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Repetitive transcranial magnetic stimulation (rTMS) is widely used to treat

various neuropsychiatric disorders and to explore the brain, but its con-
siderable power consumption and large size limit its potential for broader
utility, such as applications in free behaviors and in home and community
settings. We addressed this challenge through lightweight magnetic core coil
designs and high-power-density, high-voltage pulse driving techniques and
successfully developed a battery-powered wearable rTMS device. The com-
bined weight of the stimulator and coil is only 3 kg. The power consumption
was reduced to 10% of commercial rTMS devices even though the stimulus
intensity and repetition frequency are comparable. We demonstrated the

effectiveness of this device during free walking, showing that neural activity
associated with the legs can enhance the cortex excitability associated with the
arms. This advancement allows for high-frequency rTMS modulation during

free behaviors and enables convenient home and community rTMS

treatments.

High-intensity transcranial electrical stimulation (TES) and repetitive
transcranial magnetic stimulation (rTMS) are the two most commonly
used non-invasive neuro-modulation techniques capable of eliciting
supra-threshold neuronal responses in the human brain'?. Due to its
high stimulation intensity and noticeably reduced discomfort and side
effects compared with high-intensity transcranial electrical
stimulation®*, rTMS has found extensive applications in treating var-
ious neuropsychiatric disorders™ as well as being a vital non-invasive
tool in cognitive neuroscience research”®. However, current rTMS
devices are not suitable for portable or wearable applications due to
their bulky size and considerable power consumption, on the order of
a kilowatt”'°. Some of the results of these limitations are: Because of
the inability to conduct rTMS during spontaneous and free behaviors
in diverse real-world settings, our understanding of neural modulation
in dynamic environments is limited"™, and walking investigations
conducted on laboratory treadmills cannot fully replicate the real-life

scenarios experienced by subjects'. In addition, the current inability to
administer rTMS during neurorehabilitation training hampers the
potential enhancement of neuroplasticity and rehabilitation
outcomes™'. Another result is that the prevalent hospital-based
approach for rTMS treatment in neuropsychiatric disorders such as
depression is cost-prohibitive, demanding trained medical staff for
daily treatments over a month>”, making it challenging for patients to
sustain regular work routines, and affecting treatment adherence and
outcomes'®'’, Hence, there is an urgent need for a portable or wearable
r'TMS device that can meet the demands of neuromodulation during
free behaviors, rehabilitation training, and in home and community
settings. The possibility of portable or wearable rTMS devices is
attractive for the treatment of many pathologies™.

Several research teams and companies are working on developing
portable TMS devices, but progress has been quite slow due to power
consumption and volume reduction challenges. Initial progress has
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been made with portable TMS devices that provide relatively low-
intensity subthreshold magnetic stimulation?-*. Commercial low-
intensity subthreshold magnetic stimulation devices, such as NeoR-
hythm (https://omnipemf.com/), which can only output magnetic
pulses at 0.0025 Tesla, are currently available. However, these devices
cannot directly trigger action potentials and fall far short of the sti-
mulation intensity required for FDA-approved TMS (greater than 1
Tesla). Epstein developed a 3 kg battery-powered portable single-pulse
TMS. Charging required 25 s on average, reaching maximum power in
45 s*. eNeura’s SpringTMS (now named sTMS mini) is the only FDA-
approved portable TMS for the treatment of acute migraines. It weighs
approximately 1.7 kg and delivers 2 pulses per stimulation cycle®.
While the aforementioned devices are battery-powered portable TMS
systems, they are primarily designed for single-pulse TMS (sTMS) and
cannot effectively accommodate rTMS applications such as 1Hz,
10 Hz, or intermittent theta burst stimulation (iTBS). REMED devel-
oped a small household rTMS device (TAMAS) with dimensions of
430 x270 x 89 mm and a weight of 4.5kg. However, the coil in this
system tends to overheat during rTMS treatments, requiring coil
replacement every 10 min. Additionally, the system relies on AC power,
which makes it impractical for ambulatory or wearable use”. Abbasi
et al. designed miniaturized rTMS head coils with a diameter of 38 mm
and a weight of 12.6 g*. Their prototype has reduced the size and
weight to approximately 1/10th of a full-scale clinical system?¥, but the
maximum magnetic flux density achieved is relatively low (0.54 Tesla),
and this system has not been tested for supra-threshold neuronal
responses in the human brain. All the aforementioned devices and
their specifications are listed in Table S1. To summarize, no battery-
powered portable or wearable supra-threshold rTMS (operating at
10 Hz or 50 Hz) device is currently available.

To address these issues, we developed a battery-powered
wearable rTMS device, rTMS-tiny, by applying lightweight magnetic
core coil technology and high-power-density, high-voltage pulse
driving techniques. The combined weight of the stimulator and coil is
only 3 kg. The power consumption was reduced to 10% of commer-
cial rTMS devices even though the stimulus intensity and repetition
frequency are comparable to those of the commercial rTMS devices.
Remarkably, rTMS-tiny is able to achieve repetition frequency and
stimulus intensity that match the Super Rapid® Plus commercial
rTMS device from Magstim. This is the first battery-powered, wear-
able supra-threshold rTMS device, meeting the demand for on-the-
go rTMS neuromodulation.

Results

A super compact battery-powered magnetic stimulator and a
lightweight magnetic core coil enable wearable rTMS

rTMS-tiny consists of a battery-powered, super-compact magnetic
stimulator and a lightweight magnetic core figure-8 coil (Fig. 1a). The
magnetic core coil weighs 1.7 kg, and has an average coil diameter of
63mm and an outer diameter of 78 mm. The magnetic stimulator
measures 17 cm x14 cmx 6 cm and weighs 1.3 kg. The magnetic sti-
mulator connects to and drives the magnetic core coil via a 1.5-meter
cable, generating sinusoidal biphasic pulses with a pulse width of
348 ps and a maximum magnetic flux density of 1.2 Tesla. It can achieve
arepetition output frequency of up to 100 Hz (Fig. 1b) with a maximum
intensity of 55% of the maximum stimulator output (MSO), meeting the
requirements of the majority of rTMS applications. Under the natural
cooling of room temperature at 25 °C, the coil temperature measured
only 36.1°C after 3000 pulses of 10 Hz rTMS at 70% MSO. rTMS-tiny is
powered by an 18 V 2200 mAh lithium battery, and can deliver 8200
pulses at 70% MSO for 10 Hz of rTMS. To enable it to be worn, the
magnetic core coil is secured to the head using an elastic band that
wraps around the chin, and the portion of the coil that contacts the
head is padded with foam. This configuration increases the contact
area between the coil and the scalp, reduces pressure on the scalp, and

enhances stability. The positioning of the coil is assisted by a 10-20
EEG electroencephalogram positioning cap, with the left primary
motor cortex (M1) at C3. The rTMS-tiny stimulator can be easily held in
one hand and operated with the other (Fig. 1c) and can also be con-
veniently worn on the body (Fig. 1d). This allows for neuromodulation
with rTMS to be conducted during free behaviors, in space-
constrained conditions and in home and community settings, sig-
nificantly expanding the application scenarios for rTMS.

The bent double-T magnetic core coil achieves ultra-low power
consumption without adding weight

Reducing power consumption is a prerequisite for achieving a wear-
able rTMS. Abbasi et al. developed a compact (38 mm in diameter),
lightweight (12.6 g) figure-8 coil capable of inducing an electric field of
87 V/m at a depth of 1.5 cm. While small coils are advantageous due to
their light weight and low power consumption, they sacrifice penetr-
ability and stimulation intensity’*?. Methods that reduce power con-
sumption while maintaining stimulation intensity include the use of
minimal energy coils, double-cone coils, and magnetic core coils®.
Compared with traditional figure-8 coils, minimal energy coils can
achieve a 41% energy saving as a result of the optimization of the
winding pattern®. Double-cone coils can save up to 53% of the
energy’®, albeit at the expense of focusing®. Magnetic core coils can
achieve a remarkable 73% energy savings®, and are currently the most
effective energy-saving method. Compared with the hollow condition
(Fig. S1a), the magnetic flux density B of magnetic core coils (Fig. S1b)
can be doubled at the same driving current. But one challenging
drawback of magnetic core coils is their significant weight increment.
Existing magnetic core coil designs typically employ flat plate cores®
or C-shaped cores™ (Fig. Slc, d). To prevent magnetic core saturation®,
the core’s cross-sectional area needs to be sufficiently large, leading to
significant core weight. For instance, the dimensions of the backplate
core in Yamamoto and colleagues® are 22 cm x12.2cm x1cm with a
core weight of approximately 2.1kg. Epstein and Davey* utilized a
smaller C-shaped core, with dimensions approximating a cylinder with
a diameter of 10 cm and a height of 5cm and weighing over 1.5kg.
Reducing the weight of the magnetic core coil is essential for meeting
the requirements of wearable rTMS devices. Given the limitations in
performance of the existing conductor and magnet materials, redu-
cing the diameter of the magnetic core coil effectively reduces weight.
However, as the coil diameter decreases, the magnetic field penetra-
tion capability weakens, although the focus can be enhanced®?.
Conversely, by bending the coil wings toward the brain, double-cone
coils increase coupling with the brain and improve penetration depth
but sacrifice focus™.

We designed a bent double-T magnetic core figure-8 coil with an
average coil diameter of 63 mm, T2-Bent-D63 (Fig. 2d) by combining
and optimizing the magnetic core coil and the double-cone coil. This
design reduces the weight and the required magnetic field energy by
shrinking the coil diameter. It also enhances penetration by bending
the coil, compensating for the weakness in penetration capability
associated with a small-diameter coil while keeping the focal proper-
ties nearly unchanged. The T-shaped magnetic core consists of one
small and one large thin cylinder connecting at their centers. The core
weight is only 1.2 kg, making it suitable for wearable applications.

To find the optimal bending angle, we conducted electromagnetic
field simulations using COMSOL Multiphysics software (Fig. 2a-i). The
T2-Bent-D63 coil was configured with air-core 0° (no magnetic core
and no bending) and with a magnetic core and bending angles of 0°,
10°, 20°, and 30°. The simulation results showed that the magnetic
core increased the induced electric field strength from 61V/m in the
hollow state to 127 V/m (Fig. S2a-f). However, it still differed sig-
nificantly from the 150 V/m of the Magstim D70 coil. Bending further
enhanced the induced electric field strength, reaching a maximum
value of 141V/m when the bending angle was 30°. This was
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Fig. 1| Comprehensive illustration of the wearable rTMS device. a rTMS-tiny
consists of a magnetic stimulator and a magnetic core figure-8 coil. The magnetic
core coil weighs 1.7 kg, with an outer diameter of 78 mm. The magnetic stimulator
measures 17 cm x 14 cm x 6 cm and weighs 1.3 kg. These are connected by a 1.5-
meter cable. b Output of sinusoidal biphasic magnetic pulse with a pulse width of
348 ps, a maximum magnetic flux intensity of 1.2 Tesla on the coil surface, and a
maximum repetition frequency of 100 Hz. ¢ Handheld operation with pulse control

b Biphasic Magnetic Pulse

Upto1.2T Up to 100 Hz

348 ps

d Backpack 6

-

through a touchscreen interface. The magnetic core coil is secured to the head
using an elastic band that wraps around the chin. The portion of the coil that
contacts the head is padded with foam, increasing the contact area, reducing
pressure on the scalp, and enhancing stability. d The device is worn on the body,
with the stimulator secured across the back using a single or dual shoulder strap
configuration, freeing the hands and enabling rTMS stimulation during free
behaviors.

approximately 94% of the Magstim D70 coil (Fig. 2g) and had equiva-
lent penetration capabilities (Fig. 2h) and slightly better spatial focus
than the D70 coil (Fig. 2i). Again, this configuration met the require-
ments for a wearable rTMS device. Additionally, the magnetic core had
been fully utilized, with the maximum magnetic flux intensity (B)
approaching saturation (Fig. 2f). The electric field distributions in
the scalp are shown in Fig. S3. The maximum electric field intensity in
the scalp for the T2-Bent-Dé63 coil was 288 V/m, which is lower than the
323 V/m of the Magstim D70 coil and is, therefore, unlikely to cause
greater injury or pain.

We wound the coil using rectangular litz wire with a filling factor
of 50%, reducing the weight of the coil by half compared with flat
copper wire. The coil’s weight is only 263 g, and its alternating current
(AC) resistance remains nearly constant between 100 Hz and 5 kHz
when measured using an LCR Meter (TH2830, www.tonghui.com.cn).
In contrast, the AC resistance of the Magstim D70 coil increased by up
to 200% between 100 Hz and 5 kHz (Figs. 2j and S2g, h). Because of the
significant reduction in coil current due to the magnetic core as well as
the wearable design, only a 1.5-meter-long 10AWG (6 mm?) connecting
cable is required to meet the application requirements. Consequently,
the total weight of the coil is controlled at 1.7 kg, equivalent to the
weight of the Magstim D70 coil (1.76 kg) and meets the requirements
for wearable applications.

Thanks to higher coil energy efficiency, the T2-Bent-Dé63 coil only
requires a capacitance of 55 uF, whereas the Magstim D70 coil requires
as much as 185 pF of energy storage capacitance at the same maximum
voltage. This reduces the required volume of the energy storage
capacitor to 30%, laying the foundation for wearable applications. The
measured inductance of the T2-Bent-D63 coil can reach 57 pH, while
the measured inductance of the Magstim D70 coil is 16 pH
(Figs. 2k and S2i). Ignoring resistance, the oscillation angular frequency
for biphasic TMS is w=/1/LC. Under 100% MSO (1600, 55 pF), we
found that the T2-Bent-D63 coil’s current waveform approximated a
sine function. The maximum current was 1750 A, and the pulse width
was 348 s, with no apparent saturation of the magnetic core. In
contrast, the Magstim D70 coil's maximum current was 5470 A
(1670V, 185 pF), and the pulse width was 342 ps (Fig. 2I). The T2-Bent-
D63 coil’'s maximum current was only 32% of the Magstim D70 coil’s
current. Calculating using the formula for resistance losses, P=FR,
under the same coil resistance (R) condition, the losses in power were
reduced to approximately 10% of those of the Magstim D70 coil. The
maximum dl/dt of rTMS-tiny was 31.6 x 10° A/s, which was 32% of that
of the Magstim system. However, because of the bent-iron-core
design, the rTMS-tiny induces a comparable electric field strength in
the gray matter. More detailed information about the T2-Bent-D63 coil
can be found in Table S2.
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Fig. 2 | Coil design and performance. a-c Simulation of the Magstim D70 coil.

a The coil is placed on a head model with a diameter of 85 mm and with gray matter
located 15 mm beneath the scalp. The coil’s surface is 5 mm from the scalp,
representing the thickness of the coil’s shell. b The electric field induced by the coil
in the gray matter layer. ¢ Distribution of the norm of B in the plane where the
copper coil is located. d-f Simulation of the T2-Bent-D63 magnetic core coil. d T2-
Bent-D63 placed on the same head model with the coil’s surface 5 mm from the
scalp. e The electric field induced by the coil in the gray matter layer. f Distribution

of the norm of B in the magnetic core. g Maximum electric field intensity in the gray
matter layer at 100% intensity. D70 represents the Magstim D70 coil, air-core 0°
represents the T2-Bent-D63 without a magnetic core and bending, and mag-core
0°,10°, 20°, and 30° represent T2-Bent-D63 with magnetic core bent angles of 0°,
10°,20°, and 30°, respectively. h Comparison of half-value penetration depths d; ,,
the deeper the better. i Comparison of focalities, the smaller the better.

Jj Comparison of coil AC resistance at different frequencies. k Coil inductance.

I Measured waveform of coil currents.

Battery-powered, super-compact magnetic stimulator enables
high-frequency repetitive pulse output

Due to the reduced coil current and capacitance capacity achieved
by the T2-Bent-D63 magnetic core coil, it became feasible to create a
lightweight and compact magnetic stimulator powered by batteries.
We employed high-power-density, high-voltage pulse drive technol-
ogy to realize the ultra-compact rTMS-tiny stimulator, weighing only
1.3 kg. This stimulator utilizes biphasic pulse output and efficiently
recovers most of the energy in the coil to reduce losses and increase

the repetition rate®. The circuit framework of the rTMS-tiny stimu-
lator is shown in Fig. 3a, with the internal component structure illu-
strated in Fig. 3b. A 1600 V low-impedance, thin-film energy storage
capacitor (2x SHB-800-110-4GBO, EACO) with a capacity of 55 pF is
discharged instantaneously via an SCR (silicon-controlled recti-
fier) + a diode module (MCD94-22 101B, IXYS). The SCR trigger uti-
lizes a pulse transformer for high-voltage isolation and triggering,
with a trigger pulse voltage of 6V, a maximum trigger current of
500 mA, and a pulse width of 100 ps. An RC snubber absorbs voltage
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Fig. 3 | Principles and composition of the magnetic stimulator. a Schematic
diagram of the rTMS-tiny magnetic stimulator’s operating principles. b Internal
structure of the rTMS-tiny magnetic stimulator. ¢ High-voltage DC/DC power
density in rTMS-tiny. The high-voltage DC/DC unit in rTMS-tiny boasts an
impressive power density of up to 5.6 W/cm?, significantly surpassing commercially
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available modules. This high level of power density is essential for achieving a
highly portable and repetitive TMS pulse output. d Efficiency curve of rTMS-tiny’s
high-voltage DC/DC module. This demonstrates that the device maintains high
efficiency across the entire output intensity range of 0-100% (0-1600 V).

overshoot during the SCR module’s turn-off and reduces dv/dt to
prevent damage or false triggering. After each magnetic pulse out-
put, the energy storage capacitor is recharged by the high-voltage
DC/DC module.

The output power of the high-voltage DC/DC module determines
the repetition rate. In a previous study®, a 1000 V, 30 mA high-voltage
DC/DC module was used to charge a 1200 pF capacitor, taking 45 s to
fully charge. In another study*, a 10 W high-voltage DC/DC module
required 23 s to charge the capacitor. Abbasi et al. used a driving circuit
weighing 2.26 kg, along with a small (38 mm diameter), lightweight
(12.6 g) figure-8 coil, to achieve 10 Hz rTMS with an electric field of
87 V/m at a depth of 1.5 cm. The system was equipped with a battery-
powered 350 V boost converter’*?. In summary, existing high-voltage
DC/DC modules provide insufficient output power, making wearable
supra-threshold rTMS unfeasible.

We developed a high-power-density, high-voltage DC/DC con-
verter module using multiple transformers in series and a voltage-
doubling rectification technique. The block diagram of the high-
voltage DC/DC converter is shown in Fig. S4a. In addition to the tra-
ditional “PWM controller” and “full-bridge MOSFET” components,
“multi-transformers in series” and “full-wave voltage doubler” were
employed to achieve higher efficiency. In the multi-transformers in
series design, the primary windings are connected in parallel, and the
secondary windings are connected in series, which increases the vol-
tage boost ratio. The full-wave voltage doubler rectifier provides an
additional 2x voltage boost while also eliminating the need for large

inductance, as compared with the full-wave rectifier design (Fig. S4b).
This approach reduces the number of windings and the distributed
capacitance in individual transformers, increases the switching fre-
quency, and thus significantly enhances the power density. With a
compact form factor of 6 cm x 6 cm x 4 cm and a weight of 160 g, our
r'TMS device provides an output capacity of 1600 V and 500 mA, with a
maximum output power of 800 W. The power density reaches 5.6 W/
cm?3, and the 55 pF capacitor voltage rise rate is 9000 V/s. The voltage
output range is 0-1600 V, and it has a high efficiency across the entire
voltage output range, achieving a maximum efficiency of 84% (Fig. 3d).
In contrast, commercially available high-voltage DC/DC modules, such
as HO1-P202-20D (www.mornsun-power.com), have a volume of
7.2cmx 5.5 cm x 2.8 cm and can only output 2000 V and 20 mA, with a
maximum power of 40 W and a power density of only 0.36 W/cm3-15
times lower than our design (Fig. 3c).

Because the energy storage capacitor generates transient reverse
high voltage during discharge, it is necessary to disconnect the path to
the high-voltage DC/DC through the charging switch to prevent
damage. The high pulse frequency of rTMS demands high-speed
switching, which cannot be achieved with mechanical switches. Addi-
tionally, using resistors® to block reverse high voltage during the
capacitor charging phase results in significant energy loss and heat
generation. Therefore, a 3300V breakdown voltage SiC MOSFET
(G2R1000MT33J, GeneSic Semiconductor) is employed as the switch.
Its on-state resistance is only 1 ohm, significantly reducing losses and
heat generation.
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Fig. 4 | Overall performance testing. a Measured induced voltage waveform at the
coil surface. b Peak magnetic flux density at different distances from the coil sur-
face. ¢ Single-pulse energy loss at 100% power. Magstim lost 149 ] per single pulse,
while rTMS-tiny lost only 13.4 ). d Relationship between the output frequency and
the maximum available stimulus intensity. The stimulus intensity can reach 100%
MSO for frequencies ranging from 1 Hz to 55 Hz. For frequencies greater than 55 Hz,
the available stimulus intensity decreases. For instance, at 100 Hz, it decreases to
55% MSO. rTMS-tiny’s repetitive output capability reached the level of the Magstim
Super Rapid2 Plus conventional TMS device. e Coil temperature after stimulation
given a starting temperature of 25 °C. Coil temperature remained within the

requirements of IEC 60601-1. f Infrared thermal imaging of the coil after 3000
pulses of 10 Hz rTMS at 95% MSO. The heat diffused from the copper coil to the
surroundings, with a maximum temperature of 41.8 °C. g rTMS waveform at 100%
MSO. Pulse stimulation frequency is 10 Hz. No decay of stimulation intensity
between pulses. h TBS waveform at 100% MSO. Pulse stimulation frequency is

50 Hz, 3 pulses form a cluster, with a repetition frequency of clusters at 5 Hz. Less
than 5% decay of stimulation intensity within each cluster, and no decay of stimu-
lation intensity between clusters. i Battery endurance. At 70% MSO, rTMS-tiny
delivered 8200 pulses of 10 Hz rTMS, and at 95% intensity, it delivered 3500 pulses.

The rTMS-tiny magnetic stimulator’s low power consumption,
high efficiency, and ultra-compact design only require a 4 cmx
4 cm x 0.7 cm fan to meet the cooling needs. As a result, a stimulator
weighing only 1.3 kg with a repetition rate of up to 100 Hz has been
achieved.

Performance testing of the entire rTMS-tiny system

We conducted performance tests on the rTMS-tiny system and com-
pared it with the Magstim’s Super Rapid? Plus conventional TMS sys-
tem. Both rTMS-tiny and Magstim had similar pulse widths, with rTMS-
tiny having a pulse width of 348 ps and Magstim having a pulse width
of 342 us (Fig. 4a). The initial pulse amplitudes for both devices were
also quite similar. The maximum magnetic flux density on the surface

of the rTMS-tiny coil was 1.2 Tesla, which is greater than the Magstim
D70 coil at 1.0 Tesla (Fig. S5d). As the distance from the coil surface
increased, the magnetic flux density decayed, and the magnetic flux
density of the two coils was almost the same (Fig. 4b). The electric field
intensities were measured at different distances. The measurement
setup is shown in Fig. S5e, following the method described by Abbasi
et al.”® and the results are shown in Fig. S5f and Table S3. These indi-
cated that rTMS-tiny had an electric field intensity that is comparable
to that obtained using Magstim.

In biphasic pulse TMS, some energy is returned to the energy
storage capacitor after the discharge. The induced electric field is
proportional to the coil voltage and, in the absence of SCR module and
resistor voltage drops, also proportional to the energy storage
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capacitor voltage. Therefore, the single-cycle decay of the induced
electric field can be used to calculate the loss of capacitor energy. As
seen in Fig. 4a, rTMS-tiny exhibited significantly lower single-cycle
amplitude decay, with the capacitor voltage returning to 90% of the
initial value, while Magstim’s capacitor voltage only returned to 65%.
Magstim has a capacitor capacity of 185 pF and a maximum voltage of
1670V, whereas rTMS-tiny has a capacitor capacity of 55 pF and a
maximum voltage of 1600V. Through energy calculations
(E=0.5CU?), we determined that at 100% MSO Magstim’s initial
energy is 258) and decreases to 109] after discharge, resulting in a
single-pulse loss of 149]. In contrast, rTMS-tiny’s initial capacitor
energy is 70.4 ) and decreases to 57 ] after discharge, resulting in a loss
of only 13.4 J, which is less than 10% of Magstim’s energy loss (Fig. 4c).
This substantial reduction in energy loss leads to high energy
efficiency.

Benefiting from the significantly reduced single-pulse energy loss
and supported by the high-voltage DC/DC unit capable of outputting
1600V 0.5 A, rTMS-tiny can achieve output up to 55 Hz pulses at 100%
MSO (with less than 5% attenuation) (Figs. 4d and S5b). This capability
enables a wide range of treatment paradigms, from 10 Hz rTMS to
50 Hz iTBS, and accelerated iTBS therapies such as SAINT therapy*.
For the 10 Hz rTMS application, rTMS-tiny’s output power could be set
to 100% MSO with no decay of stimulus intensity between pulses
(Fig. 4g). For the 50 Hz TBS applications (3 pulses form a cluster with a
repetition frequency of clusters at 5Hz), rTMS-tiny’s output power
could also be set to 100% MSO with less than 5% decay of stimulus
intensity within each cluster and no decay of stimulus intensity
between clusters (Fig. 4h).

Under the natural cooling of room temperature, 25°C, the coil
temperature was measured after 3000 pulses of 10 Hz rTMS, 600
pulses of iTBS, and 1800 pulses of SAINT treatment at both 70% MSO
and 95% MSO. Except for the 95% MSO SAINT treatment, which
reached a maximum coil temperature of 44.7 °C, the coil temperature
did not exceed the maximum temperature of 43 °C allowed for pro-
longed human contact according to IEC 60601-1 standards (Fig. 4e). In
addition, SAINT therapy is applied for a very short time, less than
10 min, and thus also complies with the 48 °C upper-temperature limit
allowed by IEC 60601-1 for less than 10 min.

Heating remains a significant limitation for wearable rTMS sys-
tems, prompting additional tests and analyses. The surface tempera-
tures of the coils were measured after each train using an infrared
thermal imager (Fig. S6c-e) until the temperature reached 40 °C. The
temperature curves for three types of coils (Magstim D70, D70 AFC,
and rTMS-tiny) at two stimulation intensities (95% MSO and 70% MSO)
are shown in Fig. S6a. The Magstim D70 coil overheated after 400
pulses at 95% MSO or 600 pulses at 70% MSO, with the surface tem-
perature reaching up to 70 °C. In contrast, the rTMS-tiny and D70 AFC
coils exhibited similar increasing temperature patterns and could
sustain up to 3000 pulses without overheating.

Next, differences in heating between rTMS-tiny coil and the
Magstim D70 coil were compared using the maximum number of
trains as the dependent variable, to compute a two-factor ANOVA with
the factors being the power levels (70% MSO and 95% MSO) and each
coil type, as illustrated in Fig. S6b. The statistical analysis revealed
significant differences in pulse counts between the coils (F (1,
9) =1932.978, p < 0.001), between the two intensities (F (1, 9) =12.490,
p=0.006), and in their interaction (F (1, 9) = 8.804, p = 0.016).

Additionally, the internal temperature of the rTMS-tiny stimulator
was measured immediately after 3000 pulses at 95% MSO (Fig. Sé6f).
The maximum temperature of the high-voltage DC/DC module
reached 62.4°C, and the maximum temperature of the battery was
48 °C. These temperatures were within acceptable limits. Temperature
sensors were installed on both the DC/DC module and the battery so
that, in the event of abnormal temperature readings, the rTMS-tiny
would trigger an alarm and halt the stimulation immediately.

rTMS-tiny is powered by an 18 V 2200 mAh lithium battery. Under
battery power, rTMS-tiny can deliver 8200 pulses at 70% MSO for
10 Hz of rTMS, supporting at least 2 standard rTMS treatments or 10
iTBS treatments. At 95% MSO, it can deliver 3500 pulses, supporting at
least 1 standard rTMS treatment or 5iTBS treatments (Fig. 4i). When an
external 24V 2.5 A power adapter is connected, continuous operation
is supported.

Stimulus intensity testing on humans

Motor-evoked potentials (MEPs) in the peripheral muscles, obtained
by stimulating the human motor cortex using TMS, is a non-invasive
quantitative marker of cortical and spinal excitability”. MEPs also
serve as a quantitative basis for calibrating individual TMS
intensities*’. To validate the stimulus intensity of the rTMS-tiny on
humans, we conducted a comparative study of stimulus intensities
between rTMS-tiny using T2-Bent-D63 coil and Magstim using D70
coil on humans. The participants were fifteen young, healthy volun-
teers, 9 males and 6 females aged 25 to 40 years, all right-handed.
The study was approved by the Ethics Committee of the Institute of
Automation, Chinese Academy of Sciences and we have obtained
informed consent from all participants. Each participant underwent
experiments on the abductor pollicis brevis (APB) muscles of both
hands (Fig. S7) and the tibialis anterior (TA) muscles of both legs
(Fig. S8), in the sequence of right hand, left hand, right leg, and left
leg. The order of trials with Magstim and rTMS-tiny alternated
between the participants to minimize any potential effects of
neuroplasticity.

Figure 5a and Table S4 show resting motor threshold
(RMT) values for the bilateral hands and legs. No significant differ-
ences were observed in the RMT values obtained with Magstim and
rTMS-tiny for the left (£(45.00) =1.257, p = 0.621; RMTyiagstim = 79.8%,
RMT 1msciny=82.6%) and  right  (¢(45.00)=2.434, p=0.073;
RMTMagstim =81.9%, RMTrTMS-tiny= 872%) IegS. Even thOUgh rTMS-
tiny had a significantly higher RMT value for left (¢ (45.00) =3.431,
p=0.005; RMTyagstim=68.2%, RMT 1ms.tiny=74.6%) and right (¢
(45.00) =3.585, p=0.003; RMTpagstim = 64.7%, RMT1ms.-iny = 71.4%)
hands. The ratio of rTMS-tiny’s RMT to Magstim’s RMT was 91.5% for
the left hand, 90.6% for the right hand, 96.6% for the left leg, and
93.9% for the right leg. These results are consistent with the concept
that, since the output power of both devices was linear, the max-
imum stimulus intensity of rTMS-tiny would exceed 90% of
Magstim’s.

Figure 5b, c and Table S5 show the MEP amplitudes for both hands
and both legs at different output powers ranging from 50% to 100%
MSO. Significant differences in MEP amplitudes were seen for the right
hand across various intensities (F(5, 70) = 35.248, p < 0.000), between
two coils (F(1, 14)=12.274, p=0.004), and their interaction (F(S,
70)=4.016, p = 0.012). MEP amplitudes for the left hand showed sig-
nificant differences across intensities (F(5, 70) =16.000, p < 0.000),
but not between two coils (F(1, 14) =2.997, p = 0.105) or their interac-
tion (F(5, 70) = 0.628, p=.538). The right leg’s MEP amplitudes were
significantly different between intensities (F(5, 70) = 20.535, p < 0.000)
and between coils (F(1, 14)=7.186, p=0.018), but not when they
interacted (F(5, 70) =4.183, p=0.051). The left leg’s MEP amplitudes
were significantly different between intensities (F(5, 70) =29.854,
p <0.000), but not between two coils (F(1, 14) =1.600, p=0.227) or
their interaction (F(5, 70) =2.487, p = 0.120).

Comparing the mean MEP amplitudes induced by Magstim and
rTMS-tiny at 80%, 90%, and 100% MSO in Fig. 5b, ¢ and Table S5, we
found that the MEP amplitudes elicited by rTMS-tiny’s 100%MSO and
Magstim’s 90%MSO were roughly the same. This was consistent with
our previous finding that rTMS-tiny’s maximum stimulus intensity was
around 90% of Magstim’s. Figures S10 and S11 show a typical partici-
pant’s MEP waveforms for the right hand and the left leg under dif-
ferent amounts of stimulator output power.
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Fig. 5 | Stimulus intensity testing on humans. a RMT test results for both hands
and both legs. The smaller dots denote each participant’s RMT value. The larger
dots denote the mean RMT values (n =15). The mixed-effects analysis was used to
analyse RMT values, and p values were 0.003, 0.005, 0.073, and 0.621, respectively.
b MEP amplitudes for both hands APB muscles in 15 subjects under output power
ranging from 50% to 100% MSO. Comparing the MEP amplitudes induced by
Magstim and rTMS-tiny at 80%, 90%, and 100% MSO, showed that the maximum
stimulus intensity of rTMS-tiny is about 89% of Magstim for the right-hand APB

muscle and 90% for the left-hand APB muscle. ¢ MEP amplitudes for both legs TA
muscles in 15 subjects under output power ranging from 50% to 100% MSO.
Comparing the MEP amplitudes induced by Magstim and rTMS-tiny at 80%, 90%,
and 100% MSO showed that the maximum stimulus intensity of rTMS-tiny is about
90% of Magstim for both legs TA muscles. Error bars denote standard errors of the
means. A total of 10 technical replicates were used to calculate the MEP amplitudes
in (a-c). We did not establish the control group using a sham TMS coil because it is
clear that no MEP or RMT can be elicited by the sham coil.

In summary, based on the average RMT values across all limbs,
rTMS-tiny reached a maximum stimulus intensity of approximately
90-100% of Magstim’s. Based on MEP amplitudes across all limbs,
rTMS-tiny reached a maximum stimulus intensity of approximately
90% of Magstim’s. Minor discrepancies may be attributed to data
fluctuations or the slightly smaller focus of rTMS-tiny compared with
Magstim.

rTMS neural modulation during free walking

Smooth coordination of limb movements is crucial for our daily lives
and sports activities. In some cases, the contraction of muscles on one
side of the body can lead to increased excitability in the primary motor
cortex associated with the other side of the body. This phenomenon is
known as the “remote effect****, Its neural mechanisms are typically
examined by assessing the amplitudes of MEPs elicited by TMS. Many

studies have observed remote effects in various contexts. For instance,
muscle relaxation of the ankle dorsiflexors reduces the cortical spinal
excitability of hand muscles on the same side* and activities like teeth
clenching and the preparation and execution of ankle muscle
contraction*® enhance the excitability of the hand muscle area in the
cerebral cortex. The effects during motor execution are greater than
during motor preparation*® and motor imagery***’. These findings
suggest that there are strong neural interactions behind the coordi-
nation of movements in different body parts. However, due to the
limitations of traditional TMS systems, these studies have been con-
ducted with participants in seated and still positions, lacking demon-
strations in natural and freely moving conditions. The emergence of
wearable rTMS can allow such research to be conducted.

Fifteen right-handed participants aged between 25 and 40 years,
with no history of neurological or psychiatric disorders, were recruited
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for the study after obtaining informed consent from all participants.
The study was approved by the Ethics Committee of the Institute of
Automation, Chinese Academy of Sciences, and we have obtained
informed consent from all participants.

First, the remote effect in seated states was demonstrated using
both rTMS-tiny and Magstim’s rTMS devices. The participants were
asked to make a fist with their hands to activate the upper limbs
(Fig. S12a) and were asked to perform a plantar flexion to activate the
lower limbs (Fig. S12b). Significant increases in MEP amplitudes of the
right-hand APB muscle were observed during plantar flexion of either
leg (F(3,42) =8.132, p = 0.003) (Fig. S12¢), but no significant effect was
found for the left-hand APB muscle (F(3, 42)=0.214, p=0.771)
(Fig. S12d) or for the left (F(3, 36) =2.514, p=0.074) or right (F(3,
30) =1.620, p = 0.206) leg TA muscles (Fig. S12e, f).

Second, the remote effect during free walking was demonstrated
using rTMS-tiny. The T2-Bent-D63 magnetic coil was securely fastened
to the M1 hand motor area using an elastic band to ensure that the coil
remained in close contact with the head and in a stable position. The
accuracy of the coil position and orientation was not tested, and the
stability of the coil location with the elastic band was not validated. The
rTMS-tiny stimulator and wireless muscle electromyography (EMG)
measurement equipment were carried on the back of the participants,
with the EMG sensor attached to the APB muscle of the right hand. The
wireless EMG measurement device transmitted the collected EMG data
to a PC via Bluetooth (Figs. 6a and S17a). The experiment began with
the participants in a still seated position, the hand motor hotspot was
located, and the RMT was determined. Subsequently, while remaining
in a still position, participants were stimulated at 120% RMT every 6 s
for 10 MEP recordings. Following this, the participants slowly stood up,
with their arms naturally hanging down, and continued walking freely,
with another 10 MEP recordings taken in this state (Fig. 6b-d). A paired
ttest revealed that the MEP amplitudes during free walking sig-
nificantly increased by over 100% compared with the still state
(t=4.349, df =14, p<0.001; Figs. 6e and S14-16). An unpaired t-test
showed that this enhancement was significantly greater than the
increase observed during plantar flexion in the seated position
(t=2.056, df =28, p=.0492; Fig. 6f). The ability to carry out rTMS on
the motor cortex at different stimulation frequencies (5Hz, 10 Hz,
50 Hz) during free walking was also demonstrated (Fig. S17b-d).

This study provided the first evidence of a remote effect during
free walking, demonstrating the ability of the wearable rTMS to
achieve stable neural modulation during free behaviors. This finding,
as well as others that maybe identified in future experiments, may
provide some clues for stroke rehabilitation.

Discussion

We developed a battery-powered wearable rTMS device with sig-
nificantly lower power consumption and volume than commercial
devices yet able to maintain comparable stimulus intensity and repeat
frequency. We demonstrated that our wearable rTMS device’s max-
imum stimulus intensity on humans was approximately 90% of a
commercial rTMS device and successfully induced both hands and legs
MEPs. This innovation facilitates high-frequency rTMS on-the-go,
promoting convenient home and community treatments.

We demonstrated neural modulation with rTMS during free
walking, showing that the neural activity of one limb muscle during
free walking can impact the activity of other limb muscles. This high-
lights the stable neural modulation capabilities of wearable rTMS
during certain free behaviors such as walking steadily. This finding
opens new avenues for research in the field of stroke rehabilitation and
addresses challenges in applying rTMS during motor rehabilitation
training, possibly leading to enhanced therapeutic effects*®*’. Wear-
able rTMS offers the potential to investigate the dynamic changes in
brain function during natural scenarios and free behaviors, allowing
for the disruption of specific brain regions through rTMS,

subsequently influencing behavioral decisions and cognitive func-
tions. This approach unveils the functional roles of different brain
regions during various forms of free movement®**",

In the context of home and community applications, wearable
ITMS has the potential to revolutionize the treatment of neu-
ropsychiatric disorders. The rTMS treatment of neuropsychiatric dis-
orders such as depression typically occurs within hospitals. This
approach incurs high costs, requires trained medical professionals,
and necessitates daily treatments over one month>”. However, many
patients need to maintain their regular work routines, making it chal-
lenging to adhere to daily hospital visits, resulting in high drop-out
rates and significantly affecting treatment outcomes'. Wearable
rTMS will allow patients to administer treatment at their convenience—
whether at home, work, or while traveling—providing unprecedented
convenience. It has the potential to significantly reduce the time bur-
den on patients and ease the strain on hospitals and may enable the
widespread adoption of rTMS therapy while unleashing its full
potential.

Wearable rTMS may also enable researchers to conduct long-
itudinal studies and assess the long-term effects of neuromodulation
over extended periods. Conventional TMS is typically used for shorter,
controlled sessions in laboratory settings. The device that we present
here can be integrated with brain-computer interfaces (BCls) for real-
time cognitive enhancement during everyday tasks*>. When combined
with brain recording and decoding techniques, TMS-tiny should be
able to achieve closed-loop neuromodulation by incorporating adap-
tive algorithms to adjust stimulation parameters based on the user’s
real-time brain activity or cognitive state. The wearable nature of
TMS-tiny provides new possibilities for closed-loop neuromodulation,
as certain brain activity or cognitive states may not be replicable in
laboratory settings, where conventional TMS is typically used.

The development of wearable rTMS devices opens the door to
new possibilities for home-based therapeutic applications. However,
the transition from traditional clinical settings to wearable devices
introduces unique challenges, particularly in ensuring both electrical
and medical safety. For instance, the high voltage and current levels
required for rTMS stimulation necessitate robust insulation and
emergency fail-safes to prevent accidental exposure. Additionally, the
risk of rTMS-induced seizures must be carefully managed through
physician-controlled settings, initial supervised sessions*, and patient
education.

For the electrical safety, we have taken the following measures: (1)
The 1.6 kV high voltage and 1.7 kA high current inside the rTMS-tiny’s
main body and coils are all protected by a high-strength insulated
enclosure, and the connecting cables are also insulated with a double
layer of high-strength insulation, so that the human body will not come
into contact with the high voltage. (2) The high-voltage storage capa-
citor has a capacity of 55uF and a maximum energy storage of 70].
Even in the event of a serious failure, the energy is not enough to break
through the mechanical protection of the insulated enclosure. (3)
rTMS-tiny has an emergency stop button. Pressing the emergency stop
button will immediately turn off the high-voltage DC/DC and release
the energy stored in the capacitor at the same time. (4) rTMS-tiny is
powered by battery, eliminating the risk of electric shock from AC
power. The battery itself has a complete protection circuit, including
overcharging, overcurrent, overheating, and preventing spontaneous
combustion of the battery itself. The battery capacity is 2200 mAh, the
nominal voltage is 18 V, and the total energy is about 40 Wh, which is
less than that of a laptop computer (the battery capacity of the Mac
Book Pro is 70 Wh).

For the medical safety, we have taken the following measures: (1)
The patients are not allowed to change the stimulation parameters of
the rTMS-tiny by themselves. These parameters, including pulse
intensity, pulse frequency, and number of pulses, are set through
software permission settings, and one device is bound to one patient
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Fig. 6 | Neural modulation with rTMS during free walking. a The T2-Bent-D63
coil was securely fastened to the M1 hand motor area using an elastic band,
ensuring that the coil remained in close contact with the head and in a stable
position. The rTMS-tiny stimulator and wireless EMG measurement equipment
were carried on the back. b Ten MEPs recordings were obtained at 120% of the RMT
intensity in both the still and free walking conditions. ¢ Typical MEP waveforms
during resting. d Typical MEP waveforms during walking. e A two-tailed paired t-test
statistical analysis of the MEP amplitudes from 15 participants demonstrated that
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the still state (¢=4.349, df =14, p < 0.001). f The ratio of average MEP amplitude in
15 subjects between sitting with foot active and sitting resting, and between the
walking and still states. The unpaired two-tailed t-test results from all participants
consistently showed that the MEP amplitudes significantly increased during free
walking and when sitting with the foot active (¢=2.056, df=28, p=0.0492). Error
bars denote standard errors of the means. A total of 10 technical replicates were
used to calculate the MEP amplitudes in (e and f). We did not establish the control
group using a sham TMS coil because it is clear that no MEP can be elicited by the
sham coil.

(via fingerprint, password, etc.), allowing only the physician to set it
based on that patient’s resting state motor threshold RMT, according
to the latest IFCN rTMS safety guidelines®. (2) For patients without a
history of epilepsy, the probability of seizures is extremely low when
I'TMS is modulated using the IFCN-recommended dosages, and the
technology can largely be considered safe. Over 62% of seizures
occurred on the first exposure to TMS, and 75% occurred within the
first three exposures. Therefore, we will set the parameters in-hospital
and perform the first treatment to expose seizure-prone patients,
dramatically reducing the probability of developing seizures outside
the hospital. (3) An adult with proper training must be present for

r'TMS treatment, and to avert emergency, we have incorporated a “one-
button alarm” feature in the device’s companion software, enabling
patients to swiftly reach the local emergency medical service team viaa
single action.

The future success of wearable rTMS devices will depend on
collaborative efforts between clinicians, engineers, and regulatory
agencies to establish standardized protocols and ensure safe, effec-
tive, and user-friendly designs. These considerations underscore the
importance of balancing technological innovation with rigorous safety
precautions as we aim to make rTMS more accessible to diverse
patient populations.
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Methods

Coil electromagnetic field simulation

The simulation was conducted using COMSOL Multiphysics 5.4 with an
AC/DC module. Since magnetic fields are minimally affected by the
scalp, skull, cerebrospinal fluid, gray matter, or white matter, a sim-
plified homogeneous water sphere model of the human brain was
employed. This sphere had a diameter of 17 cm, with a 1.5 cm layer of
gray matter beneath the scalp. The diameter of the gray matter region
was 14 cm, and both regions were assigned an electrical conductivity of
0.33 S/m. The coil wire model was designed as a uniform multi-turn
numerical coil, and the coil was excited using a current source. To
account for the nonlinearity of the magnetic core and of possible
magnetic core saturation, transient simulations were performed in
COMSOL. The time range for each simulation was set to cover one TMS
pulse width. The Magstim D70 coil’s outer diameter was 87 mm, inner
diameter 56 mm, and thickness 6 mm. Each side of the figure-8 coil had
9 turns. The coil was excited with a current of 5681 x sin (18372 x ¢[1/s])
[ampere]. The outer diameter of the T2-Bent-D63 coil was 78 mm,
inner diameter 48 mm, and each coil had 14 turns. The excitation
current was 1748 x sin(18055[1/s]) [ampere], with both sides of the coil
having the same current magnitude but opposite directions. Following
previous research’, the distance from the coils to the scalp was set to
5mm to simulate coil insulation thickness and hair thickness. For the
bending coil, the distance to the scalp was measured from the bottom
of the perpendicular of the head sphere center to the coil’s two lower
planes, which is the minimum distance from the coil’s lower surface to
the head surface. The T-shaped magnetic core was constructed by
connecting two thin cylinders: a small cylinder with a diameter of
4.6 cm and a height of 1cm and a large cylinder with a diameter of
7.8 cm and a height of 1.3 cm. The magnetic core material selected was
alloy powder HiFlux 125 mu.

Penetration depth and focality definition of the coil

Penetration depth d,, refers to the depth of brain tissue where the
induced electric field strength is greater than half the maximum
induced electric field strength observed on the surface of gray matter
(Fig. 2h). Focality is defined by S, , =V, /d, , where V, , refers to the
volume of brain tissue for which the induced electric field strength is
greater than half of the maximum induced electric field strength
observed on the surface of the gray matter®® (Fig. 2i).

Magnetic coil manufacturing

The T2-Bent-D63 magnetic core is no longer a single continuous core
but was transformed into two T-shaped cores in lateral projection. This
configuration facilitates adjusting the angle and reduces weight. The
T-shaped magnetic cores were manufactured by connecting a small
and a large thin cylinder at their centers. The small cylinder had a
diameter of 4.6 cm and a height of 1 cm, while the large cylinder had a
diameter of 7.8 cm and a height of 1.3 cm. The core material employed
was alloy powder HiFlux 125 mu, a high-saturation, low-loss, high-flux
core made of 50% nickel and 50% iron with distributed air gaps,
achieving a saturation magnetic flux density of up to 1.5 T, with an
initial permeability (ur) of 125.

The coil winding was done using rectangular litz wire with a cross-
sectional dimension of 2.1 mm x5 mm. The litz wire consisted of 171
individual enameled wires with a diameter of 0.2 mm, resulting in an
effective cross-sectional area of 5.37 mm?Z. The filling factor was about
50%. The coil has 14 turns on each side, an inner diameter of 4.8 cm, an
outer diameter of 7.8 cm, and a thickness of 1 cm. Each circular coil on
either side was wound directly onto the T-shaped magnetic core in two
layers, with 7 turns per layer. Subsequently, the two coils on either side
were welded to form a figure-8 coil. A 1.5m long 10 AWG (6 mm?)
connecting cable was soldered to the coils.

The coil and magnetic core were bonded and sealed using epoxy
resin, forming a shell. Simple sealing molds were created using silicone

gel. The curing process was accelerated by heating. Before complete
curing, the coils were bent to the desired angle. At a thickness of
approximately 2mm from the coil to the shell surface, insulation
strength and mechanical strength are ensured, reducing the distance
between the coil and the scalp and enhancing stimulus intensity.

Power supply

The high-voltage DC/DC module is powered by a 5-series 20.8V,
2200 mAh, 35 C high-rate lithium battery, capable of discharging more
than 50 A and 1000 W. This design fulfills the power requirements of
the high-voltage DC/DC module. The lithium battery is charged using a
synchronous buck charging chip (MP2759) with a maximum charging
current of 3 A and a charging efficiency of up to 96%. When the battery
charge is insufficient, a 24V, 2.5 A AC/DC power adapter (GSM60U,
MEAN WELL) is used for charging, completing the process in
approximately 1h.

Controller

The controller is equipped with a 32-bit Cortex-M3 ARM MCU
(STM32F103RCT, STMicroelectronics) operating at a frequency of
72 MHz. It boasts a rich set of resources, including ADC, DAC, timer,
and more, to fulfill the rTMS control and human-machine interface
requirements. The magnetic stimulator is equipped with a touchscreen
display, enabling all human-machine interaction functions, including
the stimulation mode and parameter configuration, information
monitoring, and pulse triggering. It supports various operating modes,
including sTMS, rTMS, and TBS. Additionally, the controller can real-
time monitor the temperature of the coil, MOSFET, transformer, and
battery by using multiple NTC thermistors (MF52-10K). It will auto-
matically halt operation when temperatures exceed safe levels.

Pulse waveform and magnetic flux density measurement

A measuring coil with a diameter of 8 mm and 2 turns was wound with
enameled wire with an outer diameter of 0.3 mm. The outlet of the
measuring coil was tightly twisted to reduce magnetic field inter-
ference. These leads were then connected to an oscilloscope
(DSOX3034T, KEYSIGHT). The measurement coil was placed hor-
izontally in close proximity to the surface of the figure-8 coil (Fig. S3a).
The TMS output power was set to 100%. When the TMS pulse output
was triggered, the induced voltage pulse E(t) was captured using an
oscilloscope. The measurement coil’s position was adjusted to find the
location where the maximum induced voltage pulse was obtained, and
this measurement was recorded and stored. The relationship between
E(®) and the magnetic flux intensity B(?) is:

dB(t)-N-S

it @

E@®=

Where N is the measuring coil’s turn number, and S is the measuring
coil’s area.
Integration of £(¢) yields the magnetic flux intensity waveform B(t):

B(t)= NLS : / E(t)dt )

Coil temperature test

A coil temperature rise test (Fig. 4e, f) was conducted at room tem-
perature (25°C) to ensure that the coil does not become excessively
hot and risk burning the skin. Temperature measurements were per-
formed using a handheld thermal imaging camera, the H21Pro (www.
hikmicrotech.com), with a measurement range of -20 °C to 350 °C and
a nominal measurement error of less than +2 °C. The H21Pro recorded
the maximum temperature, and its measurement error in the range
from 35°C to 42°C was determined to be less than +1°C using a
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thermometer with an error of +0.1 °C. Prior to each test, the equipment
was allowed to stabilize for at least 2 h at 25 °C to ensure that it reached
room temperature. The coil temperature was measured immediately
after conducting each of the following 6 stimulation protocols:10 Hz
r'TMS at 70% MSO, iTBS at 70% MSO, SAINT at 70% MSO, 10 Hz rTMS at
95% MSO, iTBS at 95% MSO, SAINT at 95% MSO. For the 10 Hz rTMS,
each stimulation consisted of 4 s of stimulation followed by 26s of
rest, with a total duration of 37.5 min and 3000 pulses. The iTBS pro-
tocol consisted of bursts containing 3 pulses at 50 Hz repeated at
200 msintervals, with 2 s of stimulation followed by 8 s of rest, totaling
600 pulses per session and a stimulation time of 3 min and 9s. The
SAINT therapy involved the continuous administration of iTBS for
three sessions, totaling 1800 pulses.

EMG measurement and data processing

A wireless EMG measurement device, DatalLog (Biometrics Ltd, USA),
was used to collect the MEP data (Fig. 5a). The EMG sensors used were
S$X230 wired sensors with a noise level of less than 5V and a band-
width of 20-460 Hz. A ground reference wristband was also employed
to minimize interference. An additional EMG sensor was used to
measure the induced voltage from the TMS coil as a marker to further
eliminate interference and improve accuracy. This marker was more
precise than digital markers. The method for creating the marker
involved short-circuiting the two contacts of an EMG sensor using
conductive copper foil. In the case of rTMS-tiny, the marker sensor was
placed on the back of the magnetic core coil, while with the Magstim,
the marker sensor was positioned on the coil handle to detect TMS
pulse signals as markers. The sampling frequency was set to 1000 Hz.
All collected data were processed using DataLINK PC Software Version
10.37. Each MEP was marked using the marker, and the statistical
analysis was performed based on the peak-to-peak value of each MEP.

Comparison testing of MEP induction ability on humans

The participants were seated in a chair with their heads resting on a
headrest to keep their heads still. A robotic neuro-navigation system
(RC-M2N2-Duet, REALControl Co. Ltd., China) was used to hold the coil
and perform precision TMS. First, the coil position was manually
adjusted using a robotic arm to locate the motor hotspots. For the APB
muscle, the coil was positioned on the left or right motor cortex with
the coil handle angled at 45° to the midline pointing posteriorly
(Fig. S4). For the TA muscle, the coil was placed 1-2 cm posterior to the
vertex and 1-2 cm laterally to the left or right (Fig. S5). Individual
adjustments were made to ensure maximal MEP amplitudes in the
resting target muscles. Once the motor hotspots were identified, the
robotic arm was fixed in place. Next, to determine the RMT more
precisely and quickly, we employed an adaptive threshold estimation
method instead of the ‘5-out-of-10 method***. In each search for an
adaptive threshold, approximately 25-30 pulses were tested and the
last 10 pulses were used to measure the resting-state MEPs at RMT
(Fig. S6). Finally, the stimulus intensities were set at 50%, 60%, 70%,
80%, 90%, and 100% of the maximum stimulator output, and the MEP
amplitudes were measured at each intensity level. The MEPs were
automatically set to O if the stimulus intensity was below the RMT. The
time interval between TMS pulses ranged randomly from 4 to 6 s to
mitigate potential neuroplasticity effects. Figures S7 and S8 shows the
typical participant’s MEPs waveforms under different stimulator out-
put powers. All the tracings had a smooth pre-trigger time window
(100 ms), indicating that all the MEPs were recorded during full muscle
relaxation. Each participant gave informed written consent.

Demonstration of remote effects while seated

All setups were identical to those used in the previous comparison
testing of MEP induction ability on humans. Limb activation involved
making a fist for the hands and plantar flexion for the legs (Fig. S9a).

For the left-hand APB muscle, 10 resting MEPs at 120% RMT were first
collected. Then, 10 MEPs at 120% RMT for each active state were col-
lected in the following sequence: right hand active, right leg active, left
leg active. For the right-hand APB muscle, the sequence was: resting,
left hand active, left leg active, right leg active. For the left-leg TA
muscle, the sequence was: resting, right leg active, right hand active,
left hand active. For the right-leg TA muscle, the sequence was: resting,
left leg active, left hand active, right hand active.

Statistics

We conducted a repeated ANOVA with intensity and coil type as fac-
tors to examine pulse counts during temperature elevation and MEP
amplitudes elicited using TMS. To examine remote effects, we con-
ducted an additional two-way repeated ANOVA to evaluate the MEPs
induced by various types of TMS stimulators in the activation of dif-
ferent body parts. We used Mauchly’s test to check for sphericity
before all the analyses, and when needed, we also implemented a
Greenhouse-Geisser correction. A Bonferroni correction was applied
to post-hoc evaluations. All of our studies were carried out using
Matlab 2024b (MathWorks, Natick, MA, USA). Furthermore, a mixed-
effects analysis was conducted to evaluate the variation in RMTs
assessed by different TMS coils.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the supplementary materials, and in Figshare
with the identifier https://doi.org/10.6084/m9.figshare.28089266.

Code availability

The codes used to compute the results and statistics, as well as gen-
erate visualizations are available in the supplementary materials, and in
Figshare with the identifier https://doi.org/10.6084/m9.figshare.
28089266.
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