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dual purpose of providing unique sensor identi�ers to detect to
which connector a particular coil is connected to, while also
reporting the transducer temperature. Additionally, a sudden
absence of a sensor reply can be utilized to detect a missing coil or a
loose connection and to initiate an emergency shutdown. Most of
the communication to the electronics on the high-voltage side is
done via a communications interface that converts the electrical
signals to and from the control unit into optical ones. Optical
signaling provides a layer of isolation while also having excellent
noise characteristics. Other circuit boards in this category include a
power distribution module that delivers the required direct current
power to the stimulator electronics, and an optically isolated
trigger board that provides an interface for external triggering.
2.2. Device operation

The operation of the mTMS device is based on forced current
feed through the transducer coils, which is achieved by manipu-
lating the electrical topologies of the coil-speci�c bridge circuits;
see Fig. 2 [16,18,19,21,22]. Depending on the states of the IGBTs, a
bridge circuit either connects its respective pulse capacitor in series
with the coil connected to the channel (Fig. 2A,C), resulting in a
damped oscillator circuit, or cuts the capacitor completely out of
the circuit while also short-circuiting the coil's ends (Fig. 2B). Even
though the capacitorecoil circuit is oscillatory in nature, the
duration we keep the capacitor connected to the coil is very short
(tens of microseconds) compared to the oscillation period of the
circuit (in the millisecond scale). The resulting current ramps are
thus nearly linear.

The capacitorecoil series con�guration (Fig. 2A,C) leads to a
changing current in the coil, a correspondingly changing magnetic
�eld and an induced E-�eld in the brain. The coil-short con�gura-
tion (Fig. 2B), on the other hand, leads to the current already
�owing through the coil continuing its circulation, experiencing a
slight decay mostly due to the resistance of the coil. The induced E-
�eld due to this relatively slow change of current and magnetic �eld
is negligible.

By incorporating multiple coils in a single transducer, the su-
perposition of the E-�elds is exploited to manipulate the spatial
pattern, intensity, and direction of the E-�eld induced in the cortex
[9]. The polarity and intensity of the E-�eld pattern from each coil
can be manipulated by adjusting the rate of change of the current;
this rate is proportional to the capacitor voltage in the corre-
sponding channel. The total E-�eld induced in the cortex is the
vector sum of the E-�elds produced by the individual coils [9,13].
Fig. 2. H-bridge operation. Depending on the states of the IGBTs, the H-bridge assumes one o
the sake of brevity, only states with positive coil current are shown. (A, C) The pulse capacito
Current �ows either through two IGBTs (A) or two �yback diodes (C). One IGBT from each s
keeps circulating through one IGBT and one �yback diode. Both IGBTs connected to one po
�gure legend, the reader is referred to the Web version of this article.)
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2.3. mTMS transducer

We designed and built a 5-coil transducer to control the location
and orientation of the peak of the induced E-�eld in a 30-mm-
diameter cortical region (see Fig. 3 for an illustration of the trans-
ducer design geometry). The transducer design follows the 5-coil
concept we introduced in Ref. [9]. The coil winding paths were
generated with a minimum-energy optimization method [9] that
utilized the interior-point method [23] and that was implemented
in MATLAB 2020a (The MathWorks, Inc., USA). First, we modeled a
commercial �gure-of-eight coil (17 cm � 10 cm; Nexstim Plc,
Finland) as 2,568 magnetic dipoles on a planar surface placed
15 mm away from the cortical surface (here modeled as a 7-cm-
radius sphere using a 2,562-vertex triangular mesh; see Fig. 3)
[24,25]. With the model of the commercial coil, we computed the
induced E-�eld distribution for 8,964 coil placements (747 coil
positions with 1-mm steps, 12 orientations with 30� steps in each
position) with the maxima of the E-�elds covering a 30-mm-
diameter cortical region (Fig. 3). For each of these E-�elds, we
computed the corresponding minimum-energy surface current
density in an octagonal plane section (30-cm diameter; 961-vertex
triangular mesh) that would induce an E-�eld distribution with
similar focality and intensity [16]. The optimization was performed
for �ve distances between the sections and the cortical surface
(15e27 mm in steps of 3 mm; see Fig. 3) to account for the winding
thickness and mechanical factors that affect the construction of the
physical coil. For each distance, we decomposed the optimized
surface current densities with singular value decomposition and
extracted the �rst �ve components, explaining 87.6e97.7% of the
total variance depending on the distance. For each distance, we
picked one of the �ve components so that the coils with the fastest
attenuation of the E-�eld (or highest spatial frequencies [26]) were
closest to the head [9]. Finally, we obtained the coil winding paths
by discretizing the surface current density of each component in
isolines and connecting them in series [27]. The process resulted in
two four-leaf-clover coils (10 turns in each wing) at the bottom, two
�gure-of-eight coils (12 turns in each wing) in the middle, and an
oval coil (26 turns divided into two layers connected in series) at
the top.

To manufacture the transducer, we designed �ve coil formers to
accommodate the windings, a 5-mm-thick top cover to protect and
insulate the wire connections, and a socket with a wooden rod
attached to the top plate to ease transducer handling. The parts
were designed in Fusion 360 (Autodesk, Inc., USA). The coil-former
thicknesses were 4.0 mm (including a 1.0-mm-thick bottom) for
the bottom-most coil, 3.9 mm (0.5 mm) for the top-most coil, and
f the illustrated topologies. The red arrow indicates the direction of the coil current. For
r is connected in series with the coil, allowing a change in the current through the coil.
ide of the coil is conducting. (B) Coil-short con�gurations. The current through the coil
le of the capacitor are conducting. (For interpretation of the references to color in this














