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Abstract 

The effect of linear electrode displacement in various 
irrigant solutions commonly used during transurethral 
electrosurgery was studied. Frequency and electrode 
type were held constant. A bipolar configuration was 
used. Results indicated that solutions such as glycine, 
tap water, distilled water and sterile water displayed 
a capacitive response to the AC applied signal. 
Electrodes immersed in glycine, distilled water, and 
sterile water showed no arcing. A complete 
understanding of the effects of electrode separation and 
other parameters such as irrigant solutions may help 
engineers to design hazard free electrosurgical 
apparatus. 

INTRODUCTION 

The focus of this work is an experimental 
investigation of the voltage-current characteristics of 
an AC arc in a simulated transurethral resection (TUR) 
environment. This electrosurgical environment consists 
of the electrosurgical electrodes, the irrigation 
solution (typically used in electrosurgery), and the 
tissue. The sensitivity of the voltage-current 
characteristics to electrode separation, the operating 
frequency (typical electrosurgical range), the medium in 
which the electrodes were immersed, and the electrode 
type was studied. In this paper the results of the 
electrode separation study will only be presented. 

EXPERIMENTAL SETUP AND METHOD 

The experimental setup is divided into three 
parts: the input waveform generator, the electric arc 
apparatus, and the IEEE-488 data acquisition system. 

A sinusoidal signal produced by a JPC Sweep 
Function Generator was monitored by a Circuitmate 
Universal Counter uc10. 

An EN1 A-300, 0.3 to 35 MHz, power amplifier, with 
a gain of 55 dB (about 562), was used. The gain was 
further augmented by the addition of a step-up 
transformer providing a 1:6.85 ratio. Therefore, for an 
open circuit, the input signal of the frequency 
generator was increased by a factor of 3850 total. The 
transformer also isolated the power amplifier from the 
electric arc discharge. Atriaxial cable (RG-8 A/U) two 
feet in length connected the power amplifier to the 
transformer. A resistance was required in parallel with 
the electric arc in order to avoid saturating and 
overloading the measurement system. To obtain the 
appropriate resistance that would support the operating 
wattage, ten 60 Watt light bulbs in series were 
positioned in parallel with the transformer and the arc 
apparatus. Not only did the parallel light bulb load 
act as a current shunt across the oscilloscope, but it 
also allowed sufficient voltage for the occurrence of an 
arc discharge. The total resistance of the light bulbs 
with no input signal was about 169.3 R. At high 
frequencies, the light bulbs acted as a resistive load 
with minimal inductive properties [l]. 

Coaxial cables (RG-l74/U 50 ohms), approximately 
five feet in length, were used to connect both the light 
bulb load and arc apparatus in parallel with the 
transformer. The coaxial cables were laid out in a 
parallel line approximately 6 inches apart from the 
transformer to the light bulb load and from the light 
bulb load to the electric arc apparatus. 

The electric arc apparatus is the main Component 
of the experimental setup. Two rings stands were used 
to support the micromanipulator (Narishige No. 1000) and 
the wooden holders. Wooden holders were constructed and 
the appropriate sized holes were drilled vertically (0.1 
inch in diameter) to support the electrodes. Putty was 
used to provide additional support and accurate 
positioning. The various solutions were poured into 400 
ml glass (Pyrex) beakers filled to the 200 ml mark. A 
beaker holder was positioned 11.0 cm above the surface 
of the table. 

The electrodes were placed 16.0 cm above the 
surface of the table. In this way, only the exposed 
metal portion of the electrodes were immersed in the 
solution. Also, since neither electrode was grounded, 
this denotes a bipolar configuration. With the right 
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wooden holder stationary, the left holder was adjusted 
and calibrated using the micromanipulator. In this 
manner, various distances between the electrodes, d, 
were accurately obtained. Leade from the light bulb 
load that was in parallel with the arc apparatus were 
placed on the ends of the electrodes with alligator 
clips. 

The current was measured through one electrode 
lead using a Tektronix A6302 current probe connected to 
the Tektronix AM503 current probe amplifier. The 
amplifier was then connected to channel one of the 
oscilloscope. Both the probe and amplifier have a 
bandwidth of DC to 50 MHz. Voltage across the 
electrodes was measured using a Tektronix P6009 high 
voltage probe which has an attenuation of lOOX and a 
bandwidth of 120 MHz. This probe was connected to 
channel two of the oscilloscope. 

A Tektronix 7D2O Programmable Digitizer, capable 
of extracting from each channel (voltage and current 
versus time) one thousand twenty-four points, was used 
to download the data into an IBM-PC compatible (8088) 
using the IEEE-488 (GPIB) interface. The current and 
voltage were displayed through channels one and two, 
respectively. The sampling rate of the Digitizer is 50 
MHz and there are 8 bits/sample. By setting the trigger 
position and level, any desired waveform in time could 
be captured repeatedly and downloaded in less than two 
seconds. 

RESULTS AND ANALYSIS 

Rewatabilitv Testinq 

In order to determine the accuracy of the 
experimental results, the error of the input signal was 
found by conducting a repeatability test. The current 
and voltage data for two loop electrodes ( ~ o o ~ - ~ o o ~  
configuration), 0.5 inches apart, immersed in commercial 
saline (0.52% NaCl), were examined at a frequency of 500 
kHz. Using this set of parameters, the test was 
repeated three times. For each trial, the first five 
waveforms were averaged together point by point for 
first the current and then the voltage. Trial one was 
compared to trial two by taking the difference between 
each point and dividing by the average amplitude of the 
two trials. This was done for both the current and 
voltage data. The same technique was then repeated 
comparing trial one to trial three. 

From the data, it is evident that the fractional 
difference in the repeatability is no greater than 10.5% 
(Figure 1). Therefore, the results obtained in this 
study cannot be more accurate than this value. It was 
decided that only one trial was required for each set of 
parameters and an average of the first five waveforms 
was calculated. 

Sensitivity Analvsis 

The sensitivity of the V-I arc characteristics to 
electrode distances were tested and compared (0.05, 0.5, 
and 1.8 inches) for several different mediums. 

The analysis of the results was conducted in the 
following manner. The average current and voltage data 
acquired from the method mentioned above, were used not 
only to obtain the voltage-current Characteristics, but 
also to calculate the maximum current amplitude (peak to 
peak), the horizontal spread (the voltage spread where 
the current is zero), and the vertical spread (the 
current spread where the voltage is zero). All 
measurements are peak to peak. 

The phase difference between the voltage and the 
current can be measured if one assumes the V-I 
characteristics resemble a Lissajous Figure. 

Variability of Electrode SeDaration 

In all tests, two loop electrodes (loop-loop 
configuration) were used with an operating frequency Of 
500 kHz. In addition, the electrodes were submerged in 
seven different solutions. In an effort to save space 
only a full length discussion for electrode separation 
in glycine is presented. 

For example, the average V-I characteristics for 
an increase in separation distance in glycine is shown 
in Figure 2. It is apparent that the figure is oval in 
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shape. In addition, time is in the clockwise direction 
denoted by the arrow in each figure; this indicates that 
glycine has dominant capacitive properties. 

The maxi” current amplitude was wasured for each 
of the t h r u  tests; the renults are plotted in Figure 3. 

In the preliminary testing phase, throe additional 
trials were performed at other distancen and are also 
includod in thin study. It i m  evident that the current 
amplitude decroanen about 30% which is above the 10.52 
error of the input voltage. It can then be said that 
the current amplitude decreases slightly with an 
increase in electrode soparation. 

The horizontal spread was also calculated and 
these valuos are plotted in Figure 4. One can s e e  that 
the horizontal spread is relatively independent 
(excluding tho value at 0.5 inches) of the electrode 
noparation. It should bo notod that the horizontal 
npread i m  a meamure of the inherent hysteresis of the V- 
I characteristics. 

Tho valuos of the maximum current amplitude and the 
vertical mpread wore umed to calculate the exporimental 
phase. These valuom wore then plotted vernun the 
electrode separation distance and aro depicted in Figure 
5. 

From this figure, it is clear that the phane shift 
docreamos until 0.5 inches and then increanes with 
respect to the separation distance of the electrodes. 

In sunrmary, due to the manse of rotation, the V-I 
characterintics for the electron. iammrsed in Group A 
solutions (glycino, tap wator, distilled water, and 
aterilo water) all display a capacitive response to the 
applied AC signal. This implios that the current 
conducted batmen the electrodes through tho medium is 
small in comparison to the displacement current. In a 
capacitor nenne, the dimplacement current results from 
the time variation of the polarization in the medium. 
In this cane, no physical transport of charge exists. 
On the other hand, for a resistive current, charge is 
transported from one plate to another though the medium. 

In the cases where the oloctrodes are immeraod in 
glycine, di8till.d water, and sterile water, no arc was 
visible. This implies that the t h o  ncale for an arc to 
develop in thene “dims is longer than the period of 
the applied mignal. On the othor hand, for the resulte 
where tap voter was tho mdium, an arc wan seen in 
addition to condennation forming on the sides of the 
beaker. 

It is s u n  that the V-I characteristics of the 
electric arc apparatun for the electrodes imnaraed in 
tap water stand out from tho other three cases 
conmidorod. Since tap wator contain@ a higher mineral 
content than the other solutions, a higher conductivity 
(lower ranistance) in expected which is consistent with 
the above obmorvations. 

of Electrode S~D-: G r o w  B. 

The koy proporties of the V-I characteristics for 
the oloctrodes inunarmed in various salino solutions are 
in an examplo in Figuro 6. Higher currents are reached 
at lower voltages in comparison with Group A. In 
addition, while conducting these tests, an arc was 
visible within the medium. Both these factors are 
consistent with the expected higher conductivity for 
saline solutionm. Also, the 0.9% ”21 solution is seen 
as more conductive than tho 0.252 NaCl solution which is 
also consistent with this hypothenis. Again, note the 
0.522 NaC1 solution contains prenervatives while the 
othor two concentrationn do not. Therefore, care must 
be oxercined whon including the 0.52% case. 

Current saturation is another distinguishing 
feature of the V-I characteristics for the electrodes 
imaersed in online. A combination of the following 
factor. may contribute to this trait. Current is 
created by electron emisnion at the cathode and 
subsequent ionization in the medium. A currant 
limitation existn that is due to electron-ion 
recombination and from electrons losing energy by 
colliding with tho NaCl molecules. This colliding acta 
a8 a frictional drag and the electrons attain a steady 
velocity under the applied electric field. A steady 
velocity implies a &toady current. In addition, once 
tho valancm electronm have boon ionirod, it is m r e  
difficult to ionize the inner electrunn. Due to these 
effectn, thoro is a restriction to the number of 
electrons mupplied by ionization, and this causes the 
current to bo unronponnive to a further increane in the 
applied voltage. 

Current amplitude is plotted as a function of 
electrode separation for the electrodes immersed in 
three saline solutions in Figure 7. Note since the 
variation are less than the input error of 10.5%, one 
can say that current amplitude is independent of 
electrode oeparation. It is not murprieing that current 
saturation in independent of electrode neparation as 
long as the separation is larger than the minimum 
necessary for saturation to be achieved. In thin light, 
the tap water results can be reinterpreted. Tap water 
has a higher resistance than saline and, therefore, is 
not current saturated. When the electrodes are further 
separated in tap water, there can only be a decrease in 
current amplitude (current loss). On the other hand, 
for saline, the higher conductivity means that the 
maximum current is flowing for all separations distances 
considered. 

The V-I characteristics for all saline solutions 
show some variation of horizontal apread with distance 
a8 shown in Figure 8, but a physical explanation is not 
obvious. 
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Figure 1 : Repeatability Test for Voltage, Comparing 
Trial 1 with Trial 2 .  
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Figure 3 : Maximum Current Amplitude Versus Electrode 
Separation for Group & Solutions and 
Loop Electrodes. 
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Figure 4 : Horizontal Spread Versus Electrode 
Separation for Group A Solutions and 
m o p  Electrodes. 
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Figure $ : Phase Difference Versus Electrode Separation 
for Group A solutions and Loop Electrodes. 
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Figure 6 : The V-I Characteristics of 0 . 9 %  Hacl 
Saline Solution with Increasing 
Electrode Separation. 
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Figure 8 : Horizontal Spread Versus Electrode 
Separation for Group B Solutions and 
Loop Electrodes. 

Figure 7 : Maximum Current Amplitude Versus Electrode 
Separation for Group B Solutions and 
Loop Electrodes. 
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