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ABSTRACT This work presents a framework to develop optimal coils of arbitrary geometry for deep
transcranial magnetic stimulation (dTMS). It has been based on a continuous current density inverse
boundary element method (IBEM) to generate dTMS coils with depth control and minimum power
dissipation. Novel coil geometries that readily adapted to human head have been studied to provide
focal stimulation in areas on both prefrontal cortex and right temporal lobe. The designed dTMS coils
performance has been numerically validated in a realistic human head model and prototypes have been
built for experimental evaluation. The numerical simulations indicate that the proposed dTMS coils focally
stimulate the prescribed brain regions with the desired target depth. The calculated metrics demonstrate that
the presented designs outperform existing dTMS coils (the stimulation depth can be increased more than
15% compared to conventional dTMS coils with similar focality). Stream function IBEM can be used to
develop novel dTMS coils with improved properties for a wide range of geometries. The proposed design
method opens up a possibility for exploring new coil solutions based on complex shapes to focally deliver a
desired stimulation dose to relatively deep brain targets, which might allow novel and more effective brain
stimulation protocols.

INDEX TERMS BEM, brain stimulation, coil design, TMS.

I. INTRODUCTION On the other hand, subcortical regions show promising

Transcranial magnetic stimulation (TMS) is a non-invasive
technique to modulate the activity of the brain, which has
been successfully applied to various psychiatric and medical
conditions [1], [2]. In TMS, strong current pulses are driven
through a coil placed on the patient’s head to induce an
electric field capable of changing the neural activity. Most
of the standard TMS coils used in clinical practice (such as
the figure-of-eight coil) generate strong electric fields only on
the cortical surface, being thus unsuitable for exciting deeper
brain structures.

The associate editor coordinating the review of this manuscript and

approving it for publication was Vincent Chen

applications to the treatment of various neurological condi-
tions, such as bipolar depression, major depressive disorder,
obsessive-compulsive disorder, epilepsy, schizophrenia,
among others [3]. Deep transcranial magnetic stimulation
(dTMS) coils have been proposed as alternative to traditional
TMS coils [4] for depolarising neuronal populations at deeper
brain structures. Some notable dTMS coil designs are [5],
[6], [7], [8], [9] and the so-called H-coils [10]. The latter
approach comprises a family of coils created for specific
applications; such as the Hl-coil and H2-coil, which have
been designed to stimulate the prefrontal cortex (PFC) [11],
[12] or the H12-coil tailored for stimulating the right temporal
lobe (RTL) [13].

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

1330 For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 12, 2024


https://orcid.org/0000-0002-3383-2634
https://orcid.org/0000-0003-1074-3396
https://orcid.org/0000-0001-8783-4195
https://orcid.org/0000-0002-0254-4322
https://orcid.org/0000-0003-0299-5358
https://orcid.org/0000-0001-6688-8258

J. A. Vilchez Membrilla et al.: Design of Transcranial Magnetic Stimulation Coils

IEEE Access

All the previously mentioned approaches [5], [6], [7], [8],
[9], [10], [11], [12], [13] are based on basic coil elements
with well-known magnetic profiles which are combined
empirically or by simple heuristics to drive electromagnetic
fields deeper into the brain, providing thus suboptimal
solutions to dTMS coil design problem. Moreover, in this
type of designs, the improvement of the stimulation depth
is frequently achieved by employing coils with larger
dimensions, resulting in the need of higher currents to create
comparable stimulation to that one found in conventional
TMS.

These facts highlight that the advancement of dTMS as
an effective tool in neuroscience would highly benefit from
the development of a design framework capable of producing
optimal coils with geometries better matched to the human
head and controlling the spatial characteristic of the induced
E-field, along with other physical features, such as resistance
or inductance, in the design process.

Recently, new TMS coil design techniques based on
continuous current density models have arisen [14], [15],
producing spherical and flat TMS transducers with optimal
trade-off between depth and focality of the induced electric
field [16], [17]. Amongst this group of continuous current
density methods, those techniques incorporating the stream
function of a quasi-static surface current density within
an inverse boundary element method (IBEM) have been
especially successful. They have allowed a wide variety of
coil geometries subjected to different performance require-
ments, such as minimum power dissipation and minimum
inductance [18], [19], [20], [21], [22]. Additionally, stream
function IBEM permits to consider the spatial characteristics
of the stimulation in the design process [19], [22], whereas
its potentialities to generate optimal coil solutions with
prescribed penetration for dTMS have not been studied yet.

In this work, we propose the use of a stream function
IBEM to produce minimum power dissipation dTMS coils
with depth control and based on geometries tailored to the
human head. A new head-shaped geometry would bring
the transducer closer to the target region, improving the
stimulation efficiency on the desired deep brain structures.
The capabilities of the proposed approach are illustrated by
designing three specific TMS coils using different new shapes
closely matching the human head to target deep areas in both
PFC and right temporal region, where there exist potential
treatments to different neurological conditions [12], [13].
The performance of each dTMS coil has been numerically
evaluated using finite element method simulations [23] in
a realistic human head model [24]; whereas experimental
characterisation has also been achieved by building and
testing two prototypes of the designed coils.

Il. METHODOLOGY

A. STREAM FUNCTION IBEM

The following is a brief outline of the stream function
IBEM; for a complete description of the method, we refer
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to the original works [25], [26]. In a stream function IBEM
the continuous current distribution under search is found
through the solution of an optimization problem formulated
in terms of the stream function. The numerical model of the
current density is achieved by meshing the coil conducting
surface into triangular elements and N nodes. It can be
expressed as:

N
T )~ D Y "), rES, e))
n=1

where ¥ = (Y, ¥, ... ¥,) is vector containing the nodal
values of the stream function and j”(r) is the current element
associated to the n”-node [26]. In a stream function IBEM,
Y is the optimization variable.

By using the current density model in (1), the discretized
version of the different physical magnitudes involved in the
design problem can be obtained, for instance:

o The x; component of the electric field induced by the

coil:

N
Eq(r, ) ~ D el (r), )
n=1

where ¢}, is the electric field vector produced by a unit
stream function at the nth-node [19], with x; = x, y, z.
« The resistive power dissipation by the coil:

N N
P~ D YatmRum, 3)

n=1m=1
where R is the resistance matrix [26].

These properties allow one to construct the equations used
to pose the coil design problem as a convex optimisation,
of which the solution is the optimal stream function. The
final wire arrangement that approximates the current density
is obtained by connecting in series the equally-spaced contour
lines of the stream function [27].

B. METRICS DEFINITION

In order to evaluate the spatial characteristics of the stimu-
lation, the following metrics have been used. For the sake
of comparison to the existing TMS coils, these parameters
have been computed in both realistic and spherical head
models.

e SUPRATHRESHOLD VOLUME, V1 »
It is the region in which the electric field strength is above the
stimulation threshold Ejy;,. It can be defined as in [16]:

Vi2 = [g,umn BUE@)I — Ep)dr, @

where E(r) is the electric field at a given point r in the brain
and B(x) is the step function.

x>0

1
B(x)=14 "~ 5
(x) [0 &)

, x<0
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FIGURE 1. a) The three-compartment head model (scalp, skull and brain) obtained from the Virtual Family Project [24]. Positioning of the brain center and
schematic representation of the depth definition used for b) PFC and c) RTL stimulation design problems respectively.

Hereinafter it has been assumed that E;; = 50 V/m and
the maximum electric field strength acceptable is twice the
threshold value [16]. In practice, this maximum electric field
value will be achieved by adjusting the current amplitudes
through the coils, as will be shown in Section III-B.

e MAXIMUM DEPTH OF STIMULATION, D ,

Also referred to as penetration, it is the greatest distance
along a given direction where the stimulus is over 50% of the
maximum [16]. In this work, two points in the brain (r,y
and ry/2) are chosen to describe the line in which dj is
computed. In the particular case of a spherical head model
(where the cortex is taken as a sphere of 7-cm radius [7]), the
depth of the stimulation d  becomes the radial distance from
the cortical surface to the deepest point where the E-field is
equal to the threshold.

o FOCALITY, S; 5

It represents the spread of the stimulation and quantifies
the average transverse surface area of the suprathreshold
region [16]. Focality can be expressed as:

S1p = ——. (6)

C. OPTIMISATION PROBLEM
In order to design TMS coils with the desired stimulation
depth using the stream function IBEM, the following
optimisation problem is proposed:
minP(yr)
subject to
E(rmax) - 1= 2Ey,
E(riy2 -1 =Ep

N

where ¥ is a vector containing the nodal values of the stream
function (the optimization variables), ry,,, is the point at
the cortical surface where the E-field strength reaches its
maximum value, r1 2 is the point at the targeted depth in the
desired brain region and vector 7 describes the preferential
direction of the stimulation [16].
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Furthermore, all coil design problems in this work can be
formulated as the optimisation in 7. It can be analytically
tackled by using elements from theory of Banach Spaces
and Operator Theory [19], [28], which allow to obtain truly
optimal solutions for this kind of problems.

D. HUMAN HEAD MODEL

An anatomically realistic human head model has been
used to study the stimulation produced by the different
TMS coils proposed here. It was developed for the Virtual
Family Project [24] and consists of magnetic resonance
imagining (MRI) data of a 34 years old male with a height
of 1.77 m weighting 70.3 kg. The heterogeneity of the
electric properties of the human head has been taken into
account with a three-compartment scalp-skull-brain model of
conductivities 0.465, 0.01 and 0.276 S/m respectively [16].
Moreover the skin, skull and brain surfaces were meshed into
4740, 137126, and 93314 triangular elements respectively,
as shown in Fig. 1.

E. COIL DESIGN EXAMPLES

The objective of this work involves the design of
application-tailored coils for dTMS with controlled stimu-
lation depth and minimum power dissipation. To this end our
designs are based on the following considerations:

1) The focality and efficiency of the stimulation strongly
depend on the distance between the transducer and
the target region. Consequently, the coil geometries
considered in this work have been chosen to fit properly
the corresponding part of the scalp, bringing the TMS
coil closer to the target region.

2) TMS coil design typically frequently results in quite
dense coil patterns. In order to ameliorate this problem,
we have considered each coil surface with a defined
thickness, allowing wire distribution in both connected
sides.

3) For all designs, we have prescribed a penetration of
3 cm along a given direction in a homogeneous single
domain brain model surrounded by air.

VOLUME 12, 2024
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FIGURE 2. Schematic diagrams showing the geometry of a) the helmet-like dTMS Coil 1, b) geometry of the ‘cap-like’ dTMS Coil 2, c) and d)
the curved hexahedral dTMS Coil 3, along with the human head model used as reference. The two positions of the conducting surface of
dTMS Coil 3 illustrate the coil placements considered for activation of the PFC and RTL respectively.

TABLE 1. Stimulation spatial conditions used in the designs.

dTMS Coil 1 dTMS Coil 2 dTMS Coil 3
Tmax (mm) | (63,2,0,30,1) | (1,3, —59,0, —27,0) | (63,2,0,30,1)
1,5 (mm) | (35,8,0,17,0) | (0,7, —31,6, —14,4) | (35,8,0,17,0)
t z v z

4) For each design problem, the number of stream
function contour levels (and equivalently the number
of coil turns) was maximised whilst ensuring that
the minimum wire spacing remained above 0.75 mm,
considering a thickness of 1 mm for all wires.

These criteria have been applied to produce three dTMS
coils based on different geometries (Fig. 2). The line
employed to set the stimulation depth is shown in Figs. 1
b) and ¢) for the case of PFC stimulation RTL stimulation
respectively, whereas Table 1 shows the corresponding values
of Fiax, r1/2 and 7 for the three dTMS coils [16].
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1) DTMS COIL 1

The first coil geometry is depicted in Fig. 2a), consisting
of a helmet-like shape of 4-mm thickness targeted to PFC.
This geometry has been derived from the human head model
scalp surface in Fig. 1, where a ‘window’ (from which wires
are excluded) has been incorporated to reduce potential risks
of ophthalmic adverse events and to allow visual interaction
with the subject. The inclusion of the window may also
significantly ameliorate the claustrophobia perception in
many subjects.

2) DTMS COIL 2

The second coil geometry shown in Fig. 2b) was designed
to target the RTL. This design is a ‘cap-like’ surface of 4-
mm thickness that has been created from the human head
model in Fig. 1. The motivation of using this geometry
relies on its readily adaptation to most of the (adult) head
shapes.
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TABLE 2. Performance parameters for the designed TMS coils. Simulated
values of the inductance L and resistance R obtained with COMSOL [23].
In square brackets are the measured values L and R of the prototypes.
dy 3 is the maximum depth of stimulation, V; ,, suprathreshold volume
and Sy the focality computed in a realistic t‘ree-compartment human
head model. In square brackets are the computed values in a spherical
head model [7]. df/z is the penetration calculated in a homogeneous
single domain brain model surrounded by air.

dTMS dTMS dTMS coil 3 | dTMS coil 3
coil 1 coil 2 PFC RTL
L 91 [102] 100 [108] | 19[-] 19
(uH)
R 271 [354] | 278[359] | 109 [] 109 [-]
(m$2)
di /o 271251 | 22124] 1.712.0] 1.6[2.0]
(cm)
S1/2 95 [129] 100 [52] 17 [29] 30 [29]
(cm?)
Vij2 | 255[342] | 2171206] | 29 58] 47 [58]
(cm®)
df/2 3.0 2.8 2.6 2.8
(cm)

3) DTMS COIL 3

The third design example involved generating a multi-
purpose dTMS coil that can be used to target either PFC or
RTL. Thus, a curved hexahedral coil shape of 4-mm thickness
with an original size of 20 cm x 9.5 cm has been subsequently
curved in order to fit both forehead and scalp area around the
temple, as depicted in Figs. 2c) and 2d), respectively, where
the relative positions employed for dTMS Coil 3 surface with
respect to the head are shown.

F. NUMERICAL SIMULATIONS

Numerical validation of the designed dTMS coils was
performed using the COMSOL Multiphysics software [23].
Three dimensional models of the coils were created and the
AC/DC Module was employed to evaluate the stimulation
produced in the human head model (section II-D) and
to compute the spatial characteristics of the stimulation
(section II-B). The resistance and inductance of each dTMS
coil were also computed with COMSOL.

G. PROTOTYPE COIL CONSTRUCTION

In order to experimentally evaluate the proposed approach,
prototypes of the designed dTMS coils were manufactured
and tested. They were built using a 3D printer with fused
deposition modelling technology and polylactic acid (PLA)
as material. The printhead has a diameter of 0.4 mm, and
a layer height of 0.2 mm was used to minimize geometric
deviations of complex surfaces. Grooves were printed on
both sides of each mold, where the depth and width of
the slot were chosen to be 2 mm, in which copper wire
of a 1 mm thickness was inserted and glued with epoxy.
After manufacture, the inductance and resistance of all the
prototype coils were measured using an LCR-meter and a
digital multimeter respectively. In this regard, it is worth
noting that the coil prototypes were built in order to verify
their manufacturability and physical properties, and they are
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FIGURE 3. Wire-path for a) dTMS Coil 1, b) dTMS Coil 2 and c) dTMS Coil 3.

not intended to be tested for stimulation on evaluated on
human subjects.

Ill. RESULTS

A. DTMS COIL DESIGNS

The winding pattern solutions of the dTMS coil design
problems presented in section II-E are shown. They have been
produced by firstly equally-spaced contouring the stream
function, and secondly connecting in series the resulting

VOLUME 12, 2024
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FIGURE 4. Normalised electric field distributions for dTMS Coils 1, 2, and 3 on different axial slices from the realistic brain model.

The first and second rows show the corresponding E-field due to the dTMS Coils 1 and 3 on the xy —planes at z = 10, 20 and 30 mm

(Fig. 1b) respectively. The third and fourth rows show the corresponding E-field due to the dTMS Coils 2 and 3 on the xy —planes at
= —20, —15 and —10 mm (Fig. 1c) respectively. E-field distributions were normalised for clarity in visually evaluating the spatial

characteristics.

unconnected contour lines. The performance properties of the

dTMS coils are listed in Table 2.

Fig. 3a) illustrates the coil layout for the dTMS Coil 1.
It can be seen that wires are excluded from the window
area, which both may facilitate visual interaction with the

VOLUME 12, 2024

subject and allay patient claustrophobia concerns. Moreover,
higher density of winding turns occurs over the frontal region.
Analogously, Fig. 3b) depicts the wire path obtained for
the dTMS Coil 2 design. In this case, the coil has four
independent lobes of wire, two in each side of the cap shaped
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FIGURE 5. Normalised electric field distributions for dTMS Coils 1 and 3 on different sagittal slices from the realistic brain model. The first
and second rows show the corresponding E-field due to the dTMS Coils 1 and 3 on the xz—planes at y = —20, 0 and 20 mm (Fig. 1b)
respectively. E-field distributions were normalised for clarity in visually evaluating the spatial characteristics.
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FIGURE 6. Normalised electric field distributions for dTMS Coils 2 and 3 on different coronal slices from the realistic brain model. The
first and second rows show the corresponding E-field due to the dTMS Coils 2 and 3 on the yz—planes at x = —15, 0 and 15 mm (Fig. 1b)
respectively. E-field distributions were normalised for clarity in visually evaluating the spatial characteristics.

1336 VOLUME 12, 2024



J. A. Vilchez Membrilla et al.: Design of Transcranial Magnetic Stimulation Coils

IEEE Access

surface. As expected, a higher density of winding turns occurs
over the target region. Finally, the coil layout corresponding
to the solution dTMS Coil 3 coil design problem is shown
in Fig. 3c), where it can be again noted that the use of both
connected sides of the coil former surface makes the best
possible use of the space closest to the region of stimulation.
There is a high concentration of wire elements at the inner
side of the coil surface, while the outer side provides a return
path for the wires.

B. COMPUTATIONAL EVALUATION

Assuming a sinusoidal variation (f = 3 kHz [16]) these
are the current amplitudes in order to achieve a maximum
electric field strength of 100 V/m in the cortex: dTMS Coil 1
(0.81 kA); dTMS Coil 2 (0.89 kA) and dTMS Coil 3 (2.25 kA
for PFC and 3.10 kA for RTL).

1) PREFRONTAL CORTEX

As it can be seen in Figs. 4 and 5, dTMS Coil 1 induces
an E-field on a large volume in the PFC providing bilateral
stimulation of the dorsolateral and ventrolateral regions, and
even an undesired activation of the temporal regions. On the
other hand, dTMS Coil 3 when placed over the frontal region
of the realistic head model, as shown in Fig. 2¢, generates a
more focal stimulation in medial prefrontal regions but with
reduced penetration: its suprathreshold volume in a realistic
head model is the 11% of the one produced by dTMS Coil 1,
nonetheless dTMS Coil 3 depth is approximately 1 cm less
than the penetration of its counterpart, as it can be seen in
Table 2. This fact is also confirmed when evaluating the
simulated metrics of each coil in a spherical head model.

2) RIGHT TEMPORAL LOBE

As it can be seen in the third and fourth row of Fig. 4,
both dTMS Coil 2 and 3 surpass the neuronal activation
threshold in RTL structures, where dTMS Coil 2 stimulates a
larger volume in this part of the brain. This behaviour is also
appreciated when evaluating the E-field on different coronal
slices (Fig. 6), and it is consistent with the metrics in Table 2
where it can be seen that the suprathreshold volume of dTMS
Coil 3 in arealistic head model is the 22% of the one produced
by dTMS Coil 2. Moreover, the stimulation depth of dTMS
Coil 3 in a realistic head model is 0.6 cm less than the one
found for dTMS Coil 2. It is also worth noting that although
stimulation induced by the cap-like coil is mainly over the
RTL, there is an undesired activation in the occipital lobe
(Fig. 4).

3) ATTENUATION IN DEPTH

Fig. 7 shows the normalised electric field induced as a
function of distance from r,,,, along the corresponding depth
definition line in the brain for each coil. The comparison
between the dTMS coils confirms a greater depth penetration
for dTMS Coil 1 and dTMS Coil 2, whereas the stimulation
of dTMS Coil 3 decay more rapidly with distance from the
scalp.

VOLUME 12, 2024
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FIGURE 7. Normalised electric field induced as a function of distance
along the corresponding depth definition line in the brain.

C. PROTOTYPES

Experimental characterisation of the proposed approach was
performed by building and testing prototypes of two coils
presented in this paper, namely dTMS Coil 1 and 2 in Figs. 3
a) and b), respectively. The corresponding manufactured
prototypes of these transducer coils are shown in Figs. 8a)
and b) respectively, whereas the measured inductance and
resistance values can be found in square brackets in Table 2.
It is worth noting that the measured values of L differ from
those obtained with COMSOL by 10% for dTMS Coil 1 and
7% for dTMS Coil 2. Measured and numerically calculated
values of R differ about 24% in both cases.

IV. DISCUSSION

By using a stream function IBEM, we presented optimal
dTMS coils with shapes tailored to the human head and
subjected to different performance constraints. The results
obtained confirm two main advantages of the proposed design
technique that are discussed below.

A. GEOMETRY-INDEPENDENT METHOD
Stream function IBEM allows the inclusion of complex
geometries in the design process. We used this feature to:

1) BRING THE COIL CLOSER TO THE TARGET REGION

In order to generate the most efficient stimulation, we have
considered novel geometries that permit placing the current
carrying surfaces as close to the target region as possible.
The shapes of dTMS Coil 1 and 2 were also chosen to
accommodate most of adults head sizes, nonetheless there
may exist a variable gap between the scalp and each TMS coil.
For instance, it was found that the minimum spacing between
the coil (considering the wires thickness) and the surface of
the realistic head model was of the order of 3-5 mm in all the
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FIGURE 8. Photographs of the manufactured prototype for a) dTMS Coil
1 and b) dTMS Coil 2. All coils were wound with copper wire of 1-mm
thickness inserted in grooves on a 3D-printed plastic former.

designs presented here. In that sense, it would be interesting
to consider the production of the TMS coils proposed in
multiple sizes to better adapt the different range of head sizes.

2) INCLUDE A WINDOW IN THE DESIGN OF DTMS COIL 1
This strategy may ameliorate significantly the claustrophobia
perception and allow visual interaction with the subject.
It is worth noting that one disadvantageous consequence of
incorporating the window in the design of dTMS Coil 1 coil
surface is the reduction of the performance: for the same
depth (2.7 cm) in a realistic head model the coil geometry
shown in Fig. 2 without the window would allow the design
of a coil with less resistance (301 m€2) and improved focality
(89 cm?).

3) CONSIDER COIL SURFACE WITH A DEFINED THICKNESS
In general, TMS coil designs exhibit areas of high winding
density (especially over the region of stimulation), this may
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become an important hindrance even leading to unpractical
designs [16], specially in coils that are constructed from finite
sized wire where there is a minimum wire separation that can
be built [22]. In this paper, this problem has been ameliorated
by allowing the current flow between both connected sides of
a given surface with defined thickness, which may also have
some other potential benefits, including improved thermal
behaviour [19].

B. INCLUSION OF PERFORMANCE REQUIREMENTS
Stream function IBEM permits the inclusion of many
constraints and properties in the design process [19] and [20],
which may also be used to satisfy other functional and
technical requirements needed for dTMS.

1) RESISTANCE AND INDUCTANCE

dTMS coils with reduced inductance and controlled depth
can be directly produced by substituting minimum power
dissipation condition in equation 7 by a minimum magnetic
stored energy constraint, which would pose an equivalent
optimisation problem due to the similar nature of these two
magnitudes [19].

It is also worth noting that the simulated and measured
values of the resistance in Table 2 are higher than those found
in conventional TMS coils, which may be justified, in part
by the large number of turns of wire used in the proposed
IBEM coils. Although the used of 1.0 mm diameter copper
wire is frequently use for TMS coil design [14], [18], the
resistance of the prototypes can be significantly reduced by
using thicker wires (which can be achieved by reducing the
imposed minimum wire spacing) or decreasing the number of
turns of wire.

2) SPATIAL CHARACTERISTICS OF THE STIMULATION
A penetration of 3 cm in a homogeneous brain model
surrounded by air was prescribed for all designs. A more
relevant characterization of the penetration could be produced
by imposing a desired value of dj;; in the realistic
three-compartment head model. This could be achieved using
stream function IBEM, as it also permits the modelling of the
E-field in heterogeneous conducting systems [19]. Nonethe-
less, the use of more biologically complex models remarkably
increases the computational burden in the solution of (7).
In this regard, as it can be seen in Table 2, the values of d 2
computed in a realistic head model are lower than 3 cm for all
coils. This reduction was expected, since there are additional
E-field contributions due to accumulation of charges in the
boundaries between regions of different conductivity that
reduce the penetration of the stimulation. Moreover the
penetration calculated in a homogeneous single-domain brain
model surrounded by air, dﬁz, for dTMS Coil 2 and dTMS
Coil 3 is less than 3 cm, which may be partially explained due
to the series connection that must be performed in the coil.
Nonetheless, it is worth stressing that the dTMS coils
designed successfully induce strong E-fields in deep areas in
both PFC and right temporal region, remarkably outperform-
ing state-of-the-art dTMS coils [4].
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FIGURE 9. Focality as a function of the maximum depth of stimulation of
the existing coils, this plot is a modified version from those found in [7],
[16] (see these references for more information of the specific coils).
Green star and yellow circle markers denote dTMS coil designs proposed
in this work before and after connecting in series, respectively. The
metrics before connecting in series for a spherical head model are: dTMS
Coil 1 (dy/2=2.7 cm and s, ;=41 cm2?); dTMS Coil 2 (dy2=2.7 cm and
s1/2= 41 cm?); dTMS Coil 3 (d) ,=2.2 cm and s ;=23 cm?).

For instance, if we consider a spherical head model, dTMS
Coil 2 provides a penetration approximately 4 mm larger
than conventional dTMS coils with similar focality, whereas
dTMS coil 3 offers more than a 20% focality reduction
compared to existing TMS coils with equivalent depth [7],
as it can be seen in Fig. 9 where the yellow circle denotes the
dTMS coils designed in this work.

Furthermore, in order to make a fair comparison to other
state of art approaches, the dTMS coil solutions proposed in
this work before connecting in series have been included in
Fig. 9 with green stars markers. It can be seen that the dTMS
Coil 2 and dTMS Coil 3 offer an improved trade-off between
depth and focality compared to designs proposed in [16].
However, dTMS Coil 1 design (star 1 in Fig. 9) is above the
red dot line from [16], which is justified by the inclusion of
the window.

C. LIMITATIONS AND FUTURE WORK

One of the main limitations of the presented approach is
the undesired stimulation of non-target brain regions, which
degrades TMS precision. Facial nerve and muscle stimulation
may be also concerns for suprathreshold TMS.

Future work will include the application of the stream
function IBEM to obtain an overall view of the achievable
trade-off between the penetration and focality of the induced
E-field. In addition, the proposed design framework may have
potential applications to other forms of TMS, such as low
field magnetic stimulation where efficient coils that conform
to the head shape are required [15], [29], [30].

V. CONCLUSION
We presented a design framework for creating dedicated
dTMS coils wound on arbitrarily shaped surfaces allowing
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the inclusion of different performance requirements, such
as penetration depth and power dissipation. Three dTMS
coils have been designed using novel geometries that offer
much sparser wire spacing and bring the coil closer to
the target region, thus improving the stimulation efficiency.
They provide an optimal compromise between depth and
power dissipation, outperforming current state of the art
dTMS design approaches. The proposed coil design method
opens up a possibility for exploring new coil solutions of
complex shapes to focally stimulate deeper brain targets,
which might contribute to the emergence of novel clinical
applications.
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