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ABSTRACT

Purpose: Laparoscopic electrode hook is widely used in laparoscopic surgeries. However, the thermal damage
determined by the power setting and the activation time is often concerning. The performance and safety of such
electrodes are evaluated by the pulling force at a set power during dissection. The study is aimed to establish a
method to evaluate hook performance and safety by combing ex vivo tests, simulation analysis, and validation in the
acute animal experiment.

Methods: In the ex vivo study, pulling force was tested by an Instron pulling force test system with set power, angle,
and speed on porcine stomach tissue using CleanCoat™ L-Hook (Medtronic, Boulder, CO) and a novel design
L-hook. A finite element model of the monopolar electrode was established to simulate the cutting efficiency and
thermal damage in tissue. The results were then tested in a porcine model in vivo to explore the lowest power for
dissection.

Results: Both pulling forces in the novel design wire (2.938 + 0.795 N) and novel design flat (7.025 + 3.845 N) were
significantly lower than those in CleanCoat™ wire (12. 857 + 4.189 N) and CleanCoat™ flat (15. 257 + 2.988 N),
respectively. The cutting force of the novel design was smaller at the same power, indicating the current density of
the novel design would be greater than that of CleanCoat™. A lower maximum temperature of the novel design was
detected in the temperature field simulation at the set power, indicating less thermal damage caused by the novel
design than by the CleanCoat™. The lowest power setting in dissection using the inside part of the electrodes was
20W on the novel design and 30W on the CleanCoat™, respectively. The results are consistent with ex vivo tests
and the simulation results.

Discussion and Conclusion: This comprehensive method maximum simulates the real clinical setting and can be a
practical guide for testing pulling performance in medical device development.
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INTRODUCTION

Electrosurgery refers to the application of high-frequency
(radio frequency) current to cutting and coagulation of tissues.
Electrosurgical devices are frequently used during surgical operations
to help limit blood loss due to their ability to make precise cuts
[1,2]. However, the thermal spread of using electrosurgical devices is
gaining more attention nowadays because the high thermal spread
will increase the risk of thermal injury to tissue and organs [3,4].
Since the thermal spread has been reported to be highly related to
the power setting and activation time [5,6], this study is aimed to
explore the dissection capability with minimized power settings to
get a favorable thermal damage outcome.

Laparoscopic surgeries are widely adopted with many benefits such
as short hospital stay, fast recovery time, and low complication
rate compared to open abdominal procedures [7]. Electrode hook
is one of the common devices used in laparoscopic surgeries [8].
Generally, in laparoscopic surgery, the inside part of the electrode is
used to dissect the tissue. To ensure the effectiveness of dissection,
surgeons will increase the power during the operation. As a result,
the thermal damage caused by excessive power will be harmful.
Achieving a good anatomical effect and enhancing cut efficiency at
the set power is a major problem in electrode design. As the main
indicator for the performance and efficiency of electrodes during
dissection is the pulling force, measuring it at a set power during
the dissection is a critical question.
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In this study, we compared the cutting efficiency and thermal
damage between a novel design by adding an edge on the inner
side of the electrode hook and the commercial device CleanCoat™
(Table 1). We proposed that this addition of an edge would make
the cutting edge sharper and therefore can reduce the pulling force.
Moreover, reducing the contact surface area would increase the
radiofrequency (RF) current density via geometry, thereby reducing
the power and force required to transect tissue.

As electric field and thermal spread in biological tissue are
difficult to measure and predict, modeling is a necessary tool to
understand electric and temperature distribution [9]. In this study,
we established a finite element model (FEM) of the monopolar
electrode to simulate the cutting efficiency and assess the thermal
damage in biological tissue during the electrode cutting process.
FEM model can provide detailed insight into the electric field
in the electrode cutting direction and tissue heat transfer. More
specifically, a coupled thermalelectric FEM model was applied
with temperature-dependent electrical and thermal properties
for the tissue and distance-related electrical and thermal contact
property between tissue and the electrode.

Application of high frequency (monopolar) energy in vivo is a
highly variable process, with the surgical technique weighing
heavily on the resulting tissue effect and drag or pulling force. The
speed and depth at which the electrode moves through the tissue
greatly determine the outcome. Ex vivo tissue has the advantage
of providing a controlled environment for energy application. The
controlled motion including the depth, angle, and speed of cut
enables a decrease in experimental uncertainties and thus reduces
measurement variability beyond what can be achieved by testing in
in vivo tissue.

This study was designed with a combination of an ex vivo bench
test that allowed us to assess the pulling force and an in vivo porcine
model to explore the lowest power for cut by considering the real
use condition (Figure 1).

MATERIALS AND METHODS

Electrode design

Table 1 shows the appearance of the two different electrodes. The
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traditional L-Hook electrode design is a cylindrical cutter head
and the cross-section of the cutter head is round (Figure 2a). The
novel electrode was aimed to reduce the contact area between the
electrode and the tissue during the operation through remodeling
the cutter head, as shown in Figure 2a. It was proposed that the
novel design would increase the energy charge concentration, and
discharge through the tip to improve the cutting effect.

Pulling force testing method and equipment

The study was tested on an Instron pulling force test system. The
system consists of Instron equipment (Load Cell 2530-100), a
lap electrode fixture, a tissue fixture, an FT10 Energy platform, a
footswitch, and a patient return electrode (Figure 1a).

This evaluation was performed on a day-old ex wvivo tissue. Porcine
stomach with 3.7-4.2 mm thickness was cleaned with saline and cut
in the same size and fixed in a tissue fixture. The electrode hooks
(E3773-CleanCoat™ Laparoscopic Wire L-Hook Electrode, E3774
CleanCoat™ Laparoscopic Flat L-Hook Electrode, and novel
design wire and flat L-hook) were fixed in the laparoscopic electrode
fixture (lap electrode fixture) with a certain dissection angle. The
fixture was connected to Instron and the electrode generator
(Valleylab™ FT10 Energy Platform, Covidien) (Figure 1b), and
the patient return electrode was connected to the bottom of the
tissue fixture. Experimental setting parameters, including speed,
mode, power, and angle of dissection were selected; the footswitch
was used to control energy excitation when the electrode was
dissecting tissue. The maximum load was recorded automatically
by the Instron software system and pulling force was measured
automatically while the electrode was dissecting the tissue.

Simulation analysis evaluation

Fem formulation: The analytical modeling of heat transfer in
tissue, or bioheat transfer, to account for heat sources and sinks
from metabolism and blood perfusion was the pioneering work of
Pennes [10]. The bioheat transfer model of tissue includes coupled
thermal and fluid (blood) transport phenomenon. Previous work
has shown that solid elements can be used to model tissue, a
multiphase material consisting of both solid and liquid, with
sufficient accuracy [11]. The linear bioheat transfer equation for

(b)

Figure 1: (a) Pulling force test system and (b) Lap electrode fixture.
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Table 1: Pictures of the novel design and CleanCoat™ device.
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Figure 2: Schematic of the FEM models (a) The geometry of electrodes with sectional views; (b) Electrode, tissue and assembly position; (c) A representative

mesh case.

tissue is the general heat equation for conduction with added terms
for heat sources and sinks and can be expressed as [10]:

pcdT/ot=kV 2T+p bC_baw_b(T-T_b)+q_m+q_gq (1)

where p, ¢, and k are tissue density (kg/m?), heat capacity (J/kg-K),
and thermal conductivity (W/m-K), respectively, w, is the effective
blood perfusion parameter (1/s), p, is the blood density (kg/m’), C_
is the blood heat capacity (J/kg'K), T is the local tissue temperature
(°C), T, is the blood inlet temperature (°C), q_ is the metabolic heat
generation rate of the tissue (W/m?), q, is the externally induced
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heat generation rate due to electrosurgical heating of the tissue
(W/m?), and t is time (s). For all cases, it was assumed that the
metabolic heat source and blood perfusion were zero (q_=0 and
®,=0) as the experiments were performed ex vivo.

The electrical and thermal properties of the tissue and electrode
are shown in Table 2. For the o (T) of the liver, an increase of 2%,/
°C was used in accordance with Schwan and Foster [12]. For tissue
temperatures exceeding 100°C, the electrical conductivity was
assumed to drop by a factor of 10000 to simulate tissue dissection
as done previously by Haemmerich et al. [13]. It has been previously
shown that other parameters within the model are also temperature-
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dependent, specifically k and ¢ [14,15]. However, the effects were
small in comparison to that of 6 (T) and were not considered in
this model in order to reduce computational time [9].

o (T)=c_ (T_ref ) (1+0.02 (T-T _ref)) 2)

Fem simulation setup: ABAQUS software was used to simulate the
working process of the electrode hook. The software allows users
to create the geometric model, assign material properties to the
appropriate regions, as well as to specify the boundary conditions
and loads. ABAQUS is also capable of solving the bioheat equation
(1). A schematic of FEM for this study is shown in Figure 2. In
the finite element analysis, we compared two different electrode
geometrical designs, both of which are coated. The geometry of the
electrodes is shown in Figure 2a. The electrode hook embedded in
the tissue is illustrated in Figure 2b. The electrode hook and tissue
were generated using linear coupled thermal-electrical elements by
Abaqus. The mesh refinement feature was used to create a finer
mesh in regions near the electrode where electrical and temperature
information was critical. The mesh of electrode and tissue is shown
in Figure 2c.

The thermal boundary condition for the surfaces of the tissue
not contacting an electrode was set at a constant temperature T,
which was equal to 25°C in this study. Convection was assumed
for all exposed surfaces of the tissue. In this study, a convection
coefficient of 25 W/m?K was utilized [16]. The initial condition
for temperature was T = 25°C for all simulations with the ambient
temperature.

Modeling the ac voltage is typically performed by converting the
signal to a dc voltage by calculating its root mean square (RMS).
A voltage equal to the experimental RMS voltage was applied on
the top surface of the electrode. The total simulation time was 3s
which was the same as the experiment. From the simulation, the
calculation results of the electric field and temperature field were
obtained through simulation to compare with the experimental
results.

In vivo acute study

The live porcine model was used to mimic the conditions
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encountered within the clinical environment because the
anatomical and physiological characteristics are similar to humans.
The in vivo acute test focused on investigating the lowest power
setting for smooth cutting on mesentery by using different devices

(Figure 3).

One porcine model was used in the acute study. The animal
underwent standard surgical preparation and positioning for
exploratory laparotomy. The animals were placed in a dorsal
recumbent position with hair clipped from the mid-chest to the
pubis. A midline celiotomy was performed to expose the viscera
and small bowel mesentery. We dissected small bowel mesentery
in fulgurate mode with the inside edge of the different designs. To
obtain the optimal lowest power setting for each device, the cut was
performed starting from 10 watts in fulgurate mode with adding
5W gradually for both the novel design and CleanCoat™ based
on previous experience. After we obtained the optimal lowest
power setting, 10 centimeters of the mesentery was cut to verify the
smooth cutting.

The animal used in this study was pre-medicated and maintained
under anesthesia according to the test facility’s standard operating
procedures. IV infusion was given continuously at a minimum
required rate during surgery. At the conclusion of the session,
the animal was euthanized according to the test facility’s standard
operating procedures.

Statistical analysis

Statistical analyses were conducted using a 2-sample ttest, and
calculations were performed using Minitab®18 software. All
p-values were two-sided, and the significance was set at p<0.05.

RESULTS

Pulling force test configurations were set at the same mode, power
setting, angle, cutting speed, and tissue as listed in Table 3. The
test results showed that the pulling force in the novel design wire
was 2.938 £ 0.795 N, which was significantly lower than that in
the CleanCoat™ wire (12.857 + 4.189 N), the pulling force in the
novel design (7.025 + 3.845 N) flat was significantly lower than

Table 2: Thermal and electrical material properties used in the FEM.

FEM Region Material p (Kg/m3) C (J/Kg*K) k (W/m*K)
Electrode 304 8030 500 16.2
Tissue Liver 1079 3540 0.52

Figure 3: Method of dissection of mesenteries by the inner side of L-hook electrodes in the acute study.
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that in the CleanCoat™ flat (15.257 + 2.988 N) as well (Table 4
& Figure 4).

Simulation analysis evaluation

Figure 5a shows the comparison of electric field simulation results
of the two different electrodes. The simulation results showed that
the maximum current density of the novel design was 0.047 A/
mm?, and the maximum current density of CleanCoat™ was 0.028
A/mm?. These results suggested the cutting force of the novel
design was smaller at the same power. This observed test result was
consistent with the previous experimental results. Figure 5b shows
the comparison of temperature field simulation results of the two
different electrodes. The upper limit temperature for tissue thermal
damage was set at 80°C, and the area above 80°C was gray in color.
It was clear from the figure that the gray area of the novel design
is much smaller than that of CleanCoat™, indicating less thermal
damage caused by the novel design at the same power.

Acute animal experiment

In the acute porcine model, the lowest power setting for performing
cut in mesentery is shown in Table 5. The cutting could be
performed using the novel design at the power setting 20W for
both wire and flat, while with the CleanCoat™, the lowest power
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setting for wire and flat were 30W and 35W respectively, which was
consistent with simulation and pulling force results.

DISCUSSION

The principle of the laparoscopic electrode hook is to use the high-
frequency energy released by the electric surface to dissect the tissue.
Currently, the goal of the laparoscopic electrode hook design is to
optimize the cutting efficiency at a set power, thereby reducing the
thermal damage in the surgeries, which is the main concern during
the procedure [5,6]. Under the same energy output, the size of the
contact surface area between the L-Hook electrode and the tissue
has a decisive relationship with the current density and thus affects

the clinical effect [17].

In this study, we compared the pulling force difference between
CleanCoat™ hook and the novel design which added an edge on
the inner side of the original design to reduce the contact area. The
result of the pulling force test system showed the pulling force of
the novel design was s significantly lower than that of the original
design, consistent with the simulation analysis and the animal
test. Additionally, the simulation evaluation indicated lower
temperature damage associated with the novel design dissection,

which could be beneficial for patients.

Table 3: Settings for pulling force test.

Device Mode Angle (Degree) Power (W) Tissue Type Length (mm) Depth (mm) Speed (mm/s)
Novel design Fulgurate 70 20 Stomach 40 3.74.2 4
CleanCoat™ Fulgurate 70 20 Stomach 40 3.74.2 4

Table 4: The test results of pulling force of wire and flat L-hooks.

Wire L-hook Flat L-hook
Configuration
Novel design CleanCoat™ Novel design CleanCoat™
Mean Value(N) 2.938 12.857 7.025 15.275
StDev 0.795 4.189 3.845 2.988
P-value 0.019(<0.05) 0.015(<0.05)
Interval Plot of Pull force
95% Cl for the Mean
P=0.015 P=0.019 Type
20 —e— Flat L-hook
— @ . Wire L-hook

15
1t \
£ 10 \\
& N

\
\
5 \
. 1
Electrodes Cleancoat Novel design Cleancoat Novel design

Type Flat L-hook

Wire L-hook

Individual standard deviations are used to calculate the intervals.

Figure 4: Pulling force test results of novel design and CleanCoat™
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Figure 5: Simulation results: (a) Electrical current on cutting direction (b) Temperature distribution (Left: CleanCoat™, Right: novel Design)

Table 5: The lowest power setting of electrodes when dissecting in the acute study.

Sample Configuration The lowest power to cut in Fulgurate mode (W)
Novel design Wire L- hook 20
CleanCoat™ Wire L- hook 30
Novel design Flat L- hook 20
CleanCoat™ Flat L- hook 35
CONCLUSION studies. This comprehensive method can ensure the testing results

Verification and validation are independent procedures that are
used together for checking whether a product, service, or system
meets the requirements and specifications and whether it fulfils
its intended purpose [18-20]. Our study combined the verification
method including the pulling force test and simulation analysis and
validation in the animal lab. The ex vivo pulling force system and the
simulation analysis in our study could minimize the measurement
variability while the in vivo experiment could maximumly simulate
the real clinical practice and validate the outcomes from ex vivo

J Biomed Eng Med Devic, Vol.6 Iss.4 No:154

to be accurate, authenticated, and practical for the application
of the device in clinical settings. Therefore, this method will be a
valuable tool to explore the lowest power setting to optimize the
dissection performance of laparoscopic electrode hooks in future
medical device development.
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