u] =,

This study develops a two-phase model
Jor heating biological tissue and electrosurgi-
cal instruments with a split electrode in the
ANSYS program (USA). The distribution of
voltage, temperature in the tissue and instru-
ments depending on time and the thickness
of the dielectric between the electrodes has
been obtained. The dependences of the coagu-
lation area of the parenchyma on the distance
between the electrodes and voltage have been
determined.

At a dielectric thickness of 3 mm, the tis-
sue is heated to a maximum temperature of
100°C near the ends of the electrodes. Between
the electrodes, the temperature decreases
to 80-89°C. Coagulation of the tissue begins at
a normal temperature of about 80°C. The coag-
ulation zone has a semicircular shape with
a width of 6-7 mm and a maximum depth of
about 1-1.5 mm.

The resulting model makes it possible to
determine the optimal thickness of the dielec-
tric, voltage, and speed of movement of the
instrument depending on the diameter of the
electrodes and the properties of the tissue. For
an electrode diameter of 6 mm, the optimal
dielectric thickness is 2-3 mm, voltage - 20-30 'V,
average speed of movement — 20-30 mm/s. The
greatest depth of coagulation and speed of
movement of the tool can be obtained at an
insulating washer thickness of 3 mm. If the
hemostasis zone is within the surgeon’s visibili-
ty, s/he manually adjusts the voltage and speed
of movement of the tool. If the hemostasis zone
is hidden from the surgeon, it is necessary to use
automatic control systems.

The results are used for the design of elec-
trosurgical tools and technologies

Keywords: electrosurgery, welding of liv-
ing tissues, hemostasis, electrosurgical instru-
ments, split electrode, ANSYS
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1. Introduction

In the early 1990s, a technique for welding living tissues
was devised at the E. O. Paton Electric Welding Institute.
The technique makes it possible to connect biological tissues
without threads and clips due to molecular structural chang-
es that occur during electric welding of soft biological tissues.
Underlying this theory is the fact that the key role in such a
connection belongs to the interaction of collagen structures
that form a mesh [1].

More than 150 surgical procedures have been mastered
in such fields as general and abdominal surgery [2], trau-
matology, pulmonology, proctology, urology, mammalogy,
otorhinolaryngology [3], and gynecology. In ophthalmology,
the detached retina of the eye is fixed to its choroid [4, 5] and
tumor resection is performed [6], etc.
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Experimental studies on connecting tissues of the small
intestine of rats using electric welding are reported in
work [7]. The results of histological studies on vascular con-
nections obtained by electric welding are described in [8].
The authors of [9, 10] analyzed the impedance of biological
tissues during electric welding. According to surgeons, this
process is very promising for the transplantation of various
organs. The technology is used in microsurgery. The effec-
tiveness of the welded connection of the nerve is at least not
lower than that of suturing the damaged nerve with a mi-
crosurgical suture (neurorrhaphy); the dynamics of recovery
after operations are quite comparable [11]. The connection is
much simpler and does not require exceptionally high qual-
ifications of the surgeon; in the case of operations on nerves
in humans, the corresponding surgical intervention will take
less time and be less expensive.



mailto:biowelding@gmail.com
https://orcid.org/0000-0002-8692-6677
https://orcid.org/0000-0001-8836-4658
https://orcid.org/0000-0001-6070-3945
https://orcid.org/0000-0003-1518-6824

Welding is used in neurosurgery for hermetically sealing
the dura mater [12, 13] and during the resection of frontal
sinus tumors [14]. Electrofusion welding provides an advan-
tage in tensile strength and hermeticity of the electrofusion
joint, compared with a joint using suture material. There is
minimal traumatic damage to the adjacent dura mater tissue
and minimal thermal damage. In some cases, it is not pos-
sible to connect the electrode to one side of the tissue being
welded. In this case, the electrodes are applied to one side
of the tissue. Such instruments are termed split electrode
instruments.

The clinical application of live tissue welding is constantly
expanding and improving. Therefore, it is a relevant task to
study physical processes during the passage of current through
a two-phase medium (biological tissue - split electrode).

2. Literature review and problem statement

The patent and research results for a tool with a split
electrode for stopping bleeding in the gastrointestinal tract
are reported in [15, 16], but there is no information about
the temperature regimes of operation of this tool. In work
[17], a joint application of optical and mathematical meth-
ods is considered for determining the temperature of the
tissue. The object of welding is within the operator’s visibil-
ity. This method cannot be used when stopping bleeding in
wound channels where the tool covers the visibility of the
coagulation zone.

In [18], an instrument for eliminating bleeding in inju-
ries of parenchymal organs is described. The tool facilitates
the work of surgeons, reduces the time of operations, and
accelerates the recovery of patients. The tool is designed to
stop bleeding on flat surfaces, not in cylindrical channels. In
work [19], an electrosurgical instrument for stopping bleed-
ing in places invisible to the surgeon is described. It has the
shape of a ring made of insulating material that is worn on
the surgeon’s finger. During the operation to remove prostate
adenoma, the surgeon puts the instrument on his/her finger
and alternately “removes” all the nodes of the adenoma with
simultaneous hemostasis. The instrument was tested in sur-
gical urological practice and received a positive result. The
shape and dimensions of the instrument are not suitable for
working in the gunshot wound canal.

In [20], a more convenient form of the instrument with
an elongated cylindrical handle for the treatment of chron-
ic tonsillitis was proposed. In this case, the quality of op-
erations significantly improved, namely blood loss during
tonsillectomy was reduced by 5.3 times; the duration of the
surgical intervention was reduced by 2.1 times; however,
no information about the temperature is provided. The
instrument with a split electrode is used to treat patho-
logical formations on the surface of the lungs. It makes it
possible to seal the lung tissue without overheating and
damage. This procedure is easily performed using video
thoracoscopy. Conventional devices for wound closure are
not required [21].

The papers above provide information about various
designs of the instrument with a split electrode and its ap-
plication in medicine. However, they lack information about
electrical and thermal processes, which are very important
in the construction of the instrument and the technologies of
its application.

The above allows us to argue about the expediency of
defining the features of the physical processes that occur
when using an electrosurgical instrument with a split elec-
trode.

3. The aim and objectives of the study

The aim of research is to build a two-phase model of heat-
ing biological tissue and electrosurgical instruments with a
split electrode. This could make it possible:

- to accelerate the surgery and reduce blood loss;

- to improve and accelerate designing the instrument and
technologies for its application.

To achieve the goal, the following tasks were set:

-to determine the shape and dimensions of the coagula-
tion area of biological tissue;

- to find the optimal parameters of the instrument and
the speed of its movement.

4. The study materials and methods

The object of our study is the operation of an electrosurgi-
cal instrument with a split electrode.

The principal hypothesis assumes that determining the
physical processes could allow us to speed up the surgery and
reduce blood loss.

We adopted the constancy of the parameters of biolog-
ical tissue and that coagulation depends only on tempera-
ture, and not on temperature and time. The simplification
was that the influence of the skin effect on the displacement
of current to the surface of the electrodes was not taken into
account.

When heating biological tissues with a high-frequency
current, it is necessary to solve the thermal and electro-
magnetic problems. To solve the heat transfer problem,
first of all, it is necessary to solve the electromagnetic
problem and as a result find Q - the distribution function
of heating sources. Equation (1) follows from Maxwell’s
equations [22]: it describes electromagnetic processes in
conducting media

-V [1VEJ+( joo-a’c)E=0, €]
Y7

where V is the nabla operator; E is the electric field strength;
uis the magnetic permeability of the conducting medi-
um; jisthe imaginary unit; w is the angular frequencys;
o is the specific electrical conductivity; ¢ is the dielectric con-
stant of the conducting medium.

Equation (1) captures the electric field strength E and
the distribution of heating sources Q when a high-frequency
current flows in conducting media

Q=0cE. @

Temperature distribution in any material is described
by the thermal conductivity equation (3), which takes the
following form

or
pCE—V(kVT) =Q, ®



where p is the density, C is the specific heat capacity;
k is the thermal conductivity coefficient; Q is the distribution
function of heating sources; T is the temperature.

Maxwell’s equations in the ANSYS software environ-
ment were solved using the finite element method. The
area of the studied object was divided into a finite number
of elements. The starting point for the calculations of the
electric field strength E and temperature T are differential
equations (1) to (3). At each step of the solution, after the
electromagnetic analysis, a non-stationary thermal analysis
was performed.

5. Results of investigating the heating of biological tissue
and electrosurgical instruments with a split electrode

5.1. Determining the shape and size of the coagula-
tion area of biological tissue

The shape and size of the coagulation area of biological
tissue depend on the temperature, which is found by simula-
tion in ANSYS (USA).

The working part of the instrument consisted of two cy-
lindrical electrodes, which are made of copper-molybdenum
alloys, and the dielectric - of high-strength plastic. The char-
acteristics of the copper-molybdenum alloy were taken as for
ordinary copper (Fig. 1).

To study the heating of the parenchyma model without
taking into account large vessels, a biological tissue model
was built. The hole from the gunshot wound and the diame-
ter of the electrodes are 6 mm. The length of the parenchyma
model is 30 mm, the diameter is 15 mm. The model did not
take into account large blood vessels and bronchi (Fig. 2).

The properties of the parenchyma are taken from the bi-
ological materials library built into the COMSOL simulation
program.

1) density - 1330 kg/m3;

2) isotropic thermal conductivity — 0.39 W /(mX°C);

3) specific heat capacity at constant pressure — 500 Jxkgx°C;

4) isotropic resistivity — 0.107 Ohm/m.

Initial temperature - 36.6°C.

The study involved electrical and temperature analyses.
The simulation was performed for electrical voltages of 20,
25, and 30V (Fig. 3, 4). The voltage was applied to the right
electrode. The potential of the left electrode was 0. The grid
size in this and other figures is 1 * 1 mm

Fig. 1. Split-electrode instrument: 1 — handle; 2 — tube;
3 — electrode; 4 — electrode; 5 — voltage supply cable to the
electrodes; 6 — dielectric washer between the electrodes

The distribution of Joule heat density and temperature is
shown in Fig. 5, 6. Joule heat is the specific power released
when an electric current passes through a tissue.

Fig. 7 shows plots of changes (constructed in Excel (USA))
in the maximum, minimum, and average temperatures.

An approximation of the change in a maximum tempera-
ture was determined by a polynomial expression

Tmax =—141.47t> +331.45¢ + 57.258. @)
Using expression (4), a heating duration of 0.3 s was de-

termined, which prevents excessive overheating of the tissue.
Fig. 8, 9 show temperatures for a heating duration of 0.3 s.
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Fig. 2. Biological tissue model: 1 — lung tissue; 2 — electrode; 3 — electrode; 4 — dielectric washer; 5 — gunshot wound channel
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Fig. 3. Voltage distribution of 25V in the parenchyma with a Fig. 5. Distribution of Joule heat release density
dielectric thickness of 3 mm at a dielectric thickness of 3 mm, voltage of 25V, and
durationof 1s
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Fig. 4. Voltage gradient distribution at a dielectric thickness

of 3 mm and voltage of 25V Fig. 6. Temperature distribution at a dielectric thickness of

3 mm, a voltage of 25V, and a duration of 1's
Coagulation of tissue begins at a normal temperature

of about 80°C. Therefore, the coagulation zone will have a The dependence of hemostasis depth on voltage was in-
semicircular shape with a width of 6-7 mm and a maximum  vestigated at a dielectric thickness of 3 mm and a duration
depth of about 1-1.5 mm. of 0.3 s (Fig. 10).
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Fig. 7. Changes in the maximum, minimum, and average temperature at a voltage of 25V
and a duration of 1s
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Time: 0,3 s
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Min: 36,6
10.06.2026 19:0

148,46
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61,458
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Fig. 8. Temperature distribution at a dielectric thickness of
3 mm, a voltage of 25V, and a duration of 0.3 s

Fig. 9. Enlarged view of half of the hemostasis zone at
a dielectric thickness of 3 mm, a voltage of 25V, and a
duration of 0.3 s

The dependence of the depth was also investigated at di-
electric thick-nesses of 2, 4, and 5 mm (Fig. 11, 12).

3

Depth of hemostasis, mm
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Fig. 10. Dependence of the depth of hemostasis on voltage at a dielectric

thickness of 3 mm and a duration of 0.3 s

The maximum hemostasis width of 9.7 mm is achieved
with a dielectric thickness of 4 mm and a voltage of 30 V. At
the same time, the hemostasis depth of 2.5 mm is close to the
maximum. The minimum hemostasis depth of 0.8 mm and
its width are achieved with a dielectric thickness of 2 mm and
a voltage of 20 V. An increase in voltage at a constant dura-

30

tion of 0.3 s causes an increase in the width of the hemostasis
zone and its depth.
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Fig. 11. Temperature distribution at a dielectric thickness of
2 mm, a voltage of 25V, and a duration of 0.15 s
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Fig. 12. Temperature distribution at a dielectric thickness of
5 mm, a voltage of 30 V, and a duration of 0.3 s

5.2.Determining the optimal param-
eters of the instrument and its movement
speed

With a dielectric thickness of 3 mm, the
tissue is heated to a maximum tempera-
ture of 147°C near the ends of the elec-
trodes (Fig. 8, 9). Areas of elevated tempera-
ture occupy a small area of the coagulation
zone. Between the electrodes, the temperature
decreases to 80-100°C. Let us introduce a
temperature non-uniformity coefficient equal
to the maximum temperature of 136°C divid-
ed by the minimum temperature of 104°C on
the line connecting the areas with the maxi-
mum temperature. The temperature non-uni-
formity coefficient is 1.3. In order to avoid tis-
sue overheating, it is necessary to move the tool by 7 mm
after 0.3 s. Therefore, the average speed of movement of
the instrument will be 7/0.3 = 23 mm/s.

At a dielectric thickness of 2 mm, the zone of maximum
temperature is located between the electrodes at all voltag-
es (Fig. 11). Therefore, the coefficient of uneven tempera-



ture distribution is 1. To prevent excessive heating, the time
was reduced to 0.15 s.

With a dielectric thickness of 4 mm, the zones of maxi-
mum temperature are located at the inner ends of the elec-
trodes. The tissue opposite the middle of the insulating plate
heats up less. At a voltage of 25 V and a duration of 0.3 s,
the temperature in the middle is 71°C with a maximum
temperature of 122°C. The coefficient of uneven tempera-
ture distribution is 1.71. In order to have hemostasis in the
middle zone between the plates, it is necessary to increase
the voltage to 35 V. In this case, the temperature in the mid-
dle zone increases to 102°C, and the maximum temperature
is 201°C. The coefficient of uneven temperature distribution
is 1.99. With such a coefficient of unevenness, hemostasis
will be uneven.

At a dielectric thickness of 5 mm, the voltage was in-
creased to 30 V to increase the temperature (Fig. 12). The
zones of maximum temperature of 130°C are located near
the inner ends of the electrodes. The distance between
the electrodes is large, so the temperature of 70°C in the
middle between them is insufficient for hemostasis. The
coefficient of uneven temperature distribution is 1.9. To
achieve the required temperature, it is necessary to increase
the welding time or voltage. To increase the temperature
between the electrodes to 88°C, it is necessary to increase
the voltage to 40 V. In this case, the maximum temperature
will increase to 235°C, the coefficient of unevenness is 2.67,
which is unacceptable. Therefore, we can conclude that it is
inappropriate to use an insulating plate with a thickness of
4-5 mm or more.

Table 1

Research results for dielectric thicknesses of 2, 3, and 4 mm

lating plate thickness of more than 4-5 mm due to uneven
temperature distribution.

6. Discussion of results based on investigating
an electrosurgical instrument with
a split electrode

The ANSYS simulation produced the distributions
of the electric voltage (Fig. 3), its gradient (Fig. 4), the
Joule heat density (Fig. 5), and temperature (Fig. 6, 8-12)
throughout the heating time. Unlike [8, 9], in which the
temperature is measured at individual points, our simula-
tion gives the distribution over the entire study volume not
only of the temperature but also of the voltage, its gradient,
and other information. It is impossible to obtain such in-
formation by experimental methods due to the small size
of the study area and the speed of the processes.

During the operation of the instrument, the tissue
can heat up to high temperatures (Fig. 7). For tissue, a
temperature of more than 100°C will lead to necrosis. In
order to avoid thermal damage, it is necessary to turn off
the voltage or move the instrument when a dangerous tem-
perature is reached. If the hemostasis zone is within the
surgeon’s visibility, s/he manually adjusts the speed of the
instrument movement. If the hemostasis zone is hidden
from the surgeon, in contrast to [20, 21], it is necessary to
use systems for automatic control of tissue impedance [23].
Initially, the impedance drops and reaches a minimum
value. Further heating causes coagulation and an increase
in the relative impedance value. When the relative
impedance value becomes greater than 1.3-1.5, the
voltage begins to decrease, preventing excessive heat-

Diclectr A Jectrod Denth of ing of the tissue.
le‘ectric Voltage, | Hemostasis verage electrode epth of In [3-5, 11-14], the results of using the instrument
thickness, v width. mm movement speed, hemostasis, X linical : ith inf | b h
mm ) mm/s mm in clinical practice wit ou.t in F)rmatlon a out the
modes were reported. Engineering analysis supple-
2 20 44 29.3 08 ments information about clinical studies, significant-
2 25 5.4 36 1.5 ly accelerates the design of electrosurgical instru-
2 30 6.4 42.6 1.6 ments, significantly reduces the need for experiments
3 20 6.9 l6.4 18 on experl.meptgl ar.uma.ls, saves money and time. '
Certain limitations in this study is the assumption
3 25 79 18.1 22 about constant tissue parameters during the coagula-
3 30 8.6 20.5 28 tion process, the assumption about a homogeneous
4 20 7 16.6 1.5 tissue structure, and the dependence of coagulation
4 25 36 205 2 only on tempera.ture, and not on tempera.ture and.lts
i 20 97 1 25 duration. The disadvantage of the study is modeling
: : : the first stage of work only, when the initial tempera-

The results of our studies are given in Table 1.

The maximum average tool movement speed of 42.6 mm
is achieved with an insulating dielectric thickness of 2 mm
and a voltage of 30 V. In this case, the dimensions of the
hemostasis zone are close to the average values. The mini-
mum movement speed of 16.6 mm/s will be with a dielectric
thickness of 4 mm and a voltage of 20 V. The dimensions of
the hemostasis zone are close to the average values. There-
fore, the optimal dielectric thickness is close to 2-3 mm.
An instrument with a dielectric thickness of 2 mm is used
to obtain the same hemostasis conditions throughout the
wound surface. A tool with a dielectric thickness of 3 mm is
used to obtain the maximum depth of the hemostasis area.
It does not make sense to use an instrument with an insu-

ture of the instrument is 36.6°C. At subsequent stag-
es, the instrument gradually heats up, which accelerates
tissue heating and its coagulation.

Another disadvantage of our work is the failure to
take into account the influence of the skin effect on the
displacement of current to the surface of electrodes. When
advancing the topic, it is planned to eliminate these limita-
tions and shortcomings. Engineering analyses of split elec-
trode instruments used in other areas of surgery should
also be conducted to improve them.

It would be desirable in further studies to verify the
results of engineering analysis engaging experimental
animals with different modifications of instruments and
sensors. This requires appropriate resources and financial
support.



7. Conclusions

Funding

1. The shape and dimensions of the biological tissue coag-
ulation area depend on dielectric thickness, voltage, and ex-
posure time. The qualitative characteristics of the coagulation
process are also influenced by these parameters. At a dielectric
thickness of 2-3 mm, the coagulation area has a semicircular
shape. With a dielectric thickness of 4 mm or greater, the max-
imum heat density is at the electrodes. The coagulation depth
varies from 0.8 to 2.8 mm and the coagulation width from 4.4
to 9.7 mm, depending on dielectric thickness and voltage.

2. The optimal dielectric thickness, according to the
quantitative indicators obtained in the study, is approxi-
mately 2-3 mm. The average speed of movement of the tool
is from 16.4 mm/s to 42.6 mm/s.
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