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Highlights

* Three electrodes with the structure of oncave-convex, rail coupled concave-convex, and cross rail coupled con
cave-convex feature were designed for radiofrequency-induced colonic anastomoses.

¢ The electrode with concave-convex design produced similar temperature between ‘gap’ and ‘compressed’ areas,
whereas the rail coupled concave-convex exhibited the highest temperature at ‘gap’ and ‘compressed’ areas.

* The cross rail coupled concave-convex electrode, by tightly occluding upper and lower electrodes, could create
uniform compression and temperature variation.

Abstract

Objective: To study temperature distribution in different electrodes and to evaluate thermal spread during colonic
anastomosis induced by radiofrequency energy through finite element modeling, aiming to provide the basis for
optimizing the design of new electrodes with improved effectiveness of electrosurgical welding.

Methods: Three electrodes with the feature of concave-convex (CC), rail coupled concave-convex (rail-CC), and
cross rail coupled concave-convex (cross rail-CC) were designed for radiofrequency-induced serosa-to-serosa colon-
ic anastomoses to evaluate the thermal spread process by finite element modeling using COMSOL Multiphysics.
Parameters used in the modeling were set with a peak voltage of 45V, a duty cycle of 10% and a repetition rate of
1 s. Additionally, a three-dimensional finite element model of the cross rail-CC electrode was further constructed
to compare temperature variation and distribution when the voltage Fwas applied to ridges of upper electrode al-
ternately.

Results: The electrode with CC design produced similar temperature between ‘gap’ and ‘compressed’ areas,
whereas the electrode with rail-CC design exhibited the highest temperature at ‘gap’ and ‘compressed’ areas com-
pared with those with CC and cross rail-CC designs. Moreover, the cross rail-CC electrode, by tightly occluding the
upper and lower electrodes, could create uniform compression and temperature variation. When electric voltage
was applied to ridges of upper electrode of the cross rail-CC electrode alternately, the temperature at ‘gap’ was
half of that at the ‘compressed’ section, which was comparable to the temperature at ‘compressed’ area in the
rail-CC electrode (p=0.241).

Conclusion: Alternating application of voltage to ridges of upper electrode of the cross rail-CC electrode can poten-
tially produce an optimal fusion zone by reducing thermal damage with low ‘gap’ temperature while keeping the
‘compressed’ temperature high.
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Introduction

Colorectal cancer is the third most common
cancer worldwide [1]. En bloc radical excision
of primary tumor and regional lymph nodes by
open or laparoscopic surgery, with or without
neoadjuvant chemo-radiotherapy, remains the
gold-standard treatment, providing cure or long-
term disease-free survival with a good quality
of life [2, 3]. After resection, anastomotic re-
construction to restore colorectal continuity is
a general procedure to realize its physiological
function in complex gastrointestinal surgery.

Hand suture, as the first-generation suture
technique, was the norm for tissue reconnec-
tion and closure [4]. Nevertheless, with the
development of minimally invasive technology,
especially the introduction of laparoscopic
surgery, mechanical staplers have been widely
used in clinical practice to re-establish colonic
or colorectal continuity, with the major advan-
tages of simplifying operating procedure and
shortening operating time [5, 6]. However, the
technology of manual suture is time-consum-
ing, and stapling is limited by relevant costs
and some technical problems in terms of
correct stapler and cartridges choice, optimal
stapler-tissue interaction and proper operation,
which largely determine the quality of tissue
anastomosis as well as postoperative recovery
[7]. Furthermore, both the two techniques inev-
itably introduce new wounds through mechani-
cally puncturing and squeezing tissues togeth-
er, forming a non-continuous tissue connection
associated with complications such as bleeding
and anastomotic leakage [8, 9].

In recent years, compressive anastomosis has
been developed as the third-generation anasto-
mosis technology with typical representatives of
nickel-titanium shape memory alloy compres-
sion anastomosis clip, compression anastomo-
sis ring, and magnetic compression anastomo-
sis [10-14]. The significant advantage of this
technology is that a continuous tissue anasto-
mosis can be formed through a progressive tis-
sue necrosis and abscission under a pressure
of the anastomotic ring, which is expected to
be evacuated through bowl movement in 7-10
days after surgery. However, the metal anasto-
motic ring/clip poses a significant risk of for-
eign body intervention to intestinal tract after
surgery if the compression anastomosis clip or
ring fails to be excreted from the body. Serious
life-threatening complications have been re-
ported with this technique [15]. Therefore, the
compressive anastomosis technology has not
been popularized in clinical practice.
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Currently, there have been various attempts
to explore alternative anastomotic methods to
replace traditional staples or sutures. Tissue fu-
sion based on radiofrequency (RF) energy has
received considerable attention because this
an innovative approach can achieve a fast, sta-
ble and continuous gastrointestinal anastomo-
ses, and outperforms existing means of tissue
reconstruction in terms of low cost, no foreign
material left residue and mild inflammatory
response [16-18]. Although using RF-induced
thermofusion to create intestinal anastomosis
represents a potentially important advance, it
also poses new challenges with welded anas-
tomoses by thermofusion including insufficient
coagulation of proteins, necrosis and desqua-
mation of parts of the circumference of the
anastomotic zone, leading to dreaded compli-
cation of anastomotic leakage and causing fail-
ure of the operation. Therefore, technological
research is needed to ensure reliable tissue
connection and residual viability of the anas-
tomotic zone until the tissue reconstruction is
complete [19, 20].

Recent studies have indicated that the geomet-
rical surface configuration of surgical electrode
has a significant effect on the strength of anas-
tomosis zone and thermal spread in tissues
[21]. A report on heat spread during RF-in-
duced colonic anastomoses has demonstrated
that a concave-convex (CC) electrode produces
less thermal damage compared with a smooth
electrode by reducing ‘gap’ temperature [18].
While analytical procedures often fail to predict
the interaction among RF current application,
electrode configuration and thermal spread, a
more reliable method is needed for this pur-
pose. Finite element modeling (FEM), support-
ed by numerous general-purpose codes, is one
of the most efficient strategies for solving engi-
neering problems in the field of mechanics and
thermodynamics [22-24]. Considering reduced
lead-times for the design and the production
of electrodes for tissue welding, three differ-
ent surface configurations of twin electrode
plates were designed based on FEM. These
configurations aim to provide a more accurate
approximation of a real-world scenarios. The
temperature variation and distribution when
pulsed electric voltage being supplied to the
electrodes were analyzed computationally. The
objective was to explore the influence of struc-
tural feature on thermal spread and improve
the efficiency and safety of electrosurgical
RF-induced bowel anastomosis through opti-
mizing the design of the electrode structure.

Materials and methods
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Figure 1. The omputer assisted design models and simplified 2D models. (A) CC electrode; (B) rail-CC electrode;
(C) cross rail-CC electrode and (D) corresponding simplified 2D models. CC, concave-convex; rail-CC, rail coupled
concave-convex; cross rail-CC, cross rail coupled concave-convex.

A

Figure 2. Specific parameters of the model. (A) The inner and external radius of electrode; (B) Electrical current
applied alternately on ridges of upper electrode of the cross rail-CC electrode; (C) 3D model of the cross rail-CC
electrode; (D) Electrical current was applied on the entire upper electrode (i) and on ridges of upper electrode
alternately (ii, iii). CC, concave-convex; rail-CC, rail coupled concave-convex; cross rail-CC, cross rail coupled con-

cave-convex.

2D models

Computer assisted design models of RF-in-
duced colonic anastomoses were built (Figure
1), representing the results of CC electrode
(Figure 1A), rail coupled concave-convex (rail-
CC) electrode (Figure 1B) and cross rail cou-
pled concave-convex (cross rail-CC) electrode
(Figure 1C), respectively. The simplified 2D
models of the corresponding electrodes are
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shown in Figure 1D.

Each electrode consists of upper and lower
components which are used to place the prox-
imal and distal bowel segments of proposed
circular anastomosis and compress the colonic
walls through serosa-to-serosa at certain pres-
sures. The CC electrode contains a couple of
CC plates, whereas the rail-CC and cross rail-CC
electrodes both have one additional rail compo-
nent besides the CC plates. Each electrode is
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Figure 3. The electrical parameters plots during RF thermal heating simulation. (A) impedance; (B) input volt-
age; (C) electric power; (D) electric current. RF, radiofrequency.

designed with an inner and external radius of 7
and 11 mm, respectively (Figure 2A). Electrical
current applied to the entire upper electrode
of each electrode was 10 s. In the cross rail-CC
electrode, current was also applied to ridges
of upp-er electrode alternately, as illustrated in
Figure 2B. In addition to 2D models, 3D model
of the cross rail-CC electrode and current appli-
cation means are presented in Figure 2 C-D.

Electrical power

There are two modes of RF energy with ‘on’
and ‘off’ used in electrosurgery, and the ratio
of ‘on’ and ‘off’ is defined by the duty cycle. In
accordance with a previous study, parameters
used in FEM were 1 Hz pulsed voltage with the
value of 75 V and the duty cycle of 22% for
electrosurgical spleen cautery [25]. However, in
order to keep enough cells alive to afford a nat-
ural wound healing, excessive thermal tissue
damage should be effectively controlled during
the procedure of colonic anastomoses. Thus,
the power output for the FEM in this study was
adjusted to 45 V with 10% duty cycle. Accord-
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ingly, the effective time applied to the entire
upper electrode of each electrode was 9 s. The
electrical parameter plots such as impedance
plot, power plot as well as input voltage and
electrical currents during heating simulation
are illustrated in Figure 3.

Material properties

The material properties of colon are available
in the referenced literature, which shows the
electrical conductivity of large intestine at 470
kHz is 0.275 S/m and the permittivity is 2.43¢°
[26]. Published work indicates that electrical
conductivity decreases to a 1/4 with 55% com-
pression, thus electrical conductivity is estimat-
ed to be 0.07 S/m when colon is compressed
by electrodes [27]. The thermal conductivity (k)
of large intestine is 0.54+0.03 W/ (m*k).

The electrical conductivity of biological tissue
is a frequency-dependent and temperature-de-
pendent variable, rising 1.5% per 1 °C increase
until 100 °C and remaining constant at 100 °C
[25, 28, 29]. Although some researches indi-
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Table 1. Colon properties used in finite element modeling

Thermal conductivity
(W/m*K) (S/m)

Electrical conductivity Density

Heat capacity at constant
(kg/m*)  pressure (J/(kg*K))

Colon under

0.54*[1+0.015*(T°-T0")],
(T<373.15 K)

Colon 0.1945, (T>373.15 K)

compression

0.07*[1+0.015*(T-TO)], (T<373.15 K)
0.1596, (T>373.15 K)

1088 3655

0.28*[1+0.015*(T-T0)], (T<373.15 K)

0.6384, (T>373.15 K)

A 151

A 300

R R R

100

Figure 4. Temperature distributions in 2D models at 9.1 second. (A) CC electrode; (B) rail-CC electrode; (C) cross
rail-CC electrode and (D) alternating cross rail-CC electrode. CC, concave-convex; rail-CC, rail coupled concave-con-

vex; cross rail-CC, cross rail coupled concave-convex.

cate that thermal conductivity has no effect on
temperature distribution, on the basis of other
studies and our preliminary results, we consid-
er that thermal conductivity is also a tempera-
ture-dependent variable, rising 1.5% per 1 °C
increase until 100 °C and remaining constant
at 100 °C [29-31].

The heat capacity of large intestine is 3655164
J/(kg*K) and the density is 1088 kg/m? [32].
Moreover, the high humidity of abdominal cavi-
ty was simplified as liquid boundary in the mod-
el. The properties of colon are shown in Table
1. In addition, the holder and gaps were made
of resin glass fibers, and the electrodes were
made of copper.

Bio-heat transfer theory

Progress in Medical Devices

COMSOL Multiphysics (COMSOL, UK) involv-
ing a bio-heat transfer module and an AC/
DC module was utilized to analyze models.
Pennes equation (as shown in equation 1)
was used to calculate heat transfer in colon
[33]. p- €5 +7-(—k-FT) = p, - €y 3Ty — T) + Quugt + ot

where p indicates tissue density (kg/ms), Cindi-
cates specific heat capacity of tissue at con-
stant pressure (J/(kg*K)), k indicates thermal
conductivity (W/m*K), T is temperature (K), Pb
indicates density of blood (kg/m3), Cp indicates
the specific heat capacity of blood (J/(kg*K)),
wpindicates blood perfusion rate (6.4e”% s™),
and Tp indicates temperature of blood (K) [34].
Qmer indicates heat contribution from tissue
metabolic activities, which can be ignored con-
sidering the short duration (10 s). Qexe indicates
heat source from external RF spatial heating
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Figure 5. Real-time temperatures in ‘gap’, ‘compressed’, ‘interface’ and ‘upper electrode’ in different electrode.
(A) CC electrode; (B) rail-CC electrode; (C) cross rail-CC electrode; (D) alternating cross rail-CC electrode. Black
curve and red curve represent temperature of colon between gaps (plot at black point) and ridges (plot at red
point), respectively. Blue curve represents temperature of colon at interface (plot at blue point). Pink curve rep-
resents temperature of upper electrode. CC, concave-convex; rail-CC, rail coupled concave-convex; cross rail-CC,

cross rail coupled concave-convex.
source (W*m?).
Statistical analysis

The data were processed by SPSS25.0, IBM,
USA. As the simulation data were not normally
distributed, non-parametric tests were used. All
the data were measurement data and all the
groups were compared for their temperature by
the Wilcoxon rank sum test. Significance was
set at p<0.05.

Results
Temperature distribution in 2D model

The temperature distributions in 2D models
are shown in Figure 4. The segment of colon
between ridges is defined as ‘interface’ area. In
the CC electrode, the ‘interface’ area presented
the highest temperature of approximating 118
°C with considerable heat spreading to gaps,
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whereas the temperatures in upper and lower
electrodes were similar of approximating 75 °C,
as shown in Figure 4A. In the rail-CC electrode
(Figure 4B), the highest temperature was ob-
served in the ‘compressed’ colon (the colonic
segment between the protruded area of upper
electrode and the corresponding area of lower
electrode), reaching 151 °C. Compared to the
CC electrode, less heat spread to the gaps in
the rail-CC electrode, and the upper and lower
electrodes reached 65 °C. When electrical volt-
age was applied to the entire upper electrode
of the cross rail-CC prototype, heat concen-
trated at ‘interface’ between upper and lower
ridges, and the temperature achieved 129 °C,
obviously different from other areas of 100 °C
and the electrode of 95 °C (Figure 4C). When
voltage was applied to ridges of upper elec-
trode alternately, the highest temperature of
approximating 300 °C occurred between each
ridge of upper electrode, and different tempera-
tures could be observed between the upper
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and lower electrodes (Figure 4D).

In order to explore the effect of configuration
of surgical electrode on temperature variation,
real-time temperatures in ‘gap’, ‘compressed’,
‘interface’ and ‘upper electrode’ were investi-
gated, and the results are shown in Figure 5.
In the CC, rail-CC and cross rail-CC electrodes,
the temperature in ‘upper electrode’ exhibited
a tendency of gradual rise, whereas the highest
peak temperature occurred at ‘interface’. The
result in Figure 5A shows no remarkable differ-
ence in the peak temperature between ‘gap’
and ‘compressed’ in the CC electrode, whereas
the peak temperature at ‘interface’ was slightly
hig-her. Furthermore, the temperature at ‘upper
electrode’ was less than 75 °C. As shown in
Figure 5B, the rail-CC electrode created signifi-
cantly higher ‘compressed’ and ‘interface’ peak
temperatures than the temperature at ‘gap’.
While in Figure 5C, the cross rail-CC produced
the highest temperature at ‘interface’, and sim-
ilar peak temperatures were observed at ‘gap’
and ‘compressed’ area. However, the tempera-
ture at ‘upper electrode’ was low and similar
to that of the CC electrode. In Figure 5D, when
current was applied to ridges of upper elec-
trode of the cross rail-CC prototype alternately,
the peak temperature at ‘gap’ and ‘interface’
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appeared every two seconds, whereas the peak
temperature at ‘compressed’ region occurred
every second and finally reached the highest
peak temperature. Besides, the temperature at
‘upper electrode’ appeared to be the highest in
comparison with all other groups displayed in
Figure 5A-C.

The temperature variations at ‘gap’, ‘com-
pressed’, ‘interface’ and ‘electrode’ in 2D mod-
els of the CC, rail-CC, cross rail-CC and alternat-
ing cross rail-CC electrodes are presented in
Figure 6. The CC electrode created the lowest
mean temperature at ‘gap’ (Figure 6A), while
the alternating cross rail-CC electrode produced
the highest mean temperature at ‘compressed’
areas of colon (Figure 6B). Moreover, Figure
6B demonstrates that the alternating cross
rail-CC electrode produced considerably higher
temperature at ‘compressed’ colon than that
produced by the CC electrode (p=0.001). No
temperature difference was found at ‘com-
pressed’ area between the rail-CC and alter-
nating cross rail-CC electrodes (p=0.241). It can
be seen from Figure 6C that the CC electrode
produced the lowest temperature at ‘interface’
sections. Although the ‘interface’ temperature
of alternating cross rail-cc electrode was higher
than that produced by the CC electrode, the
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difference was not significant (p=0.093). Fur-
thermore, the temperature at ‘electrode’ of the
alternating cross rail-CC electrode was much
higher than that of other electrodes, as shown
in Figure 6D.

Based on the above results, studies were fur-
ther carried out to illustrate temperatures at
the horizontal center line in the fusion zone
generated by each electrode, and the results
are shown in Figure 7. The temperature curves
appeared to be homogenous in the cross rail-
CC electrode due to the tightly occluding upper
and lower electrodes (Figure 7C), while both
the temperature curves of the CC (Figure 7A)
and rail-CC electrodes (Figure 7B) exhibited
non-uniform profiles. In addition, the tempera-
tures in the CC and rail-CC electrodes rose fast-
er than that in the cross rail-CC electrode, and
the temperatures at ‘gap’ and ‘compressed’ re-
gions in all the three electrodes increased grad-
ually with the extension of time. However, the
increase of temperature achieved the highest
in the cross rail-CC electrode when voltage was
applied to ridges of upper electrode alternately
(Figure 7D).
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Temperature distribution in 3D model of the
cross rail-cc electrode

Figure 8A-B shows the temperature distribution
of the cross rail-CC electrode in 3D model when
current was applied to the entire rail electrode,
resulting in heat concentration at fusion area
with a peak temperature of 114°C at 8.1 s
and 134 °C at 9.1 s, occurring every second. In
contrast, as shown in Figure 8C-D, the highest
temperature occurred at the ‘interface’ when
current was applied to ridges alternately, and
the temperature shock at fusion area occurred
alternatively every two seconds.

Figure 9 displays the temperature changes at
‘gap’, ‘compressed’, ‘interface’, ‘upper elec-
trode’ and ‘lower electrode’ of the cross rail-CC
electrode in 3D model. Compared with 2D mod-
el, the cross rail-CC electrode produced slightly
higher ‘compressed’ temperature when current
was delivered on the entire electrode (Figure
9A). While in Figure 9B, the thermal shock at
‘interface’ and ‘gap’ appeared every seconds
when current was applied to ridges alternately,
differing from the periodic variation of every
second at ‘compressed’ segment. However,
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the peak temperatures at ‘gap’, ‘interface’ and
‘lower electrode’ were lower, whereas tempera-
tures at ‘compressed’ and ‘upper electrode’
were substantially higher than those in Figure
9A.

We finally investigated the mean temperatures
at ‘gap’, ‘compressed’, ‘interface’ and ‘upper
electrode’ of the cross rail-CC and alternating
cross rail-CC electrodes in 3D models (Figure
10). No statistically difference was found in the
mean temperature at ‘gap’ between the cross
rail-CC electrode and alternating cross rail-CC
electrode (Figure 10A), while the latter reached
considerably higher ‘compressed’ temperature
(Figure 10B). Additionally, the mean tempera-
tures at ‘compressed’ sections in these two
electrodes exhibited the same increasing ten-
dency with the extension of time. However, a
dramatic temperature changing was observed
at ‘interface’ when voltage was applied to ridg-
es alternately (Figure 10C), and obvious higher
‘upper electrode’ temperature in the alternating
cross rail-CC electrode was observed (Figure
10D).

Discussion

Anastomosis is a very important surgical proce-
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dure to rebuild normal physiological structures
and functions of tissues. Thermo-induced tis-
sue fusion via RF energy has gained extensive
attention clinically because this technology can
achieve high-quality tissue sealing or anasto-
mosis due to significant advantages of short
operation time, less tissue damage, no foreign
material residue, mild inflammation and rapid
wound healing [16-18]. Biological tissue can
be considered as a conductor with electrical
resistance. The resistive heating generated by
RF current increases the tissue temperature,
causing the denaturation of proteins within the
tissue. The elevated temperature results in un-
coiling of the triple helical structure of collagen
type I monomers and transmuting them into a
random coiled mass of peptide chains. At the
same time, the disconnected tissues condense
to a fused mass under certain mechanical
pressure [17]. In order to achieve an effective
tissue bonding, on the one hand, the matching
temperature should promote crosslinking of
denatured collagens to ensure sufficient bio-
mechanical strength. On the other hand, ther-
mal effect should also be strictly controlled to
minimize large area thermal damage in welding
zZones.

Previous studies have unveiled that configura-
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tions of surgical electrodes play a crucial role
in forming a successful anastomosis through
effective energy delivery to achieve a satisfied
biomechanical strength [18]. Meanwhile, con-
figuration-induced change in the transport of
RF current provides an opportunity to influence
the conduction and diffusion of heat, which is
believed to determine the thermal damage of
tissue [18, 35]. In the present study, we de-
signed three different electrodes of CC, rail-CC
and cross rail-CC, to investigate the tempera-
ture variation and distribution when voltage is
applied to the electrode. Our results demon-
strated that similar temperature between ‘gap’
and ‘compressed’ areas was produced by the
CC electrode, and the highest temperature at
‘compressed’ region appeared in the rail-CC
electrode, whereas the temperature at ‘gap’
was half of that at the ‘compressed’ section
when electric voltage was applied to ridges of
upper electrode of the cross rail-CC electrode
alternately. Furthermore, the temperature of
upper electrode of the alternating cross rail-CC
was considerably higher than that of the cross
rail-CC electrode.

It is reported that when the temperature reach-
es about 70-80 °C, proteins within welded
tissue begin to denature, initiating the process
of “white coagulation”. If the temperature rises
to 90 °C, the cells gradually lose water content,
causing tissue dehydration, but still maintain
its architecture in this process [36]. Dilley et al.
suggested that a sufficient sealing time (20 s)
was required to form a strong vessel seal [37].
However, vessel sealing and intestinal welding
have different requirements on tissue effect
between. In addition to establishing a reliable
tissue connection, intestinal anastomosis also
needs to keep tissue activity. Therefore, the du-
ration used in this study was 10 s considering
the tissue thermal damage. It also should be
pointed out that at temperatures near 100 °C,
the temperature-dependent material properties
experienced nonlinear phenomenon due to flu-
id phase changing within tissue, causing electri-
cal conductivity increasing and impedance roll-
off of target tissue. This is due to thermal dose
dependency of electrical conductivity, which
leads to tissue charring and dehydration, and
therefore, insufficient and non-effective heating
will occur.

The simulation results indicate the rail-CC elec-
trode introduces significantly higher peak tem-
perature at ‘gap’ and ‘compressed’ areas com-
pared with the CC and cross rail-CC designs. In
an ideal situation, high temperature is expected
to appear at ‘compressed’ zone, which is able
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to achieve optimal fusion with the help from
thermal energy, whereas the temperature at ‘in-
terface’ and ‘gap’ needs to be kept low to avoid
thermal damage on the tissue. When electric
voltage is applied to ridges of upper electrode
of the cross rail-CC electrode alternately, the
temperature at ‘gap’ is half of which occurs at
‘compressed’ section, indicating that a high
temperature is achieved in the fusion area and
thermal spread is limited to gaps in the alter-
nating cross rail-CC electrode.

Thus, when the findings of the present study
are extrapolated to living vascularized colon,
we can predict that the cross rail-CC elec-
trode, by tightly occluding the upper and lower
electrodes could create uniform compression
and temperature variation, which can be an
effective means to produce the optimal fusion
zone. However, a lower peak temperature was
observed at the fusion area. Dodde et al. has
reported similar findings in a study which com-
pared thermal spread and temperature distri-
bution of flat with cross grooved clamps used
for bipolar electrosurgery [25]. Another issue
with the present cross rail-CC electrode is that
the temperature difference between ‘gap’ and
‘compressed’ areas is minimal. Hence, further
improvement of the cross rail-CC electrode is
needed. One possibility for the improvement is
to apply current on ridges alternately to form
an alternating cross rail-CC electrode, in which
the peak temperature at fusion area can reach
as high as that created by the rail-CC electrode
and considerably higher than that of the CC
electrode. As compared with applying current
on the entire electrode, alternating application
of current can obviously decrease the peak
temperature at ‘gap’ and enhance the tempera-
ture at ‘compressed’ area, thereby reducing the
risk of hyperthermia for effective tissue fusion.

RF-assisted fusion of biological tissue is be-
lieved to be the result of simultaneously ap-
plied heat energy and compression pressure.
Thus, the residual heating is a concern for the
application of electrosurgical electrodes with
complex configurations. In our study, the peak
temperature occurred at ‘interface’ between
the upper and lower ridges, or at the corner of
ridges during the process of tissue anastomo-
sis after application of RF current. Although it
seems that these results do not bring the fu-
sion temperature down, the surrounding tissue
close to fusion area may be exposed to the risk
of thermal damage. Thus, cooling technique
should be considered while improving elec-
trodes with complex configurations.
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Besides welding electrode with optimized de-
sign, the energy output and control also play
significant roles in a successful anastomosis
with satisfied biomechanical strength. It was
reported that a lower duty cycle could lead to a
decrease in the effective RF power [38]. There-
fore, we estimated a probable duty cycle of
10% for colonic anastomoses in our FEM con-
sidering that the duration of heating process
required for the unfolding of helical structure
and denaturation of collagen is about 0.1 s.
Obviously, there are many limitations in the
current study, further research needs to be car-
ried out to realize such a dreaming technology
with improved mechanical design, control algo-
rithms and closed-loop control system. Neces-
sary experimental verifications also have to be
developed to obtain more accurate technical
parameters that mainly affect the quality of co-
lonic fusion.

Conclusion

In this study, three different electrodes char-
acterized with the architectural features of CC,
rail-CC and cross rail-CC were designed to in-
vestigate the rule of temperature diffuse after
applying pulsed electric voltage in FEM models.
Our results demonstrate the importance of
incorporating electrode geometry in tempera-
ture variation and distribution of bowel anas-
tomosis based on RF energy. The CC electrode
produced similar temperature between ‘gap’
and ‘compressed’ areas, whereas the rail-CC
electrode exhibited the highest temperature at
‘gap’ and ‘compressed’ areas compared with
the CC and cross rail-CC electrodes. Obviously,
the cross rail-CC electrode displays a low tem-
perature at ‘gap’ and a high temperature in
‘compressed’ section, which is a desirable case
of temperature distribution for thermo-induced
tissue fusion via RF energy.

In summary, alternating application of current
to the cross rail-CC electrode appears to be the
optimal option for safe colonic anastomoses
without excessive thermal spread. The results
in this study may provide guidance on the de-
sign of electrodes for effective tissue fusion
and may also direct the future selection of
welding parameters for bowel anastomoses
based on RF energy.
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