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Temperature Control Strategies of Atmospheric
Plasma Jet for Tissue Treatment

Bingkai Wang™', Xu Yan, and Zilan Xiong

Abstract—Besides the charged particles and neutral reactive
species, the temperature effect is another significant issue needs
to concern during the plasma treatment of biological tissue, which
has effects on therapeutic efficacy and the risk of burns. Due
to the influence of multiple factors on the temperature effect,
it’s a complex nonlinear problem. In this study, temperature
rise and distribution uniformity under different parameters and
moving trajectories on porcine skin were investigated, and then a
surface temperature control strategy was proposed. A 3-D electric
motor control platform was constructed for the jet moving during
the treatment. First, the effects of factors, such as distance,
voltage, and flow rate on temperature variation over porcine
skin surface, were analyzed, and the trends of temperature
variation under single-factor influence were summarized. Then,
the temperature distribution of fixed-point treatment and the
temperature superposition effect on the tissue surface under
different trajectories were explored, and a trajectory scheme for
achieving homogeneous temperature distribution was proposed.
Finally, a closed-loop control model was designed to achieve the
control objectives of constant temperature holding over a certain
surface area and resistance to high-temperature interference in
real time. This control scheme also has reference significance for
other surface treatments such as material processing.

Index Terms—Biological tissues, plasma jet, temperature con-
trol, temperature superposition effect, temperature variation
patterns.

I. INTRODUCTION

N RECENT years, atmospheric pressure plasma jet (APPJ),
I as a novel plasma source, has attracted increasing attention
and research. With advantages, such as low invasiveness,
rapidity, and high efficiency, plasma jet has broad prospects for
applications in the field of biomedical sciences, such as skin
disease treatment, promoting wound healing, blood coagula-
tion, and tumor reduction [1], [2], [3], [4], [5], [6]. Meanwhile,
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due to its ability to locally generate thermal, chemical, and
electrical effects and transfer them to the treated materials,
APPJ has been widely employed in material processing, such
as polymerization, etching, and surface activation [7], [8], [9].
It also plays a significant role in environmental protection [10].

As an emerging medical device, plasma jet equipment has
been rapidly developed. There have been an increasing number
of atmospheric pressure plasma devices approved for clinical
use both domestically and internationally, such as kINPen [11]
and SteriPlas [12]. Existing research primarily focuses on the
plasma source and its physicochemical effects on biological
tissues. The investigation of plasma jet sources includes their
simulation, diagnostics, and various improvements. Numerical
simulations are employed to explore the development process
of plasma jet [13], [14], while electrical and optical signals are
used to diagnose the density and distribution characteristics
of electrons, ions, radicals, and molecules in the plasma [15].
Various improvements to the plasma source involve utilizing
different driving power sources, carrier gases, and discharge
structures to achieve specific medical applications in different
scenarios [16], [17], [18]. Regarding the physicochemical
effects on biological tissues, this encompasses the transport
of various active species in gas and liquid phases, as well
as chemical reaction processes [19], [20], and their med-
ical applications such as sterilization and wound healing
promotion.

During the plasma jet treatment of biomedical tissues in
practice, the temperature rise and distribution should also
be considered. However, existing studies have focused on
the electrical, optical [21], and chemical perspectives of the
plasma jet, there has been a limited emphasis on its tem-
perature characteristics when treatment of biomedical tissues
[22], [23]. On the one hand, temperature directly influences
the chemical reactions, and an appropriate reaction tem-
perature can enhance the treatment efficacy of plasma jets
[24], [25]. On the other hand, due to the high energy and
temperature characteristics of ions and electrons in plasma
jets, long-time exposure of biological tissues to elevated
temperatures can lead to severe consequences such as local
thermal burns [26], [27]. Therefore, temperature regulation
during the treatment of biological tissues with plasma jets is
a crucial matter.

Currently, regarding the issue of temperature control in the
application of plasma jet, there are numerous challenges and
difficulties due to the direct relationship between temperature
variations and factors, such as flow rate, distance, voltage, and
gas. This complex nonlinear system presents ongoing research
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Fig. 1. (a) Experimental platform for temperature control. (b) Biological
tissue treated by plasma jet.

challenges. In existing research on surface temperature control
for APPJs, infrared camera or spectrometers have been used to
collect thermal data from the object surface, and parameters,
such as voltage, flow rate, and distance, have been adjusted
to achieve control of the maximum surface temperature or
thermal dose under plasma jet treatment [28], [29], [30],
[31]. However, the above literature does not involve real-time
adjustment of the overall surface temperature and temperature
distribution of the object, which can directly and quickly
characterize and adjust the surface reaction state. Therefore,
surface temperature control strategies in the biomedical appli-
cation of plasma jets, especially the high temperature restrain
and homogeneous temperature distribution during treatment,
play a significant role in improving the safety and effectiveness
of medical treatments.

In view of this, this study investigates surface temperature
control strategies of plasma jets for tissue treatment. Plasma jets
at different distances, flow rates, and voltages are used to treat
biological tissues, and the temporal variations of temperature
at the treatment point are explored. Subsequently, by designing
the movement trajectory of the plasma jet on the surface of
biological tissues, the cumulative effect of temperature on the
tissue surface is examined to achieve homogeneous temperature
distribution. Finally, control strategies are implemented to
achieve constant temperature holding over a certain surface
area and resistance against temperature interference.

II. EXPERIMENTAL PLATFORM AND METHODS
A. Experimental Platform

Fig. 1 shows the experimental platform for temperature
control of plasma jet. A needle-ring configuration is employed
for the plasma jet, where the high-voltage electrode consists
of a steel needle with a diameter of 0.6 mm, connected to
a high-voltage ac power supply (CTP-2000K; Corona Lab).
The ground electrode is wrapped with a copper foil of width
9.5-mm around the quartz tube. The bottom end of the quartz

tube is positioned 5 mm away from the nozzle, and the upper
end is situated 5 mm away from the needle electrode. The
inner diameter of the quartz tube is 3 mm, while the outer
diameter is 5 mm. Argon gas is used as the carrier gas. The
porcine skin is used in this study as the biological tissue,
which exhibits similar characteristics to human tissue despite
its lower temperature of approximately 24 °C compared to the
normal human body temperature of about 35 °C. Hence, it
serves as an appropriate model for human tissue. The size of
the porcine skin sample is approximately 30 mm x 25 mm X
5 mm (length x width x height).

In order to achieve precise control of the plasma jet for
biological tissues treatment, an electric motor control platform
was constructed. This platform adopts the Cartesian coordinate
system, where the x, y, and z axes are driven by four stepper
motors (two motors for the z-axis) with a speed of 4.8 mm/s.
It enables accurate moving in all three directions (&1 mm)
of XYZ. The plasma jet is fixed on the x-axis and can
follow the motor movement in the XZ direction. The plate
for placing biological tissues is fixed on the y-axis, and the
movement of the plate in the forward and backward directions
is controlled by the stepper motor on the y-axis, thereby
achieving movement in the Y-direction. The stepper motors are
driven by A4988 stepper motor driver boards, controlled by a
Raspberry Pi via GPIO. The surface temperature measurement
module adopts an MLX90640 infrared thermal sensor, which
can accurately measure the surface temperature of the target
object in a specific area and temperature range at close range.
It is connected to the Raspberry Pi’s I12C interface, and the
temperature data is read through Python code and displayed in
real time on the monitor as a thermal image. The temperature
measurement module MLX90640 is fixed to the lower left
corner of the plate using a bracket and measures the surface
temperature of the biological tissue located at the center of
the plate from above. The relative positions of the temperature
measurement module and the biological tissue remain fixed,
ensuring that the area of the biological tissue in the thermal
image remains constant.

Furthermore, in order to analyze the temperature distribu-
tion on the surface of biological tissue, an infrared camera
(D384A; Guide Infrared) is utilized to capture infrared images,
which were subsequently imported into the ThermoTools
software for analysis in detail. It should be noted that both
the MLX90640 temperature sensor module and the infrared
camera are used to measure the surface temperature of bio-
logical tissue. The MLX90640 temperature sensor is chosen
for its small size, convenience of use, easy installation on
a motor platform, and compatibility with small embedded
devices for temperature measurement and control in time.
The infrared camera is utilized for a more intuitive and
accurate observation of the overlaying effect of surface tem-
peratures in biological tissues, combined with professional
software to analyze the temperature characteristics in spe-
cific regions of the biological tissue. All results related to
the temperature heat maps mentioned in this article are
obtained through analysis using the infrared camera, while
temperature variation over time and regulation of surface tem-
perature are acquired by the MLX90640 temperature sensor
module.
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TABLE I
EXPERIMENTAL PARAMETERS

Vpp\Flow 0.6SLM 0.5SLM 0.4SLM
1.5cm 1.5cm 1.5cm
9kV 2cm 2cm 2cm
2.5cm 2.5cm 2.5cm
1.5cm 1.5cm 1.5cm
8kV 2cm 2cm 2cm
2.5cm 2.5cm 2.5¢cm
1.5cm 1.5cm 1.5¢cm
7kV 2cm 2cm 2cm
2.5cm 2.5cm 2.5cm
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Fig. 2. Plasma jet operating trajectories. (a) Trajectory 1. (b) Trajectory 2.

(c) Trajectory 3.

B. Temperature Variation Measurement at Fixed
Treatment Point

In the process of plasma jet treatment of biological tis-
sues, there are several factors that influence the surface
temperature, including distance, voltage, flow rate, angle, and
time. Considering the feasibility of comprehensive regulation,
distance, voltage, and flow rate were selected as the variables
for exploration. The experimental parameters designed for
this study are presented in Table I, encompassing a total of
27 different combinations of distance, voltage, and flow rate
conditions. Here, the voltage is represented by the peak-to-
peak value (Vpp) at a frequency of 8 kHz.

The plasma jet is positioned directly above the center of the
plate, which coincides with the center of the biological tissue.
By adjusting the z-axis motor, the distance is varied while
maintaining a fixed position in the XY-plane. The temperature
values on the surface of the porcine skin are collected using
the temperature measurement module. The treated time of
each condition is set at 180 s, with temperature data recorded
every 10 s.

C. Temperature Superposition Test

In practical applications, to achieve homogeneous treatment
over the whole treatment area, the plasma jet needs to move
back and forth under a certain trajectory, simultaneously
heating and dissipating heat within different positions. This
process is not a linear accumulation. Therefore, to obtain
homogeneous temperature distribution over the treatment area,
it is worth exploring the temperature superposition effect under
different moving trajectories. Fig. 2 illustrates three movement
trajectories for testing under fixed distance, voltage, and flow
rate conditions.

1) Trajectory 1: Treat the biological tissue at the left point
for 10 s, then move at a constant speed to the right point
for 10 s. Repeat this process between the two points,
with a total treatment time of 180 s.

2) Trajectory 2: Perform a back-and-forth movement at a
constant speed between the left and right points without
stopping at either point. The total treatment time is 180 s.

3) Trajectory 3: Move back and forth in the following
trajectory on the biological tissue: 1-2-3-4-5-6-7-8. Do
not stop at any point. The total treatment time is 180 s.

III. RESULTS AND DISCUSSION

A. Temperature Distribution and Variation Results at Fixed
Treatment Point

The typical voltage and current waveforms under 8 kV,
0.5-SLM flow rate, and 1.5-cm distance are shown in Fig. 3(a).
The voltage is a standard sinusoidal wave with a Vpp of 8 kV
and the frequency is fixed at 8§ kHz. The current fluctuates near
the junction of positive and negative voltage values. Fig. 3(b)
illustrates the typical temperature distribution on the surface
of the biological tissue at a fixed treatment point. A high-
temperature region is formed around the plasma jet processing
point, with the center serving as the focal point. As the distance
from the center point increases, the temperature gradually
decreases. The untreated areas show no significant temperature
increase. The temperature distribution along the line L exhibits
a distinct unimodal shape, with a difference of approximately
3.8 °C between the highest and lowest temperature values.
The average temperature of the entire region R is 28.6 °C,
with a variance of 0.78, indicating an uneven temperature
distribution.

According to the experimental conditions in Table I, tem-
perature data within 180 s were collected for each condition.
The maximum temperature value in biological tissue was
selected, and the trend of temperature change over time was
plotted. Since the data trends and distributions are basically
consistent, representative data were selected for illustration in
Fig. 4 when conducting a comparative analysis of single vari-
ables. The following sections analyze the effects of distance,
voltage, and flow rate on temperature variation separately.

1) The temperature—time curves under different distances

with the same voltage and flow rate are shown in
Fig. 4(a). It can be observed that the temperature
increases with the treatment time, and as the distance
increases, the temperature rise under the same conditions
gradually decreases. At the distance of 1.5 cm, the
temperature rise reaches 5.5 °C, which corresponds to
a surface temperature of 41 °C on the human skin.
However, at distances of 2.0 and 2.5 cm, the temperature
rise is only around 1 °C-2 °C and shows a saturated
trend, indicating an insignificant temperature elevation
effect. By increasing the distance, the surface tempera-
ture of the biological tissue can be rapidly reduced.

2) The temperature—time curves under different voltages

with the same flow rate and distance are shown in
Fig. 4(b). As the voltage increases, the temperature
rise under the same conditions gradually increases. The
plasma discharge region acts as the heat source, and
with higher voltage, there is a corresponding increase in
heat generation, resulting in a more pronounced heating
effect on the porcine skin. Additionally, a lower voltage
leads to an earlier appearance of the saturation trend.
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Fig. 4. Temperature variation over time. (a) Different distances with the
same voltage and flow rate. (b) Different voltages with the same flow rate
27.0 27.5 28.0 285 29.0 295 30.0 30.5 31.0 315 and distance. (c) Different flow rates with the same voltage and distance.
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Fig. 4(c). As the flow rate increases, the temperature
Fig. 3.  Typical temperature distribution result at fixed treatment point rise under the same conditions gradually decreases.

under 8-kV voltage amplitude, 0.5-SLM flow rate, and 1.5-cm distance. This is because the airflow affects convective heat
(a) U-I waveform. (b)Temperature heat map (recorded by infrared camera).

(c) Temperature curve of line L. (d) Temperature histogram of area R. diSSipation’ and with a larger flow rate, heat diffusion
occurs more quickly, resulting in a lower temperature
rise. Additionally, the flow rate gradients used here are

At 7 kV, the temperature rise is only 0.5 °C, while at 8 0.4, 0.5, and 0.6 SLM, which have a small difference.
kV, the saturation trend begins around 150 s. However, Within the range of 0-50 s, the temperature levels of
at 9 kV, there is still an upward trend in temperature. the three flow rates are basically the same. However, as

3) The temperature—time curves under different flow rates time goes on, differences in the temperature rise effects
with the same voltage and distance are shown in can still be observed.
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The following conclusions can be drawn from the analysis
of temperature variation curves: under the aforementioned
voltage, flow rate, and distance conditions, the temperature
change on the porcine surface treated by plasma jet within
180 s is positively correlated with voltage, while negatively
correlated with gas flow rate and distance. As the voltage
level decreases, the increase in gas flow rate and distance,
the saturation trend presented by the temperature rise curve
becomes increasingly apparent.

B. Temperature Superposition Results

As demonstrated above, the temperature distribution over
a certain surface area at a fixed treatment point is uneven.
In order to obtain homogeneous temperature distribution, the
porcine skin was treated using three different moving trajecto-
ries (as shown in Fig. 2) under the conditions of §-kV voltage
amplitude, 0.5-SLM flow rate, and 1.5-cm distance. After each
treatment, the temperature distribution on the porcine skin
surface was rapidly recorded using an infrared camera. The
results of the temperature analysis for the biological tissue area
are as follows.

1) Trajectory 1: As shown in Fig. 5, after treating the
porcine skin with plasma jet along trajectory 1, two thermal
centers appeared at two points on the porcine skin surface.
By extracting the temperature distribution along straight line
L1, a double-peak structure can be observed. The highest
temperatures at the two thermal centers were 30.5 °C and
29.8 °C, respectively. In the region along the line between
the two thermal centers, there were peaks and valleys of
temperature due to the shorter heating time. The temperature
difference between the highest and lowest temperatures val-
ues along line L1 is 2.2, which is much smaller than the
temperature difference observed under fixed-point treatment.
To analyze the overall temperature distribution, a temperature
histogram of the biological tissue area R1 was plotted, and
the proportions of different temperatures were calculated. The
temperature ranged from 26.9 °C to 30.6 °C, with a con-
centrated distribution around 28.2 °C. The obtained variance
was 0.62, indicating a better level of temperature uniformity
throughout the region than area R under fixed-point treatment
processing.

2) Trajectory 2: As shown in Fig. 6, after treating the
porcine skin with a plasma jet along trajectory 1, a ther-
mal center region appeared along the trajectory. During the
repetitive operation of the plasma jet, the heating effect on
the porcine skin surface along the trajectory was evident.
The temperature distribution along straight line L2 exhibited
a parabolic shape, with a temperature difference between
the highest and lowest points reaching 3.2 °C. Regarding
the overall temperature distribution of the biological tissue,
the temperature histogram of area R2 revealed a range of
temperature variation from 26.9 °C to 30.6 °C, which was
larger than the temperature range observed for trajectory 1.
The obtained variance for this region was 1.16, indicating
a relatively uneven temperature distribution throughout the
area. Compared with the situation under fixed-point treatment,
the temperature distribution shape and temperature difference

L1 Tmax: 30.5°C Tmin: 28.3°C Tmean: 29.6°C

84 RI Tmax: 30.6°C Tmin: 26.9°C Tmean: 28.6°C

Frequency(%)

27.2 27.6 28.0 284 28.8 29.2 29.6 30.0 30.4
T(°C)

Fig. 5. Temperature distribution result for trajectory 1. (a) Temperature heat
map. (b) Temperature curve of line L1. (c) Temperature histogram of area R1.

along lines L and L2 exhibit similar patterns. The temperature
difference along L2 is slightly smaller. The temperature
variance in region R2 is larger than that in region R. This is
because during the movement process, heating is concentrated
along the lines rather than at the processing points, leading
to a larger temperature difference range relative to the entire
region. However, the temperature values in the connected
region above an average temperature of 30.6 °C were relatively
uniform, which also provides inspiration for the design of
Trajectory 3.

3) Trajectory 3: Inspired by the relatively uniform tem-
perature distribution along the trajectory in Trajectory 2, a
moving path for Trajectory 3 was designed as shown in Fig. 7.
Trajectory 3 traveled the entire porcine skin surface, resulting
in a relatively uniform overall temperature distribution. Along
the same line L3 as Trajectories 1 and 2, the temperature distri-
bution exhibited a parabolic shape. However, the temperature
variation range was 28.9 °C-29.9 °C, with a temperature
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Fig. 6. Temperature distribution result for trajectory 2. (a) Temperature heat
map. (b) Temperature curve of line L2. (c) Temperature histogram of area R2.

difference of only 1 °C, much smaller than those of fixed-point
treatment, Trajectories 1 and 2. In the temperature histogram
of the overall porcine skin surface, the temperature range was
27.7 °C=-30.0 °C, with a concentration around the mean value
of 29.1 °C. The obtained variance for this region was 0.17,
indicating a very good level of uniformity.

Based on the analysis of temperature superposition under
different moving trajectories, it can be observed that due to the
presence of the gas flow field, heating and cooling occur simul-
taneously at different locations. The temperature superposition
is nonlinear. The surface temperature distribution under the
fixed treatment point exhibits a pattern where the temperature
is higher at the processing point and lower in the surrounding
areas, and the uniformity of the temperature distribution is
relatively poor. After the attempts and summarization of
different trajectories, Trajectory 3 was found to achieve a
relatively homogeneous temperature distribution, which lays
the foundation for subsequent temperature control.

32.5 ——— — — : :
3201 (b) ]
31.54 L3 Tmax:
31.0 "

0 3054 ]

<300 ]
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Fig. 7. Temperature distribution result for trajectory 3. (a) Temperature heat
map. (b) Temperature curve of line L3. (c) Temperature histogram of area R3.

C. Real-Time Temperature Control Results

Although Trajectory 3 can achieve a uniform tempera-
ture distribution, however, in practical applications, achieving
optimal treatment results can be accomplished through appro-
priate temperature settings. Therefore, it is crucial to ensure
both temperature uniformity and the ability to adjust the
desired temperature value. Based on the investigation results
of temperature variations and superposition, a control scheme
shown in Fig. 8 is designed. In this scheme, a PID closed-loop
control approach was employed to regulate the temperature
of the biological tissue region. The control objective was to
minimize the error between the desired temperature target
and the temperature of the biological tissue measured by
MLX90640. After PID processing, the control output was
generated, which corresponds to the distance between the
plasma jet and the porcine skin surface along the z-axis height.
It was essential to ensure that the temperature in this region
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Fig. 9. Real-time temperature and distance variation. (a) Process of increasing
the regulated temperature. (b) Process of decreasing the regulated temperature.

remained stable near the target value. Additionally, the system
should exhibit a rapid recovery to the target value when
subjected to high-temperature disturbances.

Regarding the aspects of achieving constant temperature
value and resisting high-temperature disturbances, the exper-
iment was conducted under the conditions of 8-kV voltage
and 0.5-SLM flow rate. The xy-axis movement followed the
trajectory shown in Fig. 2(c). The control objective was to
maintain the temperature of the biological tissue region at
28 °C. The parameter values used were P = 7, I = 0.005, and
the distance varied within the range of 15-35 mm. Real-time
temperature control was achieved by adjusting the distance in
real time.

1) Constant Temperature Holding: As shown in Fig. 9(a)
and (b), the real-time variations of distance and temperature
during the process of increasing and decreasing the regulated
temperature are presented, respectively. It can be observed
that the trends of both variables are generally consistent.
This is because temperature and distance exhibit a negative
correlation, and negative feedback control is employed. In this
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Fig. 10. Temperature and distance variation with under temperature

perturbation.

case, the error value and / value are relatively small, with the
primary influence coming from the P value. Therefore, the two
variables demonstrate a significant positive correlation in their
variations. Taking the heating process as an example, initially,
when the temperature is below the target value of 28 °C, the
distance is adjusted to a closer position, leading to an increase
in temperature. When the temperature approaches 28 °C, it
starts to fluctuate and gradually stabilizes. The cooling process
follows a similar pattern but in the opposite direction.

2) Resistance to High-Temperature Disturbances: As
shown in Fig. 10, the real-time variations of distance
and temperature under high-temperature disturbances are
demonstrated. First, when the temperature of the biological
tissue rises to 28 °C, an artificial high-temperature disturbance
is introduced, causing the surface temperature of the biological
tissue to exceed 35 °C. The distance is rapidly adjusted to the
maximum limit of 35 mm to initiate surface tissue cooling.
Subsequently, this distance value is maintained until the
temperature drops to approximately 28 °C. Once reached, the
distance begins to gradually decrease, eventually stabilizing.
During this process, both the temperature and the distance
experience fluctuations around 28 °C.

IV. CONCLUSION

Regarding the temperature control issue of plasma jet
in biomedical applications, the influence of factors on the
surface temperature of biological tissue is analyzed, and the
temperature superposition effect is explored through different
movement trajectories, finally ultimately achieving tempera-
ture control in terms of constant temperature holding over
certain surface area and resistance to high-temperature dis-
turbances. The variation of surface temperature during the
treatment of porcine skin by plasma jet is positively cor-
related with voltage, while negatively correlated with gas
flow rate and distance. The surface temperature distribu-
tion under the fixed treatment point processing exhibits a
pattern where the temperature is higher at the processing
point and lower in the surrounding areas, and the unifor-
mity of the temperature distribution is relatively poor. The
selected movement of plasma jet trajectory on the surface
of biological tissue helps achieve a homogeneous surface
temperature distribution. The temperature variance in the
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region of biological tissue decreased from 0.78 to 0.17,
indicating a more favorable distribution of temperature. The
designed closed-loop control model and the 3-D electric
motor control platform realize the control objectives through
moving along the fixed trajectory and adjusting the treatment
distance in real time. Temperature control on nonflat surface
and different tissues, and the influence of driven power and
working gas should be further explored. This approach also
provides a reference for plasma jet treatment on other types of
materials.
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