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ABSTRACT A new pressure sensor with ultrahigh sensitivity is presented. The sensor is based on the
concept of creating a variable supercapacitor that responds to pressure. The sensor consists mainly of a
liquid electrolyte and two graphene aerogel electrodes. As pressure is applied to the graphene aerogel
electrodes, the liquid electrolyte penetrates in the pores of the electrodes, and a variable supercapacitor
is obtained. The sensor is sensitive to pressures of less than 0.1 Pa. Characteristics of the sensor, such as
accuracy, nonlinearity, and response time, are fully analyzed.

INDEX TERMS Graphene aerogel, pressure measurement system, pressure sensor, variable supercapacitor.

I. INTRODUCTION AND PRINCIPLE OF OPERATION

RAPHENE aerogel is the lightest material in existence.

It is also a high-strength, high-porosity material.
Because it is carbon with a very high internal surface area,
graphene aerogel has been used recently as electrode material
in supercapacitor applications [1], [2]. This article presents
a new type of pressure sensor with very high sensitivity
that utilizes graphene aerogel as electrodes. The fundamental
idea is to create a variable supercapacitor when pressure
is applied to the electrodes. Fig. 1 shows this fundamental
principle.

As shown in Fig. 1, two graphene aerogel electrodes
are placed inside a plastic tube. The space between the
electrodes is filled with a supercapacitor electrolyte (in the
present application, the electrolyte is propylene carbonate, in
which the ionic salt tetraethylammonium tetrafluoroborate,
or TEA/BF4, is dissolved). Because carbon is super-
hydrophobic, the electrolyte does not penetrate inside the
pores of the electrodes when pressure is absent [Fig. 1(a)].
Hence, in the absence of pressure, the capacitance between
the two graphene aerogel electrodes is approximately equal
to zero. As pressure is applied to one or both electrodes
[Fig. 1(b)], the electrolyte penetrates inside the pores of the
two electrodes, and a supercapacitor structure is obtained.
Because the structure in Fig. 1(b) is a variable supercapaci-
tor, the sensor is extremely sensitive to minute variations in
pressure. The prototype that was assembled by the author
can detect a pressure of less than 0.1 Pa and has a maximum
detection range of 10 Pa.
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FIGURE 1. Fundamental principle of the pressure sensor with graphene aerogel
electrodes. (a) No pressure is applied to the electrodes. (b) Pressure is applied, and
hence the liquid electrolyte penetrates in the internal pores of the electrodes, creating
a supercapacitor structure.

Fig. 2 shows a photograph of the components of the
prototype that was assembled by the author (the liquid
electrolyte is not shown).!

The recent literature contains numerous references that
describe innovative pressure sensors [3], [4], [5], [6], [7],
(81, [91, [10], [11], [12], [13], [14], [15], [16], [17], [18],

1. Because graphene aerogel is super-hydrophobic, it was found that the
electrolyte does not leak out of the sensor during normal operation. In
addition, because propylene carbonate has a very low volatility rate, the
sensor has a long shelf life.

(© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/
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FIGURE 2. Components of the sensor. The two black cylinders are the graphene
aerogel electrodes. One U.S. penny is shown in the figure for size comparison.

[19], [20], [21], [22], [23]. Those sensors usually use either
the principle of piezoresistivity [3], [4], [5], [6], [7], [8],
[9], [10], [12], [14], [15], [17], [21] (see Appendix A for
performance parameters) or capacitance variation [11], [13],
[16], [18], [19], [20], [22], [23] (see Appendix A). The
advantage of the new sensor introduced in this article is the
excellent sensitivity to very low pressures (0.1-10 Pa).

This article is organized as follows. Section II gives the
theory of the new pressure sensor with graphene aerogel
electrodes. Section III presents the experimental results.
Section IV describes an integrated pressure measurement
system that consists of the new sensor and an Arduino circuit
board. Section V contains the conclusions.

Il. THEORY OF OPERATION

A. PENETRATION DEPTH OF THE ELECTROLYTE INSIDE
THE GRAPHENE AEROGEL ELECTRODE

The penetration of fluids in porous media is generally
described by Darcy’s law [24]

qg=——Ap (D
ul

where ¢ (m/s) is the instantaneous flux, k (m?) is the
permeability of the porous medium, p (Pa s) is the dynamic
viscosity of the fluid, and Ap (N/m?) is the pressure drop
over a given distance /. The capillary pressure inside the
porous medium is given by the Young—Laplace equation [24]

2
,

where y (N/m) is the surface tension of the fluid, 0 is
the contact angle, and r is the radius of the capillary pore.
Equation (1) can now be rewritten as
dl  k2ycosf
i 3)
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where @ (dimensionless) is the porosity of the solid medium.
The penetration depth / inside the porous medium can be
obtained by integrating (3), resulting in
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The parameter ¢ in the above equation is the settling time
(or time required for the penetration depth to reach a steady
state) and must be determined experimentally.

B. CAPACITANCE OF THE SUPERCAPACITOR AS
FUNCTION OF APPLIED PRESSURE

The volume of the electrode that will be immersed in the
liquid electrolyte is equal to al, where a is the cross-sectional
area of the electrode (see Fig. 1). The internal surface area
of the graphene aerogel material that is immersed in the
electrolyte, A, will be given by

A= (5)
= ——X

1(m3)
where [ is the internal surface area per cubic meter
of the graphene aerogel material. The capacitance of a
supercapacitor is given by the following expression [25]:

1 €gerA
S 2.d
where ¢ is the permittivity of free space, €, is the relative
permittivity of the electrolyte, A is the internal surface area
of the electrode material that is immersed in the electrolyte,
and d is the distance between the surface of the electrode
and an ion in the electrolyte. From (5) and (6), we have

(6)

C— leoe,
2 d

Now, from (7) and (4), we have

1 ZkAl‘ 8
a M—¢P~ (8

Solving the above equation for the pressure drop Ap gives

all. 7)
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The following are the physical constants of the liquid

electrolyte and the graphene aerogel electrodes.

1) w=25x 1073 Pa s [26].

2) @ is the ratio of the pore volume (volume of all the
pores in a sample of graphene aerogel) to the total
volume of the sample. Given that the pore diameter
in graphene aerogel is approximately equal to 500
nm [27], we find that ® ~ 2.6 x 1077,

3) k=3 x 10" m?2 [28].

4) d =~ 1 nm in supercapacitors [25].

5) €, = 1 in supercapacitors [25].

6) I ~$ 416000 m? [29].

7) Diameter of the graphene aerogel electrode = 5 mm.

By substitution with the above parameters in (9), we find

2

C
Ap =18.72 x 10° — (10)
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FIGURE 4. Measured capacitance between the electrodes as a function of time, for
an applied pressure of 0.9 Pa.
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FIGURE 5. Measured capacitance between the electrodes as a function of time, for
an applied pressure of 2.5 Pa.

lll. EXPERIMENTAL RESULTS

A. MEASUREMENT OF THE SETTLING TIME

For the purpose of measuring the settling time (¢), the sensor
was placed inside a small chamber that is equipped with an
air pump. The chamber is also equipped with its own pressure
sensor (model A10 by WIKA Instruments, Lawrenceville,
GA, USA). The leads that are connected to the graphene
aerogel electrodes were connected to a capacitance meter.
The output of the capacitance meter was connected with a
USB cable to a computer that runs MATLAB (see Fig. 7).
For each new incremental value of the pressure inside the
chamber, the capacitance was measured in real time and was
stored for analysis. Figs. 3—5 show the measured capacitance
as a function of time, for an applied pressure of 0.1, 0.9,
and 2.5 Pa, respectively.

As Figs. 3-5 show, the settling time (or time that
is required for the fluid to reach a steady state inside
the graphene aerogel electrode) is approximately 0.25 s,
regardless of the final value of capacitance. Equation (10)
now becomes

Ap =T74.88 x 10° C2. (11)

B. MEASUREMENT ACCURACY
Table 1 lists a few values for the capacitance measured
between the two graphene aerogel electrodes, the pressure
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TABLE 1. Error in calculated pressure as a function of the actual applied pressure.

Measured Calculated Error
. Actual Pressure
Capacitance Pressure
36.45 uF 0.0995 Pa 0.1 Pa 0.5%
182.10 uF 2.483 Pa 2.5 Pa 0.7%
363.24 uF 9.880 Pa 10 Pa 1.2%
40
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FIGURE 6. (a) Measured capacitance (in micro-Farad) as a function of the applied
pressure (in Pa) at room temperature. (b) Measured capacitance (in micro-Farad) as a
function of the applied pressure (in Pa) at room temperature for the narrow range of
0.1-1 Pa.

calculated from (11), and the actual pressure (measured
with the commercial sensor that is attached to the pressure
chamber). As can be seen, the error is approximately 0.5% at
a pressure of 0.1 Pa and is approximately 1.2% at a pressure
of 10 Pa (maximum reading).

It is to be noted that while the size of the pores in
graphene aerogel is inconsistent, it was experimentally found
that the porosity [the parameter ® in (9)] tends to be very
consistent from sample to sample. This leads to the almost
perfect agreement between the pressure given by (11) and the
pressure readings of commercially available pressure sensors.
(The experiment was repeated with several prototypes that
were made by the author, and the readings of the different
prototypes were consistent.)

Fig. 6(a) shows several values of the measured capacitance
(in micro-Farad) as a function of the applied pressure (in Pa).

Fig. 6(b) is a plot of the measured capacitance as a
function of the applied pressure for the narrow range of
0.1-1 Pa. As can be seen from the plot, the ultrahigh
sensitivity of the sensor is reflected in the significant range
of capacitance variation (from 36 to 115 uF).

Fig. 7 is a photograph that shows the experimental setup:
the pressure chamber (BUCO model 100 kPa), the air pump
(RYOBI model P747), the capacitance meter (AGILENT
model U1701B), and a Windows PC.

9500407
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Pressure Chamber

Capacitance
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FIGURE 7. Experimental setup: pressure chamber, air pump, capacitance meter,
and a Windows PC.

C. NONLINEARITY

The sensor was tested in a variable temperature chamber
(BINDER model MK 56). Fig. 8 shows two plots of the
measured pressure versus the true applied pressure, at
temperatures of —10 °C and +80 °C (the working range,
as shown, is 8-10 Pa). As can be seen from the plots,
the nonlinearity error is approximately 1.3% of FSO at a
temperature of —10 °C and is approximately 4.0% of FSO
at +80 °C. (Notes: 1) In this application, nonlinearity is the
discrepancy between two measurements taken at the same
operating point but at different times and 2) the data at room
temperature fits between the two data sets of —10 °C and
+80 °C.)

To investigate the repeatability of the results in Fig. 8, the
testing was repeated several times. The shape of the curves
was found to be different in each experiment; however, the
nonlinearity error was found to be consistent—specifically,
1.3% of FSO at a temperature of —10 °C and 4.0% of FSO
at +80 °C.

D. CAPACITANCE-PRESSURE RELATIONSHIP AT
VARIOUS TEMPERATURES

Fig. 9 shows two plots of the measured capacitance as a
function of the applied pressure, at temperatures of —10 °C
and 480 °C.

As can be concluded from Fig. 9, the effect of the tem-
perature on the capacitance measurement is not significant.
This is due to the fact that the settling time (or time
that is required for the liquid electrolyte to reach a steady
state inside the graphene aerogel electrode) is approximately
0.25 s regardless of the final value of capacitance, as pointed
out in Section III above. Explained differently, it takes a
finite amount of time for the ions in the electrolyte to reach
the internal surface of the graphene aerogel electrode—a
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FIGURE 8. Measured pressure versus true applied pressure, at (a) —10 °C and
(b) +80°C.
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time after which the capacitance value will be the same
regardless of temperature.

IV. INTEGRATED SENSOR—ARDUINO PRESSURE
MEASUREMENT SYSTEM

The sensor can be easily integrated with an Arduino circuit
board to form a complete (stand alone) pressure measurement
system. As shown in Fig. 10, the sensor is connected
between the ground terminal and the analog input terminal
of the Arduino board. The sensor is essentially a variable
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FIGURE 9. Capacitance as a function of the applied pressure, at (a) —10 °C and
(b) +80°C.

capacitor, and the capacitance can be measured by further
connecting the sensor to a resistor with a known value, as
shown in the figure. The C code running on the Arduino
board measures the time taken for the capacitor’s voltage
to reach 63.2% of the supply voltage (Vcc). This time is
the time constant v of the RC circuit. By dividing the time
constant by the ohmic value of the resistor, the value of
the capacitance C is obtained. The C code running on the
Arduino board finally calculates the pressure (in Pa) from
(11) and displays the pressure on an LCD display that is
attached to the board.

VOLUME 2, 2023
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FIGURE 10. Integrated sensor—Arduino pressure measurement system.

TABLE 2. Comparison of the new sensor to existing state-of-the-art pressure
sensors.

Type of Sensor Mez;;:;er:ent Nonlinearity Application
Capacitive few kPa to 0.5% FSO or Detection of
(references several kPa higher finger pressure,
[11,13,16,18,19,20, measurement of
22,23)) vacuum

pressure
Piezoresistive several kPa 0.5% to 5% Wide variety of
(references FSO applications
[3.,4,5,6,7,8,9,10,12 (biological,
,14,15,17,21]) instrumentation
, etc.)
Present sensor 0.1 Pato 10 1.3% to 4% Medical
Pa FSO instrumentation
, clean rooms,
R&D

V. CONCLUSION

A pressure sensor with ultrahigh sensitivity was presented.
The new sensor consists of a liquid electrolyte and two
graphene aerogel electrodes. This structure results in a
variable supercapacitor when pressure is applied to the
electrodes. The sensor can easily measure extremely low
pressures (less than 0.1 Pa). The error in measurement
is approximately 0.5% at a pressure of 0.1 Pa and is
approximately 1.2% at the maximum reading of 10 Pa.
The nonlinearity error is approximately 1.3% of FSO at
a temperature of —10 °C and is approximately 4.0% of
FSO at a temperature of +80 °C. The sensor will be
useful in applications, such as medical instrumentation,
manufacturing, and clean rooms, in addition to a wide variety
of research and development applications.

APPENDIX A

Table 2 presents points of comparison between the
performance of the new sensor presented in this article to
the performance/characteristics of state-of-the-art pressure
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FIGURE 11. Modified digital manometer reading the static pressure in an HVAC
system.
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FIGURE 12. Manometer reading versus air flow rate.

sensors [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13],

[14], [15], [16], [17], [18], [19], [20], [21], [22], [23].

APPENDIX B

The following is a description of a practical application of
the new sensor: a version of the sensor that is capable of
measuring up to 100 Pa was developed. The sensor was
then integrated with an Arduino circuit board, as shown in
Fig. 10. The integrated system was then used to replace the
electronic circuit board in a digital manometer. The modified
digital manometer is shown in Fig. 11 (only the LCD was
not replaced). As the figure shows, the manometer is reading

the static pressure in an HVAC system.

Fig. 12 shows a plot of the reading of the manometer
(converted to inches of water) versus the air flow rate in

9500407

gallons per minute. As expected, the manometer reading is
proportional to the square of the air flow rate.
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