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Abstract

Background: Transcranial magnetic stimulation (TMS) is an established method
for noninvasive brain stimulation, used for investigating and treating brain disorders.
Recently, multi-locus TMS (mTMS) has expanded the capabilities of TMS by employ-
ing an array of overlapping stimulation coils, enabling delivery of stimulation pulses
at different cortical locations without physical coil movement. We aimed to design,
construct, and deploy an mTMS device and a five-coil array for clinical environment,
emphasizing safety of the system.

Methods: Our mTMS device is controlled by a field-programmable gate array (FPGA).
The power electronics comprises five stimulation channels, each consisting of a high-
voltage capacitor connected to a pulse circuit, controlling a single coil in the array.
The device contains custom-designed circuit boards, with functions such as moni-
toring the system state, reporting errors, and delivering pulses. Our design utilizes
redundancy in both hardware and firmware to ensure robust operation and safety.
We performed an automated motor mapping test to verify the electronic targeting
capabilities of the device.

Results: We constructed the mTMS device and deployed it to the Hertie Institute
for Clinical Brain Research (Tubingen, Germany). Compared to our earlier prototype,
the new design improves patient and operator safety. The motor mapping test con-
firmed that our device can accurately target stimulation pulses in the cortex.

Significance: mTMS or other similar technologies are currently not available for hos-
pital use. The present device and its installation are major steps toward establishing
multicoil TMS as an accessible clinical tool for investigation and treatment of the brain.

Keywords: Transcranial magnetic stimulation, mTMS, Functional imaging, Motor

mapping, Patient safety
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Introduction

Transcranial magnetic stimulation (TMS) is a widely used noninvasive brain stimulation
method [1] for research [2], diagnostics [3], functional imaging and mapping in neuro-
surgery [4—6], and treatment of various diseases, including depression and chronic pain
[7, 8]. Recently, there has been a growing interest in stimulating multiple cortical sites
with interstimulus intervals in the range of milliseconds. This would allow rapid imaging
protocols, leading to higher clinical throughput and cost-effectiveness. In addition, such
capability enables investigating functional networks in the brain [9-11], potentially lead-
ing to novel imaging methods and improved treatment outcomes [12, 13].

With conventional TMS, it is difficult to target nearby cortical areas with subsequent
pulses in the millisecond scale, as physically moving the stimulation coil is slow, even
with the assistance of robotic platforms [14—16]. We have recently introduced multi-
locus TMS (mTMS) technology, allowing electronic targeting of cortical loci without
physically moving the coil [17]. In mTMS, multiple TMS coils with distinct winding
patterns are stacked on top of each other, partially or completely overlapping. Each coil
induces its own electric field profile on the cortical surface. These profiles can be com-
bined to form a range of field patterns on the cortex by driving multiple coils simulta-
neously. By adjusting the current in each coil, the resulting focal region of the induced
electric field pattern can be electronically shifted or otherwise manipulated [18]. This
way, the stimulus location and orientation can be adjusted with millimeter resolution.
With mTMS, the interstimulus interval can be as short as a millisecond or less, even
when targeting separate locations with different intensities [19—22]. The capabilities of
mTMS have been demonstrated on healthy human participants [17-19, 23-27] and in
a preclinical setting with simultaneous magnetic resonance imaging [28]. Furthermore,
Tervo et al. [29, 30] designed an algorithm to automatically find optimal stimulation
locations and orientations based on electromyography (EMG) and electroencephalogra-
phy (EEG) readouts.

At the time of writing, a few alternative approaches to implement multicoil TMS have
been proposed [18, 31-33]. However, none have yet matured into fully functional, easy-
to-use systems for clinical applications. Translating a prototype of a medical device into
clinical use typically involves regulatory compliance, safety and risk management, manu-
facturing, quality assurance, and extensive documentation. Thus, the clinical utility and
feasibility of targeting and modulating functional networks in the brain, e.g., by using
tractographical priors [34, 35], remains to be addressed, as clinical installations have
been lacking.

Although our earlier device [18] can be used for such investigations, it requires a high
level of expertise due to its prototypical nature. A key safety feature currently missing
is a robust state-tracking mechanism. Such a mechanism would keep track of the sys-
tem’s operational status via distributed, redundant safety checks, with inconsistencies
resulting in disarming the device. An mTMS device suitable for hospital use would ena-
ble clinical trials and extensive research on new therapeutic and diagnostic protocols,
including study of mechanisms related to network brain functions.

The goal of this work was to develop and install an mTMS system compliant with
electric and operational safety standards for clinical environment. In the design, we
focused on the robustness of the system and took preventative measures to ensure
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patient and operator safety, similar to the requirements of commercial systems. We
consider this a critical step toward establishing and validating electronic targeting of
TMS in patients and developing diagnostic or therapeutic paradigms.

Results
The mTMS system was successfully installed in the Hertie Institute for Clinical Brain
Research in Tibingen, Germany.

Verification of multicoil targeting
Physically moving the coil array kept the area of the highest MEP responses relatively
intact but also revealed motor responses on parts of the brain surface that were not
obtained with the original placement of the coil array (Fig. 1A, B). The centroids of
the MEP responses moved by 4 mm and 3 mm in grid coordinates for the two sub-
jects, respectively.

The orientation response mapping indicates that stimulating with zero angle, i.e.,
roughly perpendicular to the precentral gyrus, maximized the motor response. A sec-
ond maximum occurred at a 180-degree angle, in line with previous studies [23, 56]

(Fig. 1C).
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Fig. 1 Spatial and orientation response graphs for both subjects. Normalized MEP amplitudes as a function
of 2-dimensional electronic shifting of the stimulation target before (A) and after (B) moving the coil array.
The black and white crosses mark the weighted centroid before and after the movement, respectively. The
black arrow indicates the zero angle of the peak electric field. The black line forming a right angle serves as
an anatomical reference. A Gaussian spatial filter was applied to the data to remove noise and highlight the
areas of maximal response. (C) The orientation-dependent MEP response at the centroid (white cross) after
moving the coil array in 30-degree increments
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Temperature estimation
Despite being digital, the temperature sensors integrated into the coil array functioned
well in the presence of the strong electromagnetic interference. However, we discovered
that the sensors were located too far away from the point of contact to the subject’s head.
Consequently, the sensors could not be used to reliably estimate the rapid temperature
changes on the center point of the coil array’s surface.

Therefore, during the test, we periodically measured the temperature with a thermal
camera (TG165-X; Teledyne FLIR LLC, USA) to ensure that the coil array’s surface in
contact with the subject’s scalp did not exceed the safety limit of 41 °C.

Discussion

We designed, built, and deployed a 5-channel mTMS device and an accompanying 5-coil
array for a clinical environment. The device and the coil array comply with the applicable
medical device standards to guarantee their safety and reliability. The design improves
upon our previous mTMS devices [17, 18, 28]. We implemented a robust state-track-
ing mechanism, which assesses the operational state of the device based on distributed
safety checks and heartbeat messages, quickly disarming the device after a malfunc-
tion or other discrepancy. In addition, the coil array was designed to have two means of
patient protection to shield the subject against coil breakage. The device was successfully
installed at the University of Tiibingen, Germany, in October 2022.

We performed extensive tests on the hardware, including confirming that the ampli-
tudes and directions of the electric currents through the coils were as intended. Further-
more, we verified the electronic targeting capability of the system by performing a motor
mapping test. The motor map was placed in such a way that it contained the hand knob
area and the FDI hotspot.

The motor mapping test verified that our mTMS device can stimulate distinct corti-
cal locations at various orientations using electronic targeting. The peak response areas
differed slightly between the response maps obtained before and after moving the coil
array (Fig. 1A, B). This could be due to several factors: (1) the spherical head model used
for generating the targeting grid does not account for the convoluted morphology of
the cortex and cerebrospinal fluid, (2) the coupling of the coils to the brain can differ
depending on the coil array’s location and tilt, and this cannot be reliably estimated with
the spherical model used, (3) due to the coil array’s different tilt before and after the
movement, the stimulation may have affected areas outside the intended target, poten-
tially with a different relative orientation than the one found for the hotspot, and (4)
inherent measurement variability and noise. Further studies can elucidate the factors
affecting cortical mapping with electronic targeting.

The mapping of the orientation response further supports our hypothesis that the tar-
geting works as intended. The response was strongest with the posterior—anterior rather
than anterior—posterior electric field direction on the cortex, gradually diminishing
when rotated to align with the central sulcus. This result agrees with previous studies
and literature [23, 56].

In the future, we plan to revise the centralized FPGA-based architecture, moving
toward a more distributed design. Whereas an FPGA is excellent for small-scale proto-
typing, its major drawback is the limited availability of resources, especially with larger
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designs [57]. In addition, FPGA development is challenging due to its low-level nature
and concurrent operation [58]. The slow development cycle [59] and inherent non-
observability [60] of the FPGA complicate finding and resolving programming errors. In
the current design, these shortcomings were partly addressed by distributing the inter-
nal control of the device to the other programmable modules.

In our motor mapping test, the suboptimal locations of the temperature sensors in the
coil array prevented reliably estimating its temperature. However, it is difficult to place
the sensors close to the center of the coil array due to the dense coil windings, warrant-
ing further investigation. In multicoil TMS systems, it is also vital to incorporate effi-
cient cooling strategies, which are currently limited in our design. This is particularly
important when performing rTMS or multipulse protocols, introducing potential new
challenges.

Our mTMS device allows using any combination of up to five coils, provided that their
inductances and resistances are compatible with the power electronics of the device. For
example, coil arrays can be designed to enable stimulation of larger areas [61] or distinct
brain regions. Additionally, nonoverlapping or multiple-axis coils [32] can be used.

We believe that it is important to make multicoil TMS systems available to neuro-
scientists and clinicians, as rapid electronic targeting of stimulation offers new kinds
of opportunities for research, treatment, and diagnostics [11, 62]. In particular, neuro-
surgical procedures [4—6] could greatly benefit from rapid, operator-independent, and
streamlined imaging protocols. In this early stage, we plan to develop the present system
further in cooperation with the on-site researchers, while collecting valuable data on
its functionality. In addition, we will use the mTMS device to develop stimulation para-
digms that were previously unattainable, including simultaneous stimulation of two- or
three-node networks and real-time, closed-loop control of stimulation parameters.

Conclusion
In this paper, we present our mTMS device designed, built, and employed for clinical
environment. We anticipate mTMS to increase patient throughput and enable the explo-

ration of more efficient non-invasive neuromodulation treatments.

Methods

In this section, we describe the requirements for the installation site, the components of
the mTMS system, focusing on its safety features, and the software and firmware used in
the device. Additionally, we describe how its functionality was verified.

The system includes two major parts: (1) the mTMS device, i.e., the physical cabi-
net, containing the power electronics and control logic (Fig. 2A), and (2) an array of
overlapping coils (Fig. 2B), capable of electronically adjusting the location of stimula-
tion within a cortical area of 30 mm in diameter. The coil array is moved and held
in place by a collaborative robot (Elfin 10; Han’s Robot Co Ltd, China), guided by
an open-source robot control software [25, 26]. An open-source neuronavigation
software (InVesalius 3) [36] is used with an infrared camera (Polaris Vicra; North-
ern Digital Inc, Canada) to provide both visual feedback to the operator and position
information for the robot control. A commercial TMS-compatible EEG system (Neu-
rOne; Bittium Corp, Finland) is used to record EEG and EMG data. In addition, the



Sinisalo et al. BioMedical Engineering OnLine (2025) 24:61 Page 6 of 22

poeEE i ‘

Fig. 2 The components of the system: A mTMS cabinet, B coil array and trackers, C robotic arm, D stereo
camera for navigation, E patient chair, F configurable foot pedal, G PC with control software, H data
acquisition system, | size scale of 1 m

setup includes a PC for preparing and running the experiments. The PC runs custom
software to control the mTMS device. Figure 2 illustrates the components of the sys-
tem installed in a laboratory environment.

The system is intended for exploratory research, including real-time closed-loop
stimulation protocols, in which stimulation is algorithmically adjusted based on data
from EEG, EMG, or other sources. The pulse waveforms can be adjusted arbitrarily,
allowing submillisecond interstimulus intervals when targeting different cortical loca-
tions [19-22].

Site requirements

Deploying an mTMS system imposes several requirements for the installation site.
Compared to typical commercial TMS devices, the mTMS cabinet is larger, with
dimensions of 0.65 mx0.8 mx1.5 m. Additional space is required for the patient
chair, the robotic arm, and the control PC, whereas enough space should be reserved
for patient preparation. Furthermore, the considerable weight (ca. 200 kg) of the cabi-
net needs to be accounted for when planning its delivery and assembly. The neuro-
navigation for the mTMS system can follow a typical clinical setup with a movable
camera on a stand, requiring its own space. Optionally, a multicamera setup with
fixed cameras on the wall [25, 26, 37] can be used, freeing up floor space. Measure-
ment instruments, such as the EEG device, may benefit from a location away from the
walls to reduce potential electromagnetic interference [38—40]. For the mTMS device,
standard single-phase power (16 A, 230 V) is sufficient.

The location of the laboratory should be considered carefully. For instance, TMS
pulses can affect sensitive instruments or life-supporting devices. In addition, the
room should be acoustically isolated from the environment: the stimulation coils pro-
duce loud impulse noise [41] and the experiments should not be disturbed by exter-
nal sounds. Acoustic panels can control echoes and sound reverberation in the room.
Removing visual distractions such as windows should be considered. Finally, enough
extra space should be reserved for people to operate conveniently.
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Device composition
Our mTMS device is divided into five separate, independently operating stimulation
units, with each unit controlling one stimulation coil. The units are housed inside a
grounded, air-cooled cabinet (Varistar; Schroff GmbH, Germany), shown in Fig. 3A. The
coils are encased inside a protective enclosure, and they can be driven concurrently to
enable electronic control of the induced electric field pattern in the cortex.

The overall design improves upon our previous work [18]. In particular, the safety fea-
tures of our prior device were evaluated and revised, leading to multiple changes to the

A

Coil connector cover

. — Pulse channels
Door switch

Emergency button : | e i Control unit,
N — charger,
®))

safety monitor
Power input, fusi

7 Isolation transformer,
power distribution,

sensor/external memory control,
J trigger system

Fig.3 A schematic of the mTMS power electronics cabinet. B an individual channel consisting of the
electronics required to drive the TMS pulse and the stimulation coil. C Photographs of the device. Left: with
front door removed. Middle: after transportation. Right: final installation with coil array connected
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circuit board modules. Furthermore, major revisions were made to the software, includ-
ing the firmware running on the microcontroller units (MCUs) and the interface to the
control PC. The power electronics remained largely the same, except for minor differ-
ences in the physical layout.

The mTMS device is internally controlled with a field-programmable gate array
(FPGA; Kintex-7 160 T; Xilinx Inc, USA) housed in a dedicated chassis (PXIe-7820R;
National Instruments Corp, USA). The digital input and output signals of the FPGA pass
through an electrical-to-optical converter to isolate the FPGA from the high-voltage cir-
cuitry. The FPGA and the chassis form the control unit, which is connected to every cir-
cuit board in the system. It directly commands the operation of the mTMS device, based
on requests from the PC. The connectivity between the modules is presented in Fig. 4.

The stimulation pulses are generated in separate power circuits, each consisting of
an H-bridge and a pulse capacitor (960 uF, DCHPS06960EW00JSOF; WIMA GmbH &
Co KG, Germany). Insulated-gate bipolar transistors (IGBTs; 5SNA 1500E330305; ABB
Power Grids Switzerland Ltd, Switzerland) serve as switching elements. Together, the
H-bridge and the capacitor form a channel (Fig. 3B), into which a stimulation coil can
be connected via a robust TMS connector (Nexstim Plc, Finland). Each channel includes
a resistor (1 kQ, TE1000B1KO0J; TE Connectivity Ltd, Switzerland) for discharging the
capacitor in a controlled manner. The pulse capacitors are charged to the desired volt-
ages with a high-voltage charger (CCPF-1500; Lumina Power Inc, USA), which is shared
between the channels. The maximum voltage of the charger is 1500 V.

The device power is delivered via an isolation transformer (3000 VA, KKSA-3500;
Muuntosidhkoé Oy, Finland), located at the bottom of the cabinet. The power input is

-------- Optical
—— Electrical

230V AC

oy ey y

C

Fig. 4 The internal modules of the mTMS device and their connectivity. The modules that contain a
microcontroller are marked with a microcontroller symbol. A control unit, B optical conversion, C DC power
distribution (blue board), charger interface and safety monitor (green board), high-voltage charger (gray box),
D safety bus, E channels, consisting of the pulse capacitors (gray cylinders), discharge controllers (red boards),
and H-bridges (dark gray), F door switches, emergency button, and coil connectivity indicator, G sensor
interface, H coil-specific memories and sensors. The inset shows local and global heartbeat signals
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fuse-protected and filtered with an off-the-shelf component; the transformer output is
directly fed into the control unit, several power distribution modules, and the high-volt-
age charger.

Circuit board modules

The device is divided on the level of circuit boards into programmable and nonprogram-
mable modules (Fig. 4). The programmable modules, except for the control unit, are
managed by PIC microcontroller units (Microchip Technology Inc, USA). The nonpro-
grammable modules have rudimentary logic and safeguards in hardware but contain no
microcontrollers.

The discharge controllers are circuit boards responsible for monitoring the voltages
of the pulse capacitors and discharging them. Each of the five pulse capacitors has a
dedicated discharge controller. The circuit board contains impulse resistors (AY470KE;
Ohmite Manufacturing Co LLC, USA) to rapidly discharge the pulse capacitor with a
time constant of 80 ms in case of a device malfunction. Separate supervision circuitry,
implemented on the discharge controller, tracks the proper operation of the discharge
controller’s MCU with a board-level heartbeat signal. Each board can trigger an emer-
gency signal, which is broadcast to the other modules. The emergency signal can be
triggered by the microcontroller, the supervision circuitry, or a dedicated safety bus,
described in Section D.

The charger interface monitors and controls the high-voltage charging unit and selects
the pulse capacitor to be charged. The hardware physically restricts the charger from
connecting simultaneously to multiple capacitors in case of a firmware error. Similarly to
the discharge controllers, a separate board-level supervision circuitry monitors that the
MCU operates properly.

The safety monitor monitors the device state and contains hardware to detect and
respond to errors and malfunctions! by initiating emergency procedures. A separate
board-level supervision circuitry monitors the status of the on-board MCU. Addition-
ally, a global heartbeat is transmitted between the control unit and the safety monitor.
The safety monitor is implemented on the same circuit board as the charger interface.

The sensor and memory interface detects and communicates with external sensors and
memories. These include temperature sensors (DS18B20; Maxim Integrated Products
Inc, USA) inside the coil array and a dedicated memory unit accompanying each coil.
The type of temperature sensor was selected due to its ability to operate with a single
data line. In addition, the microcontroller on the circuit board of the interface contains
memory to store system-wide parameters.

The nonprogrammable modules provide the supporting framework for the device:

Electrical-to-optical converter converts electrical signals to optical and vice versa. This
conversion provides galvanic isolation and noise immunity, making the connections
between the high-voltage components and the control unit safe.

! See supplementary material for a list of error types.
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Power distribution handles the controlled and timely distribution of DC power within
the system. This allows, for instance, starting and stopping the device in a controlled
manner.

Drive segment handles the turn-on and turn-off procedures of the IGBTs and provides
feedback of their states. The drive segment consists of the individual driver boards, one
for each IGBT. These boards set the H-bridge states in each channel, thus controlling
pulse generation.

Trigger module provides galvanically isolated connectivity between the mTMS device
and external instruments. This enables sending trigger signals to other devices, such as
an EEG device or another TMS device. The trigger module can also relay trigger signals
from external sources.

Internal communication The microcontrollers communicate directly with the con-
trol unit via galvanically isolated pathways, provided by the electrical-to-optical con-
verter. The communication uses universal asynchronous receiver—transmitter (UART)
protocol [42], as it is simple to adapt to optical communication.

Safety

To accomplish a safe mTMS device, we designed the system to predict the outcomes
of various actions and prevent those with potentially hazardous outcomes. To further
ensure safety, the design was robustified by implementing redundancy in both hardware
and software. In addition, the device was designed to continuously monitor its state to
ensure that the device operates within the specifications.

An example of predicting an outcome is the charging of a capacitor: the estimated
charging time can be compared to the actual charging duration. A large difference
between the two indicates a malfunction. However, some events cannot be predicted,
such as the cabinet door being opened while the device is powered. This could happen,
for instance, during maintenance. Hazards in such cases are prevented with locks and
door status switches.

Redundancy was implemented in the circuit board design and firmware. This was
done in particular to counteract hardware and software failures, such as programming
errors and circuit-level failures or defects. Redundancy of the design extends beyond
the software and the physical implementation, also covering the flow and processing of
information within the system.

We designed the hardware to be inherently at least single-fault safe, as stipulated by
the standard for electrical safety of medical devices IEC 60601-1 [43]. Consequently, two
or more independent failures must occur simultaneously for a malfunction to pose a
safety risk.

In addition to technical means of protection, the human element was taken into
account. This includes increasing general awareness of how to use the system, the risks
involved, and how the device changes the existing workflow in the clinical environment.
Due to the experimental nature of the present device, the researchers and medical pro-
fessionals undergo training before being allowed to operate the system.

State tracking The core principle in making the device safe is state tracking, meaning
that the control unit evaluates the overall system state based on the information sup-
plied by the individual modules. If the state is unknown, proper operation cannot be
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ensured. In such situations, the device is immediately disarmed. Several design decisions
support the principle of state tracking: redundant design, distributed safety checks, and
carefully designed connectivity between modules. In addition, various mechanisms on
the hardware level support state tracking.

Safety bus The connectivity between the modules is centralized: all circuit boards
communicate directly with the control unit (Fig. 4). Additionally, a pathway for safety-
related information, safety bus, connects the discharge controllers and the safety moni-
tor. The bus allows direct exchange of information between the boards, enabling each
circuit board to read the system state from the bus and to report an emergency. As the
information flows directly between the boards, they can respond rapidly to malfunctions
and safety—critical events. Any error reported on the safety bus results in an emergency
shutdown and prevents the device from restarting. In addition, the safety bus increases
redundancy in the system.

Heartbeat signals The still-alive status of the device is tracked with periodic heart-
beat messages transmitted between and within modules. The response to the heartbeat
is monitored to ensure that all modules are still operational. In addition, the delay of the
response must lie within a module-specific tolerance.

The heartbeats are divided into three categories: (1) a global heartbeat is transmitted
between the control unit and the safety monitor; (2) on the level of circuit boards, the
microcontrollers transmit local heartbeat signals to their respective supervisor circuits;
(3) periodic status requests and updates are transmitted to and from the circuit boards.
A failure to respond in time to any of these signals results in a system-wide emergency
shutdown, disarming the device. The different heartbeat signals are presented in Fig. 4.

Device maintenance As the mTMS device operates with capacitor voltages of up to
1500V, it is imperative to restrict access to the cabinet interior. To this end, several safe-
guards were implemented.

As mandated by IEC 60601-1 [43], a tool—in our case, a key to unlock the cabinet
doors or a screwdriver to unmount the side panels—is needed to access the cabinet’s
internal electronics (Fig. 3A), including the control unit. For added safety, the state of
the door switches is tracked by the safety monitor, initiating an emergency shutdown if
either of the two doors is opened.

Emergency button An emergency button is mounted on the cabinet wall to enable a
manual emergency shutdown.

Coil connectivity The coils are connected to robust connectors, which are mounted
on the cabinet wall. Each coil connector has an adjacent slot for a connector cover, which
is a plastic structure covering the connector (Fig. 3A). The cover physically prevents the
respective coil from being connected or disconnected while the device is operational.
The mTMS device has higher-capacity pulse capacitors (960 uF) than typical commer-
cial TMS devices, resulting in longer discharge times. Each cover is electrically con-
nected to the safety monitor, triggering an emergency shutdown if a cover is missing.
The shutdown rapidly discharges the pulse capacitors, preventing a risk of exposure to
high voltages.

If any coil connector does not have a coil attached, the device cannot be started.
Coil arrays with fewer than five coils can be used by connecting custom block-

ers to the remaining coil connectors. Each coil contains a small memory unit, which
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stores coil-specific parameters and a unique coil identifier. The identifier is read from
each channel during start-up. If a coil identifier is incorrect or missing, the start-up is
prevented.

The coil array contains integrated temperature sensors for monitoring and estimating
the surface temperature at multiple locations. The mTMS device supports at most one
sensor for each coil connector. The temperature sensors can be used to model the tem-
perature behavior of the coil array’s parts in contact with the patient. A reliable model
would allow implementing various temperature limits, such as the hard limit of 41 °C, as
specified in IEC 60601-1.

Device start-up The start-up is designed to avoid the device being powered and
operational while a malfunction is present. When powered, the device runs a start-up
sequence,” which starts all the modules in a specific order. After a module reports a suc-
cessful start-up, the control unit proceeds to start the next module in the sequence. In
addition to increasing reliability, the well-defined start-up sequence helps troubleshoot
errors in the device.

If any step in the start-up sequence fails, the device is shut down and disarmed. After
start-up, the device keeps monitoring the heartbeat signals and status updates from the
modules. Additionally, the feedback from the IGBTs is continuously monitored while
the device is operational.

Similarly to the start-up sequence, the device performs a well-defined shutdown
sequence. In it, the high-voltage charger and the H-bridges are first disabled. Next, the
pulse capacitors are discharged, the charger is powered off, and the remaining DC power
is disabled. Finally, the control unit resets its state.

System software

The functionality of the device is distributed among the circuit boards. For instance,
several modules contain their own microcontrollers, which govern the functions of the
module. This reduces the complexity of tasks required from the control unit.

In the design, nonprogrammable hardware is ultimately responsible for safety: the
microcontrollers are used in parallel with dedicated emergency circuits that cannot
be overridden. Therefore, the microcontrollers can never perform dangerous actions
by themselves. Consequently, programming errors are less likely to have hazardous
outcomes.

We followed good programming practices [44], including pair programming, regular
code reviews, version control, and only releasing tested and known good versions of the
software. In addition, we followed defensive programming practices [45], such as safety—
critical functions not expecting other parts of the firmware to work correctly. Moreover,
safety-related parts of the code were identified and marked.

Firmware design The microcontrollers run module-specific firmware, which
implements a simple state machine with two states. In the normal state, the micro-
controller responds normally to the commands received via UART. In the emergency

2 The start-up sequence is described in detail in the supplementary material.
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state, it only responds to queries by reporting its state without performing actions.
Once entered, the microcontroller remains in the emergency state indefinitely.

Special attention was paid to correctly handling interrupts. For instance, the func-
tions called by interrupt handlers were designed to be re-entrant, i.e., the function
can be re-entered by another interrupt handler while already being executed, and the
function will still work correctly.

We wrote a custom UART library in embedded C for communication between the
control unit and the microcontrollers. The library provides a messaging protocol,
which contains marker bytes for the beginning and the end of a message, and simple
error detection using a parity byte. For instance, a corrupted message failing the par-
ity check causes the microcontroller to enter the emergency state.

Information flow The device’s logical core is an FPGA, located in the control unit.
As an FPGA operates inherently in parallel, it integrates well with the design of a mul-
tichannel TMS device, in which the channels must function independently. In our
design, the FPGA has two main responsibilities: (1) provide an interface for using the
system and (2) ensure that the device works correctly.

The device’s modules transmit information about their states to the FPGA. The
FPGA evaluates the overall system state by combining this information. A discrep-
ancy results in an emergency shutdown and system disarm. As the safety—critical
modules are interconnected via the safety bus, these modules detect a device mal-
function even if the FPGA fails.

The FPGA sends periodic status messages to the control PC via Thunderbolt con-
nection. These messages include each channel’s state and any errors present in the
device. The channel state contains the temperature reading, capacitor voltage, and the
total pulse count in the respective coil. A two-way heartbeat between the PC and the
FPGA ensures that if the PC encounters a critical problem or fault, the mTMS device
is disarmed.

Action-based control The FPGA listens to requests from the control PC and
executes the corresponding actions. These actions are: (1) driving a TMS pulse with
specified waveforms, (2) charging a channel to a given voltage, (3) discharging a chan-
nel, and (4) sending a trigger signal. An invalid or infeasible request is disregarded,
and an error is returned instead. After the action is executed, a feedback message is
sent back to the control PC. The feedback includes the time of execution and whether
the action was carried out successfully. Figure 5 illustrates the basic operation loop
for controlling the mTMS device.

The control PC runs a program designed specifically for controlling the mTMS
device, written in Python and C++. A web user interface was developed in JavaScript
with the React library to enable simple stimulation protocols, such as paired-pulse or
repetitive TMS (rTMS) to distinct locations on the cortex. For more elaborate stimu-
lation protocols, the device can be controlled with an application programming inter-
face (API) using Python or MATLAB (The MathWorks Inc, USA).

The mTMS device maintains an internal clock, allowing precise timing of actions
and synchronization of the device with other instruments. The internal clock, its
synchronization logic, and the API are described in detail in [46]. That article also
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Fig. 5 The basic operation loop for controlling the mTMS device. A simple experiment consists of charging
each channel to the desired voltage and scheduling a simultaneous pulse at a specific time. This sequence is
repeated for the duration of the experiment. Control of triggers is omitted for simplicity

describes additional features of the device, such as using incoming trigger signals to
set off one or several actions.

As the device is designed to support various stimulation protocols, the actions can be
combined flexibly without rigid safeguards. However, to limit the maximum exposure of
the patient to TMS-induced electric fields, the device includes a configurable safeguard,
allowing the operator to set the maximum number of stimulation pulses inside a sliding
time window. For instance, the safeguard can be used to implement the exposure limits
proposed by Rossi et al. [47, 48] to ensure safe use in rTMS. In addition, the safeguard is
lenient enough to enable paired-pulse stimulation. Alternative safeguards can be imple-
mented to allow, e.g., theta-burst stimulation and other high-frequency protocols.

Coil array

We designed and built a coil array, consisting of five overlapping coils. This array allows
electronic control of the orientation and location of the electric field maximum induced
on the cortex within a 3 cm-diameter region. The coils’ winding paths were obtained
using the procedure described in [18].

A mathematical model of a commercial figure-of-eight coil [49] (17 cm X 10 cm; Nex-
stim Plc, Finland) was used to simulate field patterns inside a spherically symmetric vol-
ume conductor. The coil bottom was set outside the sphere, at 85 mm distance from the
sphere origin, and the field was computed on a 70 mm radius spherical surface. Different
combinations of coil positions and orientations were generated to evenly distribute the
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Fig. 6 The five-coil array, its parts, winding patterns, and the measured electric field distributions: A coil cable
holder, B coil winding plates, C a temperature sensor, D coil winding patterns and their normalized electric
field patterns on a spherical surface under the array’s center, E the complete coil array

locations of the field maximum on a 30-mm-diameter spherical cap. The peak electric
field was rotated in 30° steps from 0° to 360° in each location, resulting in 8964 unique
combinations of locations and orientations.

Surface current distributions that effectively reproduce the focality and intensity
of these electric field patterns were estimated using a custom minimum-energy opti-
mization algorithm on a set of flat planes (distance 85—97 mm from origin). Five basis
patterns were obtained from the surface current distributions using singular value
decomposition and discretized into coil windings, illustrated in Fig. 6D. Despite the
spherically symmetric model, the generated set of coils is suitable for targeting pulses
using realistic head models [18].

The coil array consists of an enclosure, five coil-winding plates, navigation track-
ers, five coil cables, and cable holders. The navigation trackers were designed using an
open-source library [50] and manufactured with stereolithographic 3D printing. The
coil winding plates, cable holders, and enclosure were designed in Fusion 360 (Autodesk
Inc, USA). The winding plates were stacked on top of each other and housed inside the
enclosure. The full assembly is illustrated in Fig. 6.

Each plate provides a winding pattern for a TMS coil. The plates were milled from
acrylonitrile butadiene styrene (ABS; cwmk GmbH, Germany) due to its good mechani-

cal and thermal properties. The coils were manually wound into the grooves of the
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winding plates using copper litz wire (1.7 mm diameter, 3-layer Mylar coating, 40 indi-
vidual strands; Rudolf Pack GmbH & Co KG, Germany). Finally, the plates were press-
laminated with a two-component epoxy into a solid, monolithic structure. The wire ends
were crimped to a low-inductance, medical-grade cable (Nexstim Plc, Finland). The bot-
tom plate contains three slots for the temperature sensors. Due to dense coil windings
at the center, the sensors were placed near the edges of the plate. The coil cables contain
separate data lines for sensor data.

The coil cable holders were 3D-printed with Dura resin using stereolithography (Form
3; Formlabs Inc, USA), as it has suitable mechanical durability and flexibility. The cable
holders were secured to the enclosure, keeping the coil cables firmly in place and provid-
ing strain relief for the cable-litz wire interface.

The enclosure, which is in direct contact with the scalp, was milled from polyoxym-
ethylene (POM) due to its biocompatibility and mechanical and thermal properties. The
bottom of the enclosure is 1 mm thick to provide additional mechanical strength and
electrical insulation. In addition, there is a 0.5 mm air gap between the bottom of the
enclosure and the bottom coil plate, improving the airflow inside the enclosure.

The enclosure, coil winding plates, and coil cable holders were designed to follow the
IEC 60601-1 standard for the safety of medical electrical equipment [43]. To provide two
means of patient protection with an operating voltage of 1500 V, the creepage and clear-
ance distances were at least 34.0 and 19.2 mm, respectively, between the wires of dif-
ferent coils, the wires and any metallic screws, and the wires and the assembly’s outer
surface.

The coil array was characterized by measuring the resistance, self-inductance, and the
spatial distribution of the induced electric field of each coil, following [18].

To verify the design and implementation of the coil array, the coil-specific electric
fields were measured at 1000 points, uniformly distributed on a 70 mm radius spheri-
cal surface, with our custom-built TMS characterizer mimicking a spherically symmet-
ric volume conductor [51]. The distance between the coil array’s bottom center and the
sphere origin was 85 mm, matching the model used to design the coils. The measured
electric field distributions are visualized in Fig. 6D.

The coil resistances were measured with a 4-wire measurement set-up using a bench
multimeter (HP 34401A; Hewlett-Packard Company, USA) and self-inductances with an
LCR meter (ELC-130; Escort Instruments Corp, Taiwan).

For each coil, a reference pulse waveform was defined to ensure that no residual cur-
rents are left circulating in the power circuit after a pulse. The current was measured
with a Rogowski probe (CWT 60B; Power Electronic Measurements Ltd, UK), con-
nected to an oscilloscope (InfiniiVision MSOX3034T; Keysight Technologies Inc, USA).

Device testing

The device was tested to ensure intended functionality. First, the individual circuit
boards were tested with dedicated test jigs to detect board defects and programming
errors. Then, the safety—critical circuit boards were tested on a test bench to verify that
the boards operate correctly together. Finally, system-level tests were performed to
assess the full functionality of the device.
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Fig. 7 Experimental workflow. An experiment is performed by a script executing a loop on the control PC.
The dark gray boxes represent flexible code blocks, allowing the user to implement their own algorithms and
methods. During the experiment, the mTMS device waits for instructions from the PC while maintaining clock
synchronization with the EMG/EEG device

The jigs automatically tested key features of the circuit boards, minimizing human
error. For instance, the jig for the safety monitor and charger interface emulated the
start-up process of the high-voltage charger under different conditions. Any deviation
from the expected behavior indicated an error.

The system-level tests were performed by verifying that the device operates correctly
while gradually increasing connectivity between modules. The components control-
ling the pulse generation and charging the capacitors were connected and powered last.
Connecting modules incrementally allowed safe testing of the device, as high-voltage
parts were involved.

After installing the mTMS device, the directions of pulse currents in the coils were
verified with a round search coil (30 mm radius) and an oscilloscope (InfiniiVision
MSOX3034T).

Experimental workflow

In contrast to conventional TMS devices, the workflow for performing experiments is
different with the mTMS system. An experiment with the device consists of a script run-
ning on the mTMS control PC, executing a simple loop (Fig. 7) with three main tasks: (1)
selecting a stimulation target, (2) determining the capacitor voltages, and (3) processing
the acquired data.

In a simple experiment, the capacitor voltages corresponding to the desired stimu-
lation target can be fetched from a look-up table when using a spherical cortex model
for targeting [26]. At its simplest, the data processing step can consist of checking the
validity of the measured data and that pulses have been delivered with the intended
parameters.

In a more complex experiment, the stimulation target can be calculated based on the
acquired response data from previous stimuli [29, 30, 52], and the capacitor voltages
determined by modeling the E-field on a realistic cortex and head model [53]. In addi-
tion, an algorithm calculating pulse-width modulated waveforms can be applied in the
voltage determination step to achieve rapid multi-pulse delivery [22]. Furthermore, the
timing of the pulse delivery can also be determined based on predicted EEG behavior
[54]. Processing the data of such a complex experiment would include applying one or
more algorithms that analyze the evoked responses and make decisions based on them.
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The experimental block finishes when there are no more stimulation targets to iterate
over. During the experiment, the mTMS device waits for instructions from the PC while
maintaining clock synchronization with the EMG/EEG device to guarantee timely pulse
delivery. The neuronavigation and robot control work independently in parallel with the
experimental script, confirming the correct positioning of the coil array before pulse
delivery.

Verification of multicoil targeting
The technical functionality of the device was tested in two of the authors who were
healthy, right-handed males (25-35 years), with the primary purpose of demonstrat-
ing the electronic targeting of stimulation. We moved and rotated the peak electric field
electronically on a grid, located over the left primary motor cortex. The TMS pulses
were trapezoidal with phase durations of 60 ps (rise), 30 ps (hold) and 37-44 us (fall),
with the fall-phase duration depending on the coil inductance [18].

This preliminary testing in two subjects (or even up to five subjects) is not considered
a study at the Medical Faculty of Tiibingen University and is thus exempted from the
requirements of ethics committee approval and provision of informed consent, provided
that the technical safety of the experimental device had been approved prior to experi-
mentation in humans. The safety of the electronics was approved by an external company
(SENECA Medizintechnische Beratungsgesellschaft mbH, Germany; IEC 62353: protec-
tive conductor resistance, device leakage current, line voltage) after the deployment of
the device. The two included participants were researchers of the “Brain Networks &
Plasticity” laboratory in Tiibingen, and they were fully informed about the mTMS device
and the purpose of this initial testing. The testing was carried out in accordance with the
declaration of Helsinki. For testing more participants, we have in the meantime obtained
approval by the ethics committee of the Medical Faculty of Tiibingen (project number
724/2024MP1).

Preparation

T1-weighted magnetic resonance images (MRI) were obtained from both subjects for
neuronavigation and to facilitate finding the primary motor cortex. To record muscle
responses, surface electrodes were attached to the first dorsal interosseous (FDI) muscle
in a belly—tendon montage. The skin was prepared by scraping it with abrasive tape to
remove nonconducting skin layers, after which it was cleaned with rubbing alcohol. We
ensured that the baseline noise level was below 10 'V peak-to-peak (pp) by adjusting the
electrodes, their wiring, and external electrical connections.

Procedure

By delivering single pulses with a figure-of-eight coil, we determined the coil array’s
location and orientation that elicited the largest motor-evoked potential (MEP) ampli-
tudes in the FDI muscle, corresponding to the motor hotspot in the cortex. The pulses
were delivered to the contralateral hemisphere. We defined the resting motor thresh-
old (RMT) as the minimum stimulation intensity that elicits MEPs with amplitude over
50 uVpp in at least 50% of the trials [55] and measured it at the hotspot. The robot was
used to position and hold the coil array over the hotspot. In this location, we defined
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a 28 mmX28 mm rectangular grid of cortical stimulation targets with a spacing of
two millimeters (225 points total). For each target, the orientation of the peak electric
field was set to match the optimal orientation found for the hotspot. The coil currents
required to electronically shift and rotate the peak electric field were computed with a
least-squares solver. The grid was placed 15 mm below the coil bottom, on a spherical
surface of 70-mm radius, matching the model used to generate the coil windings.

We stimulated each grid location in a pseudo-random order three times (675 pulses
total) with an intensity of 110% RMT. The interstimulus interval (ISI) was sampled from
a uniform distribution between 3.5-4.5 s. After each 8 min of stimulation, the subject
had 5 min of rest.

We generated a heatmap of the MEP amplitudes recorded on the grid and calculated
their weighted centroid [55]. Then, we physically moved the coil array on the scalp past
the centroid (by 9 and 8 mm for the two subjects, respectively) and locked the coil array
in place using the robotic arm. We repeated the grid stimulation at this new location,
while maintaining the previously obtained optimal electric field orientation. We gener-
ated a second heatmap of the MEP amplitudes obtained in the new location and calcu-
lated their weighted centroid. Finally, while maintaining the physical location of the coil
array, we electronically targeted the new centroid with pulses (110% RMT) that were
rotated in 30° steps to cover a full circle, with 10 pulses per orientation. We generated an
orientation-response graph from these MEP responses.
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