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Abstract: Carbon black (CB) is a low-cost and excellent conductive material, and polyvinyl alcohol
(PVA) is a non-conductive material with the advantages of easy processing and high mechanical
stability. Here, we report a CB/PVA-based flexible conductive polymer film suitable for small strain
detection and humidity detection. Thin film is formed by depositing the CB/PVA dispersion liquid
droplets on a cleaned silicon/silicon dioxide (Si/SiO2) substrate. Theoretically, CB/PVA films can be
transferred or formed on other substrates, such as polydimethylsiloxane, which have the advantage of
flexibility. The droplet deposition method not only enhances the controllability of the film thickness
and wastage of materials, but also improves the sensitivity of the prepared film. The electrical
conductivity of the CB/PVA composite film and the relationship between the resistance change and
strain were measured by the four-point bending method, which showed a good gauge factor of 30
when the strain rate was 0.007%. In addition, the sensor also showed excellent sensing performance
and repeatability at humidity levels ranging from 10% to 70% RH. These results demonstrate that the
CB/PVA thin film prepared in this work has the advantages of a simple fabrication process, low-cost,
multifunctional properties, and high device sensitivity, providing further insights for detecting minor
strain and humidity.

Keywords: carbon black; droplet deposition; four-point bending; strain sensor; humidity sensor

1. Introduction

In recent years, the rapid development of smart health detection equipment has been
changing the traditional medical diagnosis mode and promoting the emergence of personal
health management [1]. At the same time, people pay more and more attention to the real-
time monitoring of their own physiological indicators and environmental conditions [2]. In
particular, strain sensors and humidity sensors are almost essential parts of medical devices,
since many human activities generate changes in pressure, such as a pulse (its pressure
range is 0.2–3 kPa [3], which belongs to the micro pressure category), and environments that
are too dry or too humid affect human health. Most traditional sensors are made of metal
foils, ceramics, and semiconductors. However, these materials are inflexible, expensive, and
difficult to fabricate when used for micro-sensors [4,5]. Therefore, more adoptable ways
to fabricate strain and humidity sensors using both conductive fillers and non-conductive
polymers have emerged [6–8]. Due to its outstanding electrical conductivity and excellent
mechanical stability, carbonaceous material is often used as conductive filler for developing
sensors [9]. For micro-electro-mechanical systems (MEMS), graphene, carbon nanotubes,
and carbon black have been widely used as active layers [10–12]. In particular, the sensors
made by carbon nanotubes have good flexibility but low sensitivity [13–15]. It has also
been reported that the strain sensors made using graphene have good flexibility and
sensitivity [16–20]. However, in terms of manufacturing costs, carbon nanotubes and
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graphene are not good choices. On the contrary, carbon black is often selected due to its
good electrical conductivity and low manufacturing cost [21,22]. Polyvinyl alcohol (PVA)
has been widely used as a polymer matrix to fabricate flexible sensors due to its advantages
of easy processing, durability, low cost, and nontoxicity [23]. Notably, PVA has the property
of hydrophilic swelling. Therefore, sensors fabricated with PVA as the matrix material
exhibit high sensitivity to humidity [24–27]. However, even with the same material, it is
common for sensors to exhibit different electrical and mechanical properties under different
fabrication methods.

Layers of material with thicknesses ranging from a few nanometers to several microm-
eters are called thin films [28]. It is noteworthy that for fabricating thin film sensors, the
selection of both material and method of film formation plays an important role. The film
formation method determines mostly the film uniformity, flatness, and thickness of the film,
which are closely related to the performance of the sensor. There are many film-forming
methods, such as spraying (the thickness of the prepared films is in the range of 1–500 µm),
rod-coating (the thickness of the prepared film is more than 2 µm), drop-casting (the thick-
ness of the prepared films is in the range of 5–500 µm), and spin coating (the thickness
of the prepared films is in the range of 0–100 µm), available to prepare a thin conductive
film [29,30]. In the spray coating method, the conductive dispersion is placed in a spray gun.
Then it compresses air to atomize the dispersion into small droplets, which are deposited on
the preheated substrate under the action of the airflow [15,31]. For the Meyer rods-coating
method, the conductive dispersion ink is placed on the substrate, and then the Mayer rod
is rolled at a certain speed to disperse the ink to form a uniform conductive film [32]. The
drop-casting method is used to fabricate the film by dropping the dispersive liquid directly
onto the substrate [33]. In the spin-coating method, the substrate is usually rotated on
a high-speed rotating turntable. Owing to the high centrifugal force during spinning, the
dispersed ink placed on the substrate spreads over the entire substrate area to form a thin
film [34]. Both spin coating and spraying methods are efficient, but they waste material. The
Meyer rod-coating method is suitable for mass production. However, it requires high viscosity
and a large surface tension of the dispersion. The drop-casting method is low in cost, but
it limits the uniformity of the film, and the thickness of prepared film is much thicker than
that prepared by other methods. To overcome these limitations, a novel method is introduced
to form highly controllable ultrathin films by using droplet-assisted deposition, which is a
simple and efficient technique for preparing thin film sensors in the future.

Ke et al. showed a highly capacitive pressure sensors based on TPU/GNP/CNS compos-
ites with a high capacitive sensitivity of 2.05 ± 0.13 MPa−1 for a stress range of 0.1–1.3 MPa [35].
However, compared with piezoresistive sensors, capacitive sensors have parasitic capac-
itance, which may not only affect the sensitivity of capacitive sensors, but also cause
interference to the sensor and affect its stability. Liu et al. reported a degradable strain sen-
sor with a gauge factor of 4.3 using a paper substrate dipped into the aqueous suspension
of carbon black (CB) and carboxymethyl cellulose (CMC) [36]. However, such paper-based
sensors are prone to crack in the strain process and tended to lose most of their mechanical
strength under wet conditions, which affects performance of the device. Though, Li et al.
fabricated a strain sensor with the working range of 50~500% with the combinations of
carbon black and silicone rubber using the drop-casting method, it revealed a maximum
gauge factor of nearly 3.37 [37]. These works are basically aimed at the situation of rela-
tively large strain, which is only suitable for elbow bending and posture monitoring, etc.
Moreover, owing to the lower gauge factor value, such types of sensors are not suitable for
use in situations where there is only a micro strain, such as pulse detection. Furthermore,
they are all single-function strain sensors, which still have the potential to be improved
into multifunctional sensors in complex environments.

In this paper, we proposed a piezoresistive CB/PVA composite film for micro strain
and gas detection. From a materials perspective, on the one hand, the CB offers excellent
merits such as good device performance and low manufacturing cost as a conductive filler
for composite film. On the other hand, the PVA as non-conductive material has potential
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benefits of easy film-forming ability and high mechanical properties. Furthermore, from
the fabrication method point of view, this is a novel, simple, and low-cost method, which is
not only applicable for fabricating strain sensors but is also suitable for fabricating many
other thin-film sensors. The droplet deposition method used in this work showed great
potential in reducing the wastage of the materials with high quality of the film. At room
temperature and constant humidity, the four-point bending study was used to evaluate
the sensing performance of the fabricated strain sensor, which showed a high sensitivity
at a small strain (GF ≈ 30). Furthermore, the sensor also showed an excellent response
to humidity detection when there was no strain. We believe that with the advantages of
high sensitivity, low cost, and high size controllability, the sensor has great application
potential in minor strain and humidity detection. However, this CB/PVA sensor does not
yet identify their respective contributions when strain and humidity vary simultaneously.

2. Design and Principle of Thin Film Sensor
2.1. The Design and Conductive Principle of the Sensor

The schematic diagram of the CB/PVA film sensor is shown in Figure 1a, which is
composed of the CB/PVA composite film, a pair of metal electrodes (Cr/Au), and the
Si/SiO2 substrate. In principle, CB/PVA film can be used as both a strain sensor and
humidity sensor. As shown in Figure 1b, working as a strain sensor, strain occurs in the
CB/PVA film as the substrate deforms under pressure. It is important that the conductivity
of the film decreases under pressure due to the displacement of carbon particles, resulting
in discontinuous conducting channels in the film. Electrical studies were carried out
to estimate the resistance values under strain or pressure. The change in magnitude of
strain or pressure was obtained using the change in resistance values of the CB/PVA
film. When used as a humidity sensor, the working mechanism of the CB/PVA film is
shown in Figure 1c. Due to the hydrophilic hydroxyl group (–OH) in the molecule of
PVA, the PVA-based film could adsorb the surrounding water molecules [24,26]. At low
concentrations, the membrane adsorbed less water vapor, and the space between the CB
particles was small enough to form more conductive channels and obtain smaller resistance.
However, as the relative concentration increased, the CB/PVA polymer film swelled due to
the adsorption of more water molecules, which enlarged the distance between carbon black
particles and blocked the conductive channels [25,27]. Therefore, the electrical conductivity
of the composite film decreased, and the resistance increased.
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2.2. The Formation Mechanism of CB/PVA Film

Figure 2 illustrates the schematic diagram of the CB/PVA film formation mechanism
using the droplet deposition method. It should be pointed out here that the deposition
position of the droplet can be quickly and accurately controlled by the computer-controlled
microscopic coating applicator. Due to the mutual attraction between the molecules, the
CB/PVA droplet can be hemispherical at the tip of microscopic coating applicator’s needle
without falling, as seen in Figure 2a,d. In order to make the droplet contact with the droplet
surface, the designed program can accurately control the tip of the micro coater to approach
the surface of the silicon/silica substrate at a certain distance. When the droplet leaves
the top surface of the substrate, one part of the droplet from the needle tip makes the
surface of the substrate wet (that is, the droplet can form a plano-convex lens shape on
the surface of the substrate), and the other part is left at the tip of the needle. Figure 2b
shows that the diameter of each droplet is approximately 100 µm, which is determined by
the diameter of the needle tip. Therefore, by changing the diameter of the needle tip, the
droplet diameter can be controlled in the range of 50 µm to 200 µm. The distance between
the center of the two droplets is nearly 80 µm when two droplets overlap each other. Due
to the fluidity of the liquid, overlapping droplets will fuse with each other to form a new
larger droplet. What is more, it has been reported that treating the composite film in an
ethanol vapor atmosphere for 5 min can suppress the coffee ring effect and obtain a more
uniform film. In future research, we will try this method to improve the uniformity of the
film [38]. According to the designed route, the device moving in a straight line would align
the droplets in several conductive film tapes, forming confined films with expected shapes
after the overlapping of the droplets. In Figure 2c, the droplets are arranged in a 3 × 3
array, indicating that the microscopic coating applicator can precisely control the position
of the droplets and the spacing between them to ensure better film formation uniformity.
The thin films prepared using this method were ultra-thin and precisely controlled. Note
that the thickness of CB/PVA films prepared by droplet deposition method ranged from a
few nanometers to several hundreds of nanometers, depending on the resin concentration
and the number of layers deposited. Undoubtedly, this method is suitable for not only
preparing CB/PVA thin film but also for various polymer complex-based materials.
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image of deposed droplets. (d) The film formation by the droplet deposition method.
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3. Experimental
3.1. CB/PVA Composite Film Fabrication Process

A step-by-step preparation process of the CB/PVA conductive polymer film is shown
in Figure 3. First, a homogeneous PVA (the type of PVA was PVA 17-92, purchased from
Sigma-Aldrich Co. Ltd., St. Louis, Missouri, USA) solution (6.25 wt%) was obtained
by mixing the PVA crystals into 90 ◦C hot water and stirring constantly for ~30 min, as
shown in Figure 3a,b. Then, the water-soluble carbon black (CB, from Lion Specialty
Chemicals Co. Ltd., Tokyo, Japan; their mean particle diameter was 34 nm) dispersion
(10 wt%) was added into the homogeneous PVA solution. In the mixed solution, the
optimal content of carbon black was 2 wt%. In order to uniformly distribute the carbon
black particles into the PVA polymer solution, the CB/PVA mixed dispersion was mixed in
a planetary centrifugal mixer for 10 min (Figure 3c). To obtain solution homogeneity, the
mixed solution was ultrasonicated for 60 min and further stirred for 10 min. The solution
preparation was carried out at atmospheric conditions. However, to avoid unexpended
film uniformity and residual stoichiometric variation from the air atmosphere, the film
formation was handled at vacuum conditions. In particular, the mixed solution dispersion
was placed in a vacuum drying oven for vacuum suction for ~60 min (Figure 3f). Then,
the solution dispersion was moved into the microscopic coating applicator to form a thin
film on a silicon/silicon dioxide substrate using the droplet deposition method (Figure 3g).
Furthermore, CB/PVA films could also be deposited on glass or some flexible substrates
such as polydimethylsiloxane. Finally, the film was cured in an oven at 80 ◦C for 30 min.
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3.2. Four-Point Bending Method

In order to evaluate the electromechanical performance of the fabricated CB/PVA film
as a strain sensor, we used the four-point bending method to obtain the GF value [39–42].
Figure 4 shows the schematic diagram of the four-point bending system to estimate the
resistance change of the CB/PVA composite film under different loads. This system was
composed of a computer, an I–V measurement unit, and a four-point bending device. The
sensor substrate was 20 mm in length, 20 mm in width, and 300 µm in thickness. Note
that the CB/PVA film was deposited in the center of the substrate. The sensor was placed
on the measurement system, and the applied pressure was transmitted to the substrate
through the four supports that generated small deformation of the substrate. In this work,
the strain of the substrate and the film was very small, so it was difficult to measure and
could not be calculated, and there was no slippage between them. However, the strain of
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the CB/PVA film was the same as that of the substrate. Therefore, we could estimate the
strain of the CB/PVA film by calculating the strain of the substrate using Formula (1).

ε =
3Fa

wt2E
(1)

where F is the sum of the force exerted on the upper support members, a is the shortest
distance between the support and the outer support, w and t are the width and thickness,
respectively, of the substrate, and E is the Young’s modulus of the substrate material; the
Young’s modulus of the silicon/silicon dioxide substrate was about 185 GPa.
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Figure 4. Schematic of the four-point bending method for testing the CB/PVA composite film strain
sensor under different loads.

In traditional silicon-based strain devices, silicon materials are used as important
pressure-sensitive elements in sensors. In addition, it is generally necessary to perform
photolithography and other processes on silicon, which is a costly and complicated pro-
cess [43–45]. However, in this work, the silicon/silicon dioxide base was only used as a
strain-transmitting substrate material, and no additional processing was required for it. In
addition, since it is not a sensitive component, it can also be replaced by other materials
such as glass, PDMS, etc.

Obtaining the GF value of the sensor also requires knowledge of the change of the
sensor resistance (R = V/I). The change in film resistance can be identified by the I–V
measurement system, and the gauge factor of the strain sensor can be calculated by:

GF =
∆R/R0

∆l/l0
=

∆R/R0

ε
(2)

where ∆R = R − R0, is the changed resistance, and R0 is the resistance value of the sensor
when there is no strain [46,47].

4. Results and Discussion

Figure 5 shows the optical image of the fabricated strain and humidity sensing device.
In order to observe the film formation phenomenon and the morphology of the sensor,
as shown in Figure 5, we used transparent glass as the substrate for the morphology
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observation. However, since silicon/silicon dioxide substrates are tougher than glass
substrates, we used silicon/silicon dioxide as the sensor substrate when evaluating sensor
performance. As seen in Figure 5, the electrodes were formed on the film by electron
beam evaporation and photolithography. Initially, the Cr (20 nm) as an adhesion layer was
deposited on the silicon/silicon dioxide substrate, and then the gold layer with a thickness
of approximately 180 nm was deposited on the Cr layer as the electrode. Notably, the
area of the fabricated electrode was 300 × 300 µm, where the CB/PVA film was majorly
distributed, as seen in Figure 5b. What is more, by measuring with the segment differential
gauge, we found that the thickness of the prepared film was only 400 nm. This result
indicated that the prepared CB/PVA composite film was ultra-thin, which is one of the
reasons for its high sensitivity under tiny strains.
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Figure 5. (a) Optical image of fabricated CB/PVA film sensor. (b) Micrograph of image of CB/PVA film.

In order to evaluate the resistance’s stability of the fabricated CB/PVA film, the
resistance of the samples was tested under different loads. The test voltage ranging from
−5 V to 5 V was applied to the CB/PVA film. As seen in Figure 6a, it was observed that that
the current and voltage showed a linear relationship, which infers good contact between
the electrode and the conductive film. This also indicates that the stability of the film
resistance is excellent without any drift due to the applied strain. Moreover, the estimated
resistance value of the film is 371.7 KΩ at a strain of 0.025% using the linear fit in the
measured experimental data. In addition to examining the resistance stability of the sensor,
we also examined the effects of strain and humidity on the CB/PVA film. For the purpose of
avoiding the influence of various factors such as strain and humidity, we kept the humidity
constant when detecting the strain sensitivity of the sensor. When detecting the effect of
humidity on the resistance of the sensor, we ensured that the strain of the sensor was zero.

Figure 6b represents the change in resistance as a function of strain rate. The resistance
of the sensor was 370.37 KΩ when the strain rate was zero. Under a constant load, force
ranging from 0 N to 8 N with nine steps (the strain range of the substrate was 0–0.028%), the
resistance value change of the CB/PVA film was measured using the four-point bending
method (as shown in Figure 4). The final measurement result was the average of the three
sets of measurement results. As can be seen in Figure 6b, there was almost a positive
correlation between the resistance of the film and the applied strain. This indicates that
under the increase in pressure, the conducting channels between the carbon black molecules
may have been discontinuous due to the increases of the film strain. This resulted in a
decrease in conductivity as the resistance of the film increased.

Figure 6c shows the relationship between the relative resistance variation of the sensor
with various strain rates. It was found that the relative resistance increased with an increase
in strain rate. Moreover, the increasing trend of the resistance change rate shown in
Figure 6c was the same as that of the resistance change in Figure 6b.
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The gauge factor is a key parameter in analyzing the performance of strain sensors. It
is defined as the change in resistance divided by the strain, which can be calculated using
Equation (2). Figure 6d illustrates the estimated gauge factor of the CB/PVA film with
various strain rates. As we can see, the highest gauge factor of the fabricated CB/PVA film
sensor was about 30.24, which was measured when the strain was 0.007%. These results
imply that the sensor has high sensitivity under low pressure and is expected to achieve
ultra-sensitive detection such as pulse and vocal cord vibration detection.

The results presented in this work indicate excellent device characteristics using
the CB/PVA thin films, which are comparable to the previously reported data (Table 1).
Significantly, the CB/PVA film fabricated using the droplet deposition method had higher
values of gauge factors under ultra-small strain. Furthermore, it was evident that the thin
film had ultra-high sensitivity and could be applied to small pressure or strain.

Table 1. The previously reported GFs of strain sensors based on different sensitive materials or
different film-forming methods are compared.

Material Fabrication Methods Gauge Factor Reference

CB/PVA Droplet deposition 30 at 0.007% strain This work
CB/PVA Spin coating 150 [40]

CB/PHOTONEECE Spin coating 3.3 [40]
CB/AgNPs/TPU Deposit via surface grafting 21.12 at 100% strain [48]

PPy/PU In situ polymerization 2.32 at 50% strain [49]
SBS/CNT Solution casting 120 at 20% [39]

CB/ecoflex Drop casting 1.62–3.37 [37]
CNT/NR Knife coating 7.08 at 100% [13]
CB/PVA Screen Printing 10.68 at 3.21% [50]

Graphene/cotton Soaking 83.7 at 27% [51]



Crystals 2022, 12, 1316 9 of 12

As seen in Figure 7, the sensor was stabilized after being exposed to nitrogen for two
minutes. Then, the relative humidity was maintained at 56.7%, 65.2%, and 73.7% for 2 min
each by introducing water vapor, and the cycle was repeated three times. As a result, it
is noteworthy that the reproducibility of the sensors under different humidity was very
significant. As the humidity increased, the output voltage also increased correspondingly
and responded more quickly.
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The response change of the sensor in different concentrations is shown in Figure 8.
At room temperature, when the relative humidity was in the range of 10% to 70%, with
increasing water vapor concentrations, the resistance value of the sensor also increased,
which corresponds to the theoretical mechanism of the sensor. Note that the sensor had
a relative resistance change rate of 0.8% at 10.9% RH. As can be seen from Figure 8, the
sensor had good responses in different gradients of humidity. In addition, the sensor also
exhibited enhanced sensing performance in terms of response and recovery times, which
gradually decreased with increasing humidity.
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5. Conclusions

In conclusion, we demonstrated a CB/PVA conductive composite film sensor for
micro-strain and humidity detection. The CB/PVA thin film prepared using the droplet
deposition method reveals excellent device characteristics due to the ultra-thin thickness



Crystals 2022, 12, 1316 10 of 12

and good sensitivity of the sensor. The film not only has a stable resistance under a constant
strain, but it also has a gauge factor of 30 at a strain of 0.007%. What is more, the CB/PVA
film sensor also showed good responses and repeatability in different concentrations of
water vapor. These results contribute towards developing a CB/PVA-based composite
thin-film minor strain and humidity sensor.
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