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Abstract: Electroporation is a phenomenon that consists of increasing the permeability of the cell
membrane by means of high-intensity electric field application. Nowadays, its clinical application to
cancer treatment is one of the most relevant branches within the many areas of electroporation. In
this area, it is essential to apply homogeneous treatments to achieve complete removal of tumors
and avoid relapse. It is necessary to apply an optimized transmembrane potential at each point
of the tissue by means of a homogenous electric field application and appropriated electric field
orientation. Nevertheless, biological tissues are composed of wide variety, heterogeneous and
anisotropic structures and, consequently, predicting the applied electric field distribution is complex.
Consequently, by applying the parallel-needle electrodes and single-output generators, homogeneous
and predictable treatments are difficult to obtain, often requiring several repositioning/application
processes that may leave untreated areas. This paper proposes the use of multi-electrode structure to
apply a wide range of electric field vectors to enhance the homogeneity of the treatment. To achieve
this aim, a new multi-electrode parallel-plate configuration is proposed to improve the treatment in
combination with a multiple-output generator. One method for optimizing the electric field pattern
application is studied, and simulation and experimental results are presented and discussed, proving
the feasibility of the proposed approach.

Keywords: electroporation; finite element methods; electromagnetic fields

1. Introduction

Electroporation is a phenomenon based on the change in the permeability of the cell
membrane by applying an electric field [1–5]. This electric field produces a strong change
of transmembrane potential and, consequently, this induced potential can trigger different
mechanisms that change the properties of the membrane [6] (Figure 1).
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1. Introduction 
Electroporation is a phenomenon based on the change in the permeability of the cell 

membrane by applying an electric field [1–5]. This electric field produces a strong change 
of transmembrane potential and, consequently, this induced potential can trigger differ-
ent mechanisms that change the properties of the membrane [6] (Figure 1). 

 
Figure 1. Reversible (RE) and irreversible (IRE) electroporation of an animal cell. 
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Figure 1. Reversible (RE) and irreversible (IRE) electroporation of an animal cell.
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Figure 1 shows how the electroporation has been classified according to the effect
produced in the cells depending on the intensity of the applied electric field, in reversible
electroporation (RE), and irreversible electroporation (IRE). RE causes temporary perme-
abilization and is typically used to improve drug absorption, whereas IRE causes cell death,
being used as an ablation mechanism with no thermal effect [7].

This paper focuses on the use of electroporation for oncological electrosurgery. In this
subject, electroporation has great advantages including:

− The treatment efficacy is not depended on thermal effect, this allows treating high
blood perfusion tissues, and it does not produce thermal damage [8,9].

− This technique does not destroy blood vessels structures, this allows the preservation
of more healthy tissue [1,3–5].

− Electroporation is compatible with many of the current treatments, such as radiother-
apy and chemotherapy, being an effective adjuvant mechanism [6].

In electroporation, an adequate distribution of the electric field is essential to achieve
a homogeneous and safe treatment. Electroporation is applied using differential electrodes;
at present, the two most used electrodes for the application of the treatment are: parallel-
needle electrodes as shown in Figure 2a and parallel-plate electrodes as shown in Figure 2e.
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trodes. Finite element modeling of electroporation: Needle (b) and parallel-plate (f) electrodes. Electric field modulus in 
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Figure 2. State-of-the-art electroporation electrodes applied to human liver tissue: Needle (a) and parallel-plate (e) electrodes.
Finite element modeling of electroporation: Needle (b) and parallel-plate (f) electrodes. Electric field modulus in horizontal
slice (z = 0): Needle (c) and parallel-plate (g) model. Electric field modulus in vertical slice (y = 0): Needle (d) and
parallel-plate (h) model.

Currently, the most commonly used electrodes are parallel-needle electrodes [10–12],
as they normally allow quick and easy placement. The main limitation of needle-based
electrodes is that they create an irregular electric field [13], which is concentrated in several
points producing undesired thermal effects [14]. In Figure 2c,d, a simulation of the electric
field produced by two needle electrodes has been represented. Also, this type of electrode
normally requires several repositioning/application processes to treat large volumes [10,15].
For this reason, this paper is focused on the study of parallel-plate electrodes [3,16–18] to
achieve adequate electric field distribution [19,20], as can be seen in Figure 2f–h.

Biological tissues are complex structures [21] and, for this reason, it is complicated
to treat a large volume in a homogeneous way by applying a single electric field vector.



Energies 2021, 14, 1892 3 of 16

In this sense, each spatial point of a tissue has an optimal direction in which the induced
transmembrane potential is maximized. This direction changes due to tissue heterogeneity,
conductivity variations, and the different cell geometry, among other factors. Nowadays,
the most extended method to apply more than one electric field vector is to physically
reposition them [22–25]. This procedure is not always available, and in the case of needle
electrodes, repositioning the electrodes increases the damage and extend the treatment.

The objective of this paper is to propose and validate a matrix parallel-plate electrode
(MPPE) [26]. This electrode has the advantages of state-of-the-art parallel-plate electrodes,
which allow treating large volumes of tissue and apply more uniform electric field than
needle-based electrodes. Also, unlike state-of-the-art parallel-plate electrodes, the proposed
structure is composed of different electrically insulated conductive electrode cells, allowing
the application of a wide variety of electric field vectors. The rotation of the electric field at
each point of the tissue will also allow the transmembrane potential to be applied more
efficiently, thus achieving more focused and homogeneous treatment.

Based on a conference publication [26], this paper delves into the analysis of the MPPE,
adds experimental validation of the MPPE, and rethinks and expands the optimization
of the electrode. Also, for the experimental validation it has been necessary to develop a
multi-output generator, considering that MPPE requires as many outputs as the proposed
multi-electrode electrode cells.

The remainder of this paper is organized as follows—Section 2 describes the basic
aspects of the proposed multi-electrode, and details the model carried out and its evaluation.
In Section 3, the main experimental results proving the feasibility of this proposal and an
example of optimization are included. Finally, the conclusions of this paper are drawn in
Section 4.

2. Materials and Methods
2.1. Proposed Multi-Electrode Architecture

Despite its safety and efficacy, electroporation suffers from several handicaps. One
of the challenges of electroporation is to achieve a homogeneous treatment on all types
of tissues despite their heterogeneity and anisotropy. To overcome this limitation, this
paper proposes the design of a new multi-electrode that allows to apply wide variety
of electric field vectors without manipulating the electrode. The MPPE is the proposed
multi-electrode to improve electroporation homogeneity.

2.1.1. Proposed Multi-Electrode Geometries

Two geometries of MPPE have been studied, considering square or circular electrodes.
These electrodes are made up of nine Cij electrode cells, as it can be seen in Figure 3.
Each electrode cell is made of conductive material and it is electrically isolated from the
others. The main geometric parameters are: LI is the side of the square electrode cell and
LE is the total side of the square electrode including the insulation; RI is the radius of the
circular center electrode cell and RE is the total radius of the circular electrode including
the insulation.

Considering that the proposed electrodes consist of 9 electrode cells, it is possible
to apply more than 40 different electric field vectors. Increasing the number of electrode
cells increases the number of electric field vectors that can be applied, but also leads to a
complex generator implementation. The two proposed geometries have been selected with
a number of electrode cells that can be controlled in an easy way, varying the inclination of
the applied electric field vectors by means of their central electrode cell size. These allow
the proposed electrodes to apply electric field vectors in a flexible way.
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2.1.2. Operation of Proposed Multi-Electrode

To use the MPPE as well as to analyze its results, different strategies have been
proposed. The studied electrodes have been made up of 9 isolated electrode cells, with
different applied voltages to obtain the desired electric field distribution. As in state-of-
the-art parallel-plate electrodes, two electrodes are used differentially, being necessary
to establish and control up to 2 × 9 different voltages. Electroporation is based on the
application of electric field, for this reason, it is necessary to control the applied voltages
as a function of the distance between the electrode cells to apply the desired electric field.
Moreover, unlike parallel-plate electrodes, multiple electric field vectors are applied at each
point, so the application protocols and the evaluation of the results must be different.

In the case of parallel-plate electrodes, the only thing that can be controlled is the
applied voltage between their differential plates, and in this way, it is controlled a single
electric field vector. Furthermore, the proposed multi-electrode allows to apply voltage
between different combinations of the electrode cells that compose it. Controlling the
voltage of MPPE electrode cells allows to apply different electric field vectors An at each
point of the tissue. To control the different electrode cell settings (CS), a matrix system is
proposed that relates the voltages applied to each of the electrode cells with the n electric
field vectors that can be applied to each point of the tissue.

Figure 4a shows a schematic of topology proposed to control a circular MPPE of
9 electrode cells. This topology with the designed generator applies a voltage V_Cnn to
each electrode cell. Two direct voltage sources (Vcc and −Vcc) have been used, one positive
and other negative, which can be connected by switching devices to both the upper and
lower electrode cells and this allows to apply bipolar electric field pulses. Moreover, the
electrode cells of the two electrodes have been connected by independent switching devices.
So, the voltage is only applied in the selected electrode cells of the electrode. Each of these
CS will produce at each point of the tissue Pi an electric field vector An as can be seen in
Figure 4. by sequentially applying of 32 CS in the circular electrode, the different electric
field vectors represented in Figure 4b,c can be obtained.

When a uniform electric field is applied in a single direction to a biological tissue, a
transmembrane potential is induced in the membranes of its cells. The intensity of this
potential at each point of the membrane depends on the applied normal electric field. The
main advantage of the proposed electrode over traditional flat plates is that the area of the
cell membrane where the transmembrane potential is concentrated can be changed. This is
a great advantage, due to the geometry and imperfections of cell membrane, its dielectric
strength is not constant over its entire surface and has areas that are more susceptible
to electroporation. The proposed electrode allows applying several electric field vectors
by means of different CSs that can concentrate the electric field in different areas of the
membrane, therefore it is possible to find an electric field vector or a combination that
allows electroporating the cells of the tissue in a more homogeneous and easy way.
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With the different systems that have been proposed it is possible to control the op-
eration of the electrode, and it is necessary to establish how to model and evaluate its
operation and results.

2.2. MPPE Modeling and Evaluation

Two finite element models have been developed. These types of models are used
in electroporation to plan treatments estimating the volumes in which the electric field
has exceeded the electroporation threshold. Unlike these, the models have been created
focusing on the study of the module and the direction of the applied electric field. In
addition, the models do not evaluate a single electric field application, as so it is studied the
relationship of the different electric field vectors applied at each point of the tissue by n CSs.
This is necessary as the use of MPPE is based on improving the treatment homogeneity
applying wide variety of electric field vectors, and not a single vector. This section presents
the models developed and how their results have been evaluated.

2.2.1. MPPE Model

With the objective of modelling, the proposed MPPE and improve their design, two
finite element models have been created using the software COMSOL Multiphysics. These
are stationary models developed with the Electric Currents block of the AC/DC module
(Figure 5). The meshed models can be seen in Figure 5a,e. These models allow to analyze
the direction and intensity of the electric field at each point of the tissue, assuming ideal
conditions, as can be seen in Figure 5b–d,f–h.
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The model consists of two MPPE made of FR4 as electrical insulation material, and
steel as conductive material. A biological tissue of a thickness of Tt is placed in between
the electrodes. To model the electrical behavior of the tissue, the electrical conductivity in
each point depends on the electric field applied in this point. This relationship depends on
measured parameters of the tissue [21,27].

Conductivity behavior of the tissue represented in Figure 6 is described in (1) where
σ0 and σf are the initial and final electric conductivities of the tissue, respectively. Field
Eth models the electric field in which the conductivity reaches half of its maximum value.
Finally, the constant Kv controls the slope of the curve.

σ(|E|) = (σ0 +
σf − σ0

2
(1 + tanh(Kv(E− Eth)))). (1)

Energies 2021, 14, x FOR PEER REVIEW 6 of 15 
 

 

 

  

 

 

(a) (b) (c) (d) 

 

  

 

 

(e) (f) (g) (h) 

Figure 5. Proposed multi-electrode models meshing: (a) squared electrode model, (e) circular electrode model. Cell set-

tings (CS)where the voltage is applied: (b) squared electrode, (f) circular electrode. Module and direction of the electric 

field in vertical slice (y = 0): (c) squared electrode, (g) circular electrode. Module and direction of the electric field in hori-

zontal slice (z = 0): (d) squared electrode and (h) circular electrode. 

The model consists of two MPPE made of FR4 as electrical insulation material, and 

steel as conductive material. A biological tissue of a thickness of Tt is placed in between 

the electrodes. To model the electrical behavior of the tissue, the electrical conductivity in 

each point depends on the electric field applied in this point. This relationship depends 

on measured parameters of the tissue [21,27]. 

Conductivity behavior of the tissue represented in Figure 6 is described in (1) where 

σ0 and σf are the initial and final electric conductivities of the tissue, respectively. Field Eth 

models the electric field in which the conductivity reaches half of its maximum value. 

Finally, the constant Kv controls the slope of the curve. 

0

0 ) ( ) ( (1 tanh( ( )))
2

f

v thK E E
 

 


   E . (1) 

Table 1 lists the main electrical parameters used in the models presented. All data 

has been extracted from previous research [27,28]. As it can be seen in Figure 6, two types 

of tissue have been modeled. One handicap of electrosurgery is the strong differences in 

electrical conductivity between tissues. Specifically, in tumor electroporation, the electric 

field is concentrated in healthy tissue as it is a worse electrical conductor than the tumor. 

In past research, the conductivity measured in tumors is three times higher than that of 

healthy tissues [29]. 

 

Figure 6. Electrical conductivity of the simulated tissue, as a function of the electric field applied at 

10 kHz [21,27]. 

+V

-V An

-

-

-

-

+V

-V

V-

V+

An

-

-

-

-

Figure 6. Electrical conductivity of the simulated tissue, as a function of the electric field applied at
10 kHz [21,27].

Table 1 lists the main electrical parameters used in the models presented. All data
has been extracted from previous research [27,28]. As it can be seen in Figure 6, two types
of tissue have been modeled. One handicap of electrosurgery is the strong differences in
electrical conductivity between tissues. Specifically, in tumor electroporation, the electric
field is concentrated in healthy tissue as it is a worse electrical conductor than the tumor.
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In past research, the conductivity measured in tumors is three times higher than that of
healthy tissues [29].

Table 1. Model parameters extracted from [27,28].

Symbol Parameter Value (Unit)

σi Insulating Electrical Conductivity 0.0001 (S/m)
σs Steel Electrical Conductivity 300000 (S/m)

σf_h Final Healthy Electrical Conductivity 0.4 (S/m)
σ0_h Initial Healthy Electrical Conductivity 0.03 (S/m)
Kv_h Healthy Slope Constant 0.01
Eth_h Healthy Electric Field Threshold 300 (V/cm)
σf_t Final Tumor Electrical Conductivity 1.2 (S/m)
σ0_t Initial Tumor Electrical Conductivity 0.09 (S/m)
Kv_t Tumor Slope Constant 0.01
Eth_t Tumor Electric Field Threshold 300 (V/cm)

In this model, the external surface is considered to be electrically isolated except for
the surfaces where the electric potential is applied, which are the active electrode cells.
Isotropic and homogeneous electrical properties in all the volumes are assumed. The tissue
has been modeled without taking into account the structure and geometry of the cells,
assuming an homogeneous block with equivalent electrical properties; and the effects of
temperature on conductivity have been considered negligible because, despite the high
instantaneous power applied, the pulses applied in the experiment had a duration of
100 µs.

2.2.2. Evaluation of Independent Electric Field Vectors

The objective of the proposed electrode is to apply the electric field at each point
with a modulus above the objective threshold and an appropriate orientation. Due to the
difficulty of achieving a homogeneous treatment by applying an electric field in only one
direction, the MPPE applies n different vectors to achieve the application of electric field
in a direction as optimal as possible. The perfect way to apply the vectors would be a
homogeneous distribution, since if the vectors are not sufficiently out of phase with each
other they can have the same effect as applying a single vector.

In order to evaluate the MPPE effect, a methodology has been proposed to calculate
the number of independent electric field vectors applied at each point. In this subject,
two vectors are independent when the angle between them is greater than a set threshold.
However, in the case of applying n vectors it is necessary to ensure that each vector meets
this condition with the other n-1 vectors. Increasing the number of independent electric
field vectors applied at a point, it is more probable to apply the field in the optimal way.
Calculating the number of independent electric field vectors applied at each point, it is
possible to know the volumes in which the MPPE has been most effective.

Taking into account the above, the first step to evaluate the model is simulating
the n electric field distributions produced by the n CS. At each point Pi of the model,
the n vectors of electric field are evaluated as can be seen in Figure 7d. In this example
three different configurations have been applied. At each Pi the modulus of the three
applied electric field vectors is evaluated, and to consider that an electric field vector has
been effective, its modulus must be greater than the electroporation threshold Elim. In the
example, the three vectors applied in P1, have a modulus above the objective threshold, and
therefore it is necessary to calculate if the three vectors are independent. To consider these
vectors independent, the angle of each vector with the others must be between established
thresholds θmin and θmax. Therefore, the first step is to calculate the angles α1, β1, and Ω1
(Figure 7a–c) which are all the possible relationships between the three electric field vectors
applied on P1 of the example. These three vectors are considered independent if θmax >
Ω1 > θmin, θmax > β1> θmin and θmax > α1 > θmin, that is, if all angle relationships are above
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the objective threshold and therefore the three vectors are well distributed. Moreover, if
θmax > β1 > θmin, θmax > Ω1 > θmin, and α1 < θmin or α1 > θmax the red and yellow vector are
considered to be applied almost collinearly, since the angle between them is considered not
above the objective threshold. Consequently, they will produce very similar effect and only
one can be considered as an independent vector. Moreover, if θmax > Ω1 > θmin, α1 < θmin
or α1 > θmax, and β1 < θmin or β1> θmax the angular relationship of the yellow vector with
the red and blue vectors is insufficient but between the red and blue vectors the angular
relationship is above the objective threshold. Therefore, they can produce different effects
at the point P1 and therefore only the yellow vector is not considered independent. Finally,
if, α1 < θmin or α1 > θmax, β1 < θmin or β1> θmax and, α1 < θmin or Ω1 > θmax three vectors are
considered to create the same effect and, therefore, in the point P1 only has been applied
one independent electric field vector. This process is carried out in the i points of the model
and next it is estimated the percentage that has been treated with 1, 2 or 3 independent
electric field vectors. This methodology has been implemented in both models to evaluate
the effectiveness of the different designs by applying n different CSs.
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With the methods presented to operate the electrodes, to control the applied electric
field, and to evaluate the models carried out, in the following section the results obtained
are presented.

3. Experimental and Simulation Results and Discussion

The objective of this section is to prove the feasibility of the proposed MPPE design
and to present an example of optimization for a theoretical case.

Both the model and the experiments have been carried out on potato tissue. The
behavior of the electroporation of vegetal tissue is documented [21,30], and specifically
potatoes allow us to carry out an in-vivo experimentation to validate the proposed models.
Figure 8 shows the setup used in the experiments and the prototype under development.

The setup used in the experiment is composed of three parts:

• High voltage generator. This test-bench subset consists of high voltage monitor-
ing/acquiring: an 8-bit LeCroy oscilloscope Wavesurfer 3024, three differential high-
voltage probes LeCroy HVD3206, and one Pearson current monitor model 110.

• Electroporation ad hoc multioutput generator, which has been designed to be able to
power eighteen outputs and to provide online impedance measurements [27]. The pro-
posed generator is based on a multiple-output structure featuring IGBT (1700-V 100-A
3-phase IGBT power module FS100R17N3E4) an MOSFET (40-V NVMTS0D4N04CTXG
MOSFETs) devices [31]. This implementation allows high-performance omnidirec-
tional electroporation treatments.

• Experimentation area, where the potato specimens are carved and placed.
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The experimentation developed, and the results obtained by experimentation on
potato tissue are described below.
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3.1. Electric Field Distribution

There are direct and indirect methods of studying the effects of electroporation. The
most widespread indirect method to observe the effect of electroporation in real time is
the study of the change in impedance in the tissue. The problem is that this method only
gives a global idea of the state of the tissue, and to compare the results of the model it is
not necessary to study the effect in real time. Histopathological methods allow a much
more accurate understanding of the state of each part of the tissue. In this subject, different
techniques have been developed that allow to know the tissue state in a visual way. In
this paper, two different techniques have been used that allow studying the distribution of
the electric field by means of the coloration of the tissue. First, dye [32] was used to color
the areas most affected by electroporation, the intensity of the dye is proportional to the
electric field that has been applied. The other technique used [21] is the removal of the
tissue after natural degradation. It has already been described that, if the tissue is left to
rest for a few hours, it deteriorates naturally, darkening the areas affected by the treatment
in proportion to the intensity of the treatment applied.

To validate these models, the experiments represented in Figures 9 and 10 have been
carried out. For these experiments, electrodes with a square electrode cell side of 1 cm
spaced 0.8 cm have been used in addition to a 1 mm spacing between electrode cells to
ensure electrical insulation, and in the circular case, electrodes with equal interior and
exterior surfaces to the square case and an equal spacing have been used.

It can be seen in Figure 9a the CS of electric field that had been applied. In each
experiment in Figure 9, 30 pulses of 100 µs separated by 100 ms of 800 V have been applied.
The potato variety was young Monalisa and the separation between the electrodes has been
established in 8 mm. In Figure 9b–e the simulated electric field, the image of the treated
potato, and the superposition on the image of the potato with the contour that delimits the
treated area at 300 V/cm or more, this value being the electroporation threshold for the
tissue used [27].
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Figure 9. Results of the application in plant tissue of a single CS: (a) applied CS, (b) photo of the dyed potato and simulated
electric field, using circular electrode, (c) photo of the degraded potato and simulated electric field, using circular electrode,
(d) photo of the dyed potato and simulated electric field, using square electrode, and (e) photo of the degraded potato and
simulated electric field, using square electrode.
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Figure 10. Result of the application in plant tissue of 8 CSs: (a) applied CSs, (b) photo of the dyed potato and simulated
maximum electric field at each point, using circular electrode, (c) photo of the degraded potato and simulated maximum
electric field at each point, using circular electrode, (d) photo of the dyed potato and simulated electric field, using square
electrode, and (e) photo of the degraded potato and simulated electric field, using square electrode.

In Figure 10a, the CSs that had been applied and their main electric field directions are
represented for each combination of active electrode cells. In each experiment, 10 pulses
of 100 µs, 800 V, and separated by 100 ms have been applied; and this process has been
repeated in the 8 configurations represented in the Figure 10a. Electroporation was applied
to 8 mm thick samples of young Monalisa potatoes. In Figure 10b–e, the images of the
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treated potatoes are shown, and the simulated contour of the area treated at 300 V/cm
or more is superimposed on the image. In addition, these figures show a vertical and
horizontal slice of the simulated models, where are represented the maximum electric field
at each point of the tissue produced by the 8 simulated electric field distributions. These
results allow us to see that the models developed enable the prediction of the applied
electric field. The next step has been the use of the models developed to achieve the
optimization of the electrodes.

3.2. Size and Geometry Optimization

The MPPE prototypes are designed to apply the electric field in the best possible way.
One of the advantages of this electrode is that its geometry can be varied and optimized
for each case. In this section, a theorical example has been proposed with a spherical
tumor of 0.75 mm in diameter placed in the center of a healthy tissue without imperfection,
1 cm thick. The objective is to present a method that allows optimizing the geometry of
the electrode based on an initial study of the geometry of the tumor and its positioning.
In order to evaluate both geometries, the treated volumes have been estimated in the two
models, varying the surface of the electrodes and with an equivalent electrode surface
(LE =

√
π · RE and LI =

√
π · RI). To vary the surface of the electrodes, only the side

of the electrode cell of the square electrodes has been varied and then a circular electrode
with the same surfaces has been constructed. The data have been analyzed assuming
electroporation limit values of 800, 600 and 400 V/cm and an angle between 30◦ and
150◦. In the simulation, 32 different configurations of the electrodes have been applied.
There are more CSs that may be useful in other cases in which the tumor is positioned
differently, or the electrodes are not positioned evenly. For the example that has been used,
the 32 proposed CSs have been studied individually (Figures 11a and 12b). The CSs used
are considered to apply a uniform electric field and do not produce many edge effects.

Figure 11a shows the configurations applied to the square electrode, in Figure 12b
shows the configurations applied to the circular electrode and in Figures 11b and 12b
their results can be seen. It shows the data obtained from the comparison of the proposed
electrodes. Firstly, both electrodes allow to treat a large all tumor in 10 directions at
400 V/cm as minimum [27]. It is also possible to cover an important part of the volume
in 16 directions. In this example, the optimal geometry within those studied would be
the circular electrode with the surface of the square electrode 0.75 mm on a side. In both
geometries the best results have been obtained with the same size of central electrode cell.
This is because the ideal electrode cell size depends on both the tumor radius and the
spacing between the electrodes. Regarding the size of the tumor, the electrode cells must
have a comparable size to be able to focus on the treatment. The electrode cells should
also have a size comparable to the separation of the electrodes since it has been observed
that if the electrode cells are too large, the electric field concentrates on the edges of the
electrodes treating the same volume, this separates the outer electrode cells, producing a
worse field distribution.

The results make it clear that it is possible to optimize the geometry of the presented
electrodes, and that their use allows to obtain a significantly increase of number of directions
in which each point of the tissue can be treated, also being able to obtain the advantages of
state-of-art electrodes.
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Figure 11. Square electrode optimization results: (a) 32 CSs applied, and (b) geometry of the square matrix parallel-plate
electrode (MPPE) with tumor. Bar graphs with the percentage of tumor treated: standard electrode (c), 1.5 cm square
electrode cell side (d), 1 cm square electrode cell side (e), 0.75 cm square electrode cell side (f) and 0.5 cm square electrode
cell side (g).
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Figure 12. Circular electrode optimization results: (a) 32 CSs applied, and (b) geometry of the circular MPPE with tumor.
Bar graphs with the percentage of tumor treated: standard electrode (c), 1.5 cm square electrode cell side (d), 1 cm square
electrode cell side (e), 0.75 cm square electrode cell side (f) and 0.5 cm square electrode cell side (g).

4. Conclusions

Electroporation is a cancer treatment technique with promising results that needs
to use the latest power electronics technologies and electromagnetic designs. To achieve
effective treatments, an adequate electric field distribution application, one interesting way
is the use of advanced multi-electrode proposals and multi-output power converters.

The proposed structure allows the application of a uniform electric field like the
current flat plates but also allows the application of several electric field vectors with
different orientations. Applying electric field vectors in different orientations can improve
the homogeneity an the efficacy of the treatment [33–35] as is done with needle multi-
electrodes [23–25,36,37], but unlike these the proposed electrode does not need to be
repositioned. Although the use of flat plate electrodes is not very common in internal
tissues, some experiments have been carried out, and it is believed that with a suitable
support the proposed multi-electrodes could be better in some cases.

From the obtained results, it can be concluded that it is possible to improve the
treatment by means of the proposed multi-electrodes, but their dimensions and design
must be adapted in order to optimize the application for each tumor geometry and position.
Unlike traditional needle electrodes, the proposed methodology reduces the edge effect in
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the electric field strength distribution, minimizes thermal effects, and reduces injuries that
can occur due to electrode repositioning.

The proposed multi-electrode is an alternative to the current parallel-plates, but it
allows applying the electric field in a more flexible way to improve the homogenization
of the treatments. It is therefore useful in the treatment of large tumors located in areas
accessible without surgery, or even in the treatment of internal organs with high blood
perfusion where needles cannot be used.

The proposed electrodes could be useful in the treatment of liver tumors where
metastases are common. In this area, electroporation has great advantages since it is not
affected by the vascularization of the liver, and also the liver has been documented to be
able to regenerate from the effects of electroporation [5], since the electric field does not
affect vascular scaffold. Therefore, the proposed methodology could treat large volumes
of liver with metastases in a fast and effective way, allowing the regeneration of healthy
tissue. Finally, although parallel plates are often difficult to apply because they are usually
applied by tweezers, the proposed electrodes can be built with flexible PCBs and could be
applied in an easier way avoiding the use of tweezers.

To test the proposed electrodes, a new multi-output generator has been developed.
The proposed structures have been analyzed and compared, and finite element analysis
models have been developed and validated.
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35. Čorović, S.; Županič, A.; Kranjc, S.; Al Sakere, B.; Leroy-Willig, A.; Mir, L.M.; Miklavčič, D. The influence of skeletal muscle
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