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Transcranial electrical stimulation techniques such as transcranial direct current stimulation (tDCS),

transcranial alternating current stimulation (tACS), and temporal interference stimulation (TIS) require accurate

and reproducible electrode placement to achieve precise electric field targeting. However, conventional

electroencephalography (EEG) electrode placement systems (10–20 and 10–10) cover only the scalp and are

limited in stimulating cerebellar or deep brain regions. In this study, we developed an extended EEG-based

electrode localization algorithm that includes both facial and lower occipital regions on a 3D human head mesh

model. The algorithm, implemented in MATLAB, uses four anatomical landmarks to automatically compute

3D electrode coordinates and introduces new chin and posterior (inferior occipital) reference points to expand

coverage. The proposed method minimizes spatial placement error and provides a standardized, visualizable

framework for high-precision electromagnetic stimulation in research and clinical applications.

Keywords : Cerebellum stimulation, electromagnetic stimulation, EEG coordinate system, transcranial current

stimulation, temporal interference stimulation (TIS)

1. Introduction

Recently, various non-invasive electromagnetic brain

stimulation techniques, including transcranial direct current

stimulation (tDCS), transcranial alternating current stimulation

(tACS), and temporal interference stimulation (TIS), have

been actively investigated [1–3]. To ensure the reliability

and reproducibility of these studies, electrode placements

based on standard EEG (electroencephalography) coordinate

systems are commonly used [4–6]. However, the

international 10–20 and 10–10 EEG placement systems

were primarily developed for scalp electrodes and have

important limitations: they do not adequately cover facial

or lower occipital regions, which are required to stimulate

deep brain structures such as the hippocampus, brainstem,

or cerebellum. In practice, delivering current to deep

targets with scalp-only electrodes is difficult unless very

high currents are used, which can cause excessive cortical

stimulation and safety issues [7–9].

To overcome these depth-targeting limitations, Grossman

et al. introduced the TIS technique. TIS uses multiple

pairs of electrodes driving high-frequency alternating

currents that interfere within the brain, producing a low-

frequency envelope of electric field only at the desired

deep target [3]. A key feature of TIS is that it requires

carefully positioning multiple electrode pairs across the

scalp to direct the interference pattern. The distances and

relative placement of these electrodes are critical for

focusing the stimulation at the target region. In recent

experimental studies, new electrode montages have been

explored. For example, in recent human TIS trials

targeting the hippocampus, researchers placed one

electrode pair on the face (near the nasal bridge) and

another above the eyebrow. Similarly, cerebellar tDCS

often uses an electrode over the cerebellar region at the

back of the head and a return electrode on the cheek

(buccinator muscle). It has been reported that placing an

electrode on the cheek, as opposed to only on the scalp,
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alters the current distribution reaching the cerebellum and

can affect stimulation outcomes, leading some clinical

studies to adopt cheek electrode placements. These

examples illustrate a growing trend to extend EEG

electrode placement techniques beyond the traditional

scalp coverage in order to support emerging stimulation

paradigms.

In summary, optimal electrode montages for deep or

lower-brain targets require moving beyond the standard

EEG cap placements. Non-invasive electromagnetic

stimulation of deep brain areas necessitates an approach

that expands electrodes onto the face and lower occipital

regions. However, accurately and consistently positioning

electrodes on the face or inferior head is challenging.

Traditional manual measurement methods using EEG

caps or tape measures can introduce large inter-operator

errors and poor reproducibility, especially given individual

variability in head shape. In brain stimulation research, a

mismatch between the planned (simulated) target location

and the actual electrode placement can significantly

reduce the efficacy of the stimulation, so a precise

electrode positioning technique is essential. In response to

this need, recent efforts have turned to computational

algorithms and digital tools to assist with electrode

location planning.

As a representative prior work, Giacometti et al.

developed an algorithm (sometimes referred to as the

“Mesh2EEG” tool) that automatically computes electrode

coordinates for the 10–20, 10–10, and even 10–5 systems

on a 3D head surface mesh [5]. This method uses user-

identified cranial landmarks (the nasion, inion, and left/

right preauricular points) to define intersecting planes on

the mesh, computes evenly spaced points along the head

surface, and iteratively finds the coordinates of all

standard electrode positions. By using such an approach,

standard EEG electrode locations can be mapped onto an

individual’s head model obtained from MRI or CT scans

without manual measurement, yielding accurate coordinates

automatically. However, the Mesh2EEG approach has

limitations in that it still focuses on the traditional head

region: it can compute positions up to the 10–5 system on

the scalp, but it does not provide coordinates outside the

usual scalp boundary (for example, on the cheeks or

lower back of the head). In other words, it does not

support placing electrodes on facial areas or below the

hairline (such as under the forehead or behind the ears).

To address these gaps, in this study we developed a

new electrode placement algorithm that extends the

standard EEG coordinate system to include the face and

cerebellar (lower occipital) regions. The algorithm

automatically computes and visualizes electrode locations

on a 3D human head model within a MATLAB environ-

ment. Our approach is designed to minimize variability

caused by electrode placement errors and to improve

placement precision in both research and clinical trials

that utilize the EEG coordinate framework. In the

following, we present the implementation of this algorithm

and demonstrate its results. Ultimately, by sharing the

algorithm and software with the community, we aim to

contribute to more precise and reproducible electrode

placement for high-precision non-invasive brain stimulation.

2. Methods

The proposed method computes standard EEG electrode

coordinates and then extends the placement to additional

facial and cerebellar positions on a 3D head mesh. The

algorithm takes as input a 3D surface mesh of the human

Fig. 1. Flowchart of the proposed EEG electrode localization

algorithm.
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head and four anatomical landmarks identified on the

mesh, namely the nasion (Nz; the point between the

forehead and the nose), the inion (Iz; the most prominent

point of the external occipital protuberance), and the left

and right preauricular points (LPA and RPA; depressions

located just anterior to the tragus of each ear). Using these

landmarks, the algorithm defines reference planes, calculates

geodesic paths on the head surface, and determines

electrode coordinates according to standard proportional

distances. All computations were implemented in

MATLAB R2025a [10]. All vertices of the head mesh

and the anatomical landmarks are represented as position

coordinates in a common three-dimensional coordinate

system in the form of (x, y, z). Nz, Iz, LPA, and RPA are

therefore defined as reference points within the same 3D

coordinate system. Direction vectors are computed from

the differences between landmark coordinates (e.g., Iz −

Nz), and the normal vectors of planes are obtained from

the cross-products of these direction vectors. Based on

these vector operations, all reference planes and geometric

relationships used in the subsequent procedures are

defined. Below, we describe the procedure in detail for

(1) the standard 10–20 and 10–10 system coordinates, (2)

the extended occipital (cerebellar) coordinates, and (3) the

extended facial coordinates. Fig. 1 presents a flowchart

summarizing the overall procedure of the proposed EEG

electrode localization algorithm.

Standard EEG Coordinate Calculation (10–20 and 10–

10 System): Fig. 3 illustrates the overall procedure for

computing the international 10–20/10–10 system electrode

positions on the 3D head mesh. First, two orthogonal

reference planes are established using the anatomical

landmarks. 

Figure 2 illustrates the three orthogonal anatomical

reference planes (sagittal, coronal, and transverse) con-

structed on the 3D head mesh for defining the geometric

framework of the proposed algorithm. The sagittal plane

is defined by the points Nz and Iz and the head’s vertical

axis. This plane passes through the midline of the head,

separating the left and right halves. Next, the coronal

plane is defined through the Cz and LPA, RPA obtained

from the sagittal plane. This plane separates the anterior

and posterior sides of the head. The transverse plane (axis

plane) is defined by using the points determined through

the sagittal plane and the coronal plane. In fact, the

transverse plane can be determined by positioning the

horizontal plane with the direction vector using the

coordinates of the frontal and occipital points (Fpz) of the

medial sagittal plane and the coordinates of the temporal

points (T7, T8) of the medial sagittal plane.

The normal vectors of these planes are obtained via

cross-products of the defining vectors, ensuring that the

planes are correctly oriented with respect to the head

axes. The plane equation was employed as follow:

Anx + Bny + Cnz + D = 0 (1)

Where An, Bn, and Cn represent the components of the

normal vector to the plane, and D denotes the intercept of

the plane.

Once the reference planes are set, their intersections

with the 3D head mesh are computed to generate

geodesic paths along the head surface. In particular, the

intersection of the sagittal plane with the mesh yields the

midline curve running over the top of the head from Nz to

Iz. Along this midline path, the algorithm finds the point

at 50% of the total geodesic distance from Nz to Iz and

designates it as the vertex Cz (the midpoint, correspond-

ing to the standard Cz electrode). Using the total Nz–Iz

path length LNz–Iz, the locations of other midline electrodes

(e.g., Fpz, Fz, Pz, Oz) are determined at the appropriate

percentages of this length according to the 10–20/10–10

system proportions. For example, Fpz and Oz are placed

at 10% of the Nz–Iz distance from the nasion and inion,

respectively, and so on, following standard EEG conven-

tions. An analogous process is repeated for lateral paths:

the head circumference and other great-circle paths

(defined by the transverse plane and perhaps additional

intermediate planes) are divided according to 10–10 ratios

to locate lateral electrodes (such as T7/T8, F7/F8, etc.).

The algorithm employs a shortest-path search on the

mesh surface [11] to find optimal geodesic paths between

reference points on these planes. The result of this

Fig. 2. (Color online) Three orthogonal anatomical reference

planes (sagittal, coronal, and transverse) constructed on the 3D

head mesh.
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procedure is that all required geodesic paths for the 10–20

and 10–10 grids are identified, and the electrode coordi-

nates at the standard 10% or 20% proportional intervals

along each path are calculated. For example, the total

geodesic path length Ltotal between Nz and Iz was

calculated using the following equation: 

(2)

Here, Ltotal represents the sum of the lengths of all

segments that compose the entire path from Nz to Iz. K

denotes the total number of vertices along the path, and xi,

yi, zi are the three-dimensional coordinates of the i-th

vertex.

D = ratio × Ltotal (3)

Here, D indicates the cumulative geodesic distance from

Nz to the target electrode position.

The variable ratio represents the proportional value

defined by the international standard EEG system, and

Ltotal denotes the total geodesic path length between Nz

and Iz. 

By iteratively applying these two steps: (A) computing

a geodesic path between key landmarks, and (B) placing

electrodes at fixed fractional distances along the path. The

algorithm automatically computes the coordinates of all

electrodes in the 10–20 and 10–10 systems on the given

head model. Fig. 3 (a–i) summarizes these steps in

sequence.

2.1. Extended Occipital (Cerebellar) Electrode Place-

ment

To extend electrode coverage to the lower rear of the

head (for targeting the cerebellum and brainstem regions),

we introduced additional reference points and followed a

systematic procedure to place a grid of electrodes below

the standard occipital area. Fig. 4 illustrates this process.

First, starting from the inion (Iz), we define two new

midline reference points further down the back of the

head: one at 10% of the Nz–Iz distance below Iz and

another at 20% below Iz. We denote these points as CBz

(for “cerebellum zero”) and BSz (for “brainstem zero”),

respectively (Fig. 4a). These serve as central anchor

points for two new horizontal bands of electrodes in the

extended occipital region. Next, a vertical geodesic path

is drawn on the mesh from Iz down to BSz (Fig. 4b),

representing the midline trajectory along which the new

Ltotal =  
i 1=

K 1–

 xi 1+ xi– 
2

yi 1+ yi– 
2

zi 1+ zi– 
2

+ +

Fig. 3. (Color online) Overall procedure for computing the standard 10–20 and 10–10 EEG electrode coordinates on a 3D head sur-

face mesh. (a) The algorithm begins with a 3D head mesh and four fiducial landmarks (Nz, Iz, LPA, RPA) identified by the user.

(b) A plane passing through the nasion (Nz) and inion (Iz) is defined (sagittal plane) and used to intersect the head mesh. (c) The

geodesic path along the mesh from Nz to Iz is computed, and the point at 50% of this path length is identified as Cz (vertex). (d)

Additional intersection points along the Nz–Iz plane are found at specified proportions of the path. (e) A continuous midline path

through these intersection points (from Nz to Iz) is obtained. (f) Electrode positions at the standard 10–20 and 10–10 proportional

distances are calculated along each relevant path. (g) Using the previously computed points, new reference points are identified to

define a perpendicular plane, and the process is repeated for that plane. (h) All the geodesic paths required to calculate the 10–20

and 10–10 positions are thus obtained. (i) In this manner, the coordinates of all electrodes in the 10–20 and 10–10 systems can be

automatically computed by the algorithm.
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bands lie.

To determine the lateral boundaries of these bands

dynamically, we utilize the coronal plane defined by the

Left Preauricular Point (LPA), Vertex (Cz), and Right

Preauricular Point (RPA). At each of the central levels

(CBz and BSz), we define a horizontal plane and identify

its intersection points with the LPA–Cz–RPA coronal

plane (Fig. 4c–d). These intersections serve as the

maximum lateral reference markers. We then trace the

geodesic paths from the midline anchors (CBz and BSz)

toward these lateral intersection points. To ensure the

electrodes are focused on the posterior cerebellar region

without extending too far laterally, we restrict the active

path length to 30% of the distance from the midline to the

intersection point (Fig. 4e).

Finally, curved surface paths are generated along the

occipital scalp connecting the midline to these 30%

boundary points (Fig. 4f). Along these defined curves, the

electrode grid is distributed at equal intervals. This results

in a set of new electrodes labeled CB1–CB4 along the

upper (cerebellar) band and BS1–BS4 along the lower

(brainstem) band. The numbering is chosen such that odd

numbers indicate left-side electrodes and even numbers

indicate right-side electrodes. The result of this procedure

Fig. 4. (Color online) Procedure for extending electrode placement to the lower occipital (cerebellar) region. (a) Define central ref-

erence points CBz and BSz on the midline, located 10% and 20% of the Nz–Iz distance below the inion (Iz), respectively. (b) Draw

a vertical path along the midline from Iz down to BSz. (c) At each center. point (CBZ, BSz), two horizontal reference planes and

the LPA–Cz–RPA plane are defined. (d) Find the point where the LPA–Cz–RPA plane intersects the two horizontal planes. (e) Find

30% points each in the path to the intersecting point at CBz and the path to the intersecting point at BSz. (f) Compute the inter-

sections of these planes with the 3D head mesh, yielding the curved paths connecting CB5–CB6 and BS5–BS6 around the back of

the head. (g) Determine the positions of additional electrodes along each curved path (on both left and right sides), labeled CB1–

CB4 on the upper (cerebellar) band and BS1–BS4 on the lower band, at specified proportional distances (e.g., 10% increments). (h)

Using this approach, electrode positions can be calculated for an extended occipital grid (including finer 5% subdivisions) beyond

the standard EEG coverage.

Table 1. Summary of extended occipital (cerebellar and brainstem) electrodes.

Electrode Relative Position

CBz 10% below Iz along the midline

CB1, CB3, CB5 Left lower occipital region, at successive 10% intervals from CBz

CB2, CB4, CB6 Right lower occipital region, at successive 10% intervals from CBz

BSz 20% below Iz along the midline

BS1, BS3, BS5 Left lower occipital region, at successive 10% intervals from BSz

BS2, BS4, BS6 Right lower occipital region, at successive 10% intervals from BSz

CB7–CB12, BS7–BS12 Additional electrodes at 5% subdivisions of the occipital geodesic paths
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is an extended set of occipital electrodes covering the

cerebellar region in a systematic way, adapted to the

individual head shape using the coronal plane as a

reference. (For nomenclature, the prefix “CB” indicates

the upper occipital band near the cerebellum and “BS” the

lower band near the brainstem; this naming convention

was adopted with reference to previous suggestions in the

literature.)

A concise summary of the extended occipital electrodes

introduced by the proposed method is provided in Table 1.

2.2. Facial Electrode Placement

The algorithm also adds electrodes to the facial region

by systematically extending the coordinate system from

the nasion down to the chin. Fig. 5 shows the process for

facial electrode placement. First, a midline reference line

is established from the nasion (Nz) to the tip of the chin

on the 3D head model (Fig. 5a). Along this line, we

consider the 3D distance between Nz and the chin point

and divide it into four equal segments. This yields three

intermediate points (at 25%, 50%, 75% of the Nz–chin

distance) which define three horizontal cross-sectional

planes across the face. These planes correspond, in order,

to approximate facial levels we label as N (nasion level,

just below the nose bridge), T (nose Tip level), and M

(Mouth level). Next, for each of these horizontal levels,

we identify its intersection with a principal coronal path

that runs around the head from the left preauricular point

(LPA), over the vertex (Cz), to the right preauricular point

(RPA) (Fig. 5b). The intersection points of each facial

plane with the LPA–Cz–RPA path serve as lateral

reference points for that plane. In essence, for each of the

three face planes we have a central midline point (on the

Nz–chin line) and a left and right reference point (where

the plane meets the sides of the head near the ears or

temple region). We then split each horizontal facial path

at the midline: each plane’s intersection curve on the face

is divided into a left half and a right half, from the center

point out to the side reference point. The algorithm

computes the geodesic curve along the face for each half-

section (Fig. 5c–d). Along each of these half-curve paths,

we select three equally spaced points (corresponding

again to 25%, 50%, 75% of the half-curve length). These

points are assigned as the facial electrode positions. They

are named as a series FA (for “facial”) with a suffix

indicating the level: FAN, FAT, and FAM correspond to

the electrodes near the Nasion level, nose Tip level, and

Mouth level, respectively. For each level, two electrodes

are placed (one left, one right), and they are numbered

with odd numbers for the left side and even numbers for

Fig. 5. (Color online) Facial electrode placement process. (a) Define the facial midline by the nasion (Nz) and the chin point, and

set a facial center line along the profile. (b) Identify reference points where this facial midline’s horizontal levels intersect the LPA–

Cz–RPA plane (over the top of the head through the ears). (c) Create horizontal planes at the defined facial levels (N, T, M) passing

through the respective reference points. (d) Compute the intersection of each plane with the 3D head mesh to produce curved paths

on the face. (e) Remove the planes, leaving only the curved surface paths along the face. (f) Place electrodes along each curved path

at the predetermined positions. These electrodes are labeled as the “FA” series (FAN, FAT, FAM), covering the facial regions from

the nasion down to the chin.
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the right side (for example, FAN1 on the left and FAN2

on the right at the facial-nasion level, FAT1 and FAT2 at

the tip-of-nose level, etc.). This scheme results in a

structured grid of facial electrodes covering the forehead,

cheeks, and perioral region in a symmetric fashion. Figure

5e–f illustrates the final curved paths on the face after

removing the guiding planes, with electrodes positioned

along each path. The extended facial electrode system

systematically fills areas that are not included in the

traditional EEG scheme, while maintaining consistent

relative spacing.

A concise summary of the facial electrodes introduced

by the proposed method is provided in Table 2.

3. Results

We applied the above algorithm to a 3D average head

model (adult, ages 20–24) to compute the complete set of

standard and extended electrode coordinates [12]. The

algorithm successfully generated the positions of all

traditional 10–20 and 10–10 system electrodes, as well as

the additional electrodes in the occipital (cerebellar) and

facial regions. All electrode coordinates were automatically

mapped onto the 3D head mesh and then visualized for

inspection. Every electrode was found to lie precisely on

the head surface, following the local curvature of the

scalp or face, which confirms the geometric accuracy of

the placement.

Figure 6 presents the resulting electrode configurations

from several viewpoints. Panel (A) shows the electrodes

of the standard 10–10 system, and panel (B) shows those

of the standard 10–20 system. These are visualized from

multiple angles (Front, Left, Back, Right, Top) to verify

that the positions align correctly on the head surface in all

directions. It can be seen that the algorithm’s outputs

match the expected 10–20/10–10 locations and are

smoothly distributed along the head according to the

defined proportions. Panel (C) of Fig. 6 focuses on the

extended occipital electrodes (cerebellar placement),

shown in a posterior view. The new electrodes added at

10% and 5% intervals below the standard occipital area

(CBz/BSz and associated points) are clearly visible.

These added electrodes provide coordinate coverage for

targeting the cerebellum and brainstem; the placement

suggests that the algorithm can furnish the necessary

positions for studies requiring stimulation of these deep

regions. Panel (D) of Fig. 6 illustrates the facial electrode

placements. The facial electrodes (FAN, FAT, FAM

series) are shown covering the forehead, cheek, and chin

areas that are not included in the conventional EEG

system. They are systematically arranged along horizontal

Table 2. Summary of extended facial electrodes based on rel-

ative position.

Electrode Relative Position

FAN1, FAN3, FAN5 25% down the Nz–chin line (N level), left side

FAN2, FAN4, FAN6 25% down the Nz–chin line (N level), right side

FAT1, FAT3, FAT5 50% down the Nz–chin line (T level), left side

FAT2, FAT4, FAT6 50% down the Nz–chin line (T level), right side

FAM1, FAM3, FAM5 75% down the Nz–chin line (M level), left side

FAM2, FAM4, FAM6 75% down the Nz–chin line (M level), right side

Fig. 6. (Color online) Visualization of the computed electrode layouts on the 3D head model, from various viewpoints. (Only the

Back view is shown for the cerebellar extension, as it is not visible from other angles.) (A) Standard EEG 10–10 system electrode

layout (full set of 76 electrodes). (B) Standard EEG 10–20 system layout (21 electrodes). (C) Extended cerebellar (occipital) elec-

trode layout, showing the additional electrodes placed at 10% and 5% intervals below the standard occipital region (posterior view).

(D) Extended facial electrode layout, showing the additional electrodes placed on the face (illustrated in an anterior/lateral view).

All electrodes are correctly positioned on the head surface; in (A) and (B) they are shown from front/side/back/top perspectives to

confirm alignment, while (C) and (D) highlight the new electrodes introduced by our algorithm.
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bands defined by the nasion–chin framework, demon-

strating that the algorithm successfully extended the

electrode grid to the anterior aspect of the head. Fig. 6

includes only the back view for the occipital/cerebellar

electrodes (since those are mainly posterior) and an

appropriate view for the facial electrodes, while multiple

perspectives are used for the standard systems for com-

pleteness.

To evaluate the algorithm’s applicability to different

head sizes and shapes, we further applied it to a set of

age-specific average head models. We tested four head

models representing ages 6 years, 9 years, 15 years, and

20–24 years (adult). These 3D head meshes were

obtained from a public dataset of average head shapes for

different age groups. The electrode placement algorithm

was run on each model without any modification of

parameters. Fig. 7 summarizes the results for these age

groups. In all cases, the algorithm was able to compute

and map the full set of 10–20, 10–10, facial, and

cerebellar electrodes onto the head surface successfully.

As expected, the absolute distances between electrodes

vary with head size, but the relative spacing (in terms of

percentage of head dimensions) is preserved by the

algorithm. We observed that for the smaller head models

(e.g., age 6), some of the visualized electrode markers

appeared closer together or slightly overlapping in the

rendering. This minor overlap is a visualization artifact

due to using the same marker size for all heads; it

indicates that on a very small head, the physical electrode

discs might touch or overlap if not resized. Importantly,

the algorithm’s placement logic still held – the electrodes

were positioned at the correct proportional locations even

on the smallest head. This demonstrates that the method

can be applied to subjects of different ages (and by ex-

tension, different head sizes), with the electrode coordinates

scaling appropriately to the individual’s head geometry.

The systematic nature of the placement is maintained

across all models. The results for each age group are

shown in Fig. 7, confirming that the extended electrode

montage can be reproduced on a variety of head shapes.

The electrode placement algorithm developed in the

course of this study was cross-validated by comparing it

Fig. 7. (Color online) Electrode placement results on head models of different ages, using the standard 10–20 and 10–10 systems

plus the extended occipital and facial electrodes. (A) Average head model for age 6 years. (B) 9-year-old average head model. (C)

15-year-old average head model. (D) 20–24 years (young adult) average head model. The algorithm automatically adjusts the elec-

trode spacing to each head’s size, successfully placing all electrodes in the correct proportional locations for each age group.
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with conventional EEG position induction algorithms. For

comparison, we compared T1-MRI images from random

people (IXI100-Guys-0747-T1, IXI127-H-1451-T1, IXI167-

H-1569-T1, IXI167-H-1642-T1, IXI244-H-0841-T1, IXI443-

H-2215-T1, IXI477-IOP-115-T1, IXI561-IOP-115-T1,

IXI561-IOP-115-T1, IXI561-IOP-1152-T1) based on the

functionality of SimNIBS, which provides tissue segmen-

tation and EEG coordinates to open sources [13, 14].

Among the EEG coordinates provided by SimNIBS, 10–

10 system algorithms of Cutini et al. (2011), Neuro-

electrics, Jurcak et al. (2007) were used [4, 15, 16]. First,

in the 10–10 system verification, three existing algorithms

and the electrode placement results of the proposed

algorithm are shown in 10 models. It also shows the

center point so that the center point of the three existing

algorithms can be compared with the center point of the

proposed algorithm. The results of the electrode placement

between algorithms are shown in Fig. 8. To show these

results in detail, illustrations from various angles are

presented in Fig. 9.

Table 3 shows the results of comparing the center point

of the results of the three algorithms derived in the

SimNIBS charm-based division for each model, the

average distance and standard deviation of the existing

algorithm and the proposed algorithm. The analysis

showed that the mean placement error of our proposed

algorithm falls within the variability range of the existing

algorithms. For the ten models tested, the existing

algorithms have an average deviation of ~2.66 ± 2.18

(mm) while our algorithm shows an average deviation of

~3.41 ± 2.03 (mm). This suggests that our algorithm’s

accuracy is comparable to the conventional methods, as

its error is within the existing methods’ error range. This

means that the two algorithms show a similar level of

Fig. 8. (Color online) The verification results of algorithms from Model 1 to Model 10. (Magenta color is our algorithm and black

is the center point of the three existing algorithms. The remaining Cutini2011 (blue), Neuroelectrics (yellow), and Jurcak 2007

(green) are the electrode coordinates for each of the other three algorithms.)

Fig. 9. (Color online) Algorithm validation results for Model 10. Results between algorithms are visualized from multiple angles

(front, left, back, right, top) to confirm electrode placement.
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position estimation performance and that the proposed

algorithm derives a similar electrode position when

compared to the existing method. The fact that the

average distance of the proposed algorithm exists within

the error range of the existing algorithm shows that the

proposed algorithm maintains the overall stability and

consistency. The average distance and standard deviation

for each model are presented in Table 3 below.

In the 10–20 system verification, the three center points

of the existing algorithms used in the 10–10 system and

the electrode placement results of the proposed 10–20

system algorithm are shown in 10 models. The results of

the electrode placement between algorithms are shown in

Fig. 10. To show these results in detail, illustrations from

various angles are presented in Fig. 11.

Table 4 shows the results of comparing the mean

distance and standard deviation of the three existing

algorithms used in the 10–10 system with the average

distance of the proposed algorithm. On average across the

ten models, the distance between our algorithm’s electrode

positions (for the extended 10–20 system) and the three

Table 3. Average distance and standard deviation for each

model of 10-10 System (Unit: mm).

Models Existing algorithms Proposed (10-10)

Model 1 2.77 ± 2.25 3.86 ± 2.24

Model 2 2.67 ± 2.19 3.27 ± 1.88

Model 3 2.83 ± 2.35 3.36 ± 1.97

Model 4 2.62 ± 2.15 2.81 ± 1.75

Model 5 2.50 ± 2.04 3.45 ± 2.35

Model 6 2.61 ± 2.11 3.34 ± 2.04

Model 7 2.70 ± 2.24 3.73 ± 1.91

Model 8 2.64 ± 2.17 3.77 ± 2.40

Model 9 2.72 ± 2.21 3.26 ± 1.81

Model 10 2.55 ± 2.05 3.26 ± 1.91

Fig. 10. (Color online) Compare three existing algorithms (Cutini 2011, Neuroelectrics, and Jurcak 2007) in the 10–10 system with

the proposed 10–20 system algorithm (Cutini 2011, proposed algorithm: magenta).

Fig. 11. (Color online) Algorithm validation results for Model 10 (extended 10–20 system). The differences between algorithms are

shown from multiple angles (front, left, back, right, top) to confirm electrode placement.
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algorithms’ combined reference center point was about

2.91 ± 2.00 (mm), indicating the typical placement

difference. The mean distance and standard deviation of

each model are presented in Table 4 below.

Comparison with the method verified by SimNIBS in

this study shows that SimNIBS has a tolerance range of 3

mm to 1cm [17]. Since the mean distance and standard

deviation of the proposed algorithm are about 3 to 5 mm,

it is included within the tolerance range based on

SimNIBS. Therefore, the proposed algorithm is judged to

have secured the reliability of SimNIBS level in

calculating the personalized electrode position.

4. Discussion

In this study, we successfully developed an automated

electrode localization algorithm that, using a 3D head

model and a few anatomical landmarks, extends the

standard EEG coordinate system to include facial and

lower occipital regions. The proposed methodology

overcomes spatial limitations of the conventional EEG

placement systems and has several important implications

for advancing precision in brain stimulation technologies.

First, our algorithm addresses the issues of reproducibility

and accuracy in electrode placement. Traditional manual

measurement (using EEG caps or tape measures) is prone

to substantial inter-operator error and cannot easily

account for individual variations in head shape. In

contrast, the algorithm uses only minimal landmarks (Nz,

Iz, LPA, RPA) and automatically calculates personalized

3D coordinates for all electrodes, enabling consistent and

reproducible placement across different operators and

subjects. This consistency can greatly improve the reliability

of non-invasive brain stimulation (NIBS) experiments,

especially for techniques like tDCS, tACS, and multi-

channel TIS that are highly sensitive to electrode positioning.

By ensuring that electrodes are placed in the intended

locations for each individual, the algorithm enhances

experimental rigor and comparability.

Second, the extension of the coordinate system to facial

and cerebellar regions supports new neuromodulation

paradigms targeting deep or lower brain structures. There

is a growing interest in stimulation studies focusing on

regions such as the hippocampus, brainstem, and cerebellum.

These require electrodes to be placed on unconventional

locations like the cheek, the nasal bridge area, or the

lower back of the head. Previously, the lack of a

standardized coordinate system for these areas made it

difficult to design experiments and to compare results

across studies. Our work provides the first systematic

framework for electrode placement in these regions, by

introducing a Nasion–chin based facial grid and an Iz-

based occipital extension. This framework is novel and

helps fill the gap noted in prior literature that asked

whether and how EEG coordinates could be established

for the cerebellum or face. With this extended system,

future studies involving facial electrodes (e.g. for TIS

targeting the hippocampus) or cerebellar tDCS can follow

a standardized set of placement guidelines, improving

cross-study consistency and reducing setup guesswork.

Third, the integration of visualization in our algorithm

improves its practical utility in clinical and research

settings. The algorithm outputs a 3D electrode map that

allows researchers or clinicians to intuitively inspect

electrode positions on a virtual head before actual

placement. This visual feedback makes it easier to verify

that the intended targets (from computational models or

MRI-based planning) correspond to the real electrode

locations, and to adjust if necessary. In complex multi-

electrode montages, the ability to see all electrode

positions in 3D helps to minimize spatial errors (such as

electrodes placed too close together or misaligned) and

thereby contributes to the accuracy of the stimulation.

The improved confidence and clarity in electrode

positioning can facilitate the translation of advanced

multichannel stimulation protocols to practical use.

Fourth, the proposed algorithm holds significant clinical

implications for optimizing current distribution in non-

invasive brain stimulation (NIBS) applications such as

tDCS, tACS, and TIS. In previous tDCS or tACS studies

targeting the cerebellum, reference electrodes had to be

placed on the chin, cheek, or lower occiput to control

current flow. However, the standard 10–20 and 10–10

systems do not include these regions, making standardized

placement difficult and often relying on the subjective

experience of the clinician. This study resolves this issue

by providing systematic coordinates for the facial and

Table 4. Average distance and standard deviation for each

model of 10–20 System (Unit: mm).

Models Proposed (10-20)

Model 1 3.43 ± 2.79

Model 2 2.55 ± 1.88

Model 3 2.33 ± 1.37

Model 4 3.07 ± 1.76

Model 5 2.47 ± 1.83

Model 6 2.80 ± 1.98

Model 7 3.29 ± 2.40

Model 8 3.59 ± 2.56

Model 9 2.39 ± 1.62

Model 10 3.17 ± 1.76
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lower occipital regions.

Furthermore, for Temporal Interference Stimulation

(TIS)—a relatively recent NIBS technique for stimulating

deep brain structures—the interference waveform resulting

from the intersection of electric fields of different

frequencies is key to stimulation. Therefore, the configu-

ration of stimulation parameters, such as electrode

placement, is directly linked to the targeting accuracy for

the region of interest (ROI). By utilizing the extended

electrode placement, which includes the face and lower

occiput via our algorithm, the TIS stimulation patterns

can be regulated more precisely. This not only enables

stimulation of a broader range of brain areas that were

previously difficult to access with conventional electrode

placement methods but also allows for the design of more

focal and diverse stimulation protocols for deep brain

targets.

Despite its strengths, our approach has some limitations.

The accuracy of the algorithm is dependent on the correct

identification of the initial fiducial landmarks on the head.

If a landmark like the nasion or preauricular point is

marked incorrectly on the 3D model, that error will

propagate through the coordinate calculations and could

offset multiple electrode positions. In future work, this

limitation could be mitigated by incorporating automatic

landmark detection techniques (for example, using 3D

image processing or machine learning on facial geometry)

to reduce user dependence and potential errors. Achieving

fully automatic landmark identification would allow the

entire electrode placement process to be automated end-

to-end. Another consideration is that our current algorithm

bases electrode coordinates on fixed anatomical proportions

derived from the standard EEG system. While this is a

logical approach, it does not account for population

variability beyond those proportions. Future research

could leverage large databases of head shapes across

different ages, genders, and ethnic groups to refine the

coordinate system statistically. By building an extensive

normative model (for instance, using principal component

analysis of head shape variations), one could adjust the

electrode locations to better fit specific sub-populations or

to optimize targeting of certain brain regions. Such

extensions would further enhance the generalizability and

precision of the electrode placement framework. Proposed

algorithm divides the head coverage similar to SimNIBS

but with a different approach: SimNIBS uses a projection-

based method, whereas we use plane-intersection geometry.

Because of this difference, we observed slightly larger

positioning errors at certain central electrode points when

comparing our results to those of the three existing

algorithms. Typically, EEG coordinate algorithms are

validated on data from 20+ individual subjects. However,

due to practical constraints, we could not perform a large-

scale validation with human subjects in this study.

When deploying the temporal electrodes of the 10-10

system, the proposed algorithm calculates the path along

the surface of the head model through the plane equation

and places the electrodes at a constant rate, and there is

room for the mesh model used in this study to enter the

ears. Therefore, it can be seen that the electrodes behind

the LPA and RPA have paths that are created and

gathered along the space of the ears. When actually

deploying the electrodes through the algorithm, it is

necessary to place the electrodes with these considerations

in mind. We noticed that for the 10–10 system, the

algorithm’s geodesic path runs close to the ear region,

causing the electrodes just behind LPA/RPA to cluster

near the ears. Thus, when using the algorithm, one should

be mindful of this and adjust any electrodes that fall

around the ears to ensure proper placement

5. Conclusion

We successfully developed fully automated software for

EEG electrode localization on a 3D head model that

extends the conventional 10–10 system to the face, lower

occiput, and cerebellar regions. The software computes a

complete, individualized set of electrode coordinates with

high precision and excellent reproducibility. By providing

a standardized template for placements over previously

unsupported facial and inferior posterior areas, it enables

accurate targeting of deep brain structures and the

cerebellum. This capability is particularly advantageous

for TIS, where precise multi-source alignment is essential

for focal delivery to deep targets. Beyond immediate

applications to tDCS, tACS, TIS, and other neuromodulation

techniques, the automation and standardization built into

our pipeline make high-throughput, large-scale (“big-data”)

studies readily achievable, reducing operator burden and

facilitating seamless data aggregation across participants

and sites. We anticipate that this software will underpin

more consistent, precise, and efficient EEG-guided

stimulation protocols and accelerate both research and

clinical translation.
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