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Abstract: Dermanyssus gallinae, a parasitic mite that subsists on the avian blood of chickens, poses
a considerable threat to the poultry industry. D. gallinae infestation can result in a plethora of
detrimental effects for the host birds, including decreased egg production and anemia. Pyrethroid
pesticides have been the primary means of combating this issue and have demonstrated high levels of
efficacy. However, in recent years, D. gallinae has exhibited resistance to these chemicals, resulting in
a marked decrease in their mortality; thus, an integrated control strategy in addition to the chemical
use should be required for the sustainable control of this mite. This study confirms that D. gallinae can
be effectively controlled through the utilization of high-voltage impulse discharges and that various
electrical parameters possess optimal values that are required for mite control. The alterations in the
body surface of the mite caused by high-voltage impulses were akin to those caused by heat, but
no alteration in the elemental composition of the body surface was observed, suggesting a change
in organization caused by currents flowing inside the exoskeleton. Comparatively, the mite control
efficacy of high-voltage impulse was found to be substantially superior to that of ultraviolet light or
ozone, with up to 95% more mites being killed in as little as 30 seconds.

Keywords: bioelectronics; Dermanyssus gallinae; poultry red mite; high-voltage impulse;
ectoparasite control

1. Introduction

The origins of bioelectronics date back to the 18th century, when scientist Luigi Galvani
first applied voltage to the legs of a frog [1]. Research into the application of electrical
engineering in biology and medicine subsequently flourished. Galvani’s theory that “an-
imal electricity is a vital force which gave life to organic matter” was later disproven by
experiments conducted by Alessandro Volta [2], though it is still regarded as the origin
of electrophysiology today. In the 19th century, physiological research using electricity,
led by Emile du Bois-Rémond and Helmholtz, established that nerve activity is electrical
in nature [3-5]. In 1947, the use of electric shocks on the human body was first utilized,
leading to the development of modern automated external defibrillators (AED) [6]. Today,
electroconvulsive therapy is also used as a treatment for certain psychiatric disorders [7,8].
These conventional electric shocks are based on nerve stimulation and do not cause ir-
reversible changes in the body, with instantaneous power reaching only a few kilowatts
at most.

On the other hand, pulsed power, which has a duration of microseconds or less and
an instantaneous power of several hundred kilowatts or more, has been employed since
the 1960s to forcibly alter the structure of cell membranes, such as in non-thermal field
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sterilization [9] and electroporation [10]. Advances in bioanalytical techniques and the
increasing performance of pulsed power generators in the 21st century have led to new
biological applications of pulsed power. Pulsed power acts as a powerful electromagnetic
force on the living organism, comprising dielectric materials, which leads to changes
in the structure and function of cells. Additionally, by adjusting the conditions under
which pulsed power is applied, it is possible to elicit a variety of biological responses in
non-cellular organisms. These biological responses, induced by physical stress, are being
explored for medical applications such as cancer therapy [11,12] and wound care [13],
as well as cosmetic applications. Pulsed power is not limited to animal cells but is also
used as a physical stimulus for plant germination promotion, growth control [14-16], and
breeding [17].

In this study, pulsed power was applied to control one type of arachnid, the mite
Dermanyssus gallinae. D. gallinae that suck blood from chickens have a significant impact on
the poultry industry. This mite is a mite belonging to the class Arachnida, order Mesoptera,
and family Dermanyssidae, and its infestations have been confirmed in various regions
in Japan. Adult mites are about 1.0 mm long and suck blood mainly at night, forming
clusters during the day in shady places such as joints in metal fittings and egg recep-
tacles [18,19]. Once the mites invade a poultry farm, they rapidly spread by attaching
themselves to humans, vehicles, carrying baskets, and containers, making complete elimi-
nation highly challenging. It causes egg contamination, reduced laying rates, and anemia
in poultry [20]. Furthermore, it can cause discomfort and allergic reactions in workers,
leading to job turnover.

A questionnaire survey of poultry farms around the world found most were infested
with D. gallinae [21-23]. Pesticides based on pyrethroid chemicals were the primary method
of control and were highly effective. However, in recent years, D. gallinae has developed
resistance to these chemicals, leading to a significant reduction in pesticidal efficacy [24,25].
The continued spread of drug-resistant D. gallinae and the increasing damage caused by the
mite necessitate the development of alternative control methods belonging to integrated
pest management (IPM).

With this need in mind, we sought to investigate the efficacy of using pulsed power
as a means of eliminating D. gallinae. In this experiment, optimal control efficiency was
determined by manipulating the voltage, frequency, and pulse width of high-voltage
impulse discharges. Despite extensive research on the cellular and medical applications
of pulsed power, few studies have targeted insects [26-28]. Although there have been
studies on the use of commercially available electric insect traps for the elimination of
houseflies [29-31], there has been no prior research targeting D. gallinae parasitizing poultry,
and no studies were found on the determination of electrical parameters necessary for mite
control activity. In this study, we established the electrical parameters necessary for the
control of D. gallinae and confirmed the superiority of electric mite control technology as
compared to other mite control methods.

2. Materials and Methods
2.1. Voltage Applied Target

D. gallinae individuals were randomly selected, regardless of their developmental
stage (immature, mature, nymphs), and the experiment was conducted under controlled
conditions of 25 °C room temperature and 60% relative humidity, with ambient room light-
ing. The behavior of the mites was observed by utilizing a video microscope (magnification
1500), and their condition was evaluated immediately after the application of an high-
voltage impulse discharge, as well as 6 and 12 h post-treatment. Mites were considered
“dead” if no movement was visible even after a gentle touch with a brush.

2.2. Experimental Procedure

An electrode was inserted within an acrylic container measuring 100 mm on each side,
and approximately 100 D. gallinae were placed within the container. A high-voltage impulse
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was applied for a duration of 30 s. The number of mites that had been killed, as well as
the number that had been sealed within the container, was subsequently assessed. The
mortality was calculated as the ratio of killed mites to the total number of mites present.

2.3. Experimental Apparatus

The entire experimental apparatus is depicted in Figure 1. Electrodes with alternating
anodes and cathodes were connected via resistors to an impulse power supply set to an
operating frequency of 100 Hz. The electrodes were housed within an acrylic container
measuring 100 mm on each side. As is shown in Figure 1, the electrodes were square-
shaped, measured 90 mm on each side, and had copper anodes and cathodes. The structure
comprised alternating anodes and cathodes with widths of 2 mm.

Anode ¥
Cathode i

i

(b)

Figure 1. Electrode structure and photograph. The anode and cathode are arranged alternately in a
comb-shaped electrode. The D. gallinae pass between these electrodes and are killed. (a) Photo of
electrodes (glass epoxy) (b) Enlarged view of substrate (0.5 mm between electrodes).

2.4. Variation in Discharge Voltage Due to Different Electrode Spacing and Insulation Materials

The electrodes developed in this experiment were designed to kill mites by electrically
charging mites on one electrode and discharging through the mites just before they touched
the other electrode. An high-voltage impulse discharge was applied to the electrodes, and
the voltage immediately before the discharge was measured as the discharge voltage. The
voltage was a pulsed waveform as shown in Figure 2, with variable wave height. The
electrode spacing varied from 0.5 mm to 3 mm in 0.5 mm increments, and the discharge
voltage was measured using glass epoxy and polyimide insulators as the bases of the
electrodes, respectively. In addition, magnified photographs of the electrodes were taken to
determine the cause of the voltage difference caused by the insulation materials.

5 T T T T T

4L J
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Figure 2. Voltage waveform. Voltage wave height was 3.5 kV; pulse width (FWHM) was 10 ps.
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2.5. Variation of Mortality by Electrical Parameters

Based on the above voltage levels, mortality was measured by varying the maximum
voltage level, frequency, current level, and voltage pulse width to derive the electrical
parameters necessary to kill mites. For the measurement of mortality through voltage
variation, 1 k() resistors were connected to 0.5 mm spaced electrodes with glass epoxy
insulators. The voltage varied from 0.5 kV to 4 kV. The mortality was also measured under
similar conditions when the frequency varied from 0.1 Hz to 100 kHz.

For the measurement of mortality through current, the current was derived from the
resistance connected in series with the electrodes. The resistance was varied from 1 k()
to 1 MQ) to adjust the current flowing between the electrodes. For the measurement of
mortality caused by voltage pulse width, the pulse width was adjusted from 15 ns to 10 ms
by changing the capacitor connected in parallel to the electrodes. The application time
was 30 s, and the frequency was kept constant at 100 Hz for all experiments except for
the frequency variation experiment. The movement of the mites on the electrodes was
recorded using a video camera.

2.6. Variation of Mortality Due to Ultraviolet Light and Ozone

In addition to these electrical mite control techniques, the effectiveness of ultraviolet
radiation and ozone at eradicating D. gallinae was also confirmed. A Petri dish was
irradiated with ultraviolet light (15W UV-C, 253.7 nm) for 60 min, and the mortality of
mites was checked at each time point. To ensure that mites enclosed in the Petri dish were
sufficiently irradiated by the UV light emitted from the UV-C light, a quartz glass lid with
a thickness of 1.0 mm (UV transmittance = 99.9%) was used.

In the mite control experiment using ozone, a small ozone generator and a Petri
dish containing D. gallinae were placed inside the container; the ozone concentration was
adjusted to 10 ppm, and mites were released from the Petri dish into the container to check
the mortality over time.

2.7. Observation of D. gallinae Killed by High-Voltage Impulse Discharges using EDS

To elucidate the control mechanism of D. gallinae using high-voltage impulses, mites
under various conditions were observed under a microscope using a 12-megapixel video
microscope to track changes in the body surface and appearance of the mite after the
impulses were applied. Mites that had been exposed to warm air at 80 °C for 3 min and
mites that had been starved for more than one week and had not moved were also observed
for comparison.

Killed D. gallinae were coated with Au using an ion-sputtering system, and the EDS
spectra were analyzed using a bench top SEM (JCM-7000, JEOL Ltd., Tokyo, Japan) for
elemental analysis.

2.8. Statistical Analysis

Statistical analysis was conducted using Excel 2021 (Microsoft Corporation,
Washington, DC, USA) to investigate the correlation between mortality and four electrical
parameters: voltage, current, frequency, and pulse width. Multiple regression analysis
was utilized, treating mortality as the response variable and the aforementioned electrical
parameters as explanatory variables. p-values were calculated at a confidence level of 95%.

3. Results
3.1. Measurement of Discharge Voltage via Electrode Gap and Polarity

Figure 3a illustrates the discharge voltages when the insulating materials of the elec-
trodes were glass epoxy and polyimide. As the distance between the electrodes increased,
the discharge voltage correspondingly increased. At the same distance between electrodes,
the negative voltage was slightly higher than the positive voltage. When the electrode
spacing was 3.0 mm, the discharge voltages were 9.5 kV and —11 kV, respectively.
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Figure 3. Discharge voltage variation and enlarged view of the electrodes for each material. (a) The
discharge voltage of electrodes using glass epoxy and polyimide as insulators was observed. It was
found that the discharge voltage increased in proportion to the distance between the electrodes for
both insulating materials. It was also found that the negative discharge voltage was greater than
the positive discharge voltage, with the voltage being higher when glass epoxy was used as the
insulating material. The error bars in the data indicate the standard deviations. The upper figure
shows a (b) glass epoxy material (c) polyimide material. The glass epoxy had smooth electrodes,
while protrusions were observed on the electrode surfaces of the polyimide substrates.

When the voltage amplitude exceeded approximately 10 kV, numerous instances of
peeling of the copper on the substrate were observed during the discharge. When polyimide
was employed as the insulating material for the electrodes, the discharge voltage tended
to increase with the distance between the electrodes as in the case of glass epoxy, but the
voltage values were lower. At all electrode spacings, the voltage of polyimide was lower
than that of glass epoxy, with a difference of more than 2.0 kV at an electrode spacing of
3 mm. Figure 3b,c shows a magnified view of the electrode for each electrode material.
Protrusions were observed on the electrode surface of the polyimide material, which were
not present on the epoxy material.

3.2. Variation in Mortality of D. gallinae Using Electrical Parameters
3.2.1. Variation in Mortality Depending on the Type of Insulator

Mortality when the electrode base materials were glass epoxy and polyimide is il-
lustrated in Figure 4. At positive voltages, the mortality ranged from 92% to 94% at an
electrode spacing of 0.5 mm and from 89% to 90% at an electrode spacing of 1.0 mm.
There was no significant difference in the mortality for any of the electrodes, and although
the negative voltage was used to check the mortality, there was no significant difference
between this and the positive voltage.

3.2.2. Variation of Mortality as a Function of Discharge Voltage

Figure 5a shows the correlation between discharge voltage and mortality. Prior to
2.6 kV, no discharge was recorded between the electrodes; thus, the D. gallinae were not
effectively eliminated. As the voltage was elevated, the mortality increased rapidly. At
a voltage of 3.5 kV, the mortality reached 90.4%. However, as the voltage was further



Electronics 2023, 12, 1038

6 of 15

increased, mites could no longer be eliminated as a result of continuous discharge between
the electrodes.

B Glass epoxy
B Polyimide

100

80 |-

D
=
T

Mortality [%]
=
<

[\
<
T

0.5 1
Electrode gap [mm]

Figure 4. Variation in mortality as a function of substrate insulator. No significant differences in mite
control efficacy were observed as a result of variations in the insulating material of the electrodes or
the polarity of the discharge voltage. The electrodes were made of glass epoxy or polyimide with a
distance between electrodes of 0.5 mm and 1.0 mm and a frequency of 100 Hz. The error bars in the
data show the standard deviation.

3.2.3. Mortality as a Function of Frequency

Under the same conditions as described in Section 3.2.2, Figure 5b shows the relation-
ship between frequency and mortality. At frequencies below 10 Hz, no D. gallinae were
eliminated on the electrodes. As the frequency exceeded 100 Hz, the mortality rapidly
increased, reaching over 90%. However, at 100 kHz, the rate drastically decreased as
discharge occurred at the same points on the electrodes.

3.2.4. Variation of Mortality with Current

The correlation between mortality and current variation using 0.5 mm electrodes is
shown in Figure 5c. A rapid increase in the mortality percentage is observed above 10 mA,
culminating in 54.4% mortality at 42 mA and 82.0% at 85 mA. As the current is further
increased, the mortality tends towards saturation, reaching 94.2% at 427 mA and 92.5% at
128 A.

3.2.5. Variation of Mortality with Pulse Width

Figure 5d shows the relationship between mortality and pulse width. Pulse widths
range from 15 ns to 10 ps. At a pulse width of 15 ns, the rate is as low as 8.8%. As the pulse
width increases, the mortality also increases, reaching 93.3% at 5.6 ps. The mortality does
not exceed 30% for pulses shorter than 1 ps but exceeds 85% for pulses longer than 1 ps.
However, when the pulse width is extremely long (10 ms), discharges occur at the same
points on the electrodes, resulting in a significant reduction in the mortality to less than 1%.

3.3. Variation in Mortality with Ultraviolet Light

The mortality caused by UV-C irradiation for different irradiation durations is shown
in Figure 6a. The mortality rate increased with the duration of UV irradiation, with less
than 10% of the mites being killed within the first 10 minutes. However, the mortality rate
increased between 10 and 30 min, culminating in 88% of the mites being killed after 60 min.
These results suggest that mite control methods using ultraviolet light require much longer
exposure times compared to those using pulsed high-voltage discharges.



Electronics 2023, 12, 1038

7 of 15

100 T T T T 100
80 | i 80
= <
\ )
S 60l i = 60
= 60 =
= =
«
S 400 1 5 40
= =
20 L i 20
0 o1 . ) | 0 I I I I I
0 1 2 3 4 5 01 1 10" 10° 100 10° 10°
Voltage[kV] Frequncy [Hz]
(a) (b)
100 T T T 100 T T T T T
80 | ] 80 | a
= 60 | ] = 60l ]
& &
.—“1 —
T 400 1 § 40 | ]
= =
201 1 201 a
0 1 i 1 3 1 3 4 0 | | | | |
1 10 10 10 10 10" 102 10° 10* 10° 10° 10’
Current [mA] Pulse width [ns]
(0) (d)

Figure 5. Variation in mortality with electrical parameters. (a) Variation in mortality with discharge
voltage. Killing of D. gallinae was found to be highly unlikely. As the voltage was increased, the
mortality increased; however, this rate decreased rapidly at higher voltage levels. At an electrode
spacing of 0.5 mm, the voltage was 3.5 kV and the maximum mortality was 90.4%. The electrodes
were made of glass epoxy, the electrode spacing was 0.5 mm, and the frequency was 100 Hz. The
error bars in the data indicate the standard deviation. (b) Variation in mortality with frequency. The
mortality was found to be significantly low at frequencies below 10 Hz, while frequencies above
100 Hz resulted in a high mortality of over 90%. However, at frequencies above 100 kHz, discharges
were observed to occur at consistent locations on the electrodes, resulting in a significant reduction in
mortality. The electrodes were made of glass epoxy and operated at a voltage of 3.5 kV with a spacing
of 0.5 mm. Error bars in the data indicate the standard deviation. (c) Variation in mortality with
current. The mortality showed a marked increase when the current exceeded 10 mA, culminating in
a maximum mortality of 94.2% at a current of 427 mA. Error bars in the data indicate the standard
deviation. The electrodes were made of glass epoxy and operated at a voltage of 3.5 kV, with a
distance of 0.5 mm between electrodes, and a frequency of 100 Hz. (d) Variation in mortality with
pulse width. When the pulse width is in the order of nanoseconds, the mortality is low, with values
of less than 40%. However, when the pulse width is in the order of microseconds, the mortality
exceeds 80%. In addition, increasing the pulse width to the order of milliseconds did not result in a
high mortality. The electrodes were made of glass epoxy and operated at a voltage of 3.5 kV, with a
distance of 0.5 mm between electrodes, and at a frequency of 100 Hz. Error bars in the data indicate
the standard deviation.
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Figure 6. Variation in mortality due to ozone and UVC irradiation. (a) Change in mortality as a
function of UV exposure time. The mortality showed low efficacy during the first 10 min of irradiation
but then increased, culminating in a mortality of 88% after 60 min of exposure to UV radiation at
a wavelength of 253.7 nm. Error bars indicate standard deviation. (b) Change in mortality as a
function of ozone exposure time. The mortality did not increase with longer exposure to ozone. The
concentration was 10 ppm. Error bars indicate standard deviation.

3.4. Variation in Mite Control Efficacy with Ozone

The mortality as a function of exposure time to ozone (10 ppm concentration) is shown
in Figure 6b. In contrast to the results obtained with high-voltage impulse and ultraviolet
mite control methods, only 2.7% of mites were killed after 3 to 10 min of exposure, and
even after 60 min of ozone exposure, the mortality remained low at less than 5%. These
results confirm that mites are relatively resistant to the ozone mite control method.

3.5. Comparison of D. gallinae Body Surfaces after Voltage Application

In order to elucidate the mechanism of the mite control effect of high-voltage impulse
on D. gallinae, the condition of the exoskeleton was observed under the microscope. Figure 7
shows the exoskeletons of mites killed through high-voltage impulse discharges (b), heat
(c), and starving (a). The mites killed through high-voltage impulse discharges and heat
showed a change in body surface color and all legs from the first to the fourth were folded.
No changes in the legs were observed in the control group, which is a significant difference
from those killed through high-voltage impulse discharges and heat. EDS analysis of
the body surface composition revealed that carbon (C) and oxygen (O) accounted for
approximately 58% and 42% of the mass percentages, respectively, with no discernible
differences between the three (Figure 8, Table 1).

(b)

Figure 7. Comparison of D. gallinae body surfaces. (a) Control. (b) High-voltage impulse. (c) Heat.

The color of the body surface is altered compared to the mites killed through starvation. Heat and
high-voltage mite-control methods caused very similar changes in the coloration of the body surface.
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Figure 8. EDS spectrum of the body surface of D. gallinae killed using pulsed high voltage. (a) Control.
(b) High-voltage impulse. (c) Heat. An EDS spectrum of the surface of the mite killed through high-
voltage impulse revealed the presence of 58% carbon and 42% oxygen, with no discernible changes
before and after the application of voltage. The images were taken at an incident voltage of 5.0 kV,
a working distance of 16.2 mm, a magnification of x1500 and in high vacuum mode. The Au
components are shown in grey.

Table 1. Body surface composition by EDS analysis. (a) Control. (b) High-voltage impulse. (c) Heat.
All values are expressed as a percentage by mass.

(a) Control (b) High-Voltage Impulse (c) Heat
Carbon (%) 57.8 £0.15 579 +0.13 58.4 +0.13
Oxygen (%) 422 +£0.15 42.1+0.12 41.6 £0.13

4. Discussion

In the experiments measuring discharge voltage, the discharge voltage increased as
the distance between the electrodes increased, regardless of the insulating material of the
electrodes. The higher the electric field strength required to initiate a discharge, the more
energy is required to accelerate the charged particles. This trend is the same as that seen in
gaseous discharges. The relationship between discharge voltage and electrode spacing is
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governed by Paschen’s Law, which states that the breakdown voltage of a gas is a function
of the product of gas pressure and the distance between the electrodes. In other words, if the
gas pressure remains constant, the discharge voltage will be proportional to the electrode
spacing. The higher the electric field strength required when initiating a discharge, the
more energy is required to accelerate the charged particles. For the same distance between
electrodes, the discharge voltage for the negative polarity was slightly higher than that for
the positive polarity. Generally, the discharge initiation voltage of the negative polarity is
higher than that of the positive polarity in the creepage discharge [32,33]. This phenomenon
is attributed to the strength of the spatial electric field formed by the ionized electrons and
positive ions and the polarity of the applied voltage [34-36]. Specifically, when the applied
voltage is negative, the strength of the electric field around it is weakened by the charged
particles, resulting in a higher discharge voltage compared to when a positive voltage is
applied. Furthermore, a slight variation in discharge voltage was observed depending on
the insulating material of the electrode. The discharge voltage of glass epoxy tended to be
higher than that of polyimide. A magnified view of the electrode shows that the polyimide
electrode had protrusions (Figure 3). It is hypothesized that the electric field concentration
caused by these protrusions lowered the discharge voltage.

The insulation voltage of polyimide (280 kV/mm) is comparable to that of glass
epoxy (290 kV/mm) [37-40]. However, the methods used to create the electrodes in this
experiment differed from each other. A drill-based cutting method was utilized for the
glass epoxy, whereas an etching method was employed for the polyimide. Etching is a
technique employed for corroding and shaping copper substrates via a chemical reaction.
Masking films are utilized in regions where copper corrosion is to be avoided, and in this
experiment, minute irregularities were observed in this masking film. It is hypothesized
that the unevenness of the masking film may have contributed to the protrusion of the
polyimide electrode.

The mortality was approximately 90% for both substrates when utilizing glass epoxy
and polyimide as the insulating material of the electrodes. The discharge voltage of the
polyimide was slightly lower than that of the glass epoxy, but the mite control voltages
could be considered roughly equivalent. A subsequent experiment to confirm the mite
control efficacy using voltage revealed that mites could not be eradicated at voltages lower
than 2.6 kV. At this voltage, no discharge occurred at all, and even when D. gallinae passed
through the electrodes, the discharge phenomenon necessary for killing the mites was not
observed. When the voltage was increased, the mortality increased rapidly, but when the
voltage was further increased, the rate decreased drastically. This was due to the fact that
the discharges occurred at the same points on the electrodes and did not spread to the
entire electrode. It was found that if the applied voltage was too high, discharges occurred
only at one point, and it was not possible to impart uniform discharges to the D. gallinae
scattered on the electrodes.

The same trend in mortality was observed when the frequency was varied as the
voltage. At low frequencies, the mortality was less than 15%, but at frequencies above
100 Hz, the rate increased to more than 90%. However, when the frequency was further
increased, the discharge was formed in the same place as when the voltage was increased,
and the mortality decreased drastically. D. gallinae has negative motility and prefers
shadows and darkness, and the movement speed was high under the illumination in this
experimental environment. Their speed of movement was measured, and the average value
was 0.5 mm/s. It is postulated that at lower frequencies, the mortality decreased as the
D. gallinae traversed the electrodes without any voltage being applied during the voltage
off time (cycle minus pulse width). A similar trend was observed when the current and
pulse width were manipulated: when these values were low, the mortality decreased, and
when they were excessively high, the discharge formed at a single point on the electrode
and effective mite control action could not be attained. Elevated electrical parameters such
as voltage, current, frequency, and pulse width can diminish the insulating properties of
solid surfaces. Unlike gases and liquids, the insulating properties of solids are difficult to
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restore once disrupted, and a breakdown can result in recurrent discharges at the site of the
initial breakdown [32,33].

Table 2 displays the outcomes of the multiple regression analysis. The results indi-
cate a robust correlation (p < 0.05) between voltage and current concerning the mortality.
Although the pulse width also exhibited a correlation with mortality, the correlation was
relatively weaker than that of voltage (p < 0.05). In contrast, frequency demonstrated no
significant correlation (p > 0.05) with mortality.

Table 2. Multiple regression analysis between mortality and electrical parameters.

Coefficients T Stat p-Value
Intercept —227 x 1071 —1.82 x 100 6.98 x 1072
Voltage 2.04 x 1071 5.23 x 10° 4.44 x 1077
Frequency —1.42 x 107¢ —~1.01 x 10° 3.14 x 107!
Current 4.48 x 1074 3.87 x 10° 1.49 x 1074
Pulse width —4.43 x 1078 —2.85 x 10° 4.89 x 1073

In summary, D. gallinae can be killed electrically if the voltage at which a discharge
can be formed on the electrodes is set as the threshold and the electrical parameters are
such that discharges are not formed at the same point and continuously.

Next, a comparison of the body surfaces of D. gallinae killed through each method
is discussed. D. gallinae killed uisng heat and high-voltage impulse were similar in that
they displayed closed legs and exhibited changes in coloration on their body surfaces.
No change in composition was detected through the EDS analysis. The exoskeleton of
D. gallinae is composed of chitin, a type of glycosaminoglycan [41]. The chemical formula
of chitin is (CgH13NOs), [42], and its mass percentages are 47.3%, 6.45%, 6.90%, and 39.4%
for C, H, N, and O, respectively. Hydrogen is not observable in the EDS analysis, and
nitrogen is a trace element that is difficult to detect. Given these facts, the analysis result of
approximately 57% C and 43% O by mass is generally consistent with the theoretical value.
The fact that the visage of the exoskeleton is altered by the high-voltage impulse killing
yet the composition remains unaltered suggests that the current flows through the body
and alters the internal tissues via Joule heating, which may have resulted in the demise
of mites.

UV-C requires a prolonged period of time (more than 60 min) to kill D. gallinae, making
it challenging to the achieve the highly efficient killing of D. gallinae, which moves at a
speed of only a few millimeters per second. The spot irradiation of D. gallinae is also
difficult due to their preference for darkness (negative phototaxis). Similar to the results of
the UV-irradiation experiments on house dust mites and spider mites, the mortality rate
was also very low [43,44]. The DNA molecule displays a peak absorption spectrum ranging
from 260 to 265 nm, in close proximity to the ultraviolet (UV) region used in this study [45].
UV radiation stimulates the production of reactive oxygen species (ROS), leading to indirect
damage to DNA, lipids, and proteins [46]. Insects, such as Helicoverpa armigera, have been
shown to experience an increase in oxidative stress following exposure to UV radiation [47].
Furthermore, insects have been found to elicit molecular responses to stress and damage
caused by irradiation [48,49].

Even at a concentration of 10 ppm, which is 200 times higher than the upper limit of
0.05 ppm established by the National Institute for Occupational Safety and Health (NIOSH),
the suppression of D. gallinae through ozone was notably low. There are few studies on the
use of ozone for mite control, but in an experiment on mite control in food storage, it was
reported that a CT (cumulative exposure time product) of 192,000 resulted in 99% mortality
and a CT of 10,800 suppressed mite growth [50,51]. The CT in this trial was 600, which
appears to be too low to control D. gallinae.

The acaricides that are the first choice for killing D. gallinae are organophosphate
and carbamate, which inhibit acetylcholine and cholinesterase in the nervous system,
and pyrethroids, which inhibit the nerve membrane (sodium channel), thereby killing
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D. gallinae [52]. However, their acaricidal efficacy has declined over time due to the length
of time required to completely eradicate mites in poultry houses and the emergence of drug
resistance in D. gallinae [53-56].

On the other hand, the proposed electroshock pesticidal method can achieve a mor-
tality of up to 95% with the application of a high-voltage impulse for less than 30 s. The
electrical parameters required for the killing are in the order of milliamps of current and
microseconds of pulses; thus, the risk of electrocution to the human body is extremely low,
and the pesticidal effectiveness is extremely high [57].

In recent years, a variety of alternative techniques have been proposed for control-
ling D. gallinae. These include biological control agents, physical methods, and natural
compounds. Despite their potential benefits, these technologies have not yet been widely
adopted in practical use due to various drawbacks. Biological control agents, such as preda-
tory mites [58-60] and nematodes [61], are often expensive and have limited effectiveness
in large-scale applications. Physical methods [62-64], such as high-temperature treatment
and vacuum cleaning, are time-consuming and labor-intensive. Natural compounds, such
as essential oils [65] and plant extracts [66], may have variable efficacy and require further
research to optimize their use.

In addition, various alternative technologies, such as insect growth regulators, ne-
cessitate frequent spraying inside the poultry house. On the other hand, the proposed
technology can be controlled externally through electrical signals, allowing for continuous
D.gallinae eradication. Following installation, the system can be employed to eliminate
D .gallinge in an automated manner.

D. gallinae is capable of entering poultry facilities and infecting the poultry via the
poultry gauge. During actual installation, it is anticipated that electrodes will be placed
on existing poultry gauges to control D.gallinae. The proposed polyimide substrate can be
contorted and molded without damaging the electrodes, allowing it to be installed based on
the shape of the gauge. However, once the D. gallinae parasite has infested the poultry, it is
difficult to control it using this technique. Therefore, it is advisable to install the electrodes
in a poultry house that has been completely cleared of D. gallinae during a periodic “all-out”
cleaning process.

5. Conclusions

In this study, we proposed the utilization of high-voltage impulse discharges as an
alternative D. gallinae control method of the IPMs that will provide us with the chance to
be independent from the heavy use of chemicals. We conducted investigations into the
discharge characteristics of electrodes and the mite control efficacy in relation to variations
in voltage and frequency. Through experimentation, it was determined that D. gallinae can
be effectively controlled through the application of high-voltage impulse discharges and
that there exist optimal values for various electrical parameters crucial for mite control
action. The morphological changes on the body surface of D. gallinae resulting from high-
voltage impulse discharge were found to be analogous to those resulting from thermal
mite control methods, yet there was no alteration in the elemental composition of the body
surface, suggesting that the changes were brought about through Joule heating within
the exoskeleton.

In comparison to methods involving ultraviolet light or ozone, the high-voltage
impulse mite control technique has been demonstrated to achieve a mortality rate of up
to 95% or greater for D. gallinae within as little as 30 s, and it exhibits exceptional mite
control intensity and temporal efficiency. The results indicate that this electric shock mite
control technique has potential as a novel mite control method as D. gallinae does not
develop resistance to it and can be swiftly eliminated. In the future, we aim to further
understand the mechanism of mite control action by examining the internal tissues of
D. gallinae through staining techniques and to improve the dustproofing of the high-voltage
impulse power supply and the electrode structure to facilitate highly efficient mite control
action. Additionally, we intend to investigate other practical applications of this technology.
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