
air layer (as shown in Figure S3b). With increasing immersion time, more gas dissolved
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in water and PV decreased, which led to PG > PS; in addition, more liquid flowed into the
surface microstructure (Figure S3c), which led to the coating surface superhydrophobicity
to worsen with increasing immersion time. After a sufficiently long immersion time, a large
amount of liquid permeated into the coating micro/nano structure (Figure S3c), making
the FCS coating surface moist, which can explain why the surface hydrophobicity of the
coating decreased faster after six hours of immersion.

The durability of the FCS coating at different heating temperatures is shown in
Figure 8c. First, the samples were placed into a muffle furnace (PCD-C3000) and heated
for 1 h at different temperatures. Then, the durability was evaluated by measuring the
WCAs and SAs of each specimen. The results show that the FCS coating can maintain
good superhydrophobicity when heated to 350 ◦C (151.8◦ WCA, 8.13◦ SA), indicating
the excellent thermal stability of the coating. At 400 ◦C, the superhydrophobicity of the
coating surface is destroyed (120.7◦ WCA, 90◦ SA), which can be explained by the thermal
decomposition of PDMS and PVDF at 400 ◦C, and the coating surface loses the low surface
energy necessary for superhydrophobicity. Due to capillary action between the surface
microstructure and water droplet, the adhesion of water droplets on the surface increases,
and the SA increases to 90◦. At present, the measurement of surface wettability is mostly
based on normal temperature water drops [47]. Hence, it is necessary to measure the
wettability of water droplets at different temperatures, and the related results are displayed
in Figure 8d. It can be easily found that the temperature of the water droplet has little
effect on the WCAs, which decrease from 157.5◦ to 144.83◦, but has a great influence on the
SAs, which increase from 5.53◦ to 69.1◦. The low surface energy of the coating is provided
by stable intrinsic hydrophobic substances, and the surface structure and low surface
energy of the coating are not damaged by high-temperature water drops. As a result, the
droplet temperature has little effect on the WCAs of the coating surface. In addition, the
temperature of the water droplet will heat the gas that filled the solid–liquid interface
and accelerate the flow speed, which will lead to a decrease in the gas composition at the
solid–liquid interface, and the liquid will penetrate into the microstructure, which results
in a large increase in SAs.

3.4. Conductivity and Application

Bending deformation often occurs in human joint movement, such as finger bending,
knee bending and ankle bending. In this work, the multifunctional FCS coating was taped
to an index finger wearing a glove and used as an electronic sensor to detect finger motion
in real time. At different bending angles, the corresponding normalized relative resistance
(∆R/R0) values can be obtained in the process of finger bending (as shown in Figure 9a).
In the process of slow bending and the relaxation of the finger, it can be clearly found that
the corresponding relative resistance values can be obtained at different bending angles,
and the measured values show periodic changes, corresponding to the finger bending
movement. The above results indicate that the flexible sensor can detect finger joint motion
in real time. In human joint motion detection, every tiny change will cause a change in
the sensor measurement results. Therefore, it is necessary to measure the mechanical
sensitivity of sensors in harsh working conditions. Here, the FCS coating was wrapped on
glass fiber rods with different diameters to measure the influence of the bending radius
on its relative resistance. When the coating was bent, the bending strain resulted in an
increase in the coating resistance. A higher bending radius was reflected by a larger ∆
R/R0 value (Figure 9b), which is attributed to the fact that the bending tensile strain is
large at a small bending radius, and the surface conductive path is greatly damaged. In
Figure 9c, similar results can also be found in the sustained bending cycle test performed
with different bending radii (1, 3 and 5 mm). Therefore, the reliability of the flexible
sensor is evaluated by harsh bending fatigue tests. During the bending cycles, the real-
time normalized resistance increased and decreased periodically with sustained bending
and relaxation. After 600 continuous bending fatigue cycles, the resistance does not vary
obviously, which indicates that the sensor has reliable mechanical stability. The obtained
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coating is well adhered to the PI substrate, and the conductive path is not damaged, which
is mainly attributed to the strong adhesion between the binder of the PI surface and the
surface of the coating using PDMS as the binder.
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After that, by applying different bending radii, the change in the wettability of the
flexible sensor surface after 600 bending cycles was reflected by measuring the WCAs and
SAs. In Figure 9d, it is easily seen that a larger bending radius corresponds to a larger
WCA and lower SA. The WCA changes from 150.5◦ to 156◦, and the corresponding SA
varies from 9.6◦ to 6.2◦. Although the wettability decreased slightly, the surface remained
superhydrophobic in the bending cycle range. The above results illustrate that the FCS
coating can maintain stable superhydrophobicity during harsh bending fatigue cycling,
which indicates that the obtained flexible sensor can work normally in dry or humid
environments. Therefore, after further reasonable structural design, the FCS coating can be
used as a wearable multifunctional sensor, such as a waterproof and wearable electronic
device, to detect real-time physical signals in some humid environments.

4. Conclusions

In summary, a CNF/PVDF/PDMS conductive superhydrophobic coating was pre-
pared on a PI substrate by several simple modifier-free one-step methods, and the resulting
coating had a cauliflower-like microstructure. The obtained FCS coating possesses excellent
superhydrophobicity to many kinds of droplets and has good self-cleaning and anti-fouling
properties. Furthermore, the self-cleaning and anti-fouling properties of superhydrophobic
surfaces are mainly determined by the low surface adhesion force and the adsorption
of water droplets on contaminated particles. After multiple bending deformations, long
immersion and high-temperature treatment, the fabricated coating still maintains stable
superhydrophobicity. In addition, due to its the reliable mechanical stability and superior
sensitivity, the FCS coating is a good candidate for multifunctional smart sensors, and has
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great application prospects in medical detection, waterproof flexible electrical devices and
gesture detectors.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-641
2/11/1/95/s1. Figure S1: Variations in the surface wettability, roughness and resistivity with different
additive contents. Figure S2: Force analysis of the water droplet in the FCS coating microstructure
and schematic diagram of gas–liquid interface changing with immersion time. Figure S3: (a) Force
analysis of the water droplet in the FCS coating microstructure. Schematic diagram of the gas–liquid
interface changing with immersion time (b,c). Table S1: The effect of CNF content on the surface
resistivity. Table S2: The contact angle of water and diiodomethane on the polished FCS coating
surface. The disper-sion force and polarity force of water and diiodomethane. Movie S1: Wettability
and water jet flow on the curved FCS coating surface. Movie S2: Variation of surface wettability after
rubbing by hands.
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