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A modern electrosurgical apparatus incorporates digital mechanisms to control the effect of 

radio frequency (RF) energy delivered to the body tissue. These mechanisms range from a closed loop 
system with constant power delivery to adaptive power control with tissue resistance sensing. 
Important design considerations and constrains include minimal thermal spread and damage of the 
body tissue. Based on the current research and the experience gained, it is concluded that additional 
optimization is achievable by digital signal processing of the output current and voltage waveforms of 
the electrosurgical apparatus. This leads to more effective method to control specific physical effects, 
such as minimized electrode-tissue arcing, low tissue carbonization or vessel sealing. 
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Principles of electrosurgery 
Electrosurgery is one of the most frequent 

procedures in the operating room. It is used in more 
than 80% of all types of surgical procedures. Almost 
every operating room is equipped with radio 
frequency (RF) surgical device. The fields of 
applications of the electrosurgical unit range from the 
most basic dermatology procedures to the most 
intricate open heart and transplant procedures [1] [2]. 

Basically, electrosurgery is the use of RF 
alternating current (AC) to rise the intracellular 
temperature in order to achieve vaporization or the 
combination of vaporization with protein dehydration. 
These surgical effects are also known as cutting and 
coagulation of the tissue. There are at least two basic 
mechanisms whereby RF electricity increases cellular 
and tissue temperature [3]. The majority of heat is an 
electrical effect of the intracellular and extracellular 
ions (commonly include electrolytes Na+, Cl-, Ca++, 
Mg++, etc.) which act as a media for the high 
frequency current. Therefore, resistance is 

encountered by ionic movement as ions collide with 
other molecules, resulting to heat generation. The 
other part of the heat is from net tissue resistance or 
conductive heat transfer [4] [5]. 

The central concept in electrosurgery is that any 
current passing through the tissue will dissipate 
energy as heat [6]. Joule’s law commonly 
approximates the energy quantity in electrosurgical 
therapy: Q = I2×R×t where Q is energy (joule, J), I is 
current (A), R is electrical resistance ( ) and t is the 
time interval for current to flow. As the electrodes 
have relatively small amount of impedance compared 
to the tissue, the current passing through the closed 
circuit will dissipate the energy in the form of heat 
into the tissue resistance. When current carrying 
electrodes are brought into contact with the tissue, the 
current spreads out in the tissue volume. The closer to 
the electrode, the higher the density of the current will 
be. 

In a monopolar system, the active electrode is 
relatively small, leading to high current density. On 
the other side, the dispersive electrode is large enough 
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so that the contact electrode-tissue impedance is low, 
resulting in low current density and low heat 
dissipation. Assuming adiabatic conditions and no 
phase difference between the current and voltage (no 
reactive components), the temperature rise in the 
tissue volume can be approximated using the function 
[6]: 

 
(1)  
 
where T is the temperature rise,  is the tissue 
electrical conductivity, c is specific heat capacity and 
 is the tissue density. Presuming an idealized model 

of a round electrode positioned in a medium, the 
power density is inversely proportional and falls off 
rapidly with the distance of the electrode: 
 
(2)  
 
where V is the output voltage, a is the radius of the 
electrode and r is the distance from the electrode. 

One aspect in electrosurgery is to control the 
temperature and the time of the tissue exposure to this 
temperature. Applying exact amount of energy to 
achieve specific thermal effect is vital for patient 
recovery. Adverse thermal spread should be reduced 
to minimum. The mechanisms to control the tissue 
temperature exposure are closed loop systems using 
feedback parameters, such as temperature sensors, 
current and voltage waveform recognition, smart 
impedance sensing or combination between different 
methods. 

Effects of controlling tissue temperature 
If we consider tissue volume which experience 

temperature increase up to 45°C, some cytochemical 
processes occur. However, those processes are 
reversible and the tissue cells return to their normal 
state. In general, temperatures above 45°C cause 
breakdown in the living structure and degradation in 
the protein molecule. Depending on the applied time, 
temperatures between 45°C and 60°C solidify the 
proteins inside the cells, during process named 
coagulation. Up to 100°C slow boiling of the 
intracellular fluid occurs. As a result, several cells link 
up and form welding effect, which stops bleeding. 
Around 100°C vaporization of the tissue fluid within 
the cell membrane occurs, resulting in explosion of 
the cells and forming a steam around the electrode. 
This process is termed electrotomy or cutting. Further 
increase of the temperature is causing carbonization of 
the tissue, leading to electrical impedance increase 
and lowering the current density. 

Electrosurgical modes of operation 

Modern electrosurgical generators implement 
variety of RF modes and specific surgical 
applications. A continuous sinusoidal waveform in the 
frequency from 300 kHz up to 4 MHz (figure 1) cuts 
tissue with very little hemostasis. This waveform 
produces a rapid heating of the tissue and causes 
evaporation of intercellular fluids. Modulating the 
duty cycle (on-off time) of the sinusoidal waveform 
results in different surgical effects. Lengthened off-
time (figure 2) gives more time to the tissue to cool 
down, thus increasing both the homeostasis and the 
coagulation effect. Various mechanisms are used in 
recent electrosurgical units (ESU) to generate 
different modulated waveforms and to achieve desired 
surgical effects. The operator is usually able to 
manually select those waveforms on the ESU front 
screen [7]. 

 
Fig. 1. Sinusoidal cut type of waveform. 

 

Fig. 2. Modulated sine-wave output.  
Typical crest factor for coagulation modes range  

from 3, up to 6 and modulation frequencies  
from 20 kHz to 100 kHz. 

Digital output power control 
Most of the electrosurgical generators on the 

market support operator-driven adjustment of the 
output power. Depending on the specific procedure, 
the proper power level could be manually selected. 
Some typical power values are listed in table 1 [8]. 
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Table 1 
Typical surgical procedures using electrosurgical 

generators 

Power Level Procedures 

Low power 
30 W cut 
30 W coagulation 

 
Neurosurgery 
Dermatology,  Plastic surgery

Medium power 
30 W - 150 W cut 
30 W - 70 W coagulation 

 
General surgery 
Major vascular surgery 

High power 
150 W cut 
70 W coagulation 

 
Transurethral resection 
Ablative cancer surgery 

 
In order to achieve the required performance, a 

digital power control unit could be implemented in the 
electrosurgical device. Computer-based systems are 
capable of continuous monitoring of the current and 
voltage levels, therefore an automatic power 
adjustment could be implemented to preserve the 
surgical effect while working on different types of 
tissues with various electrical impedances.  A design 
of such a system is presented in figure 3. The output 
signals (VSENS, ISENS) are monitored and digitized 
using analog to digital converters (A/D). Furthermore, 
the computing unit implements a signal processing 
algorithm for calculating the optimal power delivery. 
The result is used to take the decision whether to 
increase or decrease the generator’s output current in 
order to maintain the set power demand. 

 
 

 
Fig. 3. Simplified block diagram of a modern 

electrosurgical generator. 

Constant power output over a wide range of tissue 
impedances is required to achieve smooth cutting 
performance. Table 2 lists some typical impedance 
measurements during surgical procedures [8]. In this 
aspect, a defined power curve (power versus output 
impedance) could be used for specific surgical effect. 
For example, cutting through mixed type of tissue that 
contains adipose tissue will require extended power 
curve and enough power in the high impedances range 
(figure 4). Furthermore, soft coagulation requires less 
power at higher impedance in order to prevent arcing 
(figure 5). 

Table 2 
Impedance ranges measured during electrosurgical 

procedure 

Tissue Type Impedance Range ( ) 

Prostate tissue 300-1700 
Oral cavity 
Liver tissue 1000-2000 

Muscle tissue 500-2000 

Skin tissue 1700-2500 

Bowel tissue 2500-3000 
Adipose tissue 
Scar tissue 3500-4500 

 
 

 
Fig. 4. Load power curve for regular cut type 

electrosurgical mode. 

Minimal thermal damage 
The key element in recent electrosurgical 

technologies is to minimize the thermal spread and the 
harmful damage of the surrounding tissue. The goal is 
to accelerate the healing process after the surgical 
intervention. As the electrosurgery advances in the 
laparoscopic field, there is an increased demand for 
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minimal invasive procedures. One aspect is to develop 
more sophisticated evaluation of the voltage and 
current waveforms and to implement computing 
algorithms for safer and surgeon convenient work. 

 

 
Fig. 5. Load power curve for low charring soft coagulation 

type electrosurgical mode. 

Conclusions 
With the rapid technological advancements and the 

growth of applications for minimally invasive 
procedures, various complex electrosurgical systems 
could be designed. Several aspects are important for 
further developments:  

• Enhancing the protection of the surrounding 
tissues from thermal damage. 

• Control of arcing during cutting or gentle 
coagulation procedures. 

• Limiting sticking of the tissue on the active 
electrode and easing the cutting process. 

• Precise temperature control of the electrode-
tissue contact area.  

 
This paper is reported in the National forum with 

international participation ELECTRONICA, Sofia, 
Bulgaria, 2017. 
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