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ABSTRACT Animal transcranial magnetic stimulation (TMS) research is meaningful for exploring the
mechanism of TMS and promoting the clinical promotion of new therapeutic methods. Tracing back the
physiological phenomena caused by TMS is limited by the spatial resolution of the induced electric field.
Through human and animal experiments, life science has proven that electric field direction affects the
effect of magnetic stimulation, but this factor has not been introduced into the design of animal TMS coils.
Therefore, this paper aims to design the TMS coil (EC-X) with controllable induced electric field direction,
by finding the most favorable electric field direction for target activation, which can reduce interference to
non-target areas and improve stimulation accuracy and energy utilization. Firstly, the structure of EC-X is
proposed, establishing the Electromagnetic field Analytical CalculationModel (EM-ACM) for the arbitrarily
shaped coil in the air domain, it is theoretically proven that EC-X can achieve direction control of the
electric field. Then, the coil structure (such as coil length and angle) is optimized based on maximum
ampere-turn ANmax and stimulation focusing degree Fc. Finally, the measurement of xy plane magnetic field
distribution proves the accuracy of EM-ACM calculation results, which indirectly proves the feasibility of
EC-X. Compared with the Figure-8 coil, EC-X can change the planar electric field direction without moving
the coil, which has potential application value.

INDEX TERMS Coil, controllable induced electric field direction, transcranial magnetic stimulation.

I. INTRODUCTION
Transcranial Magnetic Stimulation (TMS) uses short strong
current pulse to excite a rapidly changing magnetic field,
which generates induced electric field in biological tis-
sue, then changes the cell membrane potential, and finally
regulates neural activity. It has been used in Alzheimer’s
disease, Epilepsy, Parkinson’s disease, and so on. However,
the mechanism of induced electric field on neurons and
how its derivative effects propagate in the brain are still
unknown [1]. Due to potential safety and ethical problems,
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it is impossible to reveal the biophysical mechanism of
TMS through human experiments, animal TMS research is
essential.

The key to translating animal TMS findings to human
TMS is first reproducing similar brain stimulation effects on
animal models. Human TMS stimulation usually uses the
Figure-8 coil, and the suprathreshold stimulation depth is
about 1.5cm [2]. The average size of the adult rat brain is
about 0.6cm3 [3], directly using human coil will cause diffuse
stimulation of the rat brain, and the spatial resolution of the
induced electric field cannot meet the research needs. To this
end, researchers have launched research on rodent-specific
magnetic stimulation coil.
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When designing for the rodents, one way to improve the
accuracy of magnetic stimulation is to miniaturize the com-
monly used TMS coils in humans. In 2001, Andreas et al. [4]
used the commercially available Figure-8 coil of 5cm to
measure theMotor Evoked Potential (MEP) of rats, the exper-
imental results can only characterize the overall excitability
of the corticospinal cord. Rotenberg et al. [5] placed the
Figure-8 coil laterally to stimulate anesthetized rats and
observed unilateral brachioradialis muscle activation in 2010,
but they only attributed the generation of MEP to the unilat-
eral hemisphere and could not explain the specific cortical
origin. The above physiological experiments indicate that the
spatial range of effective stimulation generated by the coil is
still large.

Wrapping ferromagnetic materials to converge the local
magnetic field becomes another idea to enhance the focus
of stimulation. Tang et al. [6] proposed the cylindrical coil
wrapped around an iron core, and the electric field intensity
below the coil is about 10V/m, stimulating the motor cortex
of anesthetized rats can observe a significant increase inMEP
amplitude. Khokhar et al. [7] optimized the cylindrical coil to
be tapered, the frequency of spontaneous population events
in extracorporeal mouse brain slices significantly decreased
after coil stimulation. Takahiro et al. [8] further reduced the
coil size to 4mm, allowing in vivo auditory cortical stimula-
tion. In addition, some researchers have improved stimulation
focus and electric field intensity by combining the Halo coil
with circular [9] or Figure-8 coil [10].
The above coils are all valuable efforts to promote the

development of animal-specific TMS coil, but most of
them are suboptimal designs based on human coil structure,
either through experience or simple exploratory combina-
tions, neglecting the electric field direction when designing
the coil. Human clinical data indicates [11] that the optimal
stimulation effect occurs when the angle of the Figure-8 coil
handle to the longitudinal cerebral fissure is 45◦. To ascer-
tain each person’s Motor Threshold (MT), the coil must be
adjusted multiple times. In 2009, through the homogeneous
mouse MRI model, Salvador et al. [12] found that under
the same excitation, the activation thresholds of Figure-8
and the circular coil are different when they are in different
positions relative to the target. The team [13] established a
simplified model of cerebral cortical sulcus gyrus in 2011,
simulated Figure-8 coil to stimulate different types of cells
in different locations, and found cell depolarization sites and
thresholds were different. In general, both human and animal
experiments indicate that the effect of TMS stimulation is
sensitive to the electric field direction.

In view of the fact that the previous animal coil design does
not consider the induced electric field direction which affects
the stimulation effect, this paper aims to propose a new coil
structure that allows for control of the induced electric field
direction, the relative direction between the induced electric
field and the stimulus target can be flexibly adjusted without
changing the coil position. By finding the most favorable

electric field direction for target activation, interference with
non-target areas can be reduced, which is expected to improve
the accuracy of stimulation and reduce the energy required for
effective stimulation.

The main contents of this paper are as follows: in II,
introduce the coil EC-X with the controllable direction of
the induced electric field, and the feasibility is verified by
the established Electromagnetic field Analytical Calculation
Model (EM-ACM). Then, prove the performance advantages
of EC-X by comparing the induced electric field direction
generated by EC-4 and Figure-8 in the plane below them.
In III, optimize the coil geometric parameters (such as coil
length and angle) to improve the stimulation efficiency. In IV,
make the coil physical object and set up the platform to
measure the xy plane magnetic field distribution, indirectly
proving through experiments that EC-X can achieve control-
lable electric field direction.

II. ELECTRIC FIELD DIRECTION CONTROLLABLE COIL
A. ELECTROMAGNETIC FIELD ANALYTICAL CALCULATION
MODEL
The magnetic permeability of biological tissue is uniform,
the magnetic field generated by time-varying current reaches
the target area almost without attenuation, and the induced
electric field generated follows Faraday’s electromagnetic
law:

∇ × E = −
∂B
∂t

(1)

Magnetic induction intensity B is the curl of magnetic
vector potential A, satisfying (2):

B = ∇ × A (2)

φ is the electric scalar potential, E follows the expression:

E = −
∂A
∂t

− ∇φ (3)

The former is the primary field caused by the change of
magnetic field, and the latter is the secondary field caused
by charge accumulation in the boundary layer due to differ-
ent tissue conductivity [14]. This paper mainly analyzes the
electromagnetic field distribution in the air domain, and the
influence of secondary fields can be ignored.

The boundary conditions in the air domain are relatively
simple, and the spatial electromagnetic field distribution can
be calculated directly. An empty core coil can be equivalent
to multiple connected energized segments, the effect of each
energized segment on the observation point is superimposed,
thereby establishing the Electromagnetic field Analytical
Calculation Model (EM-ACM) of any shape coil in the air
domain. For any point Q in space, dB produced by the current
element Id l in the energized segment satisfies Biot-Savart
law:

dB =
µ0

4π
Id l × r
r3

(4)
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FIGURE 1. a). Square coil magnetic field distribution. The white arrow
represents the coil current and the yellow arrow represents B. b). δB. c).
δE. b) and c) represent the error between the EM-ACM calculation and the
COMSOL simulation.

Id l position coordinate is (x, y, z), and r is the vector that
Id l points to Q(x0, y0, z0). By getting the Bj generated by the
jth energized segment at Q, Ej can be calculated according
to (1), and finally, B and E generated by the entire coil are
obtained according to (5), where k represents the number of
energized segments.

B =

k∑
j=1

Bj E =

k∑
j=1

Ej (5)

The process of calculating the integral directly is compli-
cated and easy to make mistakes. Use (6) to calculate Bx , By,
and Bz separately and then sum the vectors to simplify the
calculation.

Bx =
µ0I
4π

(∫ y2

y1

z0 − z
r3

dy−

∫ z2

z1

y0 − y
r3

dz
)

By =
µ0I
4π

(∫ z2

z1

x0 − x
r3

dz−

∫ x2

x1

z0 − z
r3

dx
)

Bz =
µ0I
4π

(∫ x2

x1

y0 − y
r3

dx −

∫ y2

y1

x0 − x
r3

dy
) (6)

Taking the finite element solution as a reference to verify
the correctness of EM-ACM, simulate the square coil in
Comsol Multiphysics 6.1 [15], which is located in the xy
plane at z = 20mm (Fig.1 a), set the excitation as I = 1A
and f = 1Hz. According to (7), calculate the relative error of
26 × 26 observation points in the plane of z = −15mm, x,
y∈[-25mm, 25mm], where Xa stands for EM-ACM value and
Xs stands for finite element value.

δ =
Xa − Xs
Xs

(7)

As shown in Fig.1 b) and c), max|δB| = 1.4618%, aver-
age |δB| = 0.2313%; max|δE | = 0.4215%, average|δE | =

0.1511%. The field distribution obtained by the two methods
is consistent, which proves the EM-ACM calculation results
are accurate. Moreover, EM-ACM avoids the problems of
long calculation time and the need for observation point

FIGURE 2. ①, ②, and ③ are coil numbers. a). Coil ‘‘skeleton’’ structure.
b). Independent structure. c). Non-independent structure.

FIGURE 3. ①, ②, and ③ are coil numbers. The principle of Fig.2 c) structure
(projected on the xy plane) generating electric field components.
a). Generate Ex . b). Generate Ey . c). Generate Ez .

spacing much smaller than the grid size in the finite element
method.

B. COIL DESIGN
In this paper, the electric field in different directions is real-
ized by changing the ratio between Ex , Ey,and Ez, proposing
the ‘‘skeleton’’ structure EC-X with controllable induction
electric field direction based on the superposition principle
(Fig.2 a), X represents the number of ‘‘mainly functional
energized segment’’ (red line segment), only when X≥3 can
achieve the control of electric field direction, and Pc is the
stimulation target. To reduce the number of redundant ener-
gized segments, the ‘‘skeleton’’ is closed into the triangle.
Taking EC-3 as an example, explain the reason for designing
the ‘‘skeleton’’ structure (Fig.2 a) as independent (Fig.2 b)
instead of non-independent (Fig.2 c).

The non-independent structure (Fig.2 c) generates Ex ,
Ey,and Ez, through the power modes shown in Fig.3, the coil
loop restricts the current flow and cannot achieve Fig.3 c),
which cannot only generate Ez. In addition, the real coil
has certain width and thickness, and the non-independent
structure (Fig.2 c) allows the winding to spread on the plane,
increasing interference with target stimulation. As shown in
Fig.2 b), in the independent structure, the ‘‘mainly functional
energized segment’’ current direction does not interfere with
each other and can generate Ez separately. In addition, AnCn
and BnCn (n=1,2. . .X) are far away from the target, with
less stimulation interference. Therefore, it is necessary to
design the ‘‘skeleton’’ structure as an independent structure
(Fig.2 b).

The independent structure (Fig.2 b) is referred to as EC-3,
EC-3 consists of three identical isosceles triangles spaced
120◦ apart, reserving a gap in the middle to facilitate coil
heat dissipation. The angle between coil 1⃝ and -y is 30◦, the
angle between coil 2⃝ and +y is 30◦, and coil 3⃝ is located
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TABLE 1. EC-3 power modes.

FIGURE 4. Ex , Ey , and Ez distribution in different modes. a). Mode Ex .
b). Mode Ey . c). Mode Ez .

TABLE 2. EC-4 power modes.

in the xoz plane (Fig.5 a). The proportion and direction of the
coil current when EC-3 produces Ex , Ey,and Ez, are shown in
Table 1, the current from An to Bn is +I .
Using EM-ACM calculates the distribution of electric field

components in xy plane under different power modes in
Table 1, set parameter conditions: I = 1A, f = 2.5kHz,
a = 10mm, θ = 120◦ (Fig.2 c, a = length of AnBn,
θ = ̸ CnAnBn). As shown in Fig.4, at (x,y)=(0,0), Mode
Ex can achieve Ey = Ez = 0, Ex ̸= 0; Mode Ey can achieve
Ex = Ez = 0, Ey ̸= 0; Mode Ez can achieve Ex = Ey = 0,
Ez ̸= 0. The field distribution calculated by EC-ACM proves
theoretically that EC-3 can realize controllable electric field
direction.

EC-3 has a large deviation between the Emax point Pmax
and the electric field direction controllable point Pc under
Mode E (Fig.5 b), and the energy utilization rate is low.
Transforming EC-3 into EC-4 with 90◦ interval distribution
(Fig.5 c), Table 2 (An to Bn is +I ) shows the power modes
for generating electric field components in EC-4, the posi-
tion deviation between Pc and Pmax is significantly reduced
(Fig.5 d).

FIGURE 5. rv is the cooling radius. a). EC-3 projected on the xy plane.
b). Normalized E distribution of EC-4 in Mode E . c). EC-4 projected on the
xy plane. d). Normalized E distribution of EC-4 in Mode E .

FIGURE 6. Normalized E distribution in the xy plane, with black arrows
representing the direction of E and black dashed lines representing the
rodent brain. a). Figure-8 coil. b). EC-4 synthesis 30◦. c). EC-4 synthesis
45◦. d). EC-4 synthesis 60◦.

As shown in Fig.6 a), the ball head (dashed line) with
a diameter of 10mm represents the rodent brain [16]. The
8mmdiameter Figure-8 coil has a fixed electric field direction
on the xy plane, it is necessary to adjust the coil to find
the optimal stimulation direction when using. As shown in
Fig.6 b), c), and d), EC-4 (AnBn = 8mm) can realize any
direction of E on the plane, so it has a higher potential
application.

III. COIL STRUCTURE OPTIMIZATION
A. OPTIMIZATION MODEL SIMPLIFICATION
The EC-X coil designed in this article aims to achieve con-
trollable direction of the induced electric field. In practical
use, it is expected that the controllable electric field direction
point Pc will overlap with the stimulation target. Therefore,
the electric field at Pc and its surrounding areas distribution
requires special attention. The induced electric field spatial
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FIGURE 7. The normalized electric field distribution of the rat with real
material properties. The black dotted line diameter is 10mm, Pc is the
controllable electric field direction point, and the coil current ratio is
2:0:-2:0. a). E, the arrow represents the direction is +x . b). Ex . c). Ey .
d). Ez .

distribution characteristics, such as stimulation intensity and
focusing, can be improved by optimizing the coil struc-
ture and adjusting the relative position relationship between
coil and stimulation target. According to the problem itself,
we should optimize according to the real brain, but due to the
geometric complexity and material nonuniformity, analytical
calculations are difficult, and finite element analysis requires
long time and high computational costs, so simplifying the
optimization model and solving in the air domain. To ensure
the effectiveness of the analytical results, we simulate the
electric field distribution on the rat brain and verify that
the electrification principle of EC-4 (see Table 2) is still
applicable in vivo.

Firstly, refer to the atlas by RRID: SCR_017124, using
Materialise Mimics (http://www.materialise.com) to process
theMRI data of the Sprague Dawley Rat Brain [17], and com-
plete the 3D model reconstruction. Then, perform smoothing
and hole repair in Materialise 3-matic to generate the FEM
model. Finally, simulate the distribution of electromagnetic
fields in Comsol Multiphysics 6.1, set the parameter a =

8mm, θ = 130◦(a = length of AnBn, θ = ̸ CnAnBn), the
lowest point of the coil is 2mm above the surface of the
brain, f = 2.5kHz, and is energized in Mode Ex . Since
the finite element solver requires boundary surface closure,
we concatenated the gray and white matter to generate a
homogeneous rat model [18], the conductivity is 0.33 S/m.

For the convenience of comparing the distribution charac-
teristics of induced electric field, the normalized distribution
of electric field is shown in Fig.7. The surface electric field
distribution is shown in Fig.7, the black dashed line depicts
a circular area with diameter of 10mm centered on Pc (cor-
responding to MRI data 1:1, excluding the cerebellum and

FIGURE 8. The normalized electric field distribution of the rat with air
material properties. The black dotted line diameter is 10mm, Pc is the
controllable electric field direction point, and the coil current ratio is
2:0:-2:0. a). E, the arrow represents the direction is +x . b). Ex . c). Ey .
d). Ez .

olfactory bulb). At the controllable electric field direction
point Pc, Ex ̸=0, Ey = Ez = 0(Fig.7 b,c,d), similarly, Mode
Ey and Mode Ez can respectively achieve Ey ̸=0 and Ez ̸=0.
Fig.8 shows the electric field distribution of the rat brain
with air material properties, which is basically consistent with
the distribution in Fig.7, there is no significant change due
to complex electromagnetic boundary conditions, indicating
that optimizing the electric field distribution characteristics
around Pc in air domain is effective. The simplified optimiza-
tion model is shown in Fig.9 a).

B. OPTIMIZATION PROCESS
The ball head (R=5mm) is located below the coil (Fig.9 a),
and ball center M(0,0,-9mm), target Pc(0,0,-7mm). When the
coil structure changes, the coil always remains tangent to the
ball head, the tangential distance is the material thickness
d=4mm introduced by the coil support structure. With the
change of coil structure parameters(a = length of AnBn,
θ = ̸ CnAnBn), the stimulation effect varies, as shown in
Fig.9 b). Simplifying the coil into a line model, with a and
θ as variables, finding the coil structure that is conducive to
realizing any electric field direction is of great significance to
improving stimulation efficiency. The stimulation efficiency
is characterized by: i) maximum ampere-turn ANmax ; ii) stim-
ulation focusing degree Fc.
i) maximum ampere-turn ANmax
When the same structure (a,θ) generates omnidirectional

Ec = 1V/m at Pc, the four coils of EC-4 require different
total ampere-turn AN (Fig.9 d, a = 8mm, θ = 130◦). The
maximum value of AN is ANmax , the smaller it is, the higher
the energy utilization rate of this structure, and the more
conducive to realizing any electric field direction.
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FIGURE 9. a). The position relationship between the ball head and the
coil. b). (4mm,130◦), (20mm,130◦) structure, distribution of electric field
acting on the ball head. c). Spherical coordinate, 8 ∈ [0◦, 360◦), γ ∈ [0◦,
180◦). d). (8mm,130◦) structure, the total number of ampere-turn
required for four coils of EC-4 to generate an omnidirectional electric
field(Ec =1V/m). e). (8mm,130◦) structure, xy plane E > Ec (Ec = 1)
electric field distribution. f). (8mm,130◦) structure, xz plane E > Ec
(Ec = 1) electric field distribution.

ii) stimulation focusing degree Fc
The controllable electric field direction point Pc is the

actual application point, when analyzing the distribution char-
acteristics of the induced electric field generated by EC-X,Ec
at Pc is taken as the threshold, and the proportion of E> Ec in
the ball head is calculated to evaluate the stimulation focusing
degree Fc. Directly calculating the volume ratio of the ball
head introduces a large amount of calculation. For isotropic
media, the electric field distribution in the volume model
can be described by two-dimensional section, calculating the
E> Ec (Ec = 1) distribution of Pc on the xy (z = −7mm)
and xz(y = 0mm) sections of the ball head using EM-ACM
(Fig.9 e, f). Therefore, the area ratio of E> Ec (Ec = 1) is
calculated through (8) to quantify the stimulation focusing
degree Fc. The smaller the Fc, the higher the stimulation
efficiency.

Fc =
SE>Ec

S
(8)

Follow the process shown in Fig.10 to optimize. Firstly,
limit the range of a and θ . The closer the coil is to the target
area(θ ≥90◦), the less energy is consumed, referring to the
size of commercial animal coils [12], a ≤ 40mm. In the

FIGURE 10. Coil structure optimization process.

FIGURE 11. a). ANmax for different coil structures. b). θ at the minimum
ANmax corresponding to different a. c). Fc−xy of the xy plane. d). Fc−xz of
the xz plane.

triangle, when the radius of the inscribed circle is equal to
the chamfer radius at the vertex angle, the triangle becomes
circular. Due to process limitations, the chamfer radius of
the coil winding column is about 0.4mm-0.5mm, and the
inscribed circle radius greater than 1mm can better maintain
the coil shape. Therefore, the initial range of the variable is
limited to a0 ∈ [4mm,40mm], θ0 ∈ [90◦,175◦].
Discrete calculation ANmax at intervals of 2 mm and 5◦

in the range of a0 and θ0. Fig.11 a) shows the change rule
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FIGURE 12. The cost under different structures.

of ANmax : for all θ , ANmax decreases monotonically as a
increases; For all a, as θ increases, ANmax has a unique
minimum point (Fig.11 b), and the value of θ is 105◦, 110◦,
and 115◦; θ > 140◦, ANmax begins to increase dramatically,
and the larger θ is, the more drastic it becomes, resulting
in significant increase in power consumption. Thus, θ has a
constrained range of 90◦-140◦.
When the coil structure is transformed, the amount of

calculation required to traverse the Fc of all electric field
directions is very large. The ampere-turn ratio and geometric
parameters (a and θ ) of the EC-4 coil together determine the
direction of E generated by the coil, under the same ampere-
turn ratio, γ changes with a and θ , (ϕ, γ ) is not unique, the
optimization result is universal. Therefore, randomly select
the ratio of ampere-turn -3:1:-1:-3, discrete calculation Fc at
intervals of 6 mm and 10◦ in the range of a0 and θ0.
In the xy(z=-7mm) plane (Fig.11 c): the range of Fc−xyis

1.9%-40.8%; Fc−xy is inversely proportional to θ ; Fc−xy
is proportional to a, rapidly increasing within 4mm-6mm,
a>10mm, slow growth of Fc−xy. In the xz(z=-7mm) plane
(Fig.11 d): the range of Fc−xz is 22.1%-25.8%; Fc−xz is
proportional to a and θ . The smaller Fc is, the more con-
centrated the stimulation is, Fc−xy and Fc−xz have obvious
advantages within 10mm. Therefore, a has a constrained
range of 4mm-10mm. In addition, the range of variation of
Fc−xy is significantly larger than that of Fc−xz, only Fc−xy will
be considered in subsequent analysis.

The influence of a on ANmax and Fc−xy is more significant
than that of θ when the coil structure changes, increase in
a, ANmax decrease, Fc−xy increase. Ideally, ANmax and Fc−xy
should be as small as possible, comprehensively considering
ANmax and Fc−xy define (9), the smaller the cost, the bet-
ter. Based on the above analysis, further optimize the coil
structure at intervals of 1mm and 1◦ in the range of ak ∈

[4mm,10mm] and θk ∈ [90◦,140◦], searching for abest , θbest .
Before calculating cost, normalize ANmax and Fc−xy to avoid
the influence of order of magnitude. As shown in Fig.12, the
cost is the smallest at (10mm,113◦) and (4mm,140◦).

cost = ANmax ∗ Fc−xy (9)

The above optimization is based on simplified line model,
but the real coil has volume. In the application of TMS, the
stimulation coil is connected to the circuit and powered by the

FIGURE 13. EC-4 coil and measurement platform. ① EC-4 coil. ② Mag-13
fluxgate sensor. ③ XYZ three-axis platform.

control capacitor. The size and waveform of the coil current
are related to the capacitor voltage U , capacitance C , coil
resistance R, and inductance L. When designing the stimulus
paradigm for specific diseases, it is necessary to adjust the
coil structure according to the current waveform parameters
to meet the requirements of R and L, abest and θbest are not
unique. a>4mm, ANmax significant changes, causing cost to
exhibit serrated changes near (4mm,140◦); The cost varies
smoothly and has a small value near (10mm,113◦), show that
the coil structure adjustment will not cause drastic changes
in ANmax and Fc−xy. Thus, the geometric parameters of the
coil are controlled within abest ∈ [8mm,10mm], θbest ∈

[110◦,120◦], the stimulation is relatively concentrated and the
energy utilization efficiency is high.

IV. EXPERIMENT
A. EC-4 COIL PHYSICAL OBJECT
B and E are coupled to each other, by measuring the dis-
tribution of B, it can be indirectly verified that EC-4 can
achieve controllable direction of E. The current from An to
Bn is +I , and the ampere-turn ratio is -3:1:-1:-3. According
to the optimization results, use 1mm×0.1mmflat copper wire
double-layer winding to produce two types of coils (spacing
0.8mm tough resin): 42 turns, a1 = 8.03mm, θ1 = 120◦;
14 turns, a2 = 10.34mm, θ2 = 120◦. The support struc-
ture using nylon resin 3D printing is a tetrahedral structure
(Fig.13), insert the coil into the groove to meet the cooling
radius rv ≈ 1.5mm.

B. MAGNETIC FIELD DISTRIBUTION MEASUREMENT
EXPERIMENT
Measurement of B uses the Mag-13 fluxgate sensor, the
excitation (f = 7Hz, Vpp = 30mV) is realized through the
signal generator and the power amplifier. The XYZ three-axis
platform is used to meet the measurement spatial resolution,
which is made of alloy material and has an impact on the tar-
get measurement value, reducing the interference by raising
the Mag-13.
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FIGURE 14. Magnetic field distribution, EM-ACM calculation values on
the left, and experimental values on the right. a). Bx . b). By . c). Bz .

Positioning in the xyz direction is achieved through nylon
material gantry, the origin is the intersection of the EC-4
central axis and the xy plane. The measuring plane is approx-
imately 30mm away from the lowest point of the coil, and
measurement range is x, y∈[-7mm,7mm], with resolution of
1mm and total of 225 points. The magnetic field distribu-
tion under 1mA excitation is shown in Fig.14. Measurement
errors include various factors, such as difficult to determine
machining errors in the winding part of the coil, positioning
deviations due to high measurement resolution, and inter-
ference from the XYZ three-axis platform. The purpose of
experiment is to observe the magnetic field distribution and
not to analyze the errors between values. Comparing the
experimental and EM-ACM calculation results, the magnetic
field distribution is basically consistent. Based on the above
analysis, EC-4 proposed in this paper can achieve controllable
direction of electric field.

V. CONCLUSION
Animal TMS research is significant in advancing the develop-
ment of human TMS, and the commonly used experimental
subject is rat. The shape of the coil determines the distribution
of the induced electric field, and its spatial resolution hinders
the traceability of physiological experimental results. Con-
sidering the sensitivity of the TMS stimulation effect to the
direction of the induced electric field, this paper proposes a
coil structure that can control the direction of induced electric
field to improve stimulation efficiency.

Firstly, establish the Electromagnetic field Analytical Cal-
culation Model (EM-ACM) to analyze the distribution of E
induced by coils, and verify its correctness through finite

element simulation results. Any electric field direction is real-
ized by controlling the proportion of Ex , Ey,and Ez, and the
‘‘skeleton’’ structure EC-X with controllable E is proposed.
The EM-ACM proves that EC-3 can control the direction of
electric field. Considering the energy utilization efficiency,
EC-4 is chosen.

Next, in order to improve stimulation efficiency, EC-4 is
simplified into a line model, with a and θ (a=length of AnBn,
θ = ̸ CnAnBn) used as variables to optimize the coil struc-
ture. The coil size control at abest ∈[8mm,10mm], θbest ∈

[110◦, 120◦] is more friendly and can take into account both
energy efficiency ANmax and stimulus focusing degree Fc.
Finally, measure the magnetic field distribution in the xy

plane below the coil, experimental results are consistent with
EM-ACM calculation. It proves the feasibility of the electric
field direction controllable structure (EC-X) proposed in this
paper from both theory and experiment.

In the mechanism research of TMS, cable theory provides
theoretical framework for understanding how TMS-induced
electric field polarizes and activates neurons [19]. Generally
speaking, the neural response depends on the direction of
the nerve relative to the electric field direction, due to the
local variation of the effective conductivity component in
the electric field direction, the sensitivity threshold of dif-
ferent types of neurons to the same electric field direction
is different. The sensitivity threshold can be understood as
the electric field intensity required to achieve suprathreshold
stimulation in that electric field direction [20]. By searching
for the direction of the electric field with the lowest sensitivity
threshold for target neurons, the effective stimulation energy
threshold can be reduced, and there is room to further reduce
the interference to the nontarget area, thereby improving
stimulation focality.

Most animal TMS coils are designed to control the ampli-
tude distribution of E, and focus is improved by combining
shielding layers or iron core materials. When evaluating coil
performance, the electric field amplitude is used to calculate
focus and stimulation intensity, ignoring the direction of the
electric field. Comparative analysis of the working principles
of the two types of coils, it is not difficult to find that the
direction of E generated by the Figure-8 coil on the plane
below it is fixed, EC-X realizes the direction transformation
of E by adjusting the ampere-turn ratio of the current flowing
through the coil. When applying the coil, it is necessary
to adjust the position and direction of the coil relative to
the head, to change the direction of the electric field in the
target area, which is inconvenient to operate. The EC-X coil
proposed in this article has the characteristic of controllable
electric field direction, by changing the proportion of current
flowing into the coil, the electric field direction of the target
area can be changed without moving the coil, providing a
tool for finding the electric field direction with the lowest
sensitivity threshold of the target area neurons.

This study mainly verifies the correctness of the con-
trollable electric field direction principle realized by EC-X
through simulation and experiment. When considering the
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electric field direction, quantifying stimulus focality requires
combining the electric field in anatomy with the real neurons
in morphology. In future research, anisotropy in real models
will be considered to more accurately evaluate the effect of
EC-X coil.
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