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Abstract

Objective: To investigate electrode weight reduction through structural modifications, focusing on variations in the 
thickness of circular electrodes to meet mechanical requirements. Additionally, optimal welding parameters were 
identified via experimental methods. Methods: Three electrode thicknesses were designed: 0.2 mm (T1), 0.3 mm 
(T2), and 0.4 mm (T3). The finite element method was used to analyze the stress, strain, and thermal effects on 
the surrounding tissue. In vitro tissue experiments assessed the mechanical strength of the anastomosis by mea-
suring tear force and rupture pressure. Results: Among the three designs, the T3 electrode exhibited the lowest 
strain (1.2%) and stress (122.26 MPa). Thermal simulations showed maximum tissue damage of 53.3% and min-
imum damage of 48.6%. The maximum tear force (9.87±0.83 N) and rupture pressure (222.88±13.48 mmHg) 
were achieved with a compression force of 20 N, welding power of 160 W, and welding time of 8 seconds. Conclu-
sion: T3 electrode demonstrated superior mechanical performance in the finite element analysis and successfully 
completed in vitro welding while minimizing electrode weight. Optimal welding parameters were identified.
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Highlights
● Three types of circular electrodes with varying thicknesses were designed to achieve weight reduction, accompa-
   nied by support structures for intestinal tissue on both sides.
● The mechanical properties of the three electrode configurations were systematically compared to determine the

optimal thickness for welding.
● In vitro tissue experiments successfully welded the tissue, identifying the optimal welding parameters.

Introduction

Colorectal cancer has become the fourth lead-
ing cause of cancer-related mortality world-
wide, accounting for approximately 900,000 
deaths annually. In my country, it ranks as one 
of the most common malignancies of the di-
gestive tract, with incidence and mortality rates 
placing third and fifth, respectively, among all 
cancers [1, 2]. Currently, the standard treat-
ment involves surgical resection of the affected 
intestinal tissue, followed by anastomosis of 
the remaining stump [3]. Common methods 
for anastomosis include manual suturing and 
stapler anastomosis [4]. However, sutures and 
staples used in manual methods can remain in 
the body, potentially causing foreign body reac-

tions. Additionally, complications such as bleed-
ing and anastomotic fistula may arise from the 
procedure [5-7].

To improve the quality of intestinal tissue anas-
tomosis, radiofrequency-based tissue welding 
technology has been proposed. This method 
uses a high-frequency current ranging from 
300 to 500 kHz, which, under the combined in-
fluence of radiofrequency energy and mechani-
cal pressure, generates heat through bioimped-
ance. This thermal effect denatures proteins in 
the intestinal tissue, leading to the formation of 
adhesions and the rapid creation of a continu-
ous anastomosis [8, 9]. The technology offers 
several advantages, including a reduced risk 
of tissue infection, high suturing efficiency, no 



13

Progress in Medical Devices 2025; 3 (1): 12-20. PMD24120421

Progress in Medical Devices

foreign material residue, and ease of operation 
[10].

Over the years, tissue welding technology based 
on radio frequency has seen significant ad-
vancements. In the late 1990s, the Ukrainian 
Paton Institute first proposed the use of radiof-
requency currents for tissue welding [11]. Hol-
mer et al. later confirmed that dual-electrode 
radiofrequency welding is an innovative method 
for achieving intestinal tissue anastomosis [12]. 
Zhao et al. used copper as the electrode mate-
rial, designing two different electrode structures 
for intestinal tissue anastomosis [13]; however, 
the need for a second operation to remove the 
copper electrode impeded recovery. This led to 
the development of implantable electrodes as a 
preferred option for welding applications. Zong 
et al. were the first to use degradable magne-
sium alloys as welding electrodes for intestinal 
tissue anastomosis [14]. Mao et al. improved 
welding strength and reduced thermal damage 
by optimizing the structure of magnesium alloy 
electrodes, though they did not address con-
cerns regarding in vivo fixation and electrode 
weight [15].

As electrodes used in tissue welding remain in 
the human body for extended periods, exces-
sive electrode weight can negatively impact 
the subsequent recovery of intestinal tissue 
[16]. This study aims to investigate methods for 
reducing electrode weight. Three circular elec-
trode designs with varying thicknesses were 
developed, incorporating support structures for 
the intestinal tissue on both sides. These struc-
tures were intended to enhance tissue fixation 
during the welding process and provide support 
to the anastomotic area during the healing 
phase. The forces acting on the electrodes 

were analyzed through a combined 
force-electrothermal simulation, and 
temperature variations at the anasto-
mosis, along with the extent of ther-
mal damage to the tissue, were as-
sessed. Furthermore, optimal welding 
parameters were identified through in 
vitro tissue welding experiments, and 
the effects of different output powers 
on tissue pathological changes were 
evaluated. These findings lay the 
groundwork for future in vivo studies.

Materials and methods

Electrode structure design

The electrode structure consists of two main 
components: the central region, designated for 
welding intestinal tissue, and two end sections, 
which support the tissue and generate friction 
to prevent tissue retraction. The overall design 
of the electrode is shown in Figure 1A. To min-
imize electrode weight while evaluating their 
pressure resistance limits, three circular ring 
electrodes with varying thicknesses-0.2 mm, 
0.3 mm, and 0.4 mm-were designed (Figure 
1B). The thickness of the central region is con-
sistent with that of the end sections across all 
three electrodes. Each electrode has an outer 
diameter of 20 mm, a length of 20 mm, and in-
ner diameters of 19.6 mm, 19.4 mm, and 19.2 
mm, respectively. The supporting structures at 
both ends are symmetrical, with a single-side 
length of 10 mm.

Electrode material characteristics

The outer electrode in the experiment was 
made of copper, which is known for its excel-
lent electrical conductivity, thermal conductivi-
ty, and antibacterial properties [17]. The inner 
electrode was constructed from a WE43 mag-
nesium alloy, designed to remain in the body 
following the welding process. The WE43 alloy 
is commercially available and is recognized for 
its good biocompatibility and ability to degrade 
gradually during the recovery of intestinal tis-
sue [18]. The material properties of both elec-
trodes are summarized in Table 1 [19-21].

Mechanical simulation

Figure 1. Overall electrode structure and thickness variations. (A) 
Overall electrode design; (B) Side view of the welding area with three 
different thicknesses (0.2 mm, 0.3 mm, 0.4 mm).

Table 1. Electrode material properties
Name Density, 

ρ (Kg/m3)
Young’s 
modulus (MPa)

Poisson 
ratio

YS 
(MPa)

UTS 
(MPa)

Thermal 
conductivity, λ (W/m/K)

WE43 magnesium alloy 1,866 45,270 0.27 162 250 51.3

Copper alloy 8,960 1.25e7 0.345 33.5 152 400

Note: YS, Yield strength; UTS, Ultimate tensile strength. 
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Since the electrode primarily applies force to 
the central region during the welding process, 
the simulation model was simplified by exclud-
ing the support area. To accurately model the 
force distribution, the outermost surface of the 
central section of the electrode was divided 
into two regions: one-third and two-thirds of the 
circumference.

The mechanical analysis of the three electrodes 
was performed using ANSYS 2020 R2 soft-
ware. After defining the boundary conditions 
for the finite element model, it was noted that 
the external copper electrode contacts only the 
middle third of the inner electrode (indicated 
by the dark region). Based on the force values 
from the corresponding experimental study, a 
20 N force was applied to the middle third of 
the electrode, as shown in Figure 2 [22].

Electrothermal simulation

The welding process was simulated using COM-
SOL 5.6 software. Since the support area is not 
involved in the welding region, it was excluded 
from the simulation model. As biological tissues 
were involved, the Pennies bioheat transfer 
model was applied. The governing equation for 
this model was:

(1)

where ρ was the tissue density,    denoted the 
specific heat,      indicated the thermal conduc-
tivity, and    is the temperature. Additionally,     
referred to blood density,     was the specific 
heat of blood,     represented arterial tempera-
ture, ω was the blood perfusion rate, and Q 
denoted the power absorption. Tissue thermal 
damage was calculated using the Arrhenius 
equation:

(2)

where         represented the degree of tissue 
damage,     was the heating time, A denoted 

the frequency factor,      was the activation en-
ergy, R representd the molar gas constant, and 
T was the absolute temperature.

RF AC voltages of 120 W, 140 W, and 160 W 
were applied to the outer copper electrode, 
while zero voltage was applied to the inner 
magnesium electrode. The total simulation du-
ration was 10 seconds, and the ambient tem-
perature was set to 25 °C at t=0.

In vitro tissue welding experiment

Fresh porcine small intestines were obtained 
from a local slaughterhouse, rinsed briefly with 
0.9% saline, and sectioned into 60-70 mm 
pieces. These were stored in phosphate buffer 
to maintain freshness and moisture. The Liga-
Sure vascular sealing system (Valleylab, Covi-
dien, USA) was used to supply radiofrequency 
power for tissue fusion. The intestinal tissue 
was placed on the surface of the magnesium 
alloy electrode (Figure 3B) in a mucosal-sero-
sa orientation. The copper electrode applied 
pressure to the tissue, with pressure monitored 
using a gauge. A schematic of the welding 
experiment setup is shown in Figure 3A. Nine 
welding groups were designed with varying 
welding times and power levels, each replicated 
five times. Details of the experimental groups 
are outlined in Table 2.

Anastomosis strength test

The strength of the anastomosis was assessed 
using avulsion force and burst pressure tests. 
The avulsion force refers to the maximum ten-
sile force applied to the anastomosis until it 
ruptured during stretching, while burst pressure 
referred to the maximum pressure at which the 
anastomosis began to leak during perfusion. 
For the tensile force test, the ends of the anas-
tomotic tissue were secured in clamps of a uni-
versal material testing machine, and the tissue 
was stretched at a rate of 10 mm/s [15]. The 
tensile force at rupture was recorded (Figure 
3D). For the burst pressure test, 0.9% saline 
was injected into the welded intestinal tissue at 
a constant rate of 2 ml/min, with the pressure 
value noted when leakage occurred from the 
anastomotic area (Figure 3C) [23].

Histopathological examination

Intestinal tissue samples, both pre- and 
post-welding, were collected and preserved in a 
neutral formalin solution. Histopathological ex-
amination was performed using a fluorescence 
microscope following standard procedures, 
including dehydration, clarification, paraffin em-

Figure 2. Force loading schematic.
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bedding, sectioning, baking, hematoxylin-eosin 
staining, and neutral resin mounting.

Results

Electrode mechanics simulation results

A pressure of 20 N was applied to the circular 
electrode, and the strain distribution results are 
shown in Figure 4A-C. Under this pressure, the 
maximum deformations for the T1, T2, and T3 
electrodes were 1.8903 mm, 0.5526 mm, and 
0.2319 mm, respectively, with corresponding 
maximum strains of 9.2%, 2.8%, and 1.2%. The 
T3 electrode exhibited the smallest deforma-
tion, while the T1 electrode showed the largest. 
The maximum strains for all three electrodes 

occurred at the pressure application point, and 
the deformation decreased with increasing 
electrode thickness. All three electrodes were 
made of WE43 magnesium alloy, a material 
with an elongation range of 4% to 8% [24]. The 
strain in the T1 electrode (9.2%) exceeded the 
material’s elongation limit, suggesting that frac-
ture deformation would occur under the applied 
20 N pressure. In contrast, the strains in the 
T2 (2.8%) and T3 (1.2%) electrodes remained 
below the material’s elongation limit. Therefore, 
while the T1 electrode did not meet mechanical 
requirements due to excessive strain, the T2 
and T3 electrodes exhibited strains within the 
allowable range, indicating they would meet 
the mechanical demands of the welding experi-
ment.

The stress simulation results are presented 
in Figure 4D-F. Under a pressure of 20 N, the 
maximum stresses for the T1, T2, and T3 elec-
trodes were 321.91 MPa, 181.43 MPa, and 
122.26 MPa, respectively. The T3 electrode ex-
hibited the lowest stress, while the T1 electrode 
experienced the highest. Additionally, stress in 
the electrode decreased with increasing elec-
trode thickness. The yield strength of WE43 
magnesium alloy is approximately 180-260 
MPa [24]. The stresses in the T1 (321.91 MPa) 
and T2 (181.43 MPa) electrodes exceed the 
yield strength of the WE43 magnesium alloy, 

Table 2. Welding experiments of each group
Group Welding 

time (s)
Energy 
power (W)

1 6 120
2 8
3 10
4 6 140
5 8
6 10
7 6 160
8 8
9 10

Figure 3. Experimental tissue welding in vitro. (A) Intestinal tissue welding platform; (B) WE43 magnesium alloy 
electrode; (C) Schematic diagram of burst pressure test; (D) Schematic diagram of avulsion force test. DAQ, Data 
acquisition card; PC, Personal computer. 
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suggesting both electrodes would undergo plas-
tic deformation, resulting in irreversible shape 
changes. From a stress perspective, the T1 and 
T2 electrodes cannot withstand the applied 
force during the experiment, while the T3 elec-
trode satisfies the mechanical requirements.

Electrothermal simulation results

The temperature distribution of intestinal tissue 
at different power levels is illustrated in Figure 
5A-C. As the power increases, the maximum 
temperature within the model also rises. The 
figure showed that the high-temperature region 
was primarily concentrated under the copper 
electrode, with the extent of the high-tem-
perature area expanding as power increased. 
As seen in Figure 6B, the average maximum 
tissue temperatures at three different power 
levels were 65.1 °C, 68.0 °C, and 69.6 °C, 
respectively. All of these temperatures exceed 
60 °C, indicating that successful welding can 

be achieved. Thermal damage to the tissue, 
shown in Figure 6D, begins to appear three 
seconds after power is applied and increases 
rapidly. After four seconds, the thermal damage 
area starts to expand gradually. At the three 
power levels, the average maximum thermal 
damage to the tissue was 48.6%, 51.6%, and 
53.3%, respectively.

Additionally, two points, labeled a and b, were 
marked at the center and edge of the inner 
electrode (Figure 6A) to monitor temperature 
changes at different tissue sites. As shown 
in Figure 6C, the temperature at point b was 
significantly lower than at point a. The tem-
perature at point a rose rapidly at first, then 
increased more slowly, while the temperature 
at point b increased steadily and gradually.

Biomechanical properties of anastomosis

In this experiment, the T3 electrode was used 

Figure 4. Mechanical simulation results of electrodes with different thicknesses (0.2 mm, 0.3 mm, 0.4 mm). (A-
C) Simulation results of three types of electrode strain; (D-F) Simulation results of three types of electrode stress.

Figure 5. Electrothermal simulation results at different powers. (A) 120 W; (B) 140 W; (C) 160 W.
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as the experimental electrode. The results of 
the tear-off force are shown in Figure 7A. The 
tear-off force initially increased and then de-
creased as welding time extends, across all 
three output power levels. Notably, at an output 
power of 120 W and a welding time of 6 sec-
onds, the tear-off force reached its minimum 
value of 3.64±0.67 N, suggesting that the 
anastomosis may fail under lower output power 
and shorter welding durations. In contrast, at 
an output power of 160 W and a welding time 
of 8 seconds, the tear-off force reached its 
maximum value of 9.87±0.83 N. The results 

of the Student’s t-test indicated no significant 
difference in the tear-off force at output powers 
of 140 W and 160 W after 8 seconds of weld-
ing (P=0.38). Therefore, further burst pressure 
experiments would be conducted to determine 
the optimal output power for welding parame-
ters.

Intestinal tissue welding experiments were 
conducted at two output power levels, and the 
burst pressure results are shown in Figure 7B. 
The welding time was fixed at 8 seconds. At an 
output power of 140 W, the burstpressure was 

Figure 6. Changes in tissue temperature and proportion of necrotic tissue under three output powers. (A) Do-
main point location of T3 electrode; (B) Average temperature change of the welding area; (C) Temperature chang-
es at domain points; (D) Proportion of necrotic tissue.

Figure 7. Biomechanical properties of anastomotic tissues under different welding parameters. (A) The avulsion 
force of the anastomotic tissue under different output powers (120 W, 140 W, 160 W) and different welding times 
(6 s, 8 s, 10 s); (B) The burst pressure of the anastomotic tissue at two output powers (140 W, 160 W) in 8-second 
welding time (***indicates a p value less than 0.001, indicating an extremely significant difference between the 
two sets of data).
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143.31±5.02 mmHg, while at 160 W, the burst 
pressure increased to 222.88±13.48 mmHg. 
Clinically, the highest intra-abdominal pressure 
typically ranges from 100 to 150 mmHg [25]. 
The results indicate that only at an output pow-
er of 160 W did the burst pressure exceed the 
maximum intra-abdominal pressure. Therefore, 
an output power of 160 W and a welding time 
of 8 seconds were selected as the optimal 
welding parameters.

Histopathological examination

Figure 8 presents histopathological images of 
normal intestinal tissue and the anastomosis 
site under two magnifications, with a com-
pression force of 20 N and a welding time of 8 
seconds. The distinct separation of the serosa, 
muscular layer, submucosa, and mucosa was 
clearly visible in normal intestinal tissue. In 
contrast, the anastomosis area following weld-
ing exhibited a reduced thickness of the two in-
testinal layers, with a tightly fused connection, 
suggesting enhanced tissue union under the 
applied welding conditions. At an output power 
of 140 W, the anastomosis area displayed an 
uneven structure, with regions ranging from 
loose to dense, increasing the likelihood of 
leakage under the peristaltic forces of the in-
testine. However, at an output power of 160 W, 
the anastomosis demonstrated a more uniform 
thickness with a stable and secure connection, 
indicating more reliable tissue fusion.

Discussion

Colorectal cancer is a common malignancy 
of the digestive tract. Clinically, after surgical 
resection, the remaining tissue is typically re-
connected using manual suturing or stapler 
anastomosis. However, both methods are asso-
ciated with complications such as bleeding and 
anastomotic fistula formation. To address these 
challenges, tissue welding technology utilizing 
radiofrequency energy has been proposed as 
an innovative approach for tissue anastomosis. 
This technique leverages the thermal effects on 
tissue to achieve rapid and secure anastomosis 
without the need for foreign materials, offering 
distinct advantages over traditional methods.

Biodegradable magnesium alloys present a 
novel approach to tissue welding electrode de-
sign. Unlike traditional materials, magnesium 
alloy electrodes do not require removal through 
secondary surgery after completing tissue 
anastomosis, minimizing tissue damage. Mao 
et al. developed welding electrode structures 
using magnesium alloys, demonstrating im-
proved welding strength while maintaining safe-
ty [15]. However, their study did not investigate 
the effects of electrode weight and mechanical 
support in depth. Therefore, this study focuses 
on electrode thickness and explores the poten-
tial for weight reduction while preserving me-
chanical strength.

First, mechanical simulations were conducted 
on the three types of circular electrodes. The 
results indicated that, under a force of 20 N, 
both the stress and strain experienced by the 
electrodes gradually decreased with increasing 
thickness. This suggests that a greater thick-
ness reduces the likelihood of plastic deforma-
tion and stress concentration. Conversely, if the 
electrode is too thin, it may fail to provide effec-
tive support, potentially leading to anastomosis 
failure. Therefore, it is essential to identify a 
thickness that balances mechanical require-
ments with the need to reduce electrode weight 
based on material characteristics.

In our study, the maximum deformation of the 
T3 electrode was measured at 0.23194 mm, 
with a corresponding maximum strain of 1.2% 
and maximum stress of 122.26 MPa. These 
values fell within the elongation and yield 
strength range of WE43 magnesium alloy, indi-
cating that this electrode meets the mechanical 
requirements for operational use. In contrast, 
the other two electrodes exceeded the materi-
al’s yield strength, posing a risk of plastic defor-
mation. Thus, an optimal thickness of 0.4 mm 
was selected for the electrodes.

Finite element analysis was conducted to ex-
amine the temperature distribution and ther-
mal damage of the anastomotic tissue at three 
different power levels: 120 W, 140 W, and 
160 W. The results showed that the minimum 

Figure 8. Histopathological examination of the anastomotic area. (A) Normal intestinal tissue; (B) Anastomosis 
area at 140 W power; (C) Anastomosis area at 160 W power.
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average maximum temperature of the tissue 
was 65.1 °C, while the maximum was 69.6 
°C. The minimum average maximum thermal 
damage was 48.6%, and the maximum was 
53.3%. These findings indicate that, under 
the same mechanical pressure and welding 
time, increasing power has a minimal effect 
on the average thermal damage to the tissue. 
The temperature differences observed at key 
points, labeled a and b, may be attributed to 
their positions relative to the welding area. 
Point a is located within the welding area, 
where the welding power directly influences the 
region, causing a rapid temperature increase. 
In contrast, point b is situated outside the 
welding area, where heat is transmitted through 
the electrode, leading to heat dissipation. As a 
result, the temperature increase at point b lags 
behind that at point a, and the temperature 
remains lower.

Mechanical pressure, output power, and weld-
ing time collectively influence the effectiveness 
of anastomosis. Research indicates that a 
pressure of 20 N is acceptable for tissue during 
welding. However, due to variations in electrode 
structure and materials, it is crucial to deter-
mine the optimal welding parameters, including 
output power and welding time, in this study. 
During normal intestinal function, peristalsis 
occurs. If the anastomotic tissue is not ade-
quately adhered, there is a risk of anastomotic 
leakage. Effective anastomosis can only be 
achieved if it can withstand intestinal peristal-
sis.

Common methods for evaluating welding ef-
fectiveness include the avulsion force test and 
burst pressure test. The welding outcome is 
assessed by comparing the maximum tensile 
force at which the anastomosis fails during 
stretching with the maximum pressure at which 
leakage occurs during perfusion. Generally, an 
avulsion force exceeding 6 N and a burst pres-
sure greater than 30 mmHg are considered 
necessary for successful anastomosis [26]. In 
our study, with an output power of 160 W and 
a welding time of 8 seconds, the avulsion force 
reached a maximum of 9.87±0.83 N, and the 
burst pressure was recorded at 222.88±13.48 
mmHg. Additionally, histopathological examina-
tion revealed a uniform thickness of the anas-
tomotic area with a stable connection, which 
adequately met the mechanical requirements 
for the intestine under normal physiological 
conditions.

In conclusion, we designed three different 
thicknesses of circular electrodes to reduce 
the electrode weight. Finite element analysis 

revealed that a thickness of 0.4 mm satisfies 
the mechanical requirements for the welding 
process. In vitro tissue welding experiments, in-
cluding tearing force, burst pressure tests, and 
tissue pathology assessments, were conducted 
to evaluate the performance of the electrodes. 
The results demonstrated that the optimal 
welding parameters were 8 seconds of welding 
time and 160 W of output power, yielding an av-
erage tearing force of 9.87±0.83 N and an av-
erage burst pressure of 222.88±13.48 mmHg.

We have investigated the optimal electrode 
thickness from a mechanical perspective. How-
ever, the in vivo corrosion behavior of magne-
sium alloy-based implanted electrodes requires 
further experimental investigation. Additional 
research is needed before these electrodes can 
be fully considered for clinical application.
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