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1. Introduction

Proper care and handling of electrosurgical equipment are essential to patient and personnel 

safety. Burns that destroy layers of the patient's skin often linked to a medical mistake are 

largely preventable. This paper is dealing with the design of surgical electrodes as one of the 

extremely important factors for the formation of burns during standard procedures. 

Simulations have been performed by using the  COMSOL simulation package for various 

electrode configurations (cylinder-cylinder, sphere- sphere, cylinder-sphere, cylinder-cone, 

sphere-cone, and cone-cone) representing shapes of surgical electrodes. The primary goal was 

to determine the location and the voltage required for sparking. The obtained simulation 

results agree well with the experimental data taken from literature revealing that the sparking 

formation is strongly affected by the electrode configuration. Sparking occurs most easily 

when both electrodes are  cylindrical and the most difficult when one electrode is a cone. It was 

also found that the sparking mechanism is not the same in both directions between the active 

electrode and passive metal plate due to electrical asymmetries. Electrical asymmetries may 

lead to differences in breakdown voltage even to 40%. Since the asymmetry is the cause of 

undesirable direct current burns and neuromuscular electrostimulation, and the conformity 

process does not take into account the sparking phenomena, the certification process for this 

class of equipment must change. Results presented here can be used to establish practices for 

the safe use of the electrocautery device and to prevent injury to patients and staff.

The term electrocautery often refers to a device in which a 

direct current (DC) is applied to heat the cautery probe [1-4]. The 

current density required for this procedure is realized by short 

electric sparks which take place at peak voltages of around 200 V 

between electrode and tissue. In contrast to electrosurgery 

when the patient's body is included in the circuit, during 

electrocautery current flows through a heating element burning 

the tissue by direct transfer of heat [5,6]. In particular, 

electrocautery and argon plasma coagulation (APC) are modes 

of thermal tissue destruction frequently recognized as a less 

expensive alternative to laser therapy. When the gas passes 

through the catheter tip it is ignited with the electrical current 

leading to the formation of an arc. If the probe is close enough to 

the tissue, it can be desiccated or even destructed [7]. According 

to the literature [8], electrode burns have accounted for 70% of 

the injuries reported during the use of electrosurgery. Therefore, 

studies of the sparking can be critically important in 

understanding problems that can be expected during 

electrocautery [9,10].

The main mechanism responsible for skin burns during 

electrocautery is the electrical breakdown characterized by a 

voltage that electrically breaks down gas in the interelectrode gap 

enabling current flow through the ionized gas [11,12]. The 

breakdown voltage usually obeys the standard scaling law [13]. 

Further development of the  discharge depends on several 

parameters such as the geometry of the electrode arrangements 

and the gap spacing [14]. Results of extensive studies reveal that 

various electrode configurations correspond to different electric 

field distributions although the same voltage is applied leading to 

the dissimilar breakdown voltages [15,16].

In the past few decades, computer modeling and simulations 

have evolved into very effective tools for studying sparking during 

various electrosurgical procedures and for developing new 

instrument designs [17-19]. In this paper, the effects of the 

electrode shape on the sparking have been studied by using 

software package COMSOL [20] based on the multi-component 

plasma fluid model. Our goal was to determine both a minimum 

voltage necessary for sparking and locations where sparks start as 
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crucial factors for the formation of burns during electrocautery. For 

that purpose, calculations were carried out for DC argon discharges 

having in mind that the main advantage of argon coagulation is 

constant, a minimum depth of the thermal effect. The emphasis was 

put on generationsof sparks between various electrode 

arrangements (cylinder-cylinder, sphere-sphere cylinder-sphere, 

cylinder-cone, sphere-cone, and cone-cone). Electrosurgical sparks 

have been distinguished both for the positive and negative cycles. It 

was found that mechanisms of electrical spark formation are not 

equal in both directions introducing the electrical asymmetries.

MATERIALS AND METHOD

Cautery can be operated in a monopolar or bipolar configuration 

as illustrated in Figure 1 [21,22]. In the monopolar configuration, an 

electrical circuit is completed between the generator, cables, 

surgical electrodes, and return electrode [23,24]. The surgical 

current is dissipated from the surgical electrode through the patient 

to the return electrode completing the path to the cautery generator. 

Although the monopolar electrocautery is easy to use, it can cause a 

large volume of tissue injured and interfere with pacemakers. 

Bipolar configuration,  however,  is composed of two closely spaced 

electrodes serving as the surgical electrode and return electrode 

[25,26]. The current is restricted to a small volume of tissue close to 

or between the electrode pair. Advantages of bipolar configuration 

encompass a small volume of tissue injured and less risk of burn 

injury albeit it requires more skills

Over decades electrocautery has developed from large to small 

electrodes recently resulting in the micro-dissection cautery with a 

fine electrode tip [27,28]. The cutting electrode is typically a spatula, 

a needle, or a snare with a line-shaped leading edge (shown in Figure 

2). During the cutting process, it does not directly touch the tissue 

since it is surrounded by a layer of vaporized tissue fluid. The 

sparking occurs between the electrode surface, mostly at the edges 

and the closest tissue location. With increasing the voltage, the 

intensity of the sparking increases as well as the possibility of burns 

[29,30]. As expected, the greater current flowing through the surface 

will have a stronger effect  on the tissue. The thermal effect is 

inversely proportional to the electrode surface area implying that 

smaller surface areas will produce more localized heating and vice 

versa.

Figure 1. Schematic view of dipole circuits: a) a small active 

electrode -unipolar (monopolar) and b) two equal size 

electrodes-bipolar

Figure 2. From left to right: needle, spatula, and snare 

electrodes usually applied in electrocautery.

In this study, COMSOL Multiphysics based on a multi-component 

fluid model has been used. Since the COMSOL simulation package 

has been described in detail in numerous publications  [31-33],   

only the most important facts for this study will be provided   here. 

Electron transport is modeled by solving equations for the electron 

density ne and electron energy n  [31]:z

Electron flux F  is given by the relatione

where D , the electron diffusivity D , energy mobility ue, and energy e e

diffusivity De are determined from the electron mobility ue :

One of the most important steps in finite element calculations is 

the meshing i.e. volume separation into many smaller elements 

affecting the computational time and accuracy of the obtained 

results [34]. Since our systems have axial symmetry, here we have 

used triangular mesh  as a quick and simple way to obtain meshes of 

high element quality   that cover the whole geometry, except at the 

boundaries where 4-layers of quadrilateral elements with an extra-

fine element size are used.

In the numerical simulation, the breakdown is defined as a 

significant increase  of electron density and net flux of electrons and 

ions. It can be estimated through trial and error processes. When 

both density and current reach at least 1000 times their values 

calculated at the end of the initial stabilization time, the breakdown 

voltage is  determined. For this study, calculations were carried out 

for argon discharges generated between various electrode 
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configurations: cylinder-cylinder, cylinder-sphere, sphere- sphere 

cylinder-cone, sphere-cone, and cone-cone. Test calculations were 

performed forconditions provided in ref. [35]. Beside different 

configurations, calculations were also performed for various 

electrode dimensions.

Figure 3. a) The breakdown voltage curves and b) maximum 

electrical field for various electrode configurations. The 

experimental data [35] are presented by blue squares.

To test our simulation model, we carried out calculations for the 

experimental conditions provided in ref. [35] that include: gap size 

of 1.3cm, the pressure range from 4 Torr to 22 Torr, and the work 

function of 3.68 eV. Breakdown voltages calculated for different 

electrode configurations are shown in Figure 3a. The best 

agreement between calculated and measured data [35] (blue 

squares) has been achieved for the cylinder-cylinder electrodes (red 

circles) with an overal difference around 2%. For configurations 

with one (brown diamonds) or two spherical electrodes (green 

down triangles) breakdown voltages are higher around 10 V and 8 V, 

respectively than those calculated for the cylinder- cylinder 

electrodes (red circles). However, the highest voltages are required 

for sparking that happens in the arrangement with one cone 

electrode. For this configuration, the breakdown voltage could be 

higher more than 50 V as compared to the value for two cylindrical 

electrodes. Calculated values of the maximum electrical field (Emax) 

for each gap distance under various electrode configurations are 

shown in Figure 3b. It can be inferred that the field is more uniform 

in cylinder-cylinder configuration, while highly non-uniform in the 

cylinder-cone configuration.

Figure 4. Electrical potential at the initial time (t=0) for: a) 

cylinder-cylinder, cylinder- sphere, sphere-sphere, and b) 

cylinder-cone, sphere-cone, cone-cone configurations.

Results for the electric potential at the initial time (without 

plasma) in the case of: a) cylinder-cylinder, cylinder-sphere,  

sphere-sphere, and b) cylinder-cone, sphere-cone electrode   

configurations   are  shown  in  Figure  4. Upon applying voltage, 

electric potentials and electron density distributions start to 

change. As can be observed from Figure 5, the geometry of the 

electrodes strongly affects the location where the sparking occurs.

RESULTS AND DISCUSSIONS

For all arrangements except for sphere-cone and cone-cone 

electrodes, sparking starts close in the vicinity of the lower 

electrode. For the last two mentioned con_gura- tions, however, 

sparking appears on the cone tip.

Figure 5. Electron density at the onset of sparking between: a) 

cylinder-cylinder, cylinder-sphere, sphere-sphere, and b) 

c yl i n d e r - co n e,  s p h e re - co n e,  co n e - co n e  e l e c t ro d e  

arrangements.

Figure 6. The dependence of the breakdown voltage on the gap 

size for: spherical electrode and the metal plate which is 

polarized: a) positively and b) negatively.

Figure 7. Electron density illustrating sparking between the 

spherical metallic electrode and the metal plate: a) positively 

and b) negatively polarized.

Figure 6 contains calculation values of the breakdown voltages 

for the configuration made up of spherical electrode and metal plate 

introducing asymmetry between the positive and negative 

polarization. As can be seen, the breakdown voltage is lower when 

the metal plate is negatively polarized, and thereby it is easier to 

produce a spark. Figure 6b shows that asymmetry between positive 

and negative polarizations of the sphere-metal plate arrangement 

leads to a difference in breakdown voltage up to 40%. Figure 7 

displays locations where sparking occurs in the case of the positive 

and negative cycles. According to conclusions provided in ref. [36] 

the presence of an organic tissue does not affect the electric field 

which is neither uniform nor symmetrical.
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CONCLUSIONS

This paper is devoted to the sparking mechanism responsible for 

skin burns during electrocautery. Calculations were carried out 

applying a multi-component plasma fluid model implemented in the 

COMSOL software package. Test results are in good agreement with 

the results of measurements [35] confirming that COMSOL could be 

used in studying skin burns due to sparking. The obtained 

simulation results clearly show that the electrode configurations 

strongly affect the voltage required for sparking as well as the 

location where it starts. The highest voltages are required for 

triggering sparks between arrangements with one cone electrode. It 

was found that the field is more uniform in the cylinder-cylinder 

configuration, while highly non-uniform in the cylinder- cone 

configuration. For a configuration with one or two spherical 

electrodes, breakdown voltages are higher up to 10 V and 8 V, 

respectively. When one electrode is a cone, the breakdown voltage is 

higher from 4 V up to 46 V. The difference between breakdown 

voltages for positive and negative polarization varies from 22% and 

40%. Although asymmetry does not appear for the electrodes of the 

same material and geometry, by changing the shape of one of the 

electrodes, the asymmetry is progressively increased. Since the 

asymmetry is responsible for undesirable DC burns, the results of 

this study should be taken into account when considering the 

prevention of potential complications during electrocautery.
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