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Abstract – Transcranial magnetic stimulation (TMS) is
a physical technique that modulates the human brain
nervous system and can be used as a non-invasive treat-
ment for neurological diseases. To address the prob-
lem of poor focusing performance of TMS coils, this
study first designs a new coil geometry, Double Square
Semicircle (DSS) coil, based on traditional coil stimula-
tion characteristics. Second, this study uses the Sim4Life
finite element simulation software to compare the stimu-
lation characteristics of DSS coil and six traditional coils
under the head model, proving that the induced elec-
tric field generated by DSS coil has high-focusing per-
formance. Third, this paper explores the effects of four
physical parameters - the distance between the human
brain model and the coil, different stimulation directions,
coil size and coil bending angle - on the spatial distribu-
tion of the induced electric field. After the above sim-
ulation experiments, the optimal design scheme of DSS
coil is found. Experimental results show that, compared
with several traditional coils, the focusing effect can be
improved by up to 77.49%, proving that DSS is a high-
focusing performance TMS coil, which is suitable for
future TMS high-precision treatment needs.

Index Terms – Finite-element method, focality,
Sim4Life, stimulation depth, stimulation intensity.

I. INTRODUCTION
The mechanism of action of transcranial magnetic

stimulation (TMS) technology in treating psychiatric
disorders has been explored [1], and the magnetic stimu-
lation coils, a key component, have received much atten-
tion. Efforts have been made to find a coil with superior
focality performance to treat psychiatric disorders as
effectively as possible [2–6]. Stimulation coils play an
essential role in transcranial magnetic stimulators as the

component that generates the time-varying electromag-
netic field.

The geometry of the stimulation coils [7] affects
the distribution of the electromagnetic field in the skull.
In 1985, Barker [8] and others designed a single round
stimulation coil, which were extremely simple to con-
struct and easy to fabricate and operate. However, its
disadvantage was also evident, as the single round coils
could have performed better in focality. In 1988, Ueno
designed a figure of eight (FOE) coil structure consist-
ing of two identical round coils connected tangentially.
The induced electric fields generated at the coil tangency
points are superimposed in a unified direction to achieve
good focusing function. Later, Cohen and Cuffin con-
firmed the excellent focality of the FOE coils through
extensive simulation experiments [9]. FOE coils are cur-
rently the most mature coils used in magnetic stimulation
therapy [10–12]. Many new coils have evolved, such as
Biconical coils [13], Cloverleaf coils [14], Slinky coils
[15–16], Flex Miniaturized coils [17] and FOE coils with
a shield [18]. To meet the need for deeper stimulation,
H-coils were proposed by Fiocchi et al. in 2016 [19]. In
the following years, various combinations of coils began
to appear, such as new Biconical coils [20], Semiellipse
coil pair [21] and Butterfly coils [22]. Deng et al. [7]
conducted a simulation analysis of 50 stimulation coils,
covering all coils developed to date. By comparing the
relationship between peak intensity, stimulation depth
and focality of 25 coils, Fang et al. [21] found that focal-
ity and depth attenuation is related to the coils winding
geometry, but this is not the case with peak field strength.
The latter depends on other factors affected by the choice
of coil design. Most coil design parameters (angle, num-
ber of windings, distance) have a much greater impact on
peak field strength than focality and depth attenuation.
For all three parameters, the dependence on the overlap
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between the two coil wings of the simulated zigzag coils
is similar only. Therefore, there is great flexibility in
designing coils with similar focality and depth attenu-
ation but different peak field strengths [23]. However,
most are currently in the research stage and need contin-
uous experimental validation before they can be applied
in practice.

This paper presents a novel geometric structure of
TMS coil, the Double Square Semicircle (DSS) coil,
which can generate a localized induced electric field in
the brain and enhance focality. Using the finite element
method, spatial distribution of the induced electric field
in the brain is analyzed in detail, including its inten-
sity, focality and stimulation depth. Simulation results
demonstrate the high-focusing advantage of the DSS
coil. Moreover, this study investigates the effects of geo-
metric structure variations (bending angle, structure size,
distance between the coil and the model) on the induced
electric field and identifies the optimal design parameters
of the coil.

II. MATERIALS AND METHOD
We utilized Sim4Life three-dimensional human

tissue medical electromagnetic simulation software
(Sim4Life) to model the stimulation coil model. The
line thickness is ignored and a line coil model is drawn
based on the size of the coil. The position of the coil
is adjusted to increase current stimulation. Addition-
ally, the coil is designed as a closed loop, allowing cur-
rent to exist throughout the entire coil. For intracranial
magnetic stimulation experiments, Sim4Life’s (EM LF
Quasi-Static) low-frequency simulator is employed to
calculate the distribution of electromagnetic fields at a
frequency of 10 kHz. The function is evaluating human
brain response and adaptation in low-frequency electro-
magnetic fields.

A. Model establishment
Based on the stimulation characteristics of an 8-

figure coil and semiellipse coil, this paper proposes a
new coil structure, the DSS coil, aimed at exploring the
spatial distribution of the induced electric field resulting
from superimposition of the square coil and the semicir-
cle coil. This coil is divided into two layers. The upper
layer comprises a double square structure with a side
length of 45 mm, contributing to the decay of transient
current [21]. The lower layer consists of a double semi-
circle structure with a radius of 25 mm, enhancing the
strength and depth of the central induced electric field
[1]. The thickness of both parts of the new coil is 1
mm, with a coil spacing of 2 mm. When the currents in
the same direction are superimposed, the electric field
strength will increase, so increasing the current stim-
ulation in the same direction will significantly change

electric field strength. Current direction is indicated by
a white arrow in Fig. 1, with a current amplitude of
2000 A. The coil models built by Sim4Life shown in
Figs. 1 (a) and (b) are the upward and main views of the
coils, respectively. The current direction of the square
coils is the same as that of the semi-circular coils. The
current direction of the left half coils is counterclock-
wise and the current direction of the suitable half coils is
clockwise.

(a) (b)

Fig. 1. DSS coil structure diagrams: (a) upward view of
DSS coil and (b) main view of DSS coil.

The human head model used in this paper is sourced
from the Population Head Model (PHM) library avail-
able on the IT’IS website [24–26]. A surface-based
head model is imported into the commercial software
Sim4Life and is discretized in three orthogonal direc-
tions with a maximum spatial step of 1 mm. This model
aims to replicate the natural structure of the human
head as accurately as possible. The human head model
selected in this paper includes seven parts (Fig. 2).

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

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

Fig. 2. Tissues of the PHM head model: (a) headform and
(b-h) the seven parts of the headform: cerebellum, cere-
brospinal fluid, gray matter, skin, skull, ventricles and
white matter.

Considering that the conductivity and permittivity
of different parts of the brain tissue are different, the
choice of skin conductivity in dosimetry studies depends
on the anatomical accuracy of skin characterization in
each head model [27]. Specifically, when considering a
model that incorporates skin into a thick and uniform
scalp tissue, the average conductivity value assigned to
it should consider all included skin and subcutaneous
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tissues (dermis, SAT, muscle). Thus, skin will strongly
affect the calculated electric field. Therefore, in order
to simulate the head more realistically, accurate con-
ductivity and permittivity of each tissue are needed. In
order to make the control experiment more meaningful,
this paper sets the skin conductivity to 0.0002 S/m and
the permittivity to 1130 [27]. Other tissues will use the
accurate conductivity and permittivity of the head tis-
sues obtained by the IT’IS website at 10 kHz frequency.
As shown in Table 1, the scalp is composed of differ-
ent tissues, including muscle and fat. The actual conduc-
tivity is higher than the conductivity shown in Table 1
(scalp conductivity in Table 1 is the conductivity value
at 10 kHz), which may cause deviation in the calculation
results. However, scalp tissues at different locations are
different and using the volume conductivity values that
reflect this point in the subsequent simulation may be a
more realistic method [28].

Table 1: Conductivity and permittivity of different layers
of brain tissue
Brain Tissue Electrical

Conductivity (S/m)
Dielectric
Constant

Cerebellum 0.1 22500
Cerebrospinal

fluid
2.0 10900

Gray matter 0.1 22200
Skin 0.0002 1130
Skull 0.02 52200

Ventricle 0.5 905
White matter 0.1 12500

Fig. 3. (a) Electric field simulation of the vertical section of the model and (b) electric field is distributed vertically
along the green line.

B. Evaluating indicators
We chose commonly used methods in recent years to

evaluate and compare the stimulation effects of different
magnetic stimulation coils.

(1) Stimulation intensity: defined as the maximum
induced electric field strength (Emax) on the cortex [4].

(2) Stimulation depth: defined as the longest dis-
tance d1/2 from the position of Emax on the cortical sur-
face to the position that the induced electric field strength
is Emax/2 [3], as shown in Fig. 3. The induced electric
field generated in the skull will cause changes in neu-
ral activity in the brain; the larger the d1/2 value, the
deeper the position of the brain area that can be stimu-
lated, which is a more conducive to the treatment of the
deep lesions in the skull.

(3) Focality: focusing situation of the induced elec-
tric field generated by the TMS coil in the human target
area, usually measured by the focusing area. According
to the definition of Deng et al. [29], the head stimula-
tion area that exceeds half of the maximum electric field
strength is defined as the focality. Focality represents the
ability of the coil to produce an induced electric field that
is concentrated in a certain area, and a three-dimensional
solid evaluation formula is used to roughly calculate the
focusing area [29]:

S1/2 =
V1/2
d1/2

, (1)

where d1/2 is used to quantify the half-value depth of
electric field penetration and V1/2 is the cumulative vol-
ume of the half-value region exposed to the electric field
E>Emax/2. The smaller the value, the smaller the focus
area, the higher the focus, and the better the effect.
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III. RESULTS AND DISCUSSION
A. Comparison of DSS coil with multiple traditional
coils

To highlight the advantages of the DSS coil in focus-
ing performance, this paper selects three types of coils
(Circular, FOE, Double Conical) to compare with the
DSS coil in an experimental study. Since the DSS coil
is designed as a double-layer structure, and considering
the influence of the number of components on the spa-
tial distribution of the induced-electric field [4], the Dou-
ble Circular, FOE and double-cone coils are also added
(Fig. 4). The radius of the Circular coil is 45 mm, and
the radius of the FOE coil and the double cone coil is 45
mm. The coil structure is a single body structure.

The focusing characteristics [5] of the coil are sim-
ulated and analyzed, as shown in Fig. 5, comparing
the induced electric field cross sectional distribution of
six traditional coils with the DSS coil. This experiment
chooses to perform horizontal cross section and XZ ver-
tical cross section analysis at the maximum value of the
model. Among them, through the post-processing func-
tion of Sim4Life simulation software, the part greater
than Emax/2 is highlighted (green), which is the effec-
tive stimulation area. On the horizontal plane, compared
with DSS coil, the Conical coil has the smallest green
part, but is also the most dispersed, and the focusing
performance of the Conical coil is weaker than that of
the DSS coil. Similarly, on the XZ vertical plane, we
observe that the Circular coil and the Double Circular
coil are the most affected by the stimulation. Accord-
ing to the data shown in Fig. 6, to ensure the focusing
of the coil, the lower layer of the DSS coil is designed
as a small semi-circle. As shown in Figs. 6 (a) and (b),
the DSS coil is not only outstanding in terms of stimu-
lation depth and stimulation intensity but also has obvi-
ous advantages in focality. Compared with the Double
Circular coil, the Double 8-figure coil and the double
cone coil, focality is reduced by about 91%, 77.19% and

(a) (b) (c)

(d) (e) (f)

Fig. 4. Schematic diagram of six types of coil structures:
(a) Circular coil, (b) 8-figure coil, (c) Conical coil, (d)
Double Circular coil, (e) Double 8-figure coil and (f)
Double Conical coil.

(a)

(b)

Fig. 5. (a) Distribution of electric field on the XY hori-
zontal cross-section and (b) the XZ vertical cross-section
in the model under the action of various coils.

11.91%, respectively. This study asserts that the DSS
coil demonstrates high-focusing performance, aligning

(a)

Fig. 6. Continued.
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(b) (c)

Fig. 6. (a) Stimulation intensity of seven types of coils, (b) stimulation focality of seven types of coils and (c) stimu-
lation depth of seven types of coils.

well with the future development needs of precise TMS
applications.

B. Stimulus effects in different directions
Performance of the DSS coil may vary depending

on the position of the coil in the scalp. To provide a more
comprehensive evaluation of the new coil, it is positioned
on both the side and the back of the head, maintaining a

(a) (b)

(c)

Fig. 7. Placement and stimulation effect of the DSS coil: (a) coil is placed on the back of the head model, (b) coil is
placed on the left side of the head model and (c) cross-sectional diagrams of the electric-field stimulation of the coil
at two positions.

distance of 10 mm from the scalp. The performance char-
acteristics are then simulated at these two positions. The
stimulation-position diagram and the stimulation effect
cross-section diagram of the coil are shown in Fig. 7. The
electric field’s stimulation direction remains perpendicu-
lar to the coil’s plane and points toward the head model.
This variation in positioning accounts for the differing
brain tissue compositions across the scalp.
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Table 2: Stimulus results of DSS coils at different place-
ment positions

Coil Position Emax(V/m) d1/2 (mm) S1/2 (cm2)
Left side of

head
45.2 6.2 6.4

Dorsal side of
head

62.8 4.2 6.2

If we extract the electric field stimulation informa-
tion, and calculate the stimulation depth and focality, we
get the contents of Table 2. From the perspective of elec-
tric field intensity, the electric field value induced by the
back coil is 17.6 V/m higher than that induced by the side
coil. However, the stimulation depth is just the opposite.
The difference in focus between different positions is not
significant, only 0.2 cm2. Compared with the top posi-
tion of the head, the induced electric field value of the
left coil is still the highest, but the focus of the top coil
of the head is the best. The reason is the result of the dif-
ference in tissue type and thickness of the back and sides
of the head model.

C. Influence of the distance between the stimulation
coils and the scalp on intracranial induction focusing
field distribution

In this section, by changing the relative position of
the coil and the top of the scalp by 1 mm, reducing the
distance between them, and keeping the relative position
of the coil and the head unchanged, the relative position
of the coil and the top of the scalp is adjusted to form
seven groups of coil combinations. The change of the
coil distance relative to the head is shown in Fig. 8.

Table 3 shows how changing the distance affects
both the maximum electric field and the stimulation
depth. There is a negative correlation between these
two variables: as they decrease, so does their maxi-
mum value. The coil-head distance affects both vari-
ables: when it increases, so does their minimum value;
when it decreases, so does their maximum value. Stim-
ulation depth reaches its highest point at a distance of
either 7 mm or 8 mm, with values of 4.8 mm, and DDS
coil reaches its lowest point at a distance of only 5 mm,
with values of only 4.0 mm. The focus is calculated
for each pair and plotted against their maximum electric
field values in Fig. 9.

Figure 9 shows how the electric field strength, the
stimulation depth and the focus vary with the distance
between the coil and the head. Electric field strength is
highest when the distance is 4 mm, indicating a stronger
intracranial stimulation field as the coil gets closer to the
head. Focus is lowest when the distance is 6 mm, imply-
ing a more concentrated stimulation field with a smaller
focusing area. Stimulation depth is highest when the dis-
tance is either 7 mm or 8 mm, reaching the deepest parts

Fig. 8. Variation of the distance of the coils relative to the
head.

Table 3: The influence of the distance between coil and
model on electric field intensity and the stimulus depth

Distance (mm) Emax (V/m) d1/2 (mm)
4 75.4 4.2
5 72.9 4.0
6 62.0 4.7
7 57.8 4.8
8 48.9 4.8
9 48.6 4.7

10 46.5 4.7

Fig. 9. Influence of relative distance between the whole
coils and the scalp on maximum electric field and
focality.

of the brain. Focus changes significantly with the dis-
tance: it is 7.6 cm2 at 8 mm, 3.8 cm2 at 6 mm, and 3.2
cm2 less at 6 mm than at 4 mm. Therefore, the optimal
distance for both focality and stimulation depth is 6 mm,
where focus is minimal and stimulation depth is 4.7 mm.
Electric field strength is also relatively high at this dis-
tance, about 63 V/m. In the subsequent experiments, we
set the vertical distance from the coil to the human brain
model to be 6 mm.
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D. Effect of coil structure size on the distribution of
intracranial induced stimulation field

In this section, we divide the magnetic stimulation
coils into three groups based on their coil structures:
semicircular, square and integral. We vary the size of
each coil structure by 1 mm as a unit and examine how
it affects the focusing performance. Figure 10 shows the
size changes of the coil structures.

Since the length of the semicircle and the square
varies in the same steps, we use the same scale for the
X axis in Fig. 11. Figure 11 shows the stimulation depth
results for the three coil combinations, with the gray,
red and blue lines representing the results of the three
experimental groups. The study found that the stimula-
tion depth increases gradually as the coil size increases,
and reaches two peaks when the coil size is 21.5 mm/43
mm (the radius of the semicircle/the side length of the
square) and 24.5 mm/49 mm for all three combinations.
At the first peak, the stimulation depth is maximized by
increasing the size of the semicircular coil (Combination
1), with a depth value of 5.3 mm.

Figure 12 summarizes and plots the effects of
coil size changes on the electric field strength and the
focality, using bar charts and curves. The horizontal
axis shows the coil structure size, the left vertical axis
shows the maximum induced electric field strength, and
the right vertical axis shows the focality. The blue, red
and gray curves represent the focusing area values for
Combination 3, Combination 2, and Combination 1,
respectively. The purple, green and orange bars represent
the maximum induced electric field values for the three
combinations. Figure 12 shows that, in Combination 1,
increasing the radius of the semicircle from 19.5 mm

(a) (b) (c)

Fig. 10. Dimensional variation diagram of coil structure: (a) Combination 1: the size of the square coil unchanged,
while the radius of the semicircle coil incrementally, (b) Combination 2: the size of the semicircle coil unchanged,
while the square coil incrementally and (c) Combination 3: the overall coil structure size adjusted incrementally.

Fig. 11. Depth of stimulation for three combinations of
coil size changes.

Fig. 12. Effect of coil size on electric field strength and
focality.
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to 25.5 mm increases the maximum induced electric field
by 16.33% and the focus by 9.13%. In Combination
2, the induced electric field and the focus increase by
11.13% and 19.13%, respectively. In Combination 3, the
induced electric field and the focus increase by 34.36%
and 29.16%, respectively. Therefore, increasing either
the radius of the semicircular coil or the side length of the
square coil, or both, can increase the maximum induced
electric field value, but at the cost of reducing the focus-
ing performance.

E. Effect of coil bending angle on simulation results
To investigate the effects of coil bending on TMS

applications, we bent the coils to various degrees and
analyzed how the coil bending characteristics influenced
the stimulation area and focus. This is because coil bend-
ing can concentrate the electric field to some extent,
thereby reducing the stimulation area and achieving
higher focus. We divided the magnetic stimulation coils
into three groups: Combination 4; bent circular coils,
Combination 5; bent square coils, Combination 6; bent
whole structure. The three groups had bending ranges
from 0◦ to 70◦, with increments of 10◦. The results of
coil bending are shown in Fig. 13.

The stimulation depth results of the three groups of
coils are shown in Fig. 14 as line graphs, where blue, red
and gray lines represent the results of the three groups.
The effect of coil bending on stimulation depth first
increases and then decreases. The maximum stimulation
depth of the three coils is achieved at 40◦ bending, with
Combination 4 having the largest stimulation depth of
8.7 mm and Combination 6 having the smallest stimu-
lation depth of 8.1 mm. Therefore, by bending the coils
appropriately, they can be closer to the head, increase
the stimulation depth and reach deeper brain tissues, and
enhance the feasibility of disease treatment.

Bar and line graphs summarizing electric field inten-
sity and focality of coil bending angle are shown in
Fig. 15. The horizontal axis is the bending angle (0◦∼
70◦), the left vertical axis represents the maximum value
of electric field intensity, and the right vertical axis rep-

(a) (b) (c)

Fig. 13. Three bending combinations of DSS coils: (a)
Combination 4; keep the square coil unchanged and bend
only the circular coil, (b) Combination 5; keep the circu-
lar coil unchanged and bend only the square coil and (c)
Combination 6; bend the whole coil.

Fig. 14. Stimulation depth of coil bending.

Fig. 15. Influence of coil curvature on electric field
strength and focality.

resents the focus area value, which is the coordinate of
the curve. The purple, green and orange bars in Fig. 15
represent the electric field values of Combinations 6, 5
and 4, respectively, and the green, red and black curves
represent the focus of the three combinations. When the
coil is bent, the distance between the model and the coil
decreases, which inevitably leads to the enhancement of
the induced electric field. As can be seen from Fig. 15,
the maximum electric field value appears at 60◦ bend-
ing of Combination 6, and the minimum value appears at
20◦ bending of Combination 4. In addition, it is found
that the maximum focus value is shown at 20◦ bend-
ing of Combination 5, and the minimum focus value is
shown at 40◦ bending of Combination 4. The trend of
the coil’s focusing performance is that the focus value
first increases, then decreases and subsequently increases
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again. When the coil is bent at 20◦, it reaches the max-
imum value and the coil’s focusing performance is the
worst; when the coil is bent from 20◦ to 40◦, it is a steep
drop stage, reaching a trough, and then the focus rises
with the bending of the coil angle. The above exper-
iments demonstrate that bending the coil can enhance
both the maximum electric field and focusing perfor-
mance, with a maximum increase of 28% and 51.7%,
respectively.

In Combinations 5 and 6, the focality drops sharply
and the stimulation depth rises sharply in the bending
angle range of 20◦∼ 30◦. In Combination 4, the same
cliff-like change occurs between 30◦ and 40◦. In order to
prevent this phenomenon caused by too large test inter-
val, this section conducts more detailed experimental
simulation on the angles with significant changes. This
paper divides the magnetic stimulation coil into three
combinations. Combination 7: bend the semi-circular
coil; the bending range is 30◦∼40◦; Combination 8: bend
the square coil; Combination 9: bend the whole struc-
ture; the bending range is 20◦∼30◦, and the minimum
angle step unit is set to 2.5◦. Performance comparison
between the stimulation depth and the focus is obtained
and shown in Fig. 16.

Fig. 16. Refined simulation of coils.

Figure 16 shows that the coil bending angle of
groups 7, 8 and 9 in the range 37.5◦∼40◦ and 27.5◦∼30◦

causes a drastic change in the stimulation depth and
focus. This phenomenon may be caused by the uneven
distribution of brain tissue inside the human head model
selected by this study.

F. Data analysis
The main idea of coil design is to find coils with

deeper stimulation depth and better focusing perfor-
mance. Based on preliminary modeling, as shown in

Figs. 11 and 12, Combination 1, which sets the size of
the semi-circular and square coils to 22.5 mm and 45
mm, respectively, has the optimal performance in terms
of stimulation intensity, stimulation depth and focal-
ity. On this basis, bending experiments are carried out.
Combination 4, which bends the semi-circular coil by
40◦, has the optimal performance in terms of stimula-
tion intensity, stimulation depth and focality. Compared
with the traditional Double 8-figure and Double-Conical
coils, although it is slightly inferior in stimulation inten-
sity, it increases the stimulation depth by 7.35% and
10.47%, respectively, and reduces the focality by 77.49%
and 42.10%, respectively, greatly improving the focusing
performance of the TMS coil. Therefore, DSS is a TMS
coil with high focality.

IV. CONCLUSION
This study applies the novel electromagnetic simu-

lation software Sim4Life to perform finite element sim-
ulation of the induced field of the head electric stimu-
lation coil. By simulating six classical coils, the focus-
ing information of the head electric stimulation field
is obtained and its stimulation characteristics are ana-
lyzed. A new coil is proposed, and the study applies
the variable control method to simulate the stimulation
field. Compared with the six classical coils, the new
DSS coil greatly outperforms them in terms of focus.
Furthermore, the effects of four physical parameters,
namely, the distance between the human brain model and
the coil, the stimulation direction, the coil size and the
bending angle, on the spatial distribution of the induced
electric field of the DSS coil are explored. After the
above simulation experiments, it was found that the opti-
mal design scheme of the DSS coil is that the distance
between the model and the coil is 6 mm, the size of
the semi-circular and square coils are 22.5 mm and 45
mm, respectively, and the semi-circular coil is bent by
40◦. Compared with the Double 8-figure and Double-
Conical coils, the focus of the DSS coil is reduced by
77.49% and 42.10%, respectively, which proves that the
new coil structure proposed in this paper can achieve
better results in the focusing of the stimulation field. In
addition, the coil has high flexibility and can change the
position and angle of stimulation to better match differ-
ent patients. In the future, researchers can explore differ-
ent coil combinations and configurations to increase the
stimulation depth of the coil and enhance its stimulation
performance, making it better suited for future medical
treatments.
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