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ABSTRACT

Virtual reality-based electrosurgical simulators are demanded for
training of the major skills in laparoscopic surgery to reduce com-
plications. However, foregoing studies have never proposed the
physics-based real-time electrosurgery simulation, because of the
complexity of the phenomena and computational costs. The aim of
this study is to construct an interactive surgical simulator with a uni-
fied physics-based modeling of whole processes of electrosurgery.
In this paper, we proposed an interactive simulation method of
physics-based electrosurgical cutting. Especially, pre-processing
independent of contact information enabled simulation with user’s
interactive manipulation by reducing real-time calculation. The re-
sults of simulation showed that the combination of the proposed
method and parallelization reduced calculation time for electric po-
tential in the real-time process by 59.7%. The proposed method
enabled interactive electrosurgical cutting with a unified physics-
based modeling of whole processes of electrosurgery.

Keywords: virtual reality, medical information systems, finite el-
ement methods.

Index Terms: I.6.3 [Simulation and Modeling]: Applications; C.3
[Special-purpose and Application-based Systems]: Real-time and
embedded systems—

1 INTRODUCTION

The recent progress of computer technologies has enabled an inter-
active physics simulator that responds to a user’s manipulation and
displays visual and haptic information. In clinical medicine, elec-
trosurgery is a fundamental operation, and over 90 percent of Min-
imally Invasive Surgeries (MIS) utilize electrosurgery [6]. Electro-
surgery consists of a series of physical phases: electrical, thermal,
and structural phases, to cut soft tissue, as shown in Fig. 1. How-
ever, the foregoing electrosurgery simulators ignored underlying
physical phenomena, due to their complexity and required update
rate (graphics:>30Hz, haptics:>300Hz). The simulator removed
the material when the temperature reached 100 ◦C [8, 3, 4]. The
interactive electrosurgical cutting simulation has not been reported
on yet.

The aim of this study is to construct an interactive surgical sim-
ulator with a unified physics-based modeling of the whole pro-
cesses of electrosurgery. We have already reported on the simu-
lation models, and found the similarity of the temperature change
in electrosurgical cutting between the simulation results and real
porcine livers [7]. In this paper, we propose an interactive simula-
tion method of physics-based electrosurgical cutting. In particular,
pre-processing, independent of contact information, reduces real-
time calculations and enables an interactive simulation.
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Figure 1: A series of physical phases in electrosurgery
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Figure 2: Electrosurgical unit

2 PHYSICS-BASED MODELING OF ELECTROSURGERY

2.1 Electrosurgical unit
An electrosurgical unit is a device for cutting soft tissue by Joule
heat caused by the current of high frequency, as shown in Fig. 2.
The electrosurgical tool collides with tissue at a small contact area,
whereas the return electrode is in contact with a large area of tis-
sue. The electrical density around the contact area of the tool be-
comes high. Vaporization caused by resistive heating is thought
to destruct biological tissue, although biophysical mechanisms in
electrosurgery remain under investigation [2].

2.2 Electrical and thermal phases
The electrical phase determines the current density distribution
caused by the contact between the electrosurgical tool and the ob-
ject. The electric potential of the return electrode and the electro-
surgical tool are given as boundary conditions. Although the return
electrode is fixed on the tissue, the electrosurgical tool is moved,
and thus, the contact area changes interactively. The thermal phase
determines the temperature distribution caused by Joule heating and
temperature conduction. The governing equations of electric con-
duction and heat transfer are given by Laplace and heat equations.

∇2V = 0 (1)

cρ
∂T
∂ t

= λ∇2T +J ·E (2)

where V is voltage, T is absolute temperature, J is current density,
E is electric field, and c,ρ ,λ are specific heat, density, and ther-
mal conductivity, respectively. Eq. 1 gives the electric potential
distribution. Eq. 2 calculates the temperature distribution.
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2.3 Structural phase
It is reported that material destruction in electrosurgery is caused
from mechanical rupture [1]. The structural phase determines the
structural change caused by vaporization and stress concentration.
The stress is derived from the expansion of the volume caused by
water vaporization. The volume expansion at the position r at the
time t is given by

�v(r, t) =�vliq(r, t)+�vgas(r, t) (3)

where �vliq(r, t),�vgas(r, t) are the expansion of water from the
initial temperature and the expansion caused by the transition of
water from liquid to vapor, respectively. This expansion leads de-
formation and the stress concentration. The equilibrium, strain-
displacement relation, stress-strain relation, and constitutive equa-
tions are solved to calculate stress distribution. Finite Element
Method(FEM) is used for the numerical solution. In the processes,
Young modulus, Poisson’s ratio, and breaking stress are considered.
If the Mises stress is greater than the breaking stress, the elements
in the area are removed to represent material destruction. The con-
tact area between the tool and the tissue is updated from the moving
direction of the tool, and the simulation is carried out repetitively
by reconstructing the mechanical structure.

3 INTERACTIVE ELECTROSURGICAL CUTTING SIMULATION

3.1 Approach
This section describes a pre-processing method of electric poten-
tial. The approach is to reduce the computational cost in real-time
processing by pre-processing independent of prior contact informa-
tion. Fig. 3 shows the difference of the conventional and proposed
methods. It can be assumed that the number of contact nodes is
small, compared with the number of other nodes, i.e. non-contact
nodes. Therefore, high-cost matrix operations of other nodes, such
as the matrix inversion and factorization, require a large calculation
time. The conventional method requires the contact information in
the high-cost matrix operation, while the proposed method does not
require the contact information in the high-cost matrix operation.
Thus, the proposed method excludes the high-cost matrix operation
from real-time processing to pre-processing.

Matrix inversion (c + o)

Contact nodes

Matrix factorization (o)

Equation solution (o)

Matrix factorization (c)

Equation solution (o)

Contact nodes

Pre-processing

Real-time 
processing

c: contact nodes
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Conventional method Proposed method

Figure 3: The difference of the conventional and proposed methods
to solve a simultaneous equation for electric potential. The processes
colored gray have high computational costs.

3.2 Conventional method: matrix factorization requir-
ing prior contact information

In general, Laplace equation, as shown in Eq. 1, is solved by LU
factorization, or similar matrix factorization methods. However,
the contact nodes have to be known in advance. In other words, the
change of contact nodes requires matrix factorization once again.

Since the computational cost of matrix factorization is high, inter-
active manipulation that allows for the change of contact nodes be-
comes difficult.

First, the conventional method is described. After the contact
nodes are given, the nodes are categorized into contact and other
nodes, in order to solve Laplace equation,

Ku = f (4)

(
Koo Koc
Kco Kcc

)(
uo
uc

)
=

(
fo
fc

)
(5)

where K,u, f are the coefficient matrix, and the vectors of electric
potential and electric density, respectively. The suffixes c,o repre-
sent the components of contact and other nodes, respectively. Here,
fo = 0 gives:

Koouo = −Kocuc (6)
uo = −K−1

oo Kocuc (7)

The order of Eq. 6 is the number of other nodes. As a result, the
high computational cost of matrix factorization makes it difficult to
achieve real-time simulation that allow for the interactive change of
contact nodes.

3.3 Proposed method: matrix inversion independent of
prior contact information

The proposed method inverts the whole coefficient matrix, before
the contact nodes are given. This approach has the advantage of
not requiring prior information regarding the contact nodes and
thus reduces real-time computation through pre-processing time-
consuming calculations. The process is as follows:

1. (Pre-processing): The inverse of coefficient matrix L = K−1

is calculated, where K,u, f are the coefficient matrix and the
vectors of electric potential and electric density, respectively.

Ku = f (8)
u = Lf (9)

2. (Real-time processing): Given the contact nodes between a
tool and an object by interactive manipulation, L are arranged
with the contact and other nodes. fc is represented by a part
of matrix L, Lcc, where the suffixes c,o represent the compo-
nents of contact and other nodes, respectively. Eq. 1 induces
fo = 0. (

uo
uc

)
=

(
Loo Loc
Lco Lcc

)(
fo
fc

)
(10)

fc = L−1
cc uc (11)

3. (Real-time processing): electric potential at non-contact
nodes uo is calculated.

uo = Locfc (12)
= LocL−1

cc uc (13)

Although the matrix inversion is computationally high, the order
of Eq. 12 is only the number of contact nodes. Eq. 13 requires a
low computation time because the matrix-vector multiplication is
low cost. In summary, the first process in pre-processing is com-
putationally high, and the second and third processes in real-time
processing require low computational costs.
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3.4 Process flow
The process flow of the proposed method is shown in Fig. 4. In
real-time processing, the calculation of electrical-potential, temper-
ature, and stress distribution are carried out after the collision be-
tween a virtual tool and a tissue model is detected. If a rupture is
found in any element of the tissue model, the reconstruction pro-
cess is launched. While the reconstruction is being processed in the
back ground, the real-time processing is kept up. After the recon-
struction, the time progress from the beginning of reconstruction to
the end is re-calculated.

Collision detection

Electric-potential calculation

Temperature calculation

Stress calculation

Structural reconstruction

Rupture ?

Pre-calculation

Re-calculation of interval

Launch reconstruction process

Start reconstruction process

End reconstruction process

Yes

No

Real-time process Reconstruction process

Figure 4: The process flow of electrosurgical cutting.

4 EXPERIMENTS

4.1 Experimental setups
The simulation system was equipped with Intel CPU (Core i7
3.07GHz), 12GB main memory, and an nVidia GeForce GTX 580
graphics board. Intel Math Kernel Library was used for numerical
solution including matrix operations. The object used in the simu-
lation had 1013 nodes (tetrahedral mesh). The object size was 100
mm × 100 mm × 10 mm. Fig. 5 shows the shape of the object.
Table 1 shows the applied physical parameters, which are derived
from the studies using porcine liver [5, 9, 10]. The shape of the
return electrode was a circle with a radius of 40 mm. In the simu-
lation, the water evaporates at 100 ◦C, assuming that the effect of
the stress on the vaporization is small enough to be ignored. The
boundary conditions in the simulation are given in Table 2, where
n is the normal vector, σ is the electric conductivity of the nodes,
and λ is the heat conductivity.

Figure 5: 3D object used in the simulation

Table 1: Main physical parameters in the simulation

Specific heat × density 3.82 ×106J/(◦C ·m3)
Heat conductivity 0.502 W/(m·

◦ C)
Electric conductivity 0.144 S/m

Young modulus 4.75 ×104 Pa
Poisson’s ratio 0.400
Critical stress 2.45 ×104 Pa

Table 2: Boundary conditions in the simulation

(a)Electrical phase
Electric potential

Nodes contact with tool V = 72 V
Nodes contact with return electrode V = 0 V

Other boundary nodes n · (σ∇V ) = 0

(b)Thermal phase
Temperature

Nodes contact with tool n · (λ∇T ) = 0
Nodes contact with return electrode n · (λ∇T ) = 0

Other boundary nodes n · (λ∇T ) = 0

4.2 Simulation results
Fig. 6 shows the simulation results of the calculation phases: (a)
the distribution of the electric potential, (b) the distribution of the
temperature, and (c) distribution of the stress. The electric potential
around the contact nodes with the electrosurgical tool was high.
The temperature of the nodes was increased by the Joule’s heat,
while the temperature was diffused in the object as time progressed.
The stress increased after the vaporization of water in the elements.
The elements whose stress was over the criteria were removed. The
simulation was successfully continued during the reconstruction of
the model. Fig. 7 shows the repetitive structure change by surgical
cutting from the left side to the right side of the object.

Fig. 8 shows the interactive cutting simulation of electrosurgery.
The objects used in the simulation had 643 and 1013 nodes, re-
spectively. The contact nodes between the object and surgical tool
were determined from the distance, and updated interactively. The
surface was colored red, when the temperature was increased. The
increased temperature is decreased gradually, because the heat dif-
fusion is simulated based on Eq. 2.

4.3 Calculation time
Fig. 9 shows the calculation time of a series of the physics sim-
ulation. Fig. 9(a) is the calculation time of electric potential in
the case of the proposed and conventional methods. The effect of
parallelization of matrix operations was also examined. The result
showed that the parallelization with three threads reduced 26.6%
of the calculation time in the case of the conventional method.
The result also showed that the proposed method reduced 45.1%
of the calculation time, compared with the conventional method.
The combination of the proposed method and parallelization re-
duced 59.7% of the calculation time in total. Fig. 9(b) shows
the calculation time of each process and the total time. The re-
sult showed that the calculation time in the real-time processing
was 30ms in the case of 506-noded object, so that the real-time
simulation is achieved without a larger than 506-noded object. The
pre-processing time was 114ms in the same simulation.
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(a)

(b)

(c)

Figure 6: Simulation results: (a) the distribution of electric potential,
(b) the distribution of temperature, and (c) the stress distribution

5 CONCLUSION

In this paper, we proposed an interactive simulation method of
physics-based electrosurgical cutting. In particular, pre-processing,
independent of contact information, reduced real-time calculations.
The simulation results showed that the proposed method enabled
an interactive simulation with consideration of a series of physical
phases: electrical, thermal, and structural phases. In the clinical sit-
uation, it is occasional that the forces are applied on the object from
the side. The simulation with the applied forces is a future work.
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Figure 8: Interactive cutting simulation of electrosurgery: (a) 643
nodes (b) 1013 nodes

0

50

100

150

200

250

300

350

400

0 500 1000 1500 2000
Ti

m
e 

[m
s]

Vertex

Conventional method

Conventional method
(with 3 parallel)
Proposed method
(with 3 parallel)

(a)

0

50

100

150

200

250

300

0 500 1000 1500 2000

Ti
m

e 
[m

s]

Vertex

Total
Electrical potential
Temperature
Stress

(b)

Figure 9: Calculation time of simulation: (a)electrical potential,
(b)each procedure and whole procedures
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