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Highlights

* Three different electrode structures, including ring-needle electrode, needle electrode, and cylinder electrode,
were designed to accommodate diverse surgical requirements.

¢ A novel low-temperature plasma ablation electrode features interchangeable tips, enabling surgeons to select
appropriate tips based on specific operative situations.

* With increased electric field strength, ring-needle electrodes facilitates liquid medium breakdown, thereby opti
mizing plasma generation and ablation efficacy.

Abstract

Objective: This study utilizes finite element modeling to investigate the coupled electric-thermal field distributions
for three novel electrode designs, assessing their ability to induce electric breakdown in saline for plasma genera-
tion. Furthermore, the ablation effects of various electrode shapes were validated through ex vivo tissue ablation
experiments, ensuring both the safety and feasibility of the electrodes. Methods: Three electrode structures were
designed: the ring-needle electrode, the needle electrode, and the cylinder electrode. A COMSOL Multiphysics
finite element model simulated their behavior in saline. This modeling approach enabled a detailed analysis of
the spatial variations in both the electric and temperature fields. Furthermore, the electrodes were tested at four
voltages (180 V, 220V, 260 V, and 300 V) and a frequency of 100 kHz on porcine liver tissue to evaluate ablation
performance. Results: Simulations showed temperatures of 25-70 °C at 0.3 mm above the three electrodes,
with electric field strength exceeding 1 *1076 V/m, which are sufficient to trigger electric breakdown and plasma
formation. Ex vivo experiments confirmed ablation efficacy, with the ring-needle electrode exhibited the best per-
formance at a voltage of 300 V, achieving a 2.3 mm ablation depth and 0.72 mm?2 thermal damage area. Conclu-
sion: Finite element simulation and ex vivo experiments demonstrate the feasibility of the proposed electrodes,
highlighting their potential as an innovative solution for plasma-based ablation technologies.
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Introduction fective intervention is crucial to mitigate these
adverse effects [1]. For patients with chronic

Tonsils, or palatine tonsils, are lymphoid tis- pharyngeal inflammation secondary to recur-

sues located in the upper oropharyngeal and
nasopharyngeal regions, serving a crucial
immunological function in infection defense.
In clinical practice, patients may experience
varying degrees of pharyngeal pain, which may
significantly impair both physical and psycho-
logical well-being, ultimately affecting their
overall quality of life. Therefore, prompt and ef-

rent acute tonsillitis, peritonsillar abscesses, or
tonsillar hypertrophy-induced obstructive sleep
apnea, symptom severity dictates the necessity
for immediate treatment. Cases demonstrating
severe symptoms require urgent medical atten-
tion. Appropriate therapeutic intervention must
be implemented promptly to minimize adverse
health impacts and maintain quality of life. Un-
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Figure 1. Three-dimensional model of a low-temperature plasma ablation tip. (A) Cylinder electrode; (B)
Ring-needle electrode; (C) Needle electrode; (D) Detailed structural view of the ablation head.

der clinical supervision, tonsillectomy may rep-
resent a more effective treatment option over
conservative management [2].

In otolaryngological practice, tonsillectomy
techniques are classified into two categories:
cold dissection (conventional surgical excision)
and thermal methods employing high-frequency
electrosurgery [3, 4]. Currently, electric surgical
tools widely used in medical practice, such as
high-frequency instruments, function by gen-
erating resistive heat during current passage
through electrodes to achieve tissue sectioning.
This significant thermal mechanism frequently
induces substantial collateral tissue damage,
potentially compromising wound healing and
promoting excessive scar formation [5-8]. Con-
versely, traditional scalpel-based procedures
are often associated with significant postopera-
tive pain due to their mechanical cutting action.
Furthermore, cold knife surgery lacks inherent
hemostatic property, potentially increasing both
intraoperative and postoperative hemorrhage,
thereby requiring supplementary hemostatic
measures [9-11].

Recent advances have introduced low-tempera-
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ture plasma ablation technology as a minimally
invasive alternative that overcomes limitations
of conventional techniques regarding surgical
precision, hemorrhage control, and thermal
injury. This technology facilitates precise dis-
section and efficient coagulation through small
incisions, offering distinct advantages including
reduced postoperative discomfort, faster re-
covery, improved hemostasis, and decreased
thermal damage compared to traditional meth-
ods [12-16]. These characteristics demonstrate
the significant clinical potential and promising
applications of low-temperature plasma tech-
nology in surgical practice.

China has made significant strides in the field
of low-temperature plasma ablation scalpel
technology, with research primarily concen-
trating on liquid-phase plasma generation [17,
18]. Key developments include multi-channel
drainage circulation systems and optimized
suction ports. Current plasma scalpel designs
integrate anti-clogging mechanisms and ensure
uniform saline coverage of electrodes. Notably,
significant advancements have been made in
liquid injection systems, which facilitate stable
plasma layer formation while providing effective
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cooling and cleaning of ablation sites. How-
ever, previous studies have primarily focused
on innovative suction and irrigation systems
to minimize electrode-induced thermal dam-
age. Less attention has been paid to issues
such as non-replaceable cutter heads and the
monomorphic emitter electrode designs. These
design constraints prevent surgical adaptation
to varying operative conditions, potentially com-
promising ablation efficacy - an issue requiring
urgent investigation. Electrode design must
carefully balance thermal damage minimization
with surgical effectiveness, considering both
surgical outcomes and patient safety.

Precise control of plasma scalpel thermal ef-
fects is essential to prevent collateral tissue
damage. Empirical evidence indicates that
optimized electrode structural design, along
with the fine-tuning of plasma parameters, can
significantly contribute to the precise tempera-
ture control and the mitigation of unintended
thermal injury [19, 20]. Finite Element Model-
ing and Finite Element Analysis serve as potent
tools within the biomedical domain, they facili-
tate an in-depth investigation of electrothermal
field variations and foster the development of
novel technologies [21, 22]. By employing COM-
SOL Multiphysics, we conducted an in-depth
analysis of the coupled thermal - electrical in-
teractions of various electrode configurations
in physiological saline, yielding essential theo-
retical data for assessing system stability and
safety.

Materials and methods
3D models

A three-dimensional model of the low-tempera-
ture plasma ablation head was developed, as
depicted in Figure 1. This model is primarily
comprised of a titanium electrode head, an
insulating ceramic component, and essential
ancillary devices. The present study introduc-
es three distinct electrode configurations: the
cylinder electrode (Figure 1A), the ring-needle
electrode (Figure 1B), and the needle electrode
(Figure 1C), each fabricated from titanium.
These electrodes feature one side electrically
grounded and the opposing side serving as the
anode. The design incorporates insulated per-
manent magnets at the proximal ends of both
the ceramic head and inner steel tube. These
magnets are arranged with opposing polarities,
ensuring secure attachment to the scalpel han-
dle through magnetic coupling, as illustrated in
Figure 1D.

Physical model control equations
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Finite element analysis was performed using
the COMSOL Multiphysics (COMSOL, UK) to in-
vestigate the coupling between electromagnetic
and thermal fields. The simulation incorporated
the ‘Electric Currents’ and ‘Heat Transfer in
Solids’” modules for multiphysics coupling. The
electric field distribution was governed by fun-
damental electromagnetic principles:

Current continuity described by Ohm’s law
(J=0E), where J represents current density (A/
m2), o denotes conductivity (S/m), and E is
electric field intensity (V/m) [23];

Electrostatic field distribution following the La-
place equation: ¥ (oWVV)=0 [24];

Electric field-potential relationship: . E=- WV

The thermal field was modeled using the heat
transfer equation [25]:pC oT/ot- V+(k vV T)=J-E.
In this context, T represents the temperature
(°C), p denotes the mass density (kg/m3), C
indicates the specific heat capacity (J/(kg*K)),
t refers to time (s), and J-E accounts for Joule
heating.

Material properties

The electrothermal characteristics of plasma
generation in saline were analyzed using COM-
SOL 6.0. Material parameters were selected
according to simulation requirements, with
key properties listed in Table 1. The tempera-
ture-dependent saline properties were derived
from empirical equations, where T represents
the real-time temperature (°C) [26, 27].

Simulation models and boundary conditions

To optimize computational efficiency, the origi-
nal saline model was simplified to a cylindrical
structure. This streamlined model reduces
computational complexity, accelerates calcula-
tion speed, while preserving model accuracy,
enabling faster simulations with lower compu-
tational costs. A detailed schematic of the sim-
plified model is presented in Figure 2A.

Boundary conditions were defined for both
the contact surface between the geometric
model and the surrounding environment, and
the internal contact surface within the model.
It is necessary to add a potential boundary
condition and a ground boundary condition for
the current (ec). Specifically, in the simulation
of the ring-needle electrode, one side was as-
signed a positive potential, while the opposite
side was grounded. The global parameters, as
indicated in Table 1, were set to 260 V. Addi-
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Table 1. Material properties

Position Materials Displayed formula Value Properties
rho_GlI 2595 [kg/m”3] 2595 kg/m?® Densities, Ceramic Glass
k_Gl 1.09 [W/(m*K)] 1.09 W/(mK) Thermal conductivity, Ceramic Glass
Ceramic Glass Cp_gGil 750 [J/(kg*K)] 750 J/(kgK) Heat capacity, Ceramic Glass
sigma_Gl 1e-5[S/m] 1E-5S/m Electrical conductivity, Ceramic Glass
rho_Ti 4500 [kg/m"3] 4500 kg/m® Densities, Titanium
Electrode K_Ti 21.90 [W/(m*K)] 21.90 W/(mK) Thermal conductivity, Titanium
Cp_Ti 523 [J/(kg*K)] 523 J/(kgK) Heat capacity, Titanium
sigma_Ti 2.5e5 [S/m] 2.5E5S/m Electrical conductivity, Titanium
VO 260 [V] 260V Initial voltage
TO 19.85 [deg C] 293 K Initial temperature
A P B
Saline ﬁ‘{ ;\\ , 20
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Figure 2. Simulation model and its specific parameter settings. (A) Simplified model of the electrode tip; (B) 3D
meshing diagram of the model; (C) Electrode boundary geometric entity layers: electrode (i); insulating ceramic (ii);

physiological saline (iii).

tionally, the surface in contact with the physio-
logical saline and the external environment was
designated as electrically insulating. In terms
of solid heat transfer, the initial temperature
was set to 293 K, as shown in Table 1, with the
boundary conditions illustrated in Figure 2C.

To balance accuracy and computational effi-
ciency, the grid size was optimized, and the
model was discretized into tetrahedral meshes.
A needle electrode was selected as a represen-
tative model for the simulation. The geometry
included four domains, 26 boundaries, 44
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edges, and 28 vertices. The mesh consisted of
102,482 domain elements, 10,412 boundary
elements, and 752 edge elements. Figure 2B
depicts a 3D diagram of the generated mesh.
The coupled electric-thermal fields were solved
using transient time stepping, employing PARDI-
SO direct solver for the simulation [28].

Electrode ablation experiment
Three different electrode tip configurations

were fabricated using 3D printing technology
and subsequently assembled. Discharge and
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Figure 3. Discharge and ablation experiments. (A) Physical diagram; (B) Schematic diagram; (C) Detailed diagram.

ablation experiments were performed in physio-
logical saline at various voltage levels, with the
experimental setup shown in Figure 3.

At standard temperature and pressure, dis-
charge measurements were conducted on
plasma equipment connected to the same elec-
trode at different voltage levels: 180 V, 220V,
260 V, and 300 V, and the observed phenom-
ena were documented. Simultaneously, the
discharge characteristics of plasma equipment
with differently structured electrodes were mea-
sured at the same voltage levels. A total of 12
photographs were taken to illustrate the exper-
imental phenomena, with particular emphasis
on the generation of orange plasma at varying
voltages. Due to variations in electrode shapes,
the voltage required for stable plasma genera-
tion differed among plasma devices. Voltages
of 180V, 220V, 260 V, and 300 V were ap-
plied, and ablation of porcine liver tissue was
performed at these voltage levels. To compare
the ablation effects of the three electrodes, the
ablation process was carried out at four distinct
voltages. In total, four sets of experiments were
conducted for electrodes with different shapes,
resulting in 12 experimental sets.

Results

Temperature field simulation of the 3D elec-
trode model

The temperature field simulation results for
three electrodes are shown in Figures 4A-C.
The temperature of the physiological saline,
in regions distal to electrodes, exhibited slight
fluctuations over time, maintaining a stable
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value of 19.85 °C. Notably, the temperature
increased around the electrode as the distance
decreases, reaching a maximum of 110.298
°C for the needle electrode (Figure 4A). The
peak temperature in the ring-needle electrode
simulation was approximately 106°C (Figure
4B), while the peak temperature of the cylinder
electrode was 94 °C (Figure 4C). Temperature
variations were examined at a distance of
0.3 mm above the electrodes. For the needle
electrode (Figure 4D), the temperature of the
physiological saline gradually increased over
time. At time t = 1E-5, the temperature 0.3 mm
above the needle electrode ranged from 20 °C
to 110 °C, with higher temperatures observed
near the electrode and temperatures remaining
below 40 °C further away. For the ring-needle
electrode (Figure 4E), a noticeable tempera-
ture gradient was observed in a localized area
centered around the electrode. These results
suggest a concentration of thermal energy near
the electrode tips, which may influence tissue
interaction and ablation effectiveness. At time
t = 1E-5, the temperature of the physiological
saline near the electrode peaked at approxi-
mately 100°C, while temperatures in the sur-
rounding regions dropped slightly below 35 °C.
As depicted in Figure 4F, the temperature near
the cylinder electrode gradually escalated be-
fore reaching a plateau, with a range of approx-
imately 32 °Cto 47 °C.

Electric field simulation of the 3D electrode
model

The one-dimensional electric field distributions

for three electrode configurations are shown in
Figures 5A-C. This simulation study investigates
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Figure 4. Temperature field simulation of different electrodes and the temperature variation curve over time at
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Figure 5. One-dimensional diagram of the electric field distribution for different electrode discharging in physio-
logical saline. (A) Needle electrode; (B) Ring-needle electrode; (C) Cylinder electrode.

the correlation between electric field intensity
and arc length, with a particular focus on field
strength variations along the discharge path.

As shown in Figure 5A, the field strength in the
central region of the needle electrode reached
1.57*%1076 V/m, meeting the minimum plas-
ma formation threshold. Figure 5B illustrates
the one-dimensional electric field model of the
ring-needle electrode. The field strength in the
central ring region was 1.2*1076 V/m, while
the field strength in most discharge areas of
the electrode exceeded 1.8*1076 V/m, and
the maximum field strength reached 3.4*10"6
V/m. For the cylinder electrode, as shown in
Figure 5C, the field strength near the electrode
was 1.6*1076 V/m. Notably, the field strength
exceeded the 1*1076 V/m threshold in ma-
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jority regions. A comparative analysis of the
one-dimensional electric field distribution imag-
es for the three electrode configurations under
identical voltage and temperature conditions
reveals that the local electric field intensity of
the ring-needle electrode was markedly higher
than that of the needle and cylinder electrodes.

Electrode ablation experiment

The discharge properties of the electrode were
systematically examined across a range of
voltages. Figure 6A illustrates the electrodis-
charge phenomena observed for the needle
electrode at four distinct voltage levels (180 V,
220V, 260V, and 300 V). In Figure 6A(i), it is
evident that no orange substance was gener-
ated. Figures 6A(ii-iii) demonstrate that at volt-
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Figure 6. Discharge behavior of three types of electrodes in saline solution at different voltages. (A) Needle elec-
trode; (B) Ring-needle electrode; (C) Cylinder electrode; i-iv: 180V, 220V, 260V, and 300 V.

ages of 220 V and 260 V, orange substances,
identified as plasma, were generated, although
the color remains relatively dark. Figure 6A(iv)
reveals that at 300 V, the electrode produced a
stable bright orange substance. As the voltage
increasing, the effects of the needle electrode
became increasingly pronounced (Figure 6B).
Experimental results indicate that at 300 V, the
orange plasma light emitted by the needle elec-
trode reached its maximum brightness. Figure
6C shows that while the intensity of the orange
discharge from the cylinder electrode augment-
ed with increasing voltage, it remained lower
compared to the needle electrode, even at the
highest voltage tested. Among the four voltage
levels evaluated, the cylindrical electrode exhib-
ited the most favorable discharge characteris-
tics at 300 V. A comparative longitudinal anal-
ysis of the discharge phenomena for the three
distinct electrode types, as depicted in Figures
6A(iv), 6B(iv), and 6C(iv), indicates that the
ring-needle electrode generated an orange-col-
ored discharge material with the highest lumi-
nosity. This is followed by the needle electrode,
which exhibits a comparatively lower luminosity,
while the cylinder electrode demonstrates the
least luminosity among the three.

Building on this foundation, a detailed analysis
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was conducted on the electrode ablation ef-
fects under varying voltage conditions. Figure
7A shows the thermal damage area and ef-
fective ablation depth from a 2-second needle
electrode ablation of porcine liver tissue. As
the voltage increased from 180 V to 260 V, the
effective ablation depth increased rapidly from
0.4 mm to 1.7 mm. However, from 260 V to
300 V, the depth of the effective ablation area
experienced a deceleration, increasing only
from 1.7 mm to 2.1 mm. The effective ablation
area was significantly enlarged at this voltage
level, while the thermal damage to surrounding
normal tissue was relatively minimized. Fig-
ure 7B delineates that at a voltage of 300 V,
the ring-needle electrode yielded the smallest
thermal damage area, measured at 0.72 mm?,
and the deepest effective ablation, reaching
1.13 mm in depth. Furthermore, Figure 7C
illustrates that with increasing voltage, there
was a corresponding reduction in the thermal
damage area associated with cylinder electrode
ablation, suggesting an optimization of the ab-
lation process at higher voltages. At 180 V, the
thermal damage area reached its maximum.
Although the effective ablation depth increased
with voltage, the increase was minimal, with a
change of only 0.7 mm.
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This study systematically evaluates the ablation
performance of three electrode configurations
under standardized voltage conditions. Com-
parative analysis of ablation effects (Figure
8A) reveals a consistent efficacy hierarchy:
ring-needle electrodes demonstrate superior
performance, followed by needle electrodes,
with cylinder electrodes exhibiting the lowest
efficacy. Specifically, at the maximum test volt-
age of 300V, the ring-needle electrode exhib-
ited the smallest area of protein denaturation
and discoloration, significantly lower than that
observed with the needle and cylinder elec-
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trodes. The voltage-dependent ablation charac-
teristics are presented in Figure 8B. Both ab-
lation depth and thermal damage area exhibit
non-linear relationships with applied voltage. As
voltage increasing, the effective ablation depth
in porcine liver tissue increased for all three
electrodes, ranked from largest to smallest as
follows: ring-needle type electrode, needle type
electrode, and cylinder electrode (Figure 8B(i)).
Furthermore, Figure 8B(ii) indicates that, with
increasing voltage, the thermal damage area
for both the needle and cylinder electrodes
exhibited a gradual reduction. In contrast,
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ring-needle electrode demonstrated an initial
increase in thermal damage with subsequent
decrease. A comprehensive analysis of Figures
8A-B reveals that the ring-needle electrode re-
sults in reduced thermal damage and a larger
ablation area at the same voltage.

Discussion

Low-temperature plasma ablation represents
a significant advancement in tissue ablation
technology, integrating cutting, hemostasis,
and suction capabilities while maintaining a
low-temperature condition. This methodology
offers multiple clinical benefits, including re-
duced postoperative inflammation, minimized
patient discomfort, improved surgical field visu-
alization, and enhanced procedural efficiency.
These advantages have established low-tem-
perature plasma ablation in tonsillectomy sur-
gery as an increasingly important tool in tonsil-
lectomy procedures, with growing recognition
of its clinical value [14]. While existing research
has primarily focused on optimizing plasma lay-
er formation and implementing rapid cooling/
cleaning mechanisms through multi-channel
drainage systems, critical limitations in current
device design have remained unaddressed.
The fixed configuration of conventional plas-
ma scalpel heads, featuring non-replaceable
electrodes with uniform emission geometries,
presents significant constraints in adapting to
diverse surgical requirements. In this study,
three distinct electrodes configurations were
designed to address the aforementioned issue.

The simulation results demonstrate distinct
thermal gradients surrounding the three elec-
trode types, with proximal temperatures reach-
ing 70-100 °C while rapidly decreasing with
distance from the electrode surface. This
finding confirms the localized effect of low-
temperature plasma ablation, where the
elevated temperatures are confined to the
immediate tissue interface while maintaining
sub-lethal temperatures in surrounding regions.
This temperature range not only facilitates
effective ablation but also minimizes thermal
injury to adjacent tissues. Through extensive
research and precise calculations, significant
results have been achieved in temperature
distribution, and accurate simulations of the
electric field distribution have been
demonstrated. According to the dielectric
breakdown theory of gas discharge ignition,
when the electric field intensity within the vapor
layer exceeds a certain critical threshold, the
gaseous medium in the vapor layer undergoes
electrical breakdown, leading to electron ava-
lanche ionization and the formation of plasma
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[29]. The electric field intensity E within the va-
por layer can be rigorously expressed as:

U
E= l—: ,where [y is the thickness of the vapor

layer, and U, is the voltage applied across the
electrodes. Plasma discharge in saline liquid
media involves complex vapor-layer dynamics
and localized electric field distributions. The
breakdown threshold is determined based on
the properties of the gas mixture. In this study,
the vapor layer primarily consists of a mixture
of hydrogen and water vapor, and the break-
down field strength of the vapor layer is set to
an empirical value of 1*1076 V/m. This empiri-
cal value is commonly used to describe the
breakdown behavior of air or similar gases (e.g.,
water vapor, hydrogen, etc.), with the specific
magnitude determined based on factors includ-
ing the ionization energy of the gas molecules,
collision cross-section, and dielectric properties
of the gas mixture [30]. In the experiment, the
applied voltages (180 V, 220V, 260V, and 300
V) were combined with the corresponding vapor
layer thicknesses to calculate the resulting
electric field strengths. These values were then
compared to the empirical breakdown thresh-
old (1*10° V/m) to validate whether the break-
down conditions were satisfied.

Image analysis revealed that the three elec-
trode structures designed in this study were
capable of generating bubble layer with thick-
ness ranging from 100 to 300 um in saline me-
dium, as determined by finite element analysis.
Within these bubble layers, the electric field
strength exceeded 1*1076 V/m, sufficient to
induce electrical breakdown and ensure plas-
ma formation, thereby establishing favorable
conditions for subsequent experiments.

The discharge phenomena of cylinder electrode
in the saline solution under four different volt-
ages were not significant. This indicates that at
this stage, only minimal plasma was generat-
ed, primarily causing thermal damage through
heating. Notably, in sparse discharge regions,
such localized heating can readily lead to tissue
burns [14].

A comprehensive study was conducted on the
ablation effects of electrodes with different
shapes under the same voltage conditions.
The results indicate that the effective abla-
tion depth decreases as follows: ring-needle,
needle, and cylinder electrodes. Bio-thermal
damage is determined by the combined effect
of temperature and exposure time. When the
cumulative thermal dose exceeds a critical
threshold, the affected tissue is deemed to
have undergone thermal necrosis [31, 32]. For

123



Progress in Medical Devices 2025; 3 (2): 115-126. PMD24100382

instance, at 300 V, the ring-needle electrode
demonstrated the smallest area of protein
denaturation and discoloration, indicating the
least thermal damage to surrounding healthy
tissue. Concurrently, as voltage increased, the
thermal damage area decreased for both nee-
dle and cylinder electrodes. This trend may be
attributed to enhanced electric field intensity
at higher voltages, which triggers electrical
breakdown and subsequent plasma genera-
tion. When employing the ring-needle electrode
for ablation of porcine liver tissue, the thermal
damage area initially increased and then de-
creased. This observation suggests that as
voltage rises, both the quantity of generated
plasma and its energy content also increase.
Therefore, higher voltage correlates with en-
hanced ablation capability and improved re-
section efficacy. However, it should be noted
that while increasing voltage can expand the
effective ablation zone, exceeding a certain
threshold may result in more severe thermal
damage to surrounding normal tissue. Hence,
the application of higher voltages in clinical
practice requires cautious consideration.

This study comprehensively investigated the
mechanical design, finite element simulation,
and ablation experiments of three types of
electrodes. However, long-term studies remain
necessary to confirm their safety and efficacy,
particularly regarding whether the electrodes
can reliably generate plasma discharges in sa-
line environments. If the findings are extended
to low-temperature plasma ablation procedures
for tonsillectomy, we can anticipate that both
the needle and ring needle electrodes would
demonstrate satisfactory temperature and
electric field distributions to meet clinical re-
quirements. A significant challenge lies in the
performance of cylinder electrodes. Specifically,
when ablating porcine liver tissue, the cylin-
der electrode failed to achieve effective plas-
ma-mediated ablation, resulting in substantial
thermal damage. This failure can be attribut-
ed to insufficient electric field strength, not
reaching the threshold required for electrical
breakdown, which inhibits plasma generation.
Potential causes for this phenomenon include
insufficient extension length of the cylinder
electrode and/or incomplete contact between
the bipolar cutting surface and the tissue. Ad-
ditionally, different types of material processing
require distinct plasma characteristics, which in
turn affect the plasma discharge process and
its characteristics [33]. To address this issue,
potential solutions include optimizing electrode
length, adjusting electrode geometry, and mod-
ifying the conductive properties of electrode
material to promote more stable and intense
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plasma generation, thereby increasing plasma
yield. Furthermore, the effects of different volt-
age levels on the discoloration area and effec-
tive ablation depth can help determine optimal
voltage parameters.

Conclusion

Through finite element simulation analysis and
ablation experiments involving three distinct
electrode shapes, the feasibility and advan-
tages of each electrode were validated. The
findings indicate that all three electrodes can
effectively achieve tissue cutting and ablation
during surgical procedures while significantly
minimizing thermal damage to adjacent normal
tissues. Furthermore, these electrodes gener-
ate vapor layers where the electric field intensi-
ty is sufficient to induce electrical breakdown,
thereby facilitating plasma formation. Experi-
mental results demonstrate that as the voltage
increases, the electrodes produce brighter
and more stable plasma. Notably, at 300V, all
three electrodes generated the most stable
and luminous plasma. Additionally, as the volt-
age increases, thermal damage to surrounding
normal tissue decreases, while the effective
ablation area expands. Among the tested elec-
trodes, the ring-needle electrode demonstrated
the highest ablation efficiency.

In summary, these three electrodes can effec-
tively achieve tissue cutting and hemostasis
while ensuring the safety of therapeutic out-
comes. This research provides a novel ap-
proach for the design of electrodes for low-tem-
perature plasma ablation, thereby promoting
their medical applications and clinical develop-
ment.
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