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Regarding gas sensors, in addition to diversifying detection methods, research is being
conducted to improve the detection accuracy through machine learning. However, if the data
quality is poor, machine learning does not lead to improved detection accuracy. However, one
factor that can have an unexpected effect on gas sensor data is the presence of moisture in air.
Gas molecules have an indicator of their affinity for water, called polarity. If the target gas is
polar, it may be affected by water before it reaches the gas sensor, thereby causing the sensor
output to change. However, if the target gas is not polar, it is less likely to be affected by water.
We developed a grid that generates an electric field near the gas sensor. First, we verified
whether we could obtain data that could be used for decision making using only the grid and
sensor. We then improved the quality of the data so that they could be used for machine learning.
In this study, we verified whether the gas sensor output differs between polar and nonpolar gas
molecules depending on the strength of the electric field formed by the grid in the gas flow path.
As aresult, the gas sensor output for polar gases had a rounded waveform regardless of the effect
of the grid. However, the gas sensor output waveform for nonpolar molecules was rectangular,
regardless of the effect of the grid. In addition, the gas sensor outputs for the nonpolar and
weakly polar molecules decreased while maintaining their respective waveforms. The results of
this experiment suggest that the combination of a grid and a gas sensor may enable the
identification of gases based on their polarity.

1. Introduction

Several researchers have investigated and developed gas sensors capable of detecting volatile
organic compounds (VOCs) with high sensitivity. These sensors are widely used in the
environmental field to detect vaporized solvents emitted by industries(!) and VOCs generated by
the microbial decomposition of wastewater and garbage for odor control.2-?) In healthcare, the
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detection of VOCs in exhaled and skin gases can be used to identify human diseases and
illnesses.® 1In addition, research has been conducted using machine learning to detect low-
concentration gases and achieve high selectivity in gas sensors.0™”) In a recent study,
Praveenchandar et al. proposed a device to prevent worker accidents caused by gas leaks, using
multiple gas sensors and machine learning to analyze the sensor data.®

However, in the previous studies it has been found that the moisture present in air affects the
gas sensor data. This issue is particularly important in situations where diluted gases must be
detected under high-humidity conditions. The distortion of gas sensor data waveforms and
changes in output values due to humidity have been extensively discussed in the literature.%19)
One possible approach is to use machine learning to consider the conditions under which water
molecules also arrive at the gas sensor when the gas to be detected arrives at the gas sensor.

We have proposed and validated slit-structured elements (grid) that sieve gas molecules
before they reach the gas sensor.(!) These grids are designed to modify sensor characteristics by
combining additional elements with the gas sensor. In addition, we measured the gas sensor
output for ammonia at the same concentration, with and without the grid installed along the gas
flow path, and found that installing the grid led to a decrease in the gas sensor output.
Subsequently, an electric field was applied to the grid to allow the gas to pass through, and the
output of the gas sensor for ammonia improved as the applied voltage increased.'? Moreover, in
a separate study, we observed different gas sensor outputs between three pairs of enantiomers.(1>)

We assumed that the gas molecules were affected by the electric field, which caused changes
in the output of the gas sensor. For example, we believe that the differences in the gas sensor
outputs between enantiomers can be attributed to the ease with which their functional groups are
ionized.(!¥) However, in addition to the target gas, numerous water molecules are present in air.
Water molecules readily form bonds with other molecules, which can affect gas detectors and
other gas molecules.

Molecules can have an electric charge, which indicates how much an electric field affects
them [unit: C (Coulomb)]. Under these conditions, the molecules split into positively (87) and
negatively (87) charged atoms. Molecules with both 8" and 8~ charges are polar molecules with
an affinity for water. Polarity can also be quantified using the molecular dipole moment. The
molecular dipole moment is a vector quantity that originates at 8" and points toward §.0% In a
metal-oxide (MOX) gas sensor, the output changes when gas molecules bind to oxygen atoms in
the detection area.(!319) This change in output results from the formation of electrical bonds
between the gas molecules and the oxide film on the surface of the gas sensor. In a previous
study, the output was verified using the same concentration and gas sensor. The results showed
that higher polarity leads to an increase in the output.(!”) In contrast, nonpolar molecules are
unlikely to enhance the gas sensor output.:!8) Solomatin et al. found that when a gas sensor is
covered with water molecules, bonding between the carbon atoms and the gas sensor is hindered,
which impedes the gas sensor output from increasing.!” Furthermore, non-polar molecules
exhibit polarity owing to imbalances in the distribution of electrons and the positions of atomic
nuclei under an electric field.>?
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The grid is expected to be used not dry (sufficiently moist). For example, in a 50% humidity
or more) environment, the electric field generated by the grid can change the properties of the
gas molecules, altering the gas sensor output, as shown in Fig. 1.

In this study, we aimed to obtain measurement data by subjecting gas sensor data to machine
learning. Here, we assumed that the data would be used for machine learning and worked to
obtain multiple pieces of data, including humidity, by using only the device in a controlled
environment.

The magnitude of the polarity is considered an important parameter in investigating the
trends of the sensor output. Therefore, the measurements were performed using three types of
gas with similar structures but different polarity components.

Prior to the measurements, we performed a simulation to investigate the magnitude of the
electric field strength between the aluminum wires of the grid and to consider how the electric
field affects the gas. In the gas sensor output measurements, we collected time-series data on the
gas sensor output and investigated the trends of the applied voltage and magnitude of the output.

2. Materials and Methods
2.1 Overview of sensing system

Figure 2 shows the jig used to fix the grid and the gas sensors in place. The grid was
positioned directly above the gas sensor to ensure that the gas molecules were affected by the
grid immediately before reaching the sensor. Voltage was applied to the grid using a power
source, and the strength of the electric field around the grid was controlled by varying the
applied voltage.

2.2 Simulations

Electric-field simulations were performed for each applied voltage to verify the strength of
the electric field generated by the grid. The electromagnetic interface of COMSOL Multiphysics
(version 6.0) was used for finite element calculations to simulate the electric field intensity
around the grid. First, a steady-state solver was selected, and rectangular port boundary
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Fig. 1.  (Color online) Expected effect of placing a grid in front of the gas sensor. (a) Without the grid. (b) With the
grid.
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Fig. 2. Cross-sectional view of the gas sensing system with the grid.

conditions were used for the input ports. The relationship between the gas flow and the
aluminum wires is shown in Fig. 3. In addition, the positive and negative electrodes were
alternately connected to aluminum wires. The simulation results (Fig. 4) showed nine rectangles
representing the cross section of the aluminum wire, with a short side of 1 um and a long side of
15 um. The cross sections of the aluminum wires were connected longitudinally at intervals of
15 pum, forming eight gaps. The color scale indicates the electric field strength, with red
representing higher strength and blue denoting lower strength.

Figure 4 shows that the highest electric field is calculated at the boundary of the short side.
The electric field strength decreased toward the midpoint of the gap, reaching its minimum
value near this point. In the cross sections of the nine aluminum wires, neither end formed gaps
with adjacent aluminum wires. These short sides, which did not form gaps, resulted in a lower
electric field than the sides that formed the gaps. As shown in Fig. 4, the experimental results
were analyzed considering the electric fields.

2.3 Experimental samples

Three gases with different polarities (acetone, isopropanol (IPA), and propane) were used to
measure the gas sensor output. The structural formulae are shown in Fig. 5. These gases exhibit
oxidizing and reducing relationships and share similar molecular structures. Water vapor was
present in the experimental system during gas sensor measurements. The molecular dipole
moment is expressed in Debye (D; 1 D = 3.336 x 1030 C:m).('¥ The dipole moments of the
selected gases are approximately 2.93 D for acetone vapor,?) 1.66 D for IPA vapor,?? and 0.08
D for propane.??) In addition, the dipole moment of water vapor is approximately 1.85 D.(24:25)
Other major components in the air, such as nitrogen, oxygen, and carbon dioxide, have dipole
moments of 0 D.

Acetone and IPA vapors were prepared using acetone (Product Code: 016-00346) and IPA
(Product Code: 166-04836) from FUJIFILM Wako Pure Chemical Corporation, respectively.
Because both are liquids, we used a permeator (PD-1B, GASTEC CORPORATION) to generate
gases for the experiments. For each vapor, 2 mL of the respective solution was placed in a
diffusion tube (D-10, GASTEC CORPORATION). The diffusion tube was placed in a permeator
at 40 °C. The flow rate of the nitrogen gas for dilution was set to 0.5 L/min. Diluted gases were
generated in this manner with the respective concentrations of acetone (100 ppm) and IPA (10
ppm). Subsequently, 50 mL of acetone vapor and 500 mL of IPA vapor were collected using a
syringe and diluted with nitrogen gas to obtain a 10 L sample with a concentration of 0.5 ppm. In



Sensors and Materials, Vol. 37, No. 8 (2025) 3381

Gas flow  Aluminum wire

g0 Vo U (o e

Fig. 3. (Color online) Schematic of gas flow and aluminum wires with applied voltage.
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Fig. 4. (Color online) Simulation of the electric field strength between aluminum wires.
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Fig. 5. Molecular structures and dipole moments of the three components (acetone, IPA, and propane) and water.

addition, 3 L of propane standard gas (GL Sciences; Cat. No. 1020-11005) was used. Five
microliters of this sample was collected using a syringe and placed in a 10 L sampling bag.
Propane was then diluted to 0.5 ppm with nitrogen gas.
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2.4 Experimental method

In this study, we fabricated and used the same grid that had been proven to be effective in
confirming changes in gas sensor output in previous study.(!?) Figure 6 shows the front [Fig. 6(a)]
and back [Fig. 6(b)] of the printed circuit board (PCB). The grid was fabricated by forming an
aluminum wire pattern on a silicon substrate using MEMS processing and then affixed to the
PCB using an epoxy adhesive. The grid contained 36 through-holes evenly spaced in both the x-
and y-directions within a 300 um x 300 um area. In addition, aluminum wires were placed on
top of the through-holes. The aluminum wires were approximately 1 um thick and 15 pym wide
with a line-and-space of 15 um. The grid was mounted on a PCB (Q048; DAISEN Electronics
Industrial Co.. Ltd.) measuring 1 x 1 cm?, with a ¢6 hole drilled in the center. The aluminum
wires were then connected to the PCB electrode via wire bonding. When voltage was applied to
the PCB electrode, an electric field was generated around the aluminum wire.

Figures 7(a) and 7(b) show photographs of the jig before and after assembly. The PCB was
positioned between the top and bottom parts and secured with four bolts and nuts to complete
the assembly. As shown in Fig. 7(b), gas entered through the side wall of the top part, passed
through a @6 hole in the PCB, and exited through the side wall of the bottom part. The bottom
part contained a hole for inserting the gas sensor. After the gas sensor was inserted, adhesive
rubber was used as a seal to prevent gas leakage. The grid was positioned at approximately 8§ mm
above the gas sensor. Figure 7(c) shows the overhead view of the assembled jig. The top part had

Pin

@) (b)
Fig. 6. (Color online) Photographs of the grid fixed onto the PCB: (a) front side and (b) back side.
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Fig. 7. (Color online) (a) Parts of the jig (before assembly). (b) Side and (c) overhead views of the assembled jig.
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space to connect the PCB electrodes to the power supply. As shown in Fig. 7, the jig was
transparent, allowing for easy observation of the interior. During the experiment, the jig
prevented external light from penetrating the grid or the gas sensor. The jig, bolts, and nuts were
composed of polycarbonates.

We used a semiconductor gas sensor (CCS-811, ams-OSRAM AG) that detects gases through
changes in conductivity.2®) Metal oxide (MOX) is used as the material for the gas detection
section.

Owing to the interaction of gas molecules with the MOx surface, the internal electrical
carrier concentration will be affected. The resulting change in resistance can be used as the
output of the gas sensor to measure the concentration of the target gas. The concentration output
of the gas sensor was expressed as the equivalent total volatile organic compounds (€TVOC).
eT'VOC is an index unique to the gas sensor CCS-811 used in this study. It represents the total
volatile organic compound concentration in an indoor environment. Depending on the type of
volatile organic compound, the output may be higher or lower than the total volatile organic
compound concentration (TVOC), which is often used as the output value of VOC gas sensors.
In addition, the data sheet indicates that the sensitivity of €I VOC may decrease if the sensor is
operated constantly in a high-temperature, high-humidity environment. The gas sensor was
connected to a microcontroller unit (MCU), and the eTVOC was outputted by an analog-to-
digital converter built into the MCU. The temperature and relative humidity of the gas were
measured using a capacitive temperature and humidity sensor (SHT30-DIS, Sensirion AG).27)
CCS-811 and SHT30-DIS are on the same board and can acquire data simultaneously. Bags
containing the prepared sample gases and N, were permeable to atmospheric moisture. Before
the measurements, the gas in the bag was exposed to the SHT30-DIS, and the humidity of the
gas was measured. At this time, the humidity was increased to 50+£10%, and the experiment was
conducted after the humidity had settled to a certain level.

The grid and gas sensor were initially exposed to N, for a duration of 100 seconds, followed
by exposure to the sample gas for another 100 s, and subsequently returned to N, exposure for an
additional 100 s. The output from the gas sensor was recorded at intervals of every 5 s.. The
voltage applied to the grid was increased from 0 to 80 V in increments of 10 V. Each voltage
condition was repeated thrice, and the average value was recorded. The data used to create the
graph were as follows. First, during measurements at 0 V, eight consecutive readings were taken
to ensure that the output did not increase owing to sensor warming and other factors. As shown
in Fig. 8, the average values of the 6th to 8th measurements were used at 0 V. When 10-80 V
was applied, measurements were performed four consecutive times, and the average values of
the 2nd to 4th measurements were used.

2.5 Experimental results

Figure 8 shows the experimental results for each gas. Figures 8(a)—8(c) show the time-series
data for acetone, IPA, and propane, respectively. In these graphs, the eTVOC every 5 s was
normalized to the €TVOC at 190 s at 0 V. Figure 8(d) shows the standard values of the output
over 190 s at each applied voltage, with the output measured at 0 V for 190 s considered as 1. The
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Fig. 8. Time-series data for (a) acetone, (b) IPA, and (c) propane gas detection at each voltage applied to the grid.
(d) Plots of 190 s of time-series data for each applied voltage.

time-series data in Figs. 8(a)—8(c) exhibit scattering attributable to fluctuations in the output;
however, the trend becomes clearer in Fig. 8(d).

As shown in Figs. 8(a) and 8(d), when 10 V was applied to the grid, the output of acetone
decreased compared with that at 0 V. However, after applying 20 and 30 V to the grid, the output
increased compared with that at 0 V, reaching its maximum value at 30 V. When a voltage of 40
V or higher is applied to the grid, the output decreases below the level observed at 0 V. When 80
V was applied to the grid, the output was 0.82 compared with that at 0 V. In contrast, as shown in
Fig. 8(b), when voltage was applied to the grid in the case of IPA vapor, the output was
significantly lower than that at 0 V. However, as shown in Fig. 8(d), when the voltage applied to
the grid was 30 V or more, the output of IPA ranged between 0.67 and 0.75, except at 60 V.

Figure 8(c) shows that the waveform of the time-series data for propane differs from those of
acetone and IPA. At 100 s, when the gas was introduced, the output increased abruptly and then
decreased gradually, until the gas was switched to N, at 200 s. In addition, even after switching
from propane to N,, the output did not return to 0, but remained between 0.2 and 0.3. In the case
of propane [Fig. 8(d)], as the voltage applied to the grid increased from 10 to 60 V in increments
of 10 V, the coefficient of resistance decreased linearly from 1 to 0.57.
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3. Discussion

The change in the gas sensor output according to the magnitude of the voltage applied to the
grid was determined to be due to the formation of bonds between gas molecules in the electric
field or the loss of gas molecules due to discharge occurring between the grids.

The output of the acetone gas sensor was higher only when voltages of 20 and 30 V were
applied, compared with when no voltage was applied. We attribute this result to the electric field
causing a significant imbalance in the charge within the molecule, that is, an increase in the
molecular dipole moment. We also believe that this increased the energy during the gas sensor
adsorption, which led to an increased output.

For all three types of gas, the output tended to decrease as the voltage applied to the grid
increased. One possible reason for this phenomenon is that when gas passes through an electric
field, the target gas and water molecules become charged before reaching the gas sensor, making
them more likely to form hydrogen bonds with each other. This suggests that as the bonds
between the gases become stronger, it becomes more difficult for the gas molecules to be
adsorbed onto the gas sensor.

We also investigated the possibility of discharge between the aluminum wires using
simulations. Unlike the static effect of an electric field, discharge between aluminum wires
instantaneously applies a substantial amount of energy to the gas molecules. When discharge
occurs, gas molecules either transform or disappear. The electric field strength at which
discharge occurs in the atmosphere is 3 MV/m.® However, the electric field strength required
for discharge changes when the gap is narrow. The electric field strength required for discharge
in a 15 pm gap is approximately 50 MV/m, which corresponds to a voltage of 600 V or
more.?=D In this study, the maximum applied voltage was 80 V, resulting in a maximum
electric field of 13 MV/m. Therefore, discharge did not occur when the voltage was applied to the
grid, and the high energy generated by the discharge was not locally applied to the gas molecules.

To distinguish three components with similar structures based on the data, the shapes of the
time-series data can first be compared between polar (acetone and IPA) and nonpolar molecules
(propane). Consequently, both IPA and propane were found to exhibit increased polarity
depending on the electric field strength, and the output decreased accordingly. The results of this
experiment show that the gas sensor output can be distinguished on the basis of the magnitude of
polarity using a grid.

In our previous study, three pairs of enantiomers were used to assess whether differences in
the gas sensor output occurred depending on the voltage applied to the grid.!?) In this case, one
of the gas sensor outputs did not change significantly from 0 to 80 V, whereas the outputs of the
other sensors increased with the applied voltage. In other words, the gas sensor output did not
decrease with increasing applied voltage. We believe that this result can be attributed to the large
molecular weights of the gas components used, which weakened the observed effect.

In this study, by applying a voltage to the grid, data showing different waveforms and
increasing and decreasing trends were obtained from three components with similar structures
(acetone, IPA, and propane). With such differences, it is expected that these data will be useful
for machine learning.
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4. Conclusions

In this study, a grid was used to investigate whether the output of the gas sensor changed
depending on the magnitude of the polarity. Three components with different polarities but
similar chemical compositions and molecular structures (acetone, IPA, and propane) were used
as the target gases. We also simulated the electric field strength between the aluminum wires of
the grid to investigate whether the field would be sufficiently strong to cause the gas molecules
to disappear.

After exposing the gas sensor to polar acetone and IPA gases, the gas sensor output gradually
increased and the graph became rounded. Differences were observed in the decreasing trend of
the gas sensor output with increasing applied voltage. In the experimental results, the output of
acetone increased at the applied voltages of 20 and 30 V. In contrast, propane, a nonpolar
molecule, exhibited a steep rise in the square wave. In addition, the decreasing trend of the gas
sensor output with increasing applied voltage was similar to that of the IPA gas. These results
suggest that it may be possible to distinguish gases on the basis of their size, even among polar
molecules.

Although voltages of up to 80 V were applied to the grid, simulations confirmed that the
electric field strength was insufficient to cause a discharge; therefore, the gas molecules would
not have disappeared or gained significant energy. However, more detailed data must be
collected, and the relationship between the electric field of the grid and the output of the gas
sensor, as well as the phenomena occurring between gas molecules, must be fully considered.

In this experiment, a dataset was obtained in which the trends of each component differed
depending on the combination of the grid and gas sensor. However, in practical applications, it is
expected that the grid can be used in situations where gases with similar polarities are mixed. In
the future, we plan to conduct measurements in situations where mixed gases are present and to
expand the diversity of the data.
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