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ABSTRACT In numerical computation of neuromodulator such as transcranial direct current stimula-
tion (tDCS) and transcranial magnetic stimulation (TMS), the quality of the tetrahedral mesh is a significant
criterion to achieve accurate results in simulating the electric field distribution. Although there are various
algorithms and software products have been proposed to achieve this goal, but most of them have challenges
in ease of use or in the quality of the final mesh. Even with the production of tetrahedral mesh, there is still
a deficiency in the quality of the tetrahedral mesh that leads to reduced accuracy in the final result. In this
paper, a new MATLAB toolbox (SimUTab) is presented that uses several useful algorithms in this field and
also employs new methods to generate high-quality meshes for head models. The proposed method reduces
the difficulties andmakes it easy to use. The user interface implemented inMATLABmakes easily designing
electrodes even with unusual shapes and hence provides the basis for examining the effect of electrode shapes
on the electric field distribution of the target area. The proposed method is tested and compared with other
active pipelines. The results confirm the superiority of the proposed method and show an improvement in
the quality of the final mesh.

INDEX TERMS Transcranial direct current stimulation, structural magnetic resonance segmentation, finite
elements method (FEM) analysis, forward electric field calculation.

I. INTRODUCTION
In the past three decades, tDCS has come to be attention
from many researchers. tDCS is a non-invasive technique
used to stimulate a specific area of the brain by applying a
weak current, which induces a specific shift in the excitability
of the target brain cells [1]. Determining how the electric
field is distributed in the human brain through this method
is challenging. Cortical folding is complicated that causes
an inhomogeneous connection of the applied current in the
brain. In the tDCS technique, no imaging method has yet
been able to record the electric field distribution of the
applied DC current. As consequence, the estimation of the
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electric field distribution in the brain is investigated through
computer-based numerical simulation.

In tDCS method, the stimulation process is performed by
placing pair or multi-electrodes in previously defined posi-
tions on the scalp to stimulate the targeted brain area with
small amounts of current (1-2 mA) [2]. Typically, increas-
ing the electric field concentration in the target area of the
patient’s brain improves themodulation of neural pathways in
that area and helps in the rapid treatment of brain injuries [3].
On the other hand, the current injected by the electrodes
passes through different layers as well as their interfaces
with variant electrical properties to reach the target area.
Hence, it is difficult to accurately predict the required current
(at the electrodes) to achieve the desired current density in
the target area. In particular, some obstacles limit the current
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of electrodes such as low connectivity of the scalp (result-
ing in a shutting effect where the electric field is spread)
[4]–[6]. In addition, due to safety considerations, the amount
of injected current should be precisely adjusted to prevent
undesired consequences such as skin burns, itching, fatigue,
headache and phosphine [3], [7]. Thus, some researchers have
particularly focused on improving the focality of electric field
in the target area. For this purpose, they have tried to extend
the electric field to the depths of the brain by optimizing the
position of electrodes or designing new shapes. The above
solution can be better than increasing the current injected
by electrodes, which has the mentioned adverse effects
[8], [9]. Golestanirad et al. [10] showed that employing the
modified fractal topology in designing the electrode shapes
can increase nerve stimulation and also density of electric
field. In other words, by maintaining the same activation
levels of neurons, it reduces the required delivered power
by 22%. After that, Mahdavi et al. [11] continued the work
of Golestanirad through modeling by FEM to investigate the
effect of geometric changes on the current density distribution
and compared it with the conventional electrodes. The results
shows that the current density produced by the newly formed
electrodes is 1.3 times higher than conventional electrodes.
Recently, in a work by Amani et al., new shapes of electrodes
have been modeled to investigate their impact on the rehabil-
itation of patients suffering from post-stroke Aphasia [12].
The authors illustrate that when electrodes with edginess
surfaces are used, the electric filed distribution is significantly
increase in the target area.

In previous methods, simplified spherical models have
been used to estimate distribution; so that they have captured
general features of spatial field distribution [5], [13]. Some
reports indicate a significant deviation between the simpli-
fied model and the use of a realistic head model based on
individualMRI of the patient [14]–[16]. However, simulation-
based on a realistic head model involves many steps with
methodological difficulties. This type of simulation limits
the variety in the algorithm stages and increases the com-
plexity in the software implementation. On the other hand,
due to the need to manually correct the defects accrued after
each step, it requires much more execution time [17]. As a
result, most studies are performed on a specific group of
head models and their expansion into different types of head
models is challenging. Hence, existing pipelines either lack
such tools or need extensive interaction with other tools to
achieve this goal. However, the demand to estimate electric
field distribution on the realistic head model (MRI-based)
has been increased to more accurately evaluate the neural
activities [18]–[20]. For this purpose, many pipelines have
been proposed which integrate software products with dif-
ferent methodologies to automate the process of head model
reconstruction [21]–[24].

On the other hand, each pipeline has its own features that
can be evaluated in terms of ease of use, anatomical display
accuracy, the quality of the final mesh, flexibility in designing

electrodes, and their placement. However, two recent cases
have more significance. In the first case, there is a growing
demand on a tool that allows you to investigate the effec-
tiveness of the electrodes with shapes other than conventional
types (pad, circle) that increase the concentration of electric
field in a specific area of the brain [8]. The next is the need
to produce high-quality flexible mesh which provides two
important advantages. The first is to increase the accuracy of
the distribution field and the second is the high flexibility in
using finite element software packages.

In this paper, the limitations are addressed and a new
pipeline in the MATLAB environment is developed which
has been named SimUTab. SimUTab is optimized in terms
of ease to use, flexibility, computational cost, and execution
time. A new capability has been added to SimUTab so that
the user can (using an interactive graphical user interface
(GUI)) easily design any shape of electrodes and place it
anywhere on the head. Therefore, the user can quickly follow
the effect of changes in the electrode shapes (as well as
their position) on the electric field density in the target area.
On the other hand, this article provides a new multi-step
method to produce high quality tetrahedral mesh. To achieve
this, some popular available software is utilized in various
sections. Hence, the proposed toolbox tries to employ their
capabilities together and design a new method (using them)
to produce high-quality tetrahedral mesh. Of course, in during
putting them sequentially, there are some challenges. There-
fore, to manage them, this article considers some innovations
in various parts of the proposed method.

The rest of the article is organized as follows: the proposed
method is explained in detail in section 2. FEM evaluation is
demonstrated in section 3. In section 4, results and discussion
are reported and in the last section, conclusions are described.

II. METHODS
A. TOOLBOX OVERVIEW
To simulate the electric field distribution in the MRI-
based model, several steps are considered in the form of
a pipeline, which can be seen in Fig. 1. In the proposed
workflow, several software products are utilized and inte-
grated to build an optimal simulation system. The pro-
posed workflow is implemented in a MATLAB environment
and two popular toolboxes, statistical parametric mapping
(SPM12) [25] and Neuroimaging Informatics Technology
Initiative (NIFTI) [26] are employed. It has an easy-
to-use GUI which allows users to perform all the simula-
tion steps interactively without having to write any code.
In the proposed pipeline, several parameters can be changed
interactively, such as regularization parameter in the image
segmentation step, surface mesh density, tetrahedral mesh
density and threshold quality which will be explained in the
next sections. As well, an interactive interface is considered
that allows users to easily draw any shape of the electrode.
Fig. 1 shows the steps performed in the pipeline to simulate
the distribution of an electric field.
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FIGURE 1. Overview of the proposed pipeline to simulate the electric
field in the real head model (a) preparation of MRI image
(b) segmentation (c) surface mesh generation of each tissue and
overlaying (d) error correction and volume mesh generation
(e) generation of electrodes meshes and projection on the head mesh
(f) finally, solving the FEM model.

In the pipeline, at first, to adjust the orientation of MRI in
the segmentation step, the NIFTI toolbox is employed. Then,
in the next step, the SPM12 toolbox is used to segment the
head. In the third section, cleaning of segmented tissue is
performed. After that, in the fourth step, a triangular surface
in each tissue mask is created and optimized. Then, (fifth
step), the volumetric mesh of the entire head is created. The
sixth stage involves putting and modeling the electrodes on
the head. Finally, the last step simulates the electric field
on the realistic head model based on individual MRI of the
patient. The flowchart of SimUTab is shown in Fig. 2, each
section of which will be explained in detail in the following
sections of the article.

B. INPUT DATA
The type of input data employed in this toolbox is Struc-
tural magnetic resonance images (MRI). To enhance the
structural details, two weighted-T1 images are considered
for each participant, one with fat-suppression and the other
without, as shown respectively in Table 1. The purpose of
employing fat-suppression imaging is to attenuate the signal
belonging to the spongy bone of the cranium and to intensify
the signal belonging to other soft anatomical tissues such
as Cerebrospinal fluid (CSF), gray matter (GM) and white
matter (WM). This improves the accuracy of the boundaries
in the tissue layers. Moreover, for better segmentation and
to improve the separation border between the cranium and
cerebrospinal fluid (CSF), T2-weighted images are employed
as shown in Table 1. In order to validate and compare the
proposed method with similar works, the standard average
MRI of heads (New York Head) has been used [27].

C. SEGMENTATION AND CORRECTION
In the first step, segmentation and error correction is per-
formed. To achieve this, a probabilistic framework presented

FIGURE 2. Flowchart of the proposed toolbox (SimUTab).

TABLE 1. Properties of input data include T1-weighted and T2-weighted
images.

by Ashburner and Friston is used which is implemented in
MATLAB (SPM12) [28]. For segmentation of tissue layers,
SPM12 matches the histogram of the probability intensity
(for input tissues) to the probability intensity histogram of
prior tissues (Template) to determine the class of each voxel.
The default Template used in SPM12 does not involve the
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FIGURE 3. Templates used for MRI-head segmentation (a) default SPM
Template (b) the template presented in [17] which includes the neck
region.

lower part of the head (neck) which is an essential region
in the tDCS simulation process. Hence, for the neck, the
template presented by Huang is used as shown in Fig. 3 [17].
The SPM12 generates probability maps to determine themost
likely texture for each voxel. Therefore, the binary mask for
each tissue is created. However, some defects still exist in the
binary masks that require simple morphological operations
to eliminate. The algorithm introduced by Huang et al. is
employed to eliminate the defects. As mentioned above, the
SPM12 generates six tissue layers, which are assumed to
be enclosed by each other incrementally, so that WM and
the scalp are innermost, and outermost layers respectively.
Such a hypothesis is considered in previous works [17],
[29], [30]. Sometimes, inaccurate segmentation may occur
due to noisy MRI images. Hence, the above hypothesis may
not be valid in regions where two tissue layers share the same
boundary or the inner layer extends beyond the outer layer.
This phenomenon leads to an intersection in the subsequent
layer. Therefore, the need for more morphological operation
is necessary. The proposed toolbox employs a method that
truncates the inner layer, which extends beyond the outer
layer. In addition, to prevent share boundaries, a small gap
is inserted between two adjacent tissue layers to enforce the
mentioned assumption as shown in Fig. 4. As proposed in [24]
the above assumption can be achieved by modifying the outer
layer of two adjacent layers through equation 1:

Louter = max
{
Louter + Linner ,Dξ (Linner )

}
(1)

where, (Louter ) and (Linner ) represent the outer and the inner
layer respectively. Here Dξ represents a max-filter which can
be defined as a dilation operation in which replacing voxel
with maximum value in the cubic neighboring region with
half-edge distance (ξ ) and can be defined as follows:

Dξ (mask) : mask(i, j, k) =

max
{
mask(i± M i, j± M j, k± M k)−ξ≤

a
≤+ξ

}
(2)

the value of ξ is set to one to minimize distortion of the main
tissue layer [24]. It is important to mention that the above
operators are only applied in the area where two adjacent
layers almost intersect or their boundaries merge. All the

FIGURE 4. Topological approach, which is followed in the proposed
toolbox.

above morphological operations are employed to reduce the
complexity of interlaced tissue layers in the human head
model. Fig. 5(a) shows an example of segmentation error
between WM and GM, which are marked with white circles,
after applying the mentioned method, as shown in Fig. 5(b),
the extended parts of WM are truncated. This process effec-
tively reduces the mutual intersection that may occur between
adjacent layers in the surface mesh creation step.

FIGURE 5. Zoomed coronal view of head MRI example with tissues mask
overlaid on it (a) shows some extended parts from WM mask beyond GM
mask or near mutual with GM (b) show overlaid masks after applying the
correction routine.

D. SURFACE MODEL GENERATION AND OPTIMIZATION
In the fourth step, to produce a high-quality mesh, surface
meshes are extracted using probabilitymaskswhich produced
by the segmentation step. If surface meshes are not prepared
carefully in this step, the subsequent procedure completely
fails. In this step, surface extraction in each tissue layer is
performed by the ‘‘ε-sample’’ algorithm [31] which is imple-
mented in the SurfaceMeshGeneration Library(CGAL) [32].
CGAL allows us to define density and quality criteria for each
layer. One of the most important parameters for CGAL is
the iso-value, which in the present study is set to 0.3. If the
iso-value is not fine-tuned, it will lead to incorrect results
or the production of high-density surfaces. Fig. 6 shows the
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mesh surfaces produced by different iso-values. However,
there are still defects in the extracted triangular surface that
lead to failure in tetrahedral generation step, such as self-
intersection, isolated vertices (vertices that do not belong to
any triangle surface), duplicated triangles and non-manifold
vertices [33], [34]. To solve the mentioned deficiencies, two
external tools are utilized, including Jmesh Library [34] and
MeshFix [35]. Jmesh Library is used to remove non-manifold
vertices, duplicated triangles and ensure the consistency of
the triangles vertices order such that their normal is pointing
outward. After cleaning, the tissue surfaces are concatenated
to create the final head model. As previously explained, it is
assumed that the layers are enclosed by each other incremen-
tally. For example, WM is embedded in GM and GM in CSF
and so on. Although morphological operation in the previous
section dramatically reduces the chance of mutual intersec-
tion when surfaces are companies, some intersections may
occur between adjacent tissue surfaces. A modified strategy
based on Cork [36] and MeshFix is implemented to solve
this problem. The process is done on the pairs from the inner
tissue to the outer layer.When the surface of the tissue layer is
extracted, then it needs to be combined with other tissue sur-
faces. Cork is used to resolve any intersection between con-
catenated surfaces. Consequently, the resolving process may
lead to generating enclosed small regions between overlaid
surfaces. These artifacts can be pre-processed and removed in
the subsequent step. A strategy implemented in this pipeline
is step-wise and time considering. So that when generating
of tetrahedral mesh fails due to an error in the created surface
mesh, it automatically tries to resolve the artifact iteratively.
This process is automatically applied and repeated to elim-
inate various defects such as self-intersection, degenerate
triangle, nearly degenerate triangle, and the mutual intersec-
tion. Finally, the output reaches the desired quality and the
proposed pipeline then terminates the process loop. If still
there is a mutual intersection and it leads to failure in the
subsequent tetrahedral creation stage, the interface is added
to manually repair the deficiencies and continue the repair
process. The triangular surfaces are layer-specific where the
Delaunay max radius is varying according to layer spatial
distribution. In layers such as white matter and gray matter
where these layers contain fine details, and should not be lost
during surface extraction, the maximum Delaunay radius is
chosen between 2-3 mm. In the region between pair of layers
where they are mostly overlapped, the size of the mesh is
chosen larger to another region. This wise mesh sizing is to
prevent intersection between adjacent layers.

E. VOLUME MESH GENERATION
The mesh surfaces are produced and overlaid in the pre-
vious step. To fill these surfaces with high-quality tetra-
hedrons, an open-source Shewchuk’s Delaunay refinement
algorithm (TETGEN) is employed [37]. In some cases, small
regions may be made up due to the surface mesh repairing
process. These artifacts will be removed by calling TET-
GEN, Where TETGEN counts the overlaid surfaces in the

FIGURE 6. Surface mesh generation using different iso-values (a) with
iso-value higher than 0.3 (b) with iso-value equal 0.3 (c) with iso-value
less than 0.3 (very dense and inaccurate).

mesh and computes the internal point of each enclosed
surface. Then it merges these small regions with the tis-
sue surface to which they belong. Moreover, many options
available in TETGEN allow the user to specify the quality
and density of mesh generally or even for specific tissue
layers. In the last part of volume meshing, an algorithm
is added as a MATLAB script to preserve tissue surfaces
boundary (preserving tissue actual shape )while at the same
time keeping the mesh quality as high as possible. This can
be achieved by utilizing the TETGEN meshing algorithm
options, by forcing it to add strainer points in the internal
domain of Piecewise Linear Complex (PLC) and prevent it
from adding strainer points or modifying the boundary [39].
Also, TETGEN can enhance the overall quality of the mesh
by specifying edge-ratio which will be explained in the
next section.

F. MESH QUALITY MEASUREMENT
Low-quality output mesh affects both the convergence and
method stability [40]. Therefore, generating mesh with high
quality is crucial. There are a variety of metrics to measure
the quality of the generated mesh. For example, as reported
in [41] dihedral angle is used to measure the quality of
mesh elements. another study, presented in [42] chooses the
Edge-ratio of a tetrahedron as a quality metric where the ratio
of the longest edge to its shortest edge is calculated to assess
the mesh element’s quality. In this article, the shape quality
measurements from previous literature (that are widely used
to analyze output mesh) are employed to judge the quality of
resulted mesh [43]. After applying these measurements, the
quality of mesh elements can be evaluated by estimation of
the worst element shape and also obtaining the distribution
of elements in terms of their quality. The first metric that
assesses the quality of the tetrahedronmesh is Joe-Liu(η) [44]
which is defined in equation 3 as:

η =
12 ∗ (3V )

3
2∑

i li
(3)

where, li is the edge length between vertices of a single
tetrahedron as shown in Fig. 7 and V denoted the volume of

VOLUME 10, 2022 76577



A. Y. Sahib et al.: MATLAB-Based Toolbox to Simulate Transcranial Direct-Current Stimulation

a single tetrahedron which can be defined as follows:

V =
1
6

det

1 x1 y1 z1
1 x2 y2 z2
1 x3 y3 z3
1 x4 y4 z4


 (4)

FIGURE 7. Single tetrahedron.

The second parameter used tomeasure the tetrahedron quality
is the normalized edge-radius(α) [45] which be defined in
equation 5:

α = 2
√
6
(
rin
lmax

)
(5)

where rin is the radius of the inscribed sphere and lmax is the
longest edge length of a single tetrahedron. The third metric
criterion is the radius ration ρ [44] which can be defined as
the ratio between the inradius to the circumradius of single
tetrahedron, as given in equation 6:

ρ = 3 ∗
rin
rc

(6)

The range of all the above measurements metric is between
0 and 1. So that the lowest value indicates the quality score
in the worst shape and the highest score indicates the quality
value in the desired tetrahedron. In addition, the volume (V)
of the tetrahedron can be assumed as another quality criterion.
It is important to note that this volume for any particular
tetrahedron needs to be more than the threshold value, which
is equal to 10−4 (mm3) [46]. In the tetrahedrons generating
step, the volume of each particular tetrahedron is enforced
by TETGEN to be more than the threshold value. Also,
TETGEN enhances quality by using the edge-ratio criterion
as the refinement termination condition [37]. It can be defined
in equation 7:

Q =
rout
lmin

(7)

where, rout is the radius of the tetrahedron’s circumscribed
sphere and lminis the shortest edge length of a single tetra-
hedron. The theoretical threshold bound of this ratio is equal
to 0.612 at an equilateral tetrahedron [37]. The small Q indi-
cates a high-quality tetrahedron contrariwise to other quality
metrics.

FIGURE 8. Graphical user interface (GUI) in main window of toolbox.

G. ELECTRODE PLACEMENT
In this step, designing and placing of the electrodes will
be explained. As we can see in Fig. 8 the main window
of designed GUI. This interface provides several tools that
facilitate the placement of the electrodes even for inexpert
users. It allows the user to assign the thickness (mm), the
amount of injected current, and the use (or non-use) of the
gel for each electrode. Another tool is shown in Fig. 9 which
allows the user to plot electrodes with any shape. This makes
the researchers examine a new shape easily without any need
to write code.

FIGURE 9. Assistant tool for drawing electrodes in any desired shape
guided by (10-20) international system.

The challenges of electrode projection on the head are pre-
sented in [38] where the final mesh contains some intersec-
tions which cause the FEM solver to fail or reduce the output
accuracy. This is shown in Fig. 10(a) Where intersections are
marked with red points on the mesh. In this work, a smart pro-
cedure is followed by incorporating TETGEN and MeshFix
to ensure there is no intersection between head surface mesh
and electrode surface mesh. Fig. 10(b) shows the result of
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repairing intersections and correcting surface triangles. This
approach is implemented as a MATLAB script to create the
electrode surfaces and project them on the head model and.
then, the algorithm creates the volumemesh of electrodes that
are projected on the scalp by employing TETGEN. A brief
flow chart of the algorithm is shown in Fig. 11.

FIGURE 10. (a) Resulted mesh before repairing and contain some
intersections and (b) after applying the proposed repairing method and
all intersections are repaired.

FIGURE 11. Brief flowchart of the algorithm for repairing and volume
meshing of electrodes.

III. FEM EVALUATION
A. TISSUES CONNECTIVITY
The electrical conductivity of the human head cannot be
accurately estimated with any imaging systems. The esti-
mated connectivity values for each tissue layer are shown in
Table 2 [47]. It is important to mention that there is an option
in the proposed toolbox to edit the value of tissue connectivity
as needed.

TABLE 2. Conductivity of various tissues in the human head.

B. BOUNDARY CONDITION
Before solving any finite element system, boundary con-
ditions need to be set. In the proposed work, a Neumann
boundary condition is considered at the outer boundaries and
the amount of injected current is specified by the user for
anode and cathode respectively. The outside air surrounding
the skin acts as an insulator and the outer electrical potential
of the skin has Neumann boundary condition with a zero
gradient.

C. SOLVING FINITE ELEMENTS SYSTEM
The final head model mesh is categorized under the electro-
static problem. To solve such a problem,Maxwell’s equations
are employed. The employing of these equations provides
a sufficiently approximate solution of the electrical field
intensity and the density distribution of electrical current in
the human head. The relationship between electrical potential
field applied by electrodes and connectivity of tissues is
formulated by a quasistatic form of Maxwell’s equations [48]
as described in equation 8:

O(σO.φ) = 0 (8)

where σ and φ are the connectivity of conductor tissue and
applied electrical potential respectively. The electrical field
intensity (E) can be found by partial derivative of electrical
potential as given by equation 9:

E = −O.φ (9)

The electrical current density ( J ) can be computed from the
linear relation given by equation 10:

J = σ.E (10)

The free open-source finite elements solver, getDP,
is employed for estimating electrical field intensity [49].
This solver calculates the electrical field intensity and current
density using the finite element method.

D. RESULTS VISUALIZATION
This section evaluates the proposed algorithm (SimUTab) in
various aspects and compares it with other works in this field.
As mentioned previously, SimUTab is implemented in the
MATLAB environment. Also, OpenGL [50] is employed for
increasing the graphics quality and reducing processing time.

IV. RESULTS
A. QUALITY OF GENERATED MESH
The output mesh from the mentioned steps contains six
tissue layers WM, GM, CSF, SKULL, SKIN, air cavity,
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FIGURE 12. (a) Experiments using several head models with different
electrodes assemblies. (b) Histograms of quality metrics for the above
head models where q1, q2 and q3 represent Joe-Liu (η), normalized
edge-radius ratio (α) and circumscribed to inscribed sphere radius ratio
(σ ) respectively.

TABLE 3. Mesh and quality metrics for three different experiments.

and includes the electrodes mesh. Fig. 12(a) shows exper-
iments using three head models with different electrodes
assemblies performed using the proposed toolbox in this
article. The overall surfaces are smooth and have high quality.
In Fig. 12(b), histograms of quality metrics for each exper-
iment confirm that the output mesh has high quality. The
overall average quality measured for output meshes (created
from our dataset) based on different quality criteria is Joe-Liu
(η)=0.75±0.01, inscribed circumscribed radius sphere ratio
(ρ)=0.7±0.02 and radius-edge ratio (α)=0.6±0.045. The
output mesh has a relatively small number of nodes (with
high-quality tetrahedral) which significantly reduces the cost
of computation time. In addition, histogram of element vol-
ume is measured for these experiments as shown in Fig. 13.
The measured volumes are all above the threshold, has
no negative values (invalid or degenerate tetrahedrons) and
well distributed [51]. The results of these experiments are
summarized in Table 3. As mentioned above, one of the
innovations in this article is to provide a way to resolve
intersection which may occur in the projection of elec-
trodes on the head. In order to evaluate the effectiveness
of the mentioned method, as shown in Fig. 14, a standard
head model from New York head is considered and elec-
trodes placed on it using the proposed toolbox (Fig. 14(a)).
Fig. 14(b) and (c) show the skewness histogram (one of

FIGURE 13. Histogram of elements volume for three described different
head models shows that all elements has positive volume and there is no
degenerate or invalid tetrahedrons.

the mesh evaluation criteria in COMSOL software [52] )
before and after applying the correcting algorithm which has
proposed in the SimUTab toolbox, respectively. According
to COMSOL documentation [52] the output mesh (before
correcting algorithm) contains degenerate and poorly tetrahe-
drons (minus values indicate degenerate tetrahedrons) which
their quality has improved to the acceptance range for the
FEM solver. Finally, Table 3 shows the mesh metrics (nodes
and tetrahedrons) for various experiments (performed by
SimUTab). As compared with previous works [53]– [55],
despite the improvement in the quality of meshes; the number
of nodes and tetrahedrons are dramatically reduced without
the need for any more refinement. The mesh with the above
specifications makes the FEM solver work accurately and
reduces processing time in the subsequent steps. When the
output mesh passes the agreed threshold for different FEM
solvers (even complex ones such as COMSOL, Abaqus),
there is flexibility in using different FEM programs for the
generated mesh.
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FIGURE 14. Example created from standard NY Head with corresponding
skewness histogram (a) complete head model with electrodes positioned
on it (b) show the skewness histogram before applying correcting
algorithm in proposed toolbox where there is minus value this refer to
the mesh contain degenerate tetrahedral (c) show the skewness after
applying the correcting algorithm where all value at the accepted range
between(0-1).

B. OPTIMIZATION IN POSITION AND SHAPE OF
ELECTRODE
In this section, two experiments are performed using
SimUTab which shows the effect of the position of the elec-
trodes and their shapes on the concentration of electric field in
the target area. The first one examines the effect of electrodes
placement to increase the concentration of the electric field
in a specific area of the brain. Simulation of the electric field
using the proposed MATLAB toolbox can be employed to
locate the electrodes correctly to increase the electric field
density in the target region. In both experiments, the cath-
ode electrode is mounted in the same location (in the right
supraorbital region). In these expriments, the target area is
below F3 according to the 10-20 international system which

is marked with a red circle as shown in Fig. 15. This location
is roughly close to the lower part of the dorsolateral prefrontal
cortex (DL_PFC). Fig. 15(a), shows the Electric field density
distribution of the cerebral cortex when the anode electrode
placed in FC3 position. The size of electrodes in the first
experiment (for both anode and cathode) is considered to be
4 × 6 cm. As shown in Fig. 15, the distribution of electric
field density is mainly constricted between two electrodes.
Also, as shown in Fig. 15(b), when the position of the anode
electrode changes to the F3 location (located between F3
and C3), electric field density increases in the target area.This
experiment shows that the maximum electric density may not
be concentrated directly under the active electrode, mainly
when the distance between the electrodes is close.

FIGURE 15. This experiment shows the effect of anode location on the
electric field distribution in the target area. (a). anode at FC3 position
increases the electric field density in the target area (marked with a red
circle) while it is farther away from the target area. (b). anode at F3
position does not concentrate the electric field in the target area,
although the anode position is close to it (both positions are compatible
with 10-20 international system).

In the next experiment, the F3 location is again chosen as
the target area and the electrode shape is changed easily from
rectangle to triangle using the proposed toolbox. As shown in
Fig. 16, this change leads to increase electric field density in
the cerebral cortex. The above experiments demonstrate how
SimUTab can be utilized to select the appropriate location and
optimal shape for the electrodes, to increase the electric field
density at the target location.

C. COMPARISONS WITH OTHER PIPELINES
We compare the performance of SimUTab with other famous
toolboxes. For this purpose, Roast [21] and SimNib [29]
have been selected, where they are considered as popular
programs in this field. For comparison, at first a same head
model from standardMRI data is selected and then its volume
meshing (as well as electric field simulation) are performed
using SimUTab and two other methods (mentioned above).
Two criteria including the quality of output mesh and the
simulation of the electric field distribution are considered to

VOLUME 10, 2022 76581



A. Y. Sahib et al.: MATLAB-Based Toolbox to Simulate Transcranial Direct-Current Stimulation

FIGURE 16. This experiment shows how the changing electrode shape
can effect the concentration of electric field in the target area.
(a). distribution of electric field on the cerebral cortex, when the shape of
electrodes is rectangle (b). distribution of electric field on the cerebral
cortex, when the shape of electrodes is triangular.

make this comparison. In order to make a fair comparison in
this section, asmentioned, a standard headmodel is employed
for all three toolboxes; also, the shape of electrodes and their
position are considered the same in experiments related to
all toolboxes (in addition, the applied amount of current and
inserted amount of gel are considered constant). For evaluat-
ing the quality of output meshes, three quality metrics (which
are mentioned previously) are employed. The histograms of
quality distributions for the mentioned metrics are shown
in Fig. 17. As the results in Fig. 17 shows, the proposed
method has improved in all quality metrics compared to other
methods.

Also, the averaged values of η, α, and ρ for the proposed
toolbox and two other methods are summarized in Table 4.
The number of tetrahedrons and nodes in SimUTab is less
than other methods which, despite being superior in all three
quality criteria, leads to less computation cost. Since, each
toolbox employs its own approach to generate tetrahedral
mesh, the number of nodes and tetrahedrons in each tool-
box are different (in the default settings). In another exper-
iment, the mesh density produced by SimNib is reduced to
approximately equal to the number of meshes in SimUtab
(according to Table 4). Fig. 18(a) Shows anatomical repre-
sentation of GM produced by SimNib in the default settings
(number of tetrahedrons: 5012052); Fig. 18(b) also shows
it after reducing the number of tetrahedrons to the number
of SimUTab. As can be seen, the output head model loses
much of its anatomical detail. Therefore, it can be concluded
that each toolbox has its own settings and trying to unify
some parameters such as mesh density, does not provide a
suitable framework for comparison. Another experiment is
performed also on the standard New York head model. In this
experiment, anode and cathode electrodes are placed at Fp1
and FC4 respectively according to 10-20 EEG international
system (rectangular electrodes of width 4cm, height 3cm, and

FIGURE 17. Comparison the histogram of quality distributions for
tetrahedral meshes (which generated by different toolboxes).
(a) Histogram of Joe-Liu (η) (b) radius-edge ratio (α)
(c) inscribed-circumscribed radius sphere ratio (ρ).

FIGURE 18. (a) Anatomical representation of GM produced by SimNib in
the default settings (number of nodes=906810, number of
triangles =1113028,number of tetrahedrons: 5012052) (b) anatomical
representation of GM in SimNib toolbox when the node density is
reduced(number of nodes=180546, number of triangles =298132,
number of tetrahedrons: 1092441).

thickness 3mm). Simulating electric field distribution is per-
formed by the proposed toolbox and other three methods in
order to compare their performance. One of the most power-
ful tools for performing analysis and simulation is COMSOL,
which is the most common finite element solver [55]–[57].
COMSOL accepts only high-quality meshes and is widely
employed in neural simulation due to its accurate results.
It is important to note that, due to accuracy issues the output
mesh from other methods could not be imported to COMSOL
without high refinement, which requires a high computational
cost. While the high-quality mesh generated by the pro-
posed toolbox satisfies the accuracy threshold requirement in
COMSOL and any other finite element solver. However, the
simulation is performed by four different methods (SimUTab,
SimNib, Roast, and COMSOL). For accurate comparison, the
location of the electrodes (also the amount of applied current)
is considered the same in all experiments. Fig. 19 shows
resulted electric field distribution on the cortical brain which
are performed by the above methods. As the results show,
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there is no noticeable difference between SimUTab and other
programs.

FIGURE 19. Electric field distribution on the cortical brain in gray matter
using (a) COMSOL (b) proposed toolbox (SimUTab) (c) SimNib (d) Roast.

TABLE 4. Numerical results in order to compare produced meshes by
different methods on the same head model. The number of tetrahedrons
and nodes in the proposed toolbox is less than other methods which,
despite being superior in all three quality criteria, leads to less
computation cost.

In the next experiment, the deviation of spatial distribution
density between electric fields resulted from the proposed
toolbox and the above methods are calculated. For this pur-
pose, Spatial distribution of electric field is measured along
the cutting line in the middle slice of the head using different
methods as shownwith a red arrow in Fig. 20(a). Themeasure

of the calculated electric field by the proposed toolbox is a
little higher than the other methods as shown in Fig. 20(b).
The small difference in magnitude can be explained by the
increase in the number of high quality tetrahedral generated
by the proposed toolbox. To quantify the deviation between
the electric field distribution resulting by using SimUTab and
other methods, equation 11 is employed.

div. =
Etool − Ex

Ex
× 100% (11)

where Etool represent the resulting electric field by the pro-
posed toolbox and Ex represents the electric field generated
by other methods. Fig. 18(b) shows the comparison between
the electric field obtained by the proposed toolbox and other
methods. As can be seen, there is not much difference in the
spatial distribution of electric field; but the average of devi-
ation (by averaging on equation 11) between the proposed
method and SimNibs, Roast, and COMSOL is 15.1%, 23.4%,
and 10.3%, respectively. As mentioned above, this difference
is due to the improvement in the quality of generated tetrahe-
dral mesh (by SimUTab), which despite the similarity in the
spatial distribution of the electrical field, increases the spatial
distribution density of the electric field.

FIGURE 20. Calculating spatial distribution density of electric field using
different methods i.e (SimUTab, SimNib, Roast, COMSOL) (a) show The
middle slice of standared New York Head with electric field distribution
(b) Comparison of the electric field distribution calculated along the black
arrow between the proposed SimUTab and other methods.

V. CONCLUSION
In this paper, a new toolbox termed as SimUTaba for tDCS
modeling is introduced. Our toolbox allows users to create
state of the art models from individual MRIs without the need
to have extensive experience to work with multiple complex
software packages. The proposed method is implemented in a
MATLAB environment in one place to leverage existing tools
for image segmentation and 3D visualization. It employs
different algorithms and open-source programs to create a
high-quality mesh. A user-friendly GUI is implemented
which permits even novice users to employ all functions of
the toolbox and design custom electrode shapes and place
them on the head (even in other than the standards forms).
As demonstrated, SimUTab can be utilized to assess the

aThe proposed toolbox (SimUTab) with several examples can be
downloaded for free from GitHub: https://github.com/amjad1986/
tDSC-TOOLBOX
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investigation of optimal electrode position to increase the
electric field density in a specific brain area. Generally, uti-
lizing CGAL for surface mesh extraction in the proposed
toolbox reduces computational time consumption and gen-
erates optimized mesh. specifically, the generated mesh is
characterized by a low number of tetrahedral elements that
have high- shape quality. Consequently, the proposed pipeline
(As compared with previously published pipelines where
MC is employed for surface extraction) is computationally
efficient and has low memory consumption. For producing
high-quality segmented tissues, a specific cleaning step is
utilized to remove distortion. The surface generation is a long
process in this work, where several algorithms are employed.
Also, the surface mesh repairing process is applied with dif-
ferent free source fixing tools to generate high-quality trian-
gular surfaces. After that, an open-source program TETGEN
is employed to generate high-quality volume mesh. Projec-
tion of Electrodes surface mesh on skin surface mesh may
produce some problems (such as intersection) that the pro-
posed method manages them. Finally, experimental results
evaluate and compare the presented toolbox with the other
popular software packages. The results show the superiority
and high ability of SimUTab toolbox. In the next version,
a new algorithm for lesions segmentation based on artificial
intelligence (AI) methods will be proposed.
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