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ABSTRACT Flexible pressure sensor has been widely used in different industries, but there are still some
challenges for the fabrication of sensor with a superb sensitivity and large sensing range. In this paper,
a flexible capacitive pressure sensor based on electrospun ionic nanofiber membrane is developed. The
sensor contains an ionic nanofiber dielectric layer and two indium tin oxide polyethylene terephthalate
(ITO-PET) films coated on the top and bottom of the dielectric layer, respectively. The electrical double
capacitors are formed at the interface between the ionic nanofiber membrane and the electrodes. When
external pressure is applied on the sensor, the distance between two electrodes decreases, which causes
the increase of the ionization degree of ionic liquid as well as the effective contact area between the two
electrodes and ionic nanofiber dielectric layer. Above changes lead to a rapid increase of the capacitance
of the sensor. The sensing principles and the theoretical models of the sensor are systematically studied.
Comparing to traditional capacitive pressure sensors, the developed sensor provides a high sensitivity up
to 78.54 nF/kPa and a rapid dynamic response (16 ms) for pressure measurement. Experiments are also
conducted to investigate the influence of the thickness and the bending radius of ionic nanofiber membrane

as well as temperature and humidity of the environment.

INDEX TERMS Flexible, sensor, pressure measurement, ionic membrane, capacitor.

I. INTRODUCTION

Recently, flexible, bendable and stretchable electronic
devices have gained exponential attentions for potential
applications in wearable and foldable devices [1]-[3]. Among
the various types of electronic sensors, pressure sensors are
one of the most studied elements due to their potential in
variety of applications including foldable structures [4], [5],
soft robots [6] electronic skins [7], [8] and biological sens-
ing [9], [10]. Various sensing mechanisms have demonstrated
the possibility of fabricated highly sensitive pressure sensors,
including organic field effect transistor (OFET) [11], [12],
piezoresistance [13], [14], piezoelectricity [15], [16] and
capacitance [17], [18]. Among them, the high sensitiv-
ity and low cost are desired in this field. Piezoelectric
sensors can achieve high sensitivity and self-power based
on the piezoelectric effect, but they fail to detect static
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pressures [19], [20]. Piezoresistive sensors, which transduce
the pressure applied on the sensor to resistance signal, have
been widely used due to their feasible production, low cost
and easy signal analysis [21], [22]. However, the sensing
materials of piezoresistive sensor are sensitive and vulnerable
to environment factors [23], [24]. Owing to the high electrical
sensitivity, low power consumption, and simple construction,
capacitive pressure sensor has been more widely applied [17].

Conventionally, capacitive pressure sensor is formed by
a pair of parallel plates. When pressure is applied on the
upper plate, it deforms and results in the change of the dis-
tance between two plates of the capacitive sensor [25], [26].
However, the traditional capacitive pressure sensors are rigid,
and thus, their low sensitivity is unsuitable for flexible
devices. Recently, several flexible capacitive pressure sen-
sors based on the flexible dielectric layer have been pro-
posed. To improve the sensitivity, several microstructures,
such as Pyramid [27], [28] micropillar [29], [30] and hemi-
sphere [31], [32] shaped dielectric layer, have been integrated
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to capacitive sensor to enhance their sensitivity. Although
a high sensitivity can be obtained, it decreases rapidly as
the applied pressure increases and the fabrication progress
of the microstructure is very complicated. After that, porous
elastomers have also been used for improving the sensitivity
of the capacitive pressure sensor [33], [34], nevertheless,
the sensitivity is still low. Ionic hydrogel with high ionic
conductivity and outstanding mechanical properties has been
used as the dielectric layer of capacitive sensor, which can
form an electrical double capacitor in the surface of the
electrode [35]-[37]. However, the hydrogel will lose water
under compression and it is hard to deform under low external
pressure.

Electrospinning is widely used for electrostatic fiber pro-
duction which makes polymer solution to fibers by electri-
cal force [38], [39]. During the electrospinning process, the
as-prepared solution is sprayed through the syringe spinneret,
and a Taylor cone is formed at the tip of the pendant droplets
due to the high electrostatic forces between the tip and
the collector. Under the critical voltage, electrostatic forces
overcome the surface tension of the solution, and cause an
electrified solution jet. The nanofibers are randomly entan-
gled and stacked on the collector to form a porous mem-
brane [40]-[43]. This technology has been broadly used
to produce natural nanofibers and fabrics with controllable
porous structure. Owing to the high specific area and low
Young’s modulus of the nanofiber structure, the electro-
static fiber membrane has been broadly used in sensing
device [44]. To improve conductivity of the fiber membrane,
some nano-conductive materials including the carbon nan-
otube, graphene and metallic nanowires have been added into
the polymer solution to electrospun composite nanofiber film.
However, because of a strong van der Waals, it is hard to dis-
perse the conductive additions uniformly. Besides, the high
contact resistance between conductive additions critically
suppresses the high conductivity of nanofiber membrane.
Recently, an ionic membrane has been used as the dielectric
layer of capacitive sensor with high sensitivity [45]-[47].
However, previous works mainly focus on wearable elec-
tronics for monitoring physiological information. Moreover,
the sensing mechanism and the influence of the environment
factors as well as geometrical parameters have not been report
yet.

In this work, a flexible capacitive pressure sensor with
high sensitivity and rapid dynamic response is developed.
The sensor consists of an electrospun 3D nanofiber mem-
brane and two indium tin oxide polyethylene terephthalate
(ITO-PET) films, which are coated on the top and bottom
of the nanofiber membrane, respectively. The sensing mech-
anism which generates electric double layer capacitors in
the surface of electrodes is systematic discussed. The per-
formances of the sensors with different ionic liquid addi-
tions, different thicknesses of ionic nanofiber membrane are
studied. In addition, the effect of temperature and humidity
are systematically investigated. The application of a sensor
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network used for measuring the spatial distribution and mag-
nitude of the noncontact air pressure is also studied.

Il. EXPERIMENT

A. MATERIAL AND APPARATUS

Polyvinylidene Fluoride (PVDF) with Mw~1,000,000 g/mol
were purchased from the Aladdin Reagent Co. Ltd. Ionic
liquid 1-butyl-3-methylimidazolium bis-(trifluoromethyl)-
imide (99%, Shanghai Chengjie Chemical Co. Ltd.) was
selected as the sensing material. Acetone (99.5%) and N,
N-Dimethylformamide (DMF, 99.5%) was supplied by the
Sinopharm Chemical Reagent Co., Ltd. Polyethylene tereph-
thalate (PET) coated with 100 nm thick layer indium tin
oxide (ITO) was purchased from the Shenzhen South China
Xiangcheng Technology Co., Ltd. Copper wire (20P) was
supplied by Lida optoelectronic hardware factory, china. The
conductive epoxy (3706) was supplied by Shenzhen xinwei
electronic material co. LTD.

Scanning electron microscopes (SEM, SUPRA 55, ZEISS,
Germany) was used to observe the microstructure of ionic
nanofibers. Fourier transform infrared spectrometer (Nicolet
IS10 FTIR Spectrometer, Thermo Fisher Scientific Inc, USA)
was used to determine the molecular structure of the ionic
nanofiber. Capacitance measurements were performed by a
WKG6500B impedance analyzer (Shenzhen Wenke Electron-
ics Co., Ltd.). A vibration exciter (Wuxi Shiao Technology
Co., Ltd.) was used to provide a dynamic load with different
frequencies applied on the sensor. A homemade electrospin-
ning system is used to spin the composite nanofiber mem-
brane. A computer-controlled step motor (VELMEX, INC.)
was used to apply load on the sensor. A force gauge with
resolution of 0.0IN (HP-100, Dongguan Zhiqu Precision
Instrument Co., Ltd) was used to measure the load applied on
the sensor. A constant temperature and humidity incubator
(Shanghai Baixin Instrument and Equipment Factory) was
used to control the testing temperature and humidity.

B. SENSOR DESIGN

The ionic nanofiber membrane was fabricated using elec-
trospinning method. Firstly, the acetone was added in the
DMF with the weight ratio at 2:3 to forming a mixed-
solvent. Secondly, the PVDF powder was dissolved in a
mixed-solvent (The concentration of the PVDF powder in
the solution is 10%), and then the mixture was mechanically
stirred for 10 hours at 150 r/min with magnetic stirring at
room temperature to obtain a homogeneous solution. Thirdly,
the ionic liquid was added to five divided mixture solution
with weight ratios to PVDF at 0:1, 1:4, 1:2, 1:1 and 2:1
and then stir continuously for 2 hours at 150 r/min to make
ionic liquid disperse uniformly. After mechanically stirring,
the mixed solution is transparent, and no stratification and
precipitation occur after 10 hours of standing, which can be
confirmed that the ionic liquid is dispersed uniformly in the
mixed solution. Fourthly, the nanofibers were deposited from
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FIGURE 1. Characterization of morphologies of ionic nanofiber.
(a) Chemical structure of the ionic liquid. (b) FTIR spectra of ionic
nanofiber with different ionic liquid addition.

the as-prepared solution using electrospinning and further
randomly entangled and stacked to form a porous membrane.
Note that, owing to the high boiling point and low vapor
pressure of ionic liquid, when organic solvent (DMF and
acetone) evaporated in the electrospinning progress, the ionic
liquid would be left in the nanofibers. In this work, the feed
rate was 0.1 ml/h, the voltage was 15 KV and the distance
between the collector which used for depositing nanofibers
and syringe was 10 cm. In order to ensure the consistency
of the experiments, the same experimental parameters were
used in the electrospinning progress with different weight
ratio of ionic liquid and PVDF. Finally, the ionic nanofiber
membrane was dried for 2 hours at room temperature to
volatilize the residual organic solvent and peeled off from
the collector. The collector used in this work is the smooth
aluminum foil. To prove the above theory, some molecular
structures of the nanofibers with different ionic liquid addi-
tion have been tested by Fourier transform infrared spectrums
(FTIR). The chemical structure of the ionic liquid is shown
in Figure 1 (a). The FTIR spectra of the ionic nanofiber mem-
brane in Figure 1(b) shows characteristic bands at 1580 cm ™!
(C=N), 3120 cm~! (N-H), 3160 cm ™! (N-H) and 3560 cm ™!
(O-H), which does not appear in the spectra of the neat PVDF
nanofiber membrane. The intensity ratio of the spectrums
shows a significant increase with high level of ionic liquid
addition. As shown in Figure 1(b), the 1580 cm~! (C=N),
3120 cm™! (N-H) and 3160 cm ™! (N-H) are the characteristic
bands of the ionic liquid, and it demonstrates that the ionic lig-
uid is absorbed in the nanofiber. The existence of 3560 cm ™!
(O-H) is demonstrated as follows.

Since the oxygen in the air can dissolve in the ionic lig-
uid and reduce via a one-electron transfer process to form
the superoxide (O, ), the reverse reaction of oxygen being
reduced to O, is given by: [48]

0y +e =0, (1)

Furthermore, the O is not stable in a humid atmosphere
where reaction with water would suppress the reverse reaction
because of its high capability for reduction. The reaction is
expressed as: [48]

HO; + OH™ + 0, — HO; + OH™ 2)
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FIGURE 2. Flexible capacitive pressure sensor. (a) Schematic illustration
of the fabrication of the sensing device. (b)-(f) Microstructure of the ionic
nanofiber membrane with different ionic liquid additive (from 0:1 to 2:1).
(g) Diagram of single sensor.

These theoretical analyses are in consistent with the exper-
imental design and the FTIR spectrums results. As described
in Equations (3) and (4), the ionic liquid will not react
with water, but the oxygen in the air can dissolve in the
ionic liquid and react with water to produce some charged
ions (HO, and OH™). However, only a small amount of
oxygen can dissolve in the ionic liquid and react with water.
Therefore, the charged ions in the nanofibers will reach
equilibrium soon when the nanofibers are pouring in the air.
After reaching the equilibrium, the charged ions are stable
in any humidity environment, and thus the sensing perfor-
mance of the design sensor will not be influenced by the
humidity.

After previous preparations, a single sensor and a sen-
sor array can be fabricated on the nanofiber membranes
and they are used as dielectric layer. The fabrication pro-
cess of the sensing device and the microstructure of ionic
nanofiber membrane with different ratios of ionic liquid
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additive are shown in Figure 2 (a)-(f). Because of the exis-
tence of the ionic liquid, the nanofibers can be adhered
together by the ionic liquid on their surfaces during the
electrospinning progress, and thus, lead to an increase of
the average size of nanofibers. As shown in the microstruc-
ture images, more nano-whiskers (The finer ionic PVDF
nanofiber) can be seen in the nanofibers with more ionic
liquid addition. Since the conductivity increases with more
ionic liquid additive, the electrostatic force between the col-
lector which used for depositing nanofibers and the syringe
spinneret will increase. Because of the strong applied electro-
static force, the nano-whiskers were formed and connected
with the main fibers though strong hydrogen bonds [49].
It will increase the sensitivity of the sensor. When the external
pressure is applied on the sensor, the nanofiber membrane
will be compressed, and the nano-whiskers contacted with
the electrode will cause more contact area between the elec-
trode and the nanofiber. Because of the larger contact area
between the nanofiber with nano-whiskers and the electrode,
the capacitance of the sensor will increase faster than the
one without nano-whiskers under the same external pres-
sure. Therefore, the developed sensor shows much higher
sensitivity.

For the single sensor, as shown in Figure 2 (g), two
pieces of the ITO-PET films connected with copper wires
by conductive epoxy were fixed onto the top and bot-
tom surface of composite nanofiber membrane as elec-
trodes to record the capacitance variation under external
pressure. For the flexible sensor array, line patterns of
the ITO were prepared on two PET substrates. These two
ITO-PET electrodes were assembled such that the directions
of ITO electrodes were perpendicular to each other. Both
the width of each ITO electrode and the spacing between
two adjacent ITO electrodes were Smm. Each elemental
sensor was defined by the region covered with the opposite
electrodes.

C. SENSING PRINCIPLE

The schematic of the proposed flexible capacitive sensor
based on nanofiber membrane is shown in Figure 3. In order
to improve the sensitivity of the sensor, an ionic nanofiber
membrane used as the dielectric layer of the capacitive sensor,
is developed by electrospinning. Comparing to the conven-
tional thin film, there are two advantages in the electrospun
nanofiber membrane. One is low Young’s modulus of the
nanofiber membrane because of the uniform pores distribu-
tion. The other is the increase of contact area between the
nanofibers and the electrodes when the nanofiber membrane
is compressed.

The sensing principle of the proposed sensor is based
on the electrical double capacitors between ITO-PET elec-
trodes and ionic nanofiber dielectric layer. When the sen-
sor is energized, an electron field force will form between
two electrodes. Under the electron field force, the charged
ions in the ionic nanofiber membrane will move to the sur-
face of the opposite-charged electrodes to form electrical
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FIGURE 3. Sensing principle of the capacitive pressure sensor. (a) No
external pressure applied on the sensor. (b) Pressure applied on the
sensor. (c) Schematic image of three forces exerted to ions in nanofibers.
(d) Equivalent circuit model of the sensor.

double capacitors which are ultrahigh unit-area capacitors.
The capacitance depends on the amount of the charged
ions and the contact area between the electrodes and the
ionic nanofiber membrane. The sectional view of the sensor
without external pressure applied on the sensor is shown
in Figure 3(a). Under an external pressure, as shown in
Figure 3(b), the distance between two electrodes decreases
and the effective contact area between electrodes and ionic
membrane increases. In addition, as shown in Figure 3(c),
three forces are exerted to the ions in the nanofiber, Fe is
the electrostatic force caused by electric field between two
electrodes, F,, is the van der Waals force between nearby
ions and Fr is the frictional retarding force caused by the
nanofibers [50]. According to the equation Fe = qE =
qU/d, the electrostatic force (Fe) will increase as electric
field intensity (E) between two electrodes increases which
can be achieved by compressing the nanofiber membrane.
As the increase of electrostatic force, the original mechan-
ical equilibrium of ions will be destroyed and the num-
ber of charged ions increases. According to the discussion
above, more charged ions will move to the surface of the
opposite-charged electrodes to form electrical double capac-
itors. Based on the superposition of the three parts discussed
above, the capacitance of the sensor will increase rapidly.
As shown in Figure 3 (d), the equivalent circuit model of the
sensor can be simplified to two capacitors and a resistance
connected in series.

According to the relationship between the nominal stress
and the engineering strain of the porous structure, the stress-
strain relationship of the porous nanofiber membrane can be
written as: [51]

Lo
 Eod(1 — /1)

where ¢ is the strain of porous structure, d is the cell size of
the porous structure (center-to-center), Eo,n are the Young’s

3)
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modulus and porosity of the structure. P is the external pres-
sure applied on the sensor.

According to the binary system theory [52], the permittiv-
ity of the porous structure can be expressed as:

nn(eq — €p)
nes + (eq — €p)(1 — 1)

where &g, ¢, and ¢, are the permittivity of porous structure,
the nanofiber and the air, respectively, n denotes the parame-
ter associated with the shape of pores. 7 is the porosity of the
structure.

The capacitance of the capacitor is calculated from:

gy = gp(1 +

“

. EpgaA
ok

where C is the capacitance, A is the overlapping area of the
two plates, & is the distance between two electrodes. ¢, and
&4 are the permittivity of the nanofiber and air.

Based on the three equations above, the relationship
between the external pressure and the capacitance of the
sensor can be described as follows:

n(an—2Ph)(eq — &p)
nagp+(eqa—&p)a—an+2Ph)

&)

aleqey
C= 1
h(a—ZP)[ *

1+8Co
(6)

where « is a constant of Eod(1 — /1). Cy is the unit capaci-
tance of electrical double layer. B¢ is the constant of contact
area. The meanings of other symbols are the same as those in
previous equations.

According to the above equations, the capacitance of the
sensor will be influenced by both material and the structure
parameters, such as the Young’s modulus, the permittivity and
the thickness of the nanofiber membrane.

Ill. RESULTS AND DISCUSSIONS

A. RELATIONSHIP BETWEEN PRESSURE AND CHANGE OF
CAPACITANCE

The experimental setup and the schematic illustration of load
applied on the sensor are shown in Figure 4(a), (b). The load
was supplied by a force gauge and the capacitance of the sen-
sor was recorded by an impedance analyzer. Figure 4(c), (d)
illustrate the change of capacitance of sensor with different
pressures applied on the sensor, giving the weight ratio of
ionic liquid and PVDF varies from 0:1 to 2:1. The area and
the thickness of nanofiber between two electrodes are given
at 10 mm x 10 mm and 50.2 um, respectively. When the
pressure was applied on the sensor, the capacitance of the
sensor was measured by the impedance analyzer in real-
time. The slope rate of the curve is defined as the sensing
sensitivity. And various sensitivities are obtained by ionic
liquid with different weight ratios addition. It is clear that the
change of capacitance depends on the pressure on the sensor.
It was observed that once the pressure was applied on the
sensor, the ionic nanofiber dielectric layer was compressed
and the contact area between electrodes and nanofiber
dielectric layer, as well as capacitance was increased
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FIGURE 4. Characterization of the pressure sensing performance of the
capacitive sensor. (a) Experimental systems for applying pressure and
measuring capacitance. (b) The schematic illustration of load applied on
the sensor. (c) The relative change in capacitance of the sensor without
ionic liquid additive under different pressure applied. (d) The relative
change in capacitance of the sensor with different weight ratios ionic
liquid addition under different pressure applied.

immediately. As shown in Figure 4(c), the average sensi-
tivity of sensor without ionic liquid addition is 0.76 pF/kPa
below 9 kPa.

Since the electrical double capacitors are formed by
electrons on the electrodes and the counter ions from the
nanofiber membrane at the surface of electrodes, the sen-
sitivity of the sensor with ionic liquid additive can be
improved greatly. According to the experimental results, the
capacitance of the electrical double capacitor is more than
1000 times larger than that of conventional capacitive sensor.
Owing to the high capacitance of the electrical double capac-
itor, the signals from the capacitive sensor show a very high
signal to noise ratio which do not need any denoising pro-
cess or signal amplification. In order to improve the accu-
racy of the measurement, five sensors have been measure
at the same condition, the final values were the average
of the five sensors and the standard deviations (SD) was
investigated. The ionic nanofiber membrane with weight ratio
at 1:4 of ionic liquid and PVDF had an average pressure
sensitivity of 22.31 nF/kPa below 1.6 kPa, which reduced to
12.52 nF/kPa from 1.6 kPa to 11.4 kPa. The ionic nanofiber
membrane with a weight ratio at 1:2 of ionic liquid and PVDF
had an average sensitivity of 32.60 nF/kPa below 1.3 kPa,
which reduced to 19.43 nF/kPa from 1.3 kPa to 10.6 kPa.
Moreover, the ionic nanofiber membrane with higher ionic
liquid contents (1:1 of ionic liquid and PVDF) exhibited a
high sensitivity of 51.28 nF/kPa below 1.5 kPa, but decreased
to 26.41 nF/kPa for a higher pressure range from 1.5 kPa
to 12.3 kPa. The ionic nanofiber membrane with a weight
ratio at 2:1 of ionic liquid and PVDF had a highest sen-
sitivity of 78.54 nF/kPa below 1.0 kPa, which reduced to
32.10 nF/kPa from 1.2 kPa to 3.6 kPa. The sensitivity and
the sensing range of the sensors with different weight ratio of
ionic liquid and PVDF were summarized in Table 1.
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TABLE 1. Comparison of the sensing properties of the sensors with
different weight ratio of ionic liquid and PVDF.

. Sensitivity Sensing Sensitivity Sensing
IL:PVDF -1 (SD) Range-1  -2(SD) Range-1
0:1 0.76 pF/kPa  0-9kPa i
' (0.23) -

14 2231nF/kPa 0-1.6kPa 12.52nF/kPa 1.6-11.4kPa
' (2.36) - (1.38) -

12 32.60nF/kPa 0-1.3 kPa 19.43nF/kPa 1.3-10.6kPa
' (3.12) - (2.57) -

11 51.28nF/kPa 0-1.5kPa 26.41nF/kPa 1.5-12.3kPa
' (2.18) - (1.95) -

21 78.54nF/kPa  0-1.0kPa 32.10nF/kPa 1.0-3.6kPa
' (4.29) - (3.89) -

Since the high concentration of ionic liquid addition leads
to an increase of nano-whiskers, the amount of the main fibers
of nanofiber membrane decreases in the same injection speed.
The nanofiber membrane can be compressed easily due to
the decrease of the main fiber; therefore, the sensing range
of the sensor decrease as well. The sensitivity of the sensor
increases with the increase of ionic liquid addition, which is
inconsistent with the theoretical analyses before. Note that,
when the pressure is continuously increased, the sensitiv-
ity decreases due to the increased Young’s modulus of the
ionic nanofiber membrane. There are two relevant factors:
(3) the ““spring constant” of nanofibers increases under press,
(4) more and more nanofibers get into contact with the elec-
trodes under press.

In summary, the 1:1 weight ratio of ionic liquid and PVDF
results in a higher sensitivity (about 67.5 times higher than
the sensor without ionic liquid addition) and sensing range of
the sensor, which has been proven by experiments.

In addition, a dynamic pressure applied on the sensor was
provided by a vibration exciter driven by sine wave voltages
with different driving frequencies at 5, 10, 25 and 50 Hz.
The sensors were fabricated by ionic nanofiber membrane
with weight ratio of 1:1 between ionic liquid and PVDF and
the thickness was given at 50.2 um. The dynamic exper-
imental setup is shown in Figure 5(a), the dynamic load
was supplied by vibration exciter and the capacitance of the
sensor was recorded by impedance analyzer. The external
pressure applied in the same way as shown before. To evaluate
the reversibility and reproducibility of the pressure sensor,
1000 repetition cycle tests were conducted by applying and
releasing pressure of 5 kPa with different driving frequen-
cies. The relevant change in capacitance of the sensor with
1000 cycles under 5 Hz is shown in Figure 5(b). The capaci-
tance curves of both initial fifteen and final fifteen cycles of
the 1000 cycles with 5 Hz, 10 Hz, 25 Hz and 50 Hz are shown
in Figure 5(c)-(f). The capacitance is stable and matching well
with external pressure. It was observed that once the pressure
was applied on the sensor, the ionic nanofiber membrane was
compressed and the contact area between electrode and ionic
nanofiber membrane as well as capacitance both increased
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FIGURE 5. Characterization of the pressure dynamic sensing performance
of the flexible capacitive sensor. (a) Experimental system for dynamic
pressure applying and capacitance measuring. (b) Relative change in
capacitance of sensor with 1000 cycles of repeated loading and
unloading under 5 kPa at 5 Hz. The relationship of pressure and
capacitance of the sensor compressed by a periodic pressure at c) 5 HZ,
(d) 10 Hz, e) 25 Hz, f) 50 Hz.

immediately. The response and relaxation time of the sensor
were 10 ms and 16 ms, which can be extracted from the
upstroke response of the device readout signal in Figure 5(f).
Moreover, the capacitance is back to the original value after
unloading the pressure. Overall, the sensitivity of the pressure
sensors is greatly enhanced by using the porous nanofibers
structure compared with sensors fabricated by a conventional
thin-film structure. In addition, the sensors were able to
respond well to both static and dynamic pressure applied on
them. Note that, because of the viscoelasticity of the PVDF,
the capacitance change of the sensor cannot catch up with
dynamic pressure applied on it when the frequency is over
50 Hz.

Table 2 summarizes the sensitivity and sensing range of
the capacitive sensor as well as some similar capacitive pres-
sure sensors. Compared to other capacitive pressure sensors,
the developed sensors not only exhibit higher sensitivities but
also demonstrate better linearity. In addition, the fabrication
process and materials of the developed sensors was very
simple and inexpensive.

B. SENSOR NETWORK FOR AIR PRESSURE SENSING

In order to verify the feasibility of sensor for a non-contact
air pressure measurement, a homemade air pressure testing
system was used to provide a controllable air pressure for the
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TABLE 2. Comparison of capacitive sensor developed in this work with
previous reported capacitive pressure sensors.

Dielectric - Sensing Sensing
Sensitivity

layer Range area
Pyramid PDMS™!  18.6 fF/kPa  0-2.0kPa  Point
Microlillar™! 30.08 pF/kPa  0-0.4kPa  15*15 mm?
AgNW PDMSP  0.89 nF/kPa  0-0.12kPa  5*5 mm’
Porous PDMSPY 2,08 pF/kPa  0-0.33 kPa  15*15 mm®
Nanofiber 78.54nF/kPa  0-1.0kPa  10%10 mm?
(this work)
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FIGURE 6. Performance of sensor network for air pressure measurement.
(a) Experimental systems for applying controllable air pressure. (b) The
photograph of the sensor array. (c) The relative change in capacitance of
the sensor under different air pressure applied. (d) The relative change of
capacitance in response to a step increased and decreased air pressure.
(e) The measured capacitance changes of the sensor network with an air
pressure applied on the center.

sensor, as shown in Figure 6(a). The photograph of the sensor
array was shown in Figure 6(b). A controllable air flow was
applied on the sensor vertically. The pressure was calculated
by velocity of the airflow and the area of the sensing area.
As shown in Figure 6(c), the capacitance of the sensor is
increasing with the increasement of the air pressure. The
sensitivity is 53.27 nF/kPa below 1.1 kPa, while is reduced to
28.14 nF/kPa between 1.1 kPa to 11.8 kPa. Note that, because
of the unstability of the air pressure, the linearity of the signal
was not as good as that in the static pressure test.

To verify the stability of the sensor used in air pressure
measurement, a step change in air pressure was applied on
the sensor. As shown in Figure 6(d), the capacitance of the
sensor is stable during the measurement of the step increase

139990

a00 (10
ool OIE=
- *— 10 mm
300 4-25 mm /“
250 el
200 /
o
g 150 /
100 /
50
%
-50
0 2 4 6 8 10 12 14 o 2 4 6 8 10 12
Pressure (kPa) Pressure (kPa)
x10* x10*
400 17.5
550 K =301 jum al T
- «500um | L L —30°C
300 —+100.6 pm| o ==y 15 F . — 3598
» = \ ~— 40
250 paha - 45
200 S 8125 I R 2
o e £ —— 60°C
q 150 /ij“ é ok - (3?(
100 & < )
s S
sof
j”/ 75 |
0
50 L " L " " 5 L L 7 L e
0 4 8 12 16 20 20 40 60 80 100
Pressure (kPa) Frequency (Hz)
x10*%

30 [

—=—40 % Humidity
—e— 50 % Humidity
—a— 60 % Humidity

-v— 70 % Humidity
—— 80 % Humidity

)
13

Capacitance ( F)

0 50 100 150 200 250 300 350
Frequency (Hz)

FIGURE 7. Influence of some factors on the sensing performance.

(a) Relationship of the change in capacitance of the sensor attached on
circular tubes with radius at 5, 10, 25 and pressure applied. (b) The
capacitance changes with external load before and after 1000 cycles
bending. (c) Different thickness of the nanofiber membrane, 20.1, 50.2,
100.6. (d) Capacitance change with frequency at temperature range from
25 °C to 70 °C. (e) Capacitance follows the frequency at humidity range
from 40% to 80%.

and decrease air pressure. In order to investigate the ability of
the sensors to measure the spatial distribution and magnitude
of an air pressure, a 3x3 sensor array was fabricated based
on the ionic nanofiber membrane and attached on a plate to
measure the surface pressure. The pressure distribution can
be easily obtained by measuring the capacitance change of
the sensor array. As shown in Figure 6(e), the sensor network
was attached on an arc structure. When the air pressure was
applied on the surface of the sensor network, the area closer
to where the pressure was applied would exhibit more defor-
mation, leading to a larger capacitance variation. According
to the results, this innovative sensor can be adapted to detect
a variety of non-contact actions, such as the aerodynamic
pressure measurements and impact position measurements.

C. EFFECT OF THE BENDING RADIUS AND THICKNESS OF
THE DIELECTRIC LAYER

The influence of bending radius is important to the sensing
performance of the flexible sensor. The sensors prepared with
about 50.2 um nanofiber membrane with 1:1 weight ratio
of ionic liquid and PVDF were attached on the cylinders
with radius of 5 mm, 10 mm and 25 mm, respectively.
As shown in Figure 7(a), the capacitance changes of the
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sensors attached on cylinders with different radii were neg-
ligible. Moreover, the influence of the sensing performance
before and after repeated bending has been investigated.
As shown in Figure 7(b), the influence of the sensing per-
formance after repeated bending 1000 cycles was negligible.
These features are of great significance for the pressure mea-
surement of complex structure.

The thickness of the dielectric layer also plays a crucial
role in the sensing performance of the sensor. Figure 7(c)
shows the relationship between the change of capacitance
and the actual pressure on the sensor, wtih the thickness of
the ionic nanofiber dielectric layer varying from 20.1 pum
to 100.6 um. It is clear that as the thickness increased from
20.1 pum to 100.6 pum, the sensitivity decreased from 96.48
nF/kPa to 36.14 nF/kPa and the sensing range increased from
5 kPa to 16 kPa. Because the thin film can be compressed
easily, the distance between two electrodes of the sensor
fabricated by a thinner nanofiber membrane will be reduced
more when the same external pressures is applied on the
sensor. Therefore, the sensitivity of the sensor increases with
decreasing the thickness of nanofiber membrane, but the
sensing rang decreases. In order to balance the sensitivity
and the sensing range of sensor, 50.2 um is the optimized
thickness of nanofiber membrane in the experiments. Based
on the study, it is clear that the sensitivity and the sensing
range of the sensor can be adjusted by changing the thickness
of the ionic nanofiber dielectric layer to meet the actual
measurement needs.

D. EFFECT OF THE TEMPERATURE AND HUMIDITY
Importantly, the service environment of the sensor is very
complex, humidity and temperature vary in time. Thanks to
the stable characteristic of physical and chemical properties
of ionic nanofiber dielectric layer, the environmental temper-
ature fluctuation only causes minor influence on capacitance.
As shown in Figure 7(d), the capacitance of the sensor was
measured at the temperature range from 25 °C to 70 °C.
The sensor was set under the corresponding temperature for
0.5 hour to make sure that the signal is measured at the right
temperature. It is clear that the capacitance increases slowly
and with a sharp at 60 °C, and then increases fast. Under the
temperature between 25 °C to 60 °C, the capacitance was
stable with less than 2.3 % of the variation. This is most likely
due to the stabilization of physical and chemical properties
and the ionization of ionic liquid in this temperature range.
When continuously increases the temperature, the capaci-
tance rises fast, which may cause by the phase transformation
of the ionic nanofiber dielectric layer and the increasing
ionization of ionic liquid with the temperature above 60 °C.
Furthermore, the performance of the sensor at different
humidity levels has been investigated. The sensor is set at
corresponding humidity for 0.5 hour to make sure that the
signal is measured at right humidity. As shown in Figure 7(e),
the capacitance is very stable at different humidity levels
ranging from 40 % to 80 %. This result is in consistent
with the theoretical analyses before. The ionic liquid will
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not react with water. Although, the oxygen will dissolve
in the ionic liquid and react with the water to produce the
HO, and OH™, the solubility of the oxygen in the ionic liquid
is low, the charged ions in the nanofibers will reach equilib-
rium soon after pouring in the air. Therefore, the performance
of the sensor will be affected by the concentration of oxygen
slightly, but not by humidity.

IV. CONCLUSION

A flexible capacitive sensor with a simple architecture and
high sensitivity has been developed. Investigation shows that
1:1 weight ratio of ionic liquid and PVDF with thickness
of 50.2 um were optimal process parameters. From the
experimental results, it is clear that the sensor responds well
at both static and dynamic pressure with high sensitivity,
good linearity and repeatability. Comparing to traditional
pressure sensors, this sensor provides a high sensitivity up
to 78.54 nF/kPa. Meanwhile, the sensors exhibit negligible
capacitance change under different bending radii; moreover,
the sensitivity and sense range of the sensor can be adjusted
by modulating the weight ratios of ionic liquid and PVDF and
the thickness of the ionic nanofiber membrane. Furthermore,
the effects of temperature and humidity on the performance of
senor have been also investigated. The capacitance of sensor
with selected materials is stable from 25 °C to 60 °C, and
not sensitive to humidity. Overall, the developed innovative
sensor has significant potential for the low cost and reliable
non-contact pressure measurement.
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