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Abstract

Transcranial magnetic stimulation (TMS) is a non-invasive method for stimulating the cortex.
Concurrent functional magnetic resonance imaging can show changes in TMS-induced activity in
the whole brain, with the potential to inform brain function research and to guide the development
of TMS therapy. However, the interaction of the strong current pulses in the TMS coil in the static
main magnetic field of the MRI produces high Lorentz forces, which may damage the coil enclosure
and compromise the patient’s safety. We studied the time-dependent mechanical behavior and
durability of two multi-locus TMS (mTMS) coil arrays inside a high-field MRI bore with finite
element modeling. In addition, coil arrays were built and tested based on the simulation results. We
found that the current pulses produce shock waves and time-dependent stress distribution in the
coil plates. The intensity and location of the maximum stress depend on the current waveform, the
coil combination, and the transducer orientation relative to the MRI magnetic field. We found that
30% glass-fiber-filled polyamide is the most durable material out of the six options studied. In
addition, novel insights for more durable TMS coil designs were obtained. Our study contributes
to a comprehensive understanding of the underlying mechanisms responsible for the structural
failure of mTMS coil arrays during stimulation within high static magnetic fields. This knowledge
is essential for developing mechanically stable and safe mMTMS-MRI transducers.

1. Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive neuromodulation method with versatile
neuroscience and clinical applications (Chail ef al 2018, Iglesias 2020). In TMS, strong current pulses applied
through coil windings produce changing magnetic fields through the cerebral tissue, inducing an electric
field that stimulates cortical neurons (Ilmoniemi et al 1999). Combining TMS with neuroimaging provides a
unique assessment of the spatial and temporal neuromodulatory effects on neuronal activity. Specifically,
with functional magnetic resonance imaging (fMRI), whole brain activity can be indirectly assessed through
neurovascular coupling with a spatial resolution of about 1 mm (Seewoo et al 2018, Afuwape et al 2021).
Thus, TMS—{MRI provides important measures of brain function in healthy and neurological conditions
(Mizutani-Tiebel et al 2022).

Designing TMS coils to operate safely in the scanner requires careful consideration due to the high
mechanical stresses on the coil enclosure plates, which arise from the movement of the wires. During the
TMS pulse, with a typical rise time of less than 100 us, an electric current of up to several kiloamperes flows
through the coil windings (Koponen et al 2015). For instance, inside a 3 T MRI scanner, the interaction
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between the static magnetic field and the TMS current pulse creates strong Lorentz forces and stress on the
figure-of-eight coil windings up to 130% and 420%, respectively, compared to outside the scanner (Crowther
et al 2013). Such high stress might break the coil casing and expose the subject or patient to mechanical or
electrical safety risks (Bergmann et al 2021, Mizutani-Tiebel et al 2022). Only a few studies have analyzed the
mechanical behavior of TMS coils under such conditions, showing the Lorentz force and von Mises stress on
individual coils at different orientations relative to the external MRI field when a continuous sinusoidal
(Crowther et al 2012, Cobos Sénchez et al 2020, Afuwape et al 2021) and direct current (Crowther et al 2013)
is applied. We recently observed that approximating a TMS pulse by direct or sinusoidal currents does not
capture the transient and dynamic mechanical effects resulting from the fast-changing TMS fields (Koponen
2023). To foster the development of safe and mechanically durable coils, a realistic assessment of the
interplay between the TMS pulse and the MRI static field is needed.

A second critical technical challenge in TMS-MRI applications is that positioning the TMS coil inside the
MRI bore is inconvenient due to the restricted space, and usually, removing the subject from the scanner to
change the coil orientation or location is required. Precise control of the TMS coil position is crucial to
ensure that stimulation is delivered to the intended cortical target and that cortical mappings can be
effectively performed to study brain function (Moisa et al 2009). A mechanical holder can assist in coil
positioning (Lee et al 2023). However, the holder can only be adjusted outside the bore and involves a
laborious and relatively slow manual process, making it impossible to stimulate distinct brain areas with
millisecond intervals, i.e. in neuronally meaningful time scales. To solve this issue, multi-locus TMS (mTMS)
technology has enabled electronic adjustments of the cortical target without physically moving the coil arrays
(Nieminen et al 2022). mTMS provides fast and accurate adjustment of the stimulation parameters inside the
scanner and between imaging sequences for human (Navarro de Lara et al 2023) and preclinical (Souza et al
2023) applications. However, the simultaneous use of many coils may result in an even higher stress than in a
single coil due to Lorentz force summation. Specifically, in ultra-high-field 9.4 T MRI for small animals
(Souza et al 2023), mTMS coils are exposed to extreme mechanical stress; a durable material and appropriate
winding design is required to enable safe long-term use. To our knowledge, the mechanical behavior of
mTMS coils in an MRI scanner has not been studied in detail before.

In this study, we aimed to assess the mechanical stress dynamics on human and small-animal mTMS coil
arrays inside MRI scanners. We sought to analyze the coils’ mechanical behavior on a microsecond time scale
during and after stimulation pulses in high static magnetic fields (3 and 9.4 T). Our study proposes new
insights for more durable and safer TMS coil designs suitable for combined brain stimulation and
neuroimaging.

2. Materials and methods

For analyzing the mechanical behavior of mTMS coils inside an MRI scanner, the equations of Lorentz force
and von Mises stress are presented below, followed by a detailed description for building the computational
models.

2.1. Lorentz force, von Mises stress, and deformation
During the stimulation, a current through one TMS coil generates a magnetic field, B. The Lorentz force
density on the coil can then be calculated by:

Florentz = I X (Bcoil + BO) P (1)

where J is current density in the coil wire and By is the is the external magnetic flux density (Crowther et al
2012). When two overlapping coils are used simultaneously, the Lorentz forces acting on the top and bottom

coils, Fy,, and By ., respectively, are derived from equation (1) as:
Ftlop = ]top X (Btop + Bbottom + BO) (2)
Fl;ottom = Jbottom X (Btop + Boottom + BO) . (3)

Von Mises stress is a measure used to predict material yielding under various loading conditions by
combining normal and shear stresses into an equivalent stress value (Callister and Rethwisch 2018). To
obtain the von Mises stress distribution in the coil plate, the components of the Maxwell stress tensor o
(Crowther et al 2013), which depict the relationship between electromagnetic forces and mechanical
momentum, must be computed by:

e <E"Ef B z%Ez) o (Bfo - 25i132> : @)
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where ¢ is the permittivity of free space, p is the vacuum permeability, d; is the Kronecker delta (which is 1
if i = jand zero otherwise), E; is the induced electric field, and B; is the magnetic field along coordinate axis i.
In three dimensions, the stress in the material is represented by the stress tensor o

Oxx Oxy Oxz
o= | 0 0y 0 |. (5)
Oz Ozy Oz

The dynamic equilibrium equation gives the displacement vector u (COMSOL Multiphysics 2018) for
computing the deformation of the coil plates at time #:

0*u
V.o + FLorentz - pﬁ; (6)
where p is the material density.
The stress tensor o is related to the strain tensor N through the linear constitutive relation:
o=C:N, (7)
where C is the fourth-order elasticity tensor, representing the stiffness of the material, and the double dot
product is C : N = C;;Nj;. The strain tensor N is related to the displacement field u by:
1 T
N=2 (Vu+(Vu) ) 8)
Using the finite element method, the domain and time are discretized, leading to solving a system of
equations:
MU +DU+KU = Frorent: (1), 9)

where the mass matrix M represents the distribution of mass throughout the structure, the damping matrix
D accounts for energy dissipation in the system, the stiffness matrix K represents the material and structural
stiffness, and the force vector Frorent, (f) represents the time-dependent Lorentz force acting on the structure.
Finally, this system is solved iteratively to find the nodal displacements U () over time. For an in-depth
explanation, see (COMSOL Multiphysics® 2021).

Based on the stress tensors, the scalar value for von Mises stress (Crowther et al 2013) is obtained as in:

s= \/O')Zcx +05,+ 0%, — 050y — 0,0, — 030, +3 (Ji}, +o5,+ afx) . (10)

2.2. Geometries for computational modeling
The 3D coil arrays were modeled and simulated in COMSOL Multiphysics® 6.0 (COMSOL, Inc., Burlington,
MA, USA).

2.2.1. Rat mTMS coil array

The method for designing the winding paths for the rat mTMS coil array is described in (Souza et al 2023).
Each coil was designed with two winding layers, with 1.6 mm between the wire centers. The wire paths were
3D-modeled with a circular profile (1.3 mm diameter). The top and bottom coils were wound in rectangular
plates (length: 18.5 cm, width: 9.6 cm) of 7- and 10 mm thicknesses and separated by a 2 mm gap. The
mTMS coil arrays were placed inside a cylindrical air domain (30 cm diameter, 50 cm length) witha 9.4 T
homogeneous static magnetic field to simulate the MRI bore, such that the direction of the MRI field was
parallel to the plates representing the experimental setup using 9.4 T 31 cm-bore MRI system reported in
(Souza et al 2023). To enable current flow in a closed path, the coil wires were extended from the plates to the
walls of the air domain, as shown in figure 1. We set the coils as ‘homogeneous multiturn’ with 40 turns
(diameter of each wire strand: 0.2 mm) to closely represent the litz wire consisting of 40 individual strands in
our coils; thus, the current in each wire strand was divided by 40.

To accurately represent real-life applications, we excluded the wires outside the coil plates from the
mechanical simulations. The mTMS coil plates were fixed by applying a spring boundary condition to one
side of the plates (highlighted in blue in figure 1(a)), with a spring constant per unit area of I N (mm) 2.
This condition mimics attachment to a support structure that behaves like a loose spring, allowing free plate
movements. The fixation approach was based on the guidelines from COMSOL Multiphysics® (see Frei
2021) and to match the fixation of the protective casing used in our experimental setup. In this

3
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(a) Coil set for rats Coil set for humans
0 5 10 15

P
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(b) 1. Perpendicular to B, 2. Rotated 45° in y-direction Parallel to B,
from position 1 -

Rotated 45° around its own Rotated 45° in y-direction and
axis from position 2 45° in x-direction from position 1

Figure 1. (a) Rat and human mTMS coil array models in our simulations. The fixed edges are highlighted in blue. (b) The
placements of the human mTMS coil array relative to the external magnetic field.

configuration, the coil set was placed flat inside a protective casing (see section 2.6), enabling nearly
unconstrained movement, although the casing was anchored at the back handle. Frei (2021) introduces
techniques for simplifying the modeling process by approximating the effects of surrounding fixtures
through boundary loads. This is achieved by applying equal and opposite forces to the component’s
boundaries, allowing for accurate stress and deformation analysis without considering the component’s
overall movement. The spring constant was carefully chosen to be large enough for system stability yet small
enough to avoid impacting the solution. This decision was confirmed by testing two other methods
described in Frei (2021), which yielded nearly identical stress and displacement results.

2.2.2. Human mTMS coil array

The winding paths for the human mTMS coil array were obtained from (Souza et al 2022)., consisting of two
overlapping figure-of-eight coils with 12 windings each and with a 90° relative angle. Each coil for the
human coil array was made in two layers 2.6 mm apart, and the wires were modeled with a rectangular
profile (2.6 mm width, 2.4 mm height). The top and bottom coils were placed each in a solid casing (160 mm
width, 160 mm height, 9 mm thickness) 0.5 mm apart. The human coil array was placed in a cylindrical air
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Figure 2. Monophasic and biphasic current waveforms to simulate the mTMS pulses.

domain (26 cm diameter, 40 cm length) with a 3 T homogeneous static magnetic field, such that the ends of
the coil wire were connected to the walls of the air domain. To investigate the effect of different angles
between the coil plane and the direction of the static magnetic field, we performed simulations with five coil
array placements (shown in figure 1(b)). Both coils were set as homogeneous multiturn’ with 70 turns to
represent the litz wire consisting of 70 individual strands in the human coil design, and the current in each
wire strand was divided by 70. The wires outside the coil plates were again excluded from the structural
mechanics calculations, and the wires outside the plates were excluded from the mechanical calculations. The
coil plates were fixed by applying a spring boundary condition to the handle (highlighted in blue in

figure 1(a)) with a spring constant per unit area of 1 N m~>.

Two triangular mesh elements were added to the end faces of each coil and swept through the coil
winding paths, resulting in triangular prisms with a maximum length of 1 mm. The outer coil surfaces were
discretized in triangular elements to automatically build tetrahedral meshes and model the plates and air
domains.

2.3. Current waveforms

TMS pulse waveforms were modeled as mono- and biphasic to compare their effect on the mechanical
behavior of the coil arrays. The waveforms were approximated as piecewise linear functions (figure 2), such
that the magnitude of the induced E-field would be similar in each phase, considering the increased distance
of the top coils relative to the cortical surface. The monophasic waveform had rise, hold, and fall times set to
60, 90, and 120 s, respectively (Souza et al 2023). In turn, the biphasic waveform consisted of six parts with
durations of 60, 90, 120, 180, 210, and 240 ps. The current parameters of the biphasic pulse were adjusted to
induce the same electric field intensity in each rise, hold and fall phase as in the monophasic pulse. The coil
current was zero from the end of the pulse until the end of the simulation period (t = 1000 us); the
simulations were performed at time steps of 5 ys.

2.4. Coil plate materials

We simulated the mechanical behavior of six different thermoplastic coil plates having suitable material
properties for TMS—MRI applications. The assessed plastics were polycarbonate (PC), polyether ether ketone
(PEEK), acrylonitrile butadiene styrene (ABS), two types of glass-filled (GF) polyamide (PA), and
polyoxymethylene (POM). The material properties were obtained from Granta EduPack 2022 R1 database
(ANSYS, Inc., Canonsburg, PA, USA), except for PA 40% GF, of which the density, Young’s modulus and
tensile stress were obtained from Protolabs (Proto Labs, Inc., Maple Plain, MN, USA, material name: PA12
40% GF (PA614-GS)). The remaining properties were estimated based on similar materials from Granta
EduPack. All material properties (shown in table 1) were computed as the range average, assuming a linear
behavior on the microsecond-level timescale of the simulations. Because the plate’s electrical conductivity
does not influence the mechanical simulations, it was set to 0.01  m™" for all materials. We used 30%
glass-fiber-filled (PA 30% GF) PA for the human coil plate due to the superior durability in the rat coil
simulations compared to the other materials.

5
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Table 1. Mechanical and electronic properties of the coil plates in the simulations.

Material PC PEEK ABS PA 30% GF  PA 40% GF POM
Density (g cm™>) 1.18 1.31 1.05 1.36 1.22 1.4

Relative permittivity 3.2 3.2 3 12.15 12 3.7

Electrical conductivity (Qm™") 5.50 x 107" 1.67 x 107" 1.82 x 1072° 2.08 x 107** 1.0 x 107" 1.83 x 107"
Young’s modulus (MPa) 2220 3855 2450 7550 3600 2900
Poisson’s ratio 0.39 0.4 0.38 0.36 0.35 0.39

Tensile strength (MPa) 66.2 107.0 40.0 125.5 48.0 80.5

Flexural strength (MPa) 89.6 110.5 60.0 195.5 65.0 89.8

L I
e

Figure 3. (a) Coil plates wound with litz wire before being potted with silicone. (b) 3D model of the coil plates and the protective
holder case. Adapted from Souza et al (2023). CC BY 4.0. (c) Photo of the coil array taped on the holder.

2.5. Outlier removal

We observed unrealistically high stress values in individual data points from the simulation, possibly due to
the coarse mesh compared to the model complexity (Naganarayana and Prathap 1992). COMSOL provides a
smoothing feature when displaying results in 2D and 3D, which are not applied to the exported data. These
singularities were removed from the exported stress data using a z-score outlier removal method (Rousseeuw
and Hubert 2018). We used z = 5 as a threshold value because it provided the closest correspondence with
COMSOL smoothed visualization. Only 0.002% of the stress data points were removed as outliers; the results
are reported with data after outlier removal.

2.6. mTMS—fMRI experimental verification of the rat coil arrays

To test the durability of different materials, we built two different coil arrays for rats. Because the material
with the highest durability based on the simulations (PA 30% GF) was unavailable from our suppliers, we
chose the second-best option, PEEK. For a material with lower durability, we used PA 40% GF.

The coil plates were CNC-machined (PEEK) or 3D-printed with selective laser sintering (PA 40% GF).
We wound the coils with copper litz wire (1.7 mm diameter; 3-layer Mylar coating; Rudolf Pack GmbH & Co.
KG, Gummersbach, Germany) in the plates’ grooves. The wires were pushed tightly in the grooves and
against each other; thus, we had to use a smaller wire diameter in the simulations to avoid the wires from
overlapping. Each pair of coil plates was potted with a 2-component silicone-based elastomer (SYLGARD®
184, Dow Inc., Midland, MI, USA). The wire ends were crimped with M6-sized adapters for connecting
them to the mTMS power electronics cabinet through a connector box (Souza et al 2023). For additional
safety, we wrapped the coil array in a custom-made PC case with Kapton tape (figure 3).

Each coil array, one at a time, was connected to our 2-channel mTMS power electronics and placed inside
a 9.4 T MRI magnet (bore diameter 31 cm; Agilent Technologies, Inc., USA). First, a single current pulse
with an intensity of 250 A was given, after which we observed the physical condition of the coil plates. If no
signs of breakage were visible, the intensity of the current pulse was increased, and the stimulation was
repeated with intensities of 500, 1000, and 1500 A. The monophasic pulses (time steps: 60, 90, and 120 us,
see figure 2) were first given to top and both coils, after which we proceeded to biphasic pulses (time steps:
60, 90, 120, 180, 210, and 240 us, see figure 2). The pulse waveforms illustrated in figure 2 are the ideal
representation whereas the real waveforms might have had some distortions due to the inductance of the
wires. We did not run pulses through the bottom coil separately because our preliminary simulations had
shown that the coil plates would withstand the forces produced by the bottom coil alone.
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(a) Top (b) Bottom

Normalized
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Figure 4. The Lorentz force (red arrows) in the PEEK coil array at 60 us during a biphasic current pulse applied to the (a) top coil,
(b) bottom coil, and (c) both coils together. The corresponding normalized von Mises stresses on the coil plates are depicted with
heatmaps. The black arrows (Itop, Ihottom) indicate the current flow direction in the coils; By is the direction of the static magnetic
field in the MRI bore.

3. Results

3.1. Stress distribution and plate displacement

Figure 4 illustrates the Lorentz force vectors in the rat coils due to the interaction between the TMS pulse and
the static MRI field (By). When the TMS pulse is applied to the top coil alone, the strongest forces (longest
vectors) are concentrated on the central part of the figure-of-eight coil, where the current runs perpendicular
to the static magnetic field (figure 4(a)). Lorentz forces pull the wires to the opposite direction on the outer
loops, creating horizontal areas with higher stress on the coil plate. The stress distribution resulting from
firing the bottom coil has an X shape, where the diagonal components have forces in opposite directions
(figure 4(b)). When both coils are activated simultaneously, the stress pattern on the plates is mostly
concentrated in the middle while also having slightly rotated diagonal components as the sum of forces from
both coils (figure 4(c)).

In figure 5, the stress distributions in a PEEK coil array are visualized at various time instants during and
after the current pulses. A TMS pulse applied to the bottom coil alone results in up to 60% lower stress than
when the top or both coils are used. After each pulse is given, the plates start vibrating as seen from the
time-dependent propagation of the stress patterns.

Despite the similar current amplitudes in the mono- and biphasic pulses, the shape of the waveform
affects the magnitudes of the maximum stresses on the coil plates. Figure 5 shows that the maximum stress
reaches up to 100 MPa after the biphasic pulse (¢t = 240 us; t = 650 us), whereas the monophasic pulse
results in a maximum stress of approximately 80 MPa at t = 340 yus.

3.2. Maximum stress over time

Figure 6 shows the maximum stress and plate displacement values over time for all the materials, coil
combinations, and current waveforms when the top and bottom plates are considered as a single object. As
the Lorentz force is in a direction normal to the coil plane, it causes the plates to flex in different directions.
Thus, we considered the instant when the von Mises stress exceeds the material’s flexural strength to indicate
that the coil plates would break (Callister and Rethwisch 2018).

The stress and maximum displacement vary with different timings and peak values for each material, as
illustrated in figure 6, indicating a shock wave resulting from the current pulses propagating at distinct
speeds in the coil plates. The stress and displacement are up to 120% higher when the top coil alone or both
coils are activated compared to the bottom coil alone. When the top or both coils are activated, the
maximum stress on the plate exceeds the flexural strength for all materials, except for PA 30% GF and PEEK.
In turn, with the bottom coil alone, the flexural strength is not exceeded on any of the materials.

With the monophasic pulse, the peak stress continuously increases until the end of the hold phase at
about 90 ps, after which it slightly decreases. Each trapezoidal phase in the current waveform produces a
peak in the von Mises stress. However, the maximum stress occurs after the pulses are given, between 245 and
380 ps for the monophasic and between 550 and 1000 us for the biphasic pulse. The biphasic pulse induces
higher stress values than the monophasic pulse, and the differences in the stress amplitudes vary between the
coil-plate materials. For instance, the difference in the maximum stresses between the mono- and biphasic
pulses is 4.5% for PA 30% GF, whereas for PC, the difference reaches 34%.
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Figure 5. The stress distribution and corresponding deformation of the PEEK plates when (a) monophasic and (b) biphasic
current pulse is driven through the top and bottom coils separately, and through both coils together. The surface of the top coil
plate is displayed at the front, By is the direction of the static magnetic field in the MRI bore. The von Mises stress on the coil
plates is shown using the same color range for all plots; the deformations can be seen from the plate displacements.

Table 2 displays the maximum stress from each simulation. According to our calculations, the most

durable materials were PA 30% GF and PEEK, for which the maximum stress did not exceed the flexural
strength.

3.3. Spatial distribution of maximum stress

Figure 7 displays the locations of the maximum stress in each simulation. With the monophasic pulse, the
maximum stress is near the center of the coil surface for the least durable materials (ABS, POM, PC). In turn,
for the most durable materials (PA 30% GF, PEEK) and PA 40% GF, the maximum stress is on the outermost
windings of the top coil. Notably, the current waveform and coil combination affected the maximum stress
location. With the monophasic pulse on the bottom coil alone, the highest stress is at the surface of the
bottom wire grooves. For the other coil combinations with a monophasic pulse, the highest stress is located

close to the top wires and the surface of the top plate. With the biphasic pulse, the highest stress is towards
the outermost coil windings, regardless of the coil combination.




I0OP Publishing

Phys. Med. Biol. 69 (2024) 175001 M A Koponen et al

Monophasic
Max stress (MPa)

o

Monophasic
Max displacement (mm)
w

©
o
$5 120
@
©
58
m® 60F
<
Q@
= 0
£
=6
z
ae
0
T @
583
ma
2]
he=l
%0
EEEFEI g
Time (us) -
—— ABS —— PA30% GF — PC PEEK POM —— PA40% GF

Figure 6. Maximum stresses and displacements on the plates over time for each pulse and coil combination. The vertical lines
mark the timings of the current pulse phases; the flexural strength of each material is shown with the horizontal dashed lines.
Different materials are shown with different colors.

Table 2. Maximum stress in the coil plates. The ratios in percentage between the simulated maximum stress and the flexural strength are
given in parentheses. The color-shaded cells highlight stress values exceeding the materials’ flexural strength.

Monophasic Biphasic
Material/Flexural
strength (MPa) Top Bottom  Both Top Bottom  Both
PA 30% GF/195.5 107 (55) 43 (21) 109 (56) 113 (58) 59 (30) 115 (59)
PC/89.6 71 (79) 32(35)  71(80) 93 (104) 37(41) 94 (105)
PEEK/110.5 85 (77) 36(33) 82 (75) 93 (84) 42(38) 99 (90)
POM/89.8 74(83)  33(37)  74(82)  95(106)  37(41)  94(105)
ABS/60.0 76 (126)  35(58) 76 (126) 97(161)  37(62) 97 (161)
PA 40% GF/65.0 87 (134) 39 (60) 89 (138) 106 (163) 45 (69) 107 (165)

Monophasic Biphasic

Figure 7. Maximum stress locations shown from top and side views of the coil plane. The coil current combinations are shown
with different symbols and the plate materials are indicated by different colors corresponding to figure 6.

3.4. Experimental characterization of the rat mTMS coil arrays at 9.4 T

All mTMS coil arrays in the test setup at 9.4 T were fractured with smaller current amplitudes than those
predicted in the simulations. The PA-40%-GF top and bottom plates fractured with the biphasic pulse at
1500 A (36% of maximum stimulator output, MSO, of 4200 A) on both coils. Small fractures were formed in
the middle part of the top plate surface, and a major crack around the center of the bottom plate (figures 8(a)
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Figure 8. Fractures (indicated with red arrows) in the mTMS coil plates for rats. Top surface of (a) PA 40% GF, bottom surface of
(b) PA 40% GF and (c) PEEK.

and (b)). The PEEK coil plates broke during a monophasic current pulsed through both coils at 1000 A (24%
MSO), resulting in two long cracks near the middle of the bottom coil surface (figure 8(c)).

3.5. mTMS coil array for humans
Our simulations indicate that the mTMS coil array for humans with PA-30%-GF plates (flexural strength:
196 MPa) could withstand the biphasic current pulses ran through both coils, regardless of the coil position
relative to the 3 T static magnetic field. The smallest stress amplitude, 12 MPa, was obtained with the coil
planes perpendicular to By (figure 9(a)). In turn, the highest stress amplitudes occur when the coil planes are
rotated 45° in two perpendicular axes (69 MPa; figure 9(e)) or parallel relative to By (62 MPa; figure 9(c)),
with a drastic increase of up to 457% from the lowest stress amplitude. When the coil planes are angled 45°
relative to By, the maximum stress on the coil plates reaches 45 MPa (figure 9(b)). If we rotate the coil array
by 45° around its own axis from this position, the maximum stress decreases to 29 MPa (figure 9(d)).
According to figure 9(a), when the coil plane is perpendicular to the By field, the resulting Lorentz forces
act radially inward or outward depending on the current flow direction in the coil. This leads to tension and
compression parallel to the coil plane, causing lower stress on the plates compared to the other coil
placements. On the contrary, the highest stresses are present when the Lorentz force vectors are normal to the
coil plane (figures 9(b), (c) and (e)), producing a diagonal bending stress on the plates. In addition to the
angle between the coil plane and By field. Also, the coil array orientation strongly influences the maximum
stress amplitude due to the interplay between magnetic fields By and B, as shown in figures 9(b) and (d).

4. Discussion

We calculated the mechanical stress on realistic models of rat and human mTMS coil arrays inside an MRI
bore. We performed time-dependent analyses, which enabled comparing the effects of different current
waveforms on the spatiotemporal stress distributions. We demonstrated that different phases of the current
waveforms produce shock waves that propagate in the coil plates and interfere with each other, resulting in
various repeating stress patterns that depend on the material and current waveform. In addition, we
compared the durability of potential materials for the coil plates and studied the effect of coil array
placement relative to the external MRI field direction. Below, we provide suggestions for more durable
MRI-compatible TMS coil array designs.

The results for the rat mTMS coil array showed that the bottom coil, which is closer to the cortical
surface, produces lower stress amplitudes due to the almost 1 kA smaller current amplitude compared to the
coil on top. The strongest Lorentz forces are located on the parts of the coils where the current runs
perpendicular to the static magnetic field (figure 4) causing flexural stress on the coil plates, similar to
(Crowther et al 2013). Because the coil that is further from the head needs a higher current for inducing a
similar electric field in the cortex, the positions of the two coils could be exchanged such that the current
pulses with a weaker amplitude would be fired through the coil with a more stress-evoking geometry.

Compared to previous studies with uniform (Crowther et al 2013) and continuous sinusoidal currents
(Crowther et al 2012, Cobos Sanchez et al 2020, Afuwape et al 2021), we investigated the effect of two
trapezoidal current waveforms during and after a single current pulse. We found that each linear phase in the
current waveform (rise, hold, and fall) produces a shock wave that propagates back and forth in the coil plate
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Figure 9. Normalized stress distributions on the coil plate’s bottom surface at t = 120 us and t = 240 us. The red arrows show the
normalized Lorentz force contribution on the top and bottom coils during the biphasic pulse (t = 120 us). Panels (a)—(e)
correspond to the coil orientations described in figure 1. (f) Biphasic current waveform as reproduced in figure 2.

and eventually interferes with the others. In both cases, the maximum stress occurs after the current has
returned to 0 (shown in figure 6), which has not been reported in previous studies due to the lack of
time-dependent models.

With monophasic current pulses, the locations of the maximum stresses in the rat coil plates were shown
to depend on the plate material. However, with the biphasic current pulse, the maximum stress locations were
instead sporadically located on the plate. Because the biphasic waveform has more current phase changes
than the monophasic one, the resulting shock waves seem to result in more interference, which might explain
these distributed maximum stress locations. Different material properties could also explain the differences
in the maximum stress locations, leading to various shock wave propagation speeds. The dynamics of shock
wave propagation and interference can be useful in finding optimal timings for the current waveform phases
that would lead to destructive interference, lowering the stress amplitudes in the coil plates.

Our simulations with the human coil array showed that the Lorentz forces on the coils and the stress on
the coil plates depend highly on the relative positioning of the coil plates with respect to the static MRI field.
When the coil array is perpendicular to the MRI field, the Lorentz force vectors point radially inward and
outward during the pulse, creating less stress because there is no bending force. Thus, to reduce bending
forces in an experimental setting, the TMS coils should be aligned as perpendicularly as possible to the
external magnetic field. Our results regarding the Lorentz force vectors are in line with previous studies
(Crowther et al 2012, 2013, Cobos Sinchez et al 2020), in addition, we have produced a time-dependent
assessment of the stress on the coil plates. In preclinical mMTMS—-MRI as the one reported by Souza et al
(2023), it might be however challenging to adjust the coil array orientation relative to the static field due to
the restricted bore space. Consequently, we did not test different coil placements for the rat coil set. However,
the rat and human coil windings have similar effects from the forces because their windings have two
overlapping figure-of-eight coils at a 90° relative angle. TMS coil arrays should be durable and extensively
tested for safe applications in living animals; thus, further investigation of the stress in the rat coil set at
different angles would be beneficial, particularly if there is a possibility for its use in a larger MRI bore.

Regarding our experimental tests, all the plates fractured in the middle part, which was shown to be a
region with recurring high stresses in figure 5. The more durable plate material, PEEK, which was expected
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to withstand the current pulses according to the simulations, fractured at a lower current amplitude than the
less durable material, PA 40% GF, which indicates that our simulations might have underestimated the stress.
This deviation might be due to the von Mises stress alone not being sufficient to predict a flexural fracture
and due to the model approximations. For instance, the silicone glue layer between the plates and wires was
ignored, and the coil plate materials were approximated as linear. The coarse mesh in our models resulted in
high-stress singularities, causing inaccuracies in the stress data despite outlier removal. Opting for mesh
refinement within the simulations and adding the silicone layer with its elastic properties to the 3D model
would yield quantitative results that better approximate the experimental observations. In addition, the
linear material properties could be replaced with measured nonlinear data, such as stress—strain curves. Our
coils broke at lower current densities than the simulations predicted possibly partially because we used wires
in the simulations that were 20% smaller in diameter compared to the ones in our real coils. Moreover, the
simulations did not consider the potential damage caused by the cumulative effect of consecutive pulses. The
quantitative results of our simulations, such as the maximum stress values and durability of each material,
should thus be carefully interpreted. To enhance model precision and to achieve better correlation with
experimental data, the wire diameter should match that of the actual coils, and the cumulative impact of
consecutive pulses to the coil plate durability should be included in the simulations.

The best candidate out of the six materials modeled was found to be PA 30% GF, which would be an
interesting candidate as the glass-fiber filling increases the durability for bending and the stiffness of the
material. The applied load on the composite is transferred from the polymer matrix to the glass fibers, and
the distribution of stress prevents the object from experiencing high levels of strain which would lead to local
weaknesses and fracture (Callister and Rethwisch 2018).

5. Conclusion

We analyzed the time-dependent stress distribution in mTMS coil arrays operating inside an MRI scanner
with high static magnetic fields for rat and human applications. We found that in addition to choosing a
durable material to enclose the coil wires, the current waveforms, the coil alignment relative to the MRI static
field, and the coil array design are important factors in achieving a safer and more durable instrumentation
for concurrent TMS-MRI applications. Mechanical and electromagnetic simulations provide valuable
insight into the performance of novel TMS coil designs in different conditions, enabling safer research and
clinical applications.
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