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Abstract

Background. Multi-locus TMS (mTMS) enables precise electronic control of brain stimulation
targeting, eliminating the need for physical coil movement. However, with a small number of coils,
the stimulation area is constrained, and manual handling of the coil array is cumbersome.
Combining electronic mTMS targeting with robotics enables automated, user-independent, and
precise brain stimulation protocols. Objective. To characterize an open-source electronic—robotic
mTMS platform for rapid and accurate brain stimulation targeting. Methods. We developed an
automated robotic mTMS positioning platform. We used a 5-coil mTMS device coupled to a
collaborative robot. The stimulation targeting accuracy of the system was quantified with a TMS
characterizer that measures the TMS-induced electric field (E-field) on a model of a spherical
cortex. The induced E-field distortion generated by robot coupling was evaluated for each coil. We
compared the repositioning accuracy of robotic—electronic system to the conventional manual
positioning. Results. Our collaborative-robot-based system offers submillimeter precision and
autonomy in positioning mTMS coil sets. The electronic—robotic mTMS platform was
approximately 1.8 mm and 1.0° more accurate than the conventional manual positioning.
Integrating robotics and mTMS automates brain stimulation procedures, resulting in minimal
reliance on user expertise and subjective analysis. Conclusion. Our open-source platform
combining rapid mTMS targeting with robotic precision enhances the safety and reproducibility of
TMS, enabling more efficient and reliable outcomes than previous techniques.

1. Introduction

To enhance the safety and effectiveness of non-invasive brain stimulation, it is imperative to minimize user
dependency by adopting automation for precise targeting of cortical structures. Multi-locus transcranial
magnetic stimulation (mTMS) presents a significant advance, allowing electronic stimulation of nearby
cortical regions without the need for physical movement of the stimulation coil (Nieminen et al 2022, Souza
et al 2022). This technology allows interactions with local cortical networks at millisecond and millimeter
scales, allowing spatially and temporally precise modulation of brain networks (Nieminen et al 2019, Souza
et al 2022, Sinisalo et al 2023, 2025b). Traditional TMS procedures require physical movement of the coil to
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target different brain areas, which can be cumbersome and limit spatiotemporal precision. mTMS has the
potential to engage with brain network activities more effectively by optimizing both the spatial reach and
the timing of stimulation pulses. These advances allow more precise modulation of cortical networks, which
is essential for therapeutic applications requiring accurate targeting.

Despite the promising aspects of mTMS, existing coil sets encounter two primary challenges. First,
mTMS has a limited electronic targeting range, in our present system a 30 mm diameter region with 5 coils,
as reported previously (Nieminen ef al 2022). Second, the coil array assembly can weigh over 16 kg for a
5-coil set with cables and connectors. Manual positioning of the coil is highly challenging due to this
substantial weight, making it impractical to maintain precise placement throughout the session (Sinisalo et al
2023). Regular adjustments are necessary during the session to account for minor movements of the
participant and the articulated arm’s inherent instability, exacerbated by the coil’s weight. This process can be
cumbersome and can increases the study duration due to frequent repositioning. Additionally, placing such
heavy weight on the participant’s scalp leads to considerable discomfort and strains on the neck muscles,
hindering the recording of TMS-evoked cortical potentials with electroencephalography. Consequently,
manually placing the coil set on the scalp is slow and physically demanding. These limitations restrict the
application of automated algorithms, confining them to single predetermined areas and demanding highly
trained and physically capable personnel for manipulating the coil sets.

Collaborative robots have demonstrated the ability to ease the process of TMS coil placement, improving
the reproducibility and accuracy of reaching the desired cortical target (Goetz et al 2019). These robots can
autonomously compensate for patients’ head movements. However, existing robotized TMS applications do
not seamlessly integrate with mTMS algorithms and have limited velocities (around 20 cm s~ 1) to safely
adjust the stimulation target for human applications (Kantelhardt et al 2010). Additionally, existing
commercial robotic TMS solutions rely on closed-source platforms associated with specific robotic arms,
leading to potential cost constraints and implementation difficulties. These factors prevent researchers from
incorporating novel algorithms as needed. Commercial systems are typically optimized for lighter, standard
TMS coils, which can be mounted off-axis and positioned farther from the robot’s end effector without
causing significant issues. This setup helps minimize any mutual coupling between the robot and the coil. In
contrast, such a configuration is not feasible for the mTMS coil set because of its greater weight. To ensure
stability and remain within the robot’s payload limits, the mTMS coil must be mounted directly beneath the
robot flange. Offsetting it laterally would risk compromising precision and could exceed the robot’s
mechanical tolerances.

Recently, we developed an open-source electronic—robotic control that seamlessly integrates rapid mTMS
electronic targeting with precise and autonomous robotic handling. Our system eliminates the need for
manual manipulation of mTMS coil sets, significantly improving the safety and precision of the technique.
The platform is readily accessible at https://github.com/biomaglab/tms-robot-control. We have also
demonstrated the initial feasibility of our system, showing its ability to perform real-time head motion
compensation and automate a motor mapping experiment (Matsuda et al 2024, Sinisalo et al 2025a).
However, further characterization is needed to evaluate the system’s impact on the spatial precision and
reproducibility of the induced electric field (E-field). Two factors were considered that could alter the
magnetic field generated by the mTMS coil set, when used together with the collaborative robot. First,
materials in robotic components could distort magnetic fields due to their magnetization potential, as
described by the principles of magnetism. Second, the geometric configuration of coils and robotic parts can
affect the magnetic field. Thus, changes in the robotic arm position can in principle lead to changes in the
cortical E-field. Therefore, our goal was to characterize the accuracy and precision in targeting the induced
E-field by combining the mTMS electronic control and the automated robotic positioning. We also evaluated
the distortion in the E-field caused by attaching mTMS coil sets to the robot flange and compared manual
and robotic electronic brain targeting. This platform opens exciting possibilities for developing new brain
stimulation paradigms, such as closed-loop and operator-independent protocols capable of effectively
covering large cortical brain areas.

2. Material and methods

We characterized our platform utilizing the Elfin E5 collaborative robot (Han’s Robot Co Ltd, China). This
robot has 6 joints, a 5 kg payload capacity, an operational range of up to 80 cm, and a repeatability accuracy
of +0.05 mm. The electronic-robotic control was developed to operate with the open-source
neuronavigation system InVesalius Navigator (Souza et al 2018).

To ensure safe operation during coil positioning and real-time head motion compensation, the
electronic-robotic control was equipped with five independent software-based safety layers and a
force—torque sensor (FT 300-S, Robotiq, Canada). The safety layers included: (1) movement permission only
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Figure 1. Graphical User Interface (GUI) for mTMS targeting. The interface allows for precise adjustments of both scalp (red
arrow) and brain targets (blue arrows). The scalp target represents the physical location and orientation on the scalp where the
mTMS coil set is positioned. This target is adjustable to ensure proper alignment relative to the participant’s head. The brain
targets indicate the cortical regions targeted for stimulation. The position and orientation of the brain targets can be adjusted
manually and sent to the mTMS control software for electronic shifts within the 30 mm effective stimulation range of the mTMS
coil set.

when the tracking marker on the subject’s head was visible; (2) a Kalman filter to suppress sudden tracking
fluctuations; (3) a head velocity estimator allowing robot motion only if head movement was below
5 mm s~ '; (4) spatial constraints restricting the coil’s movement to a predefined safe workspace; and (5)
trajectory control enforcing an arced movement path when repositioning over distances greater than 10 cm
to avoid collisions. Additionally, the force—torque sensor measured contact forces in three axes and applied
two safety rules: (1) if contact force exceeds 5 N, the robot immediately halts motion; and (2) if the applied
force increases by more than 30% from the initial value, the robot performs a retreat motion in the opposite
direction until the force drops below the 30% threshold. These features collectively ensured safe and adaptive
coil positioning throughout the experiment.

We used an mTMS device with a 5-coil set and an effective stimulation range of 30 mm in diameter. The
5-coil set comprises two four-leaf-clover coils, two figure-of-eight coils, and an oval coil (Nieminen et al
2022).

Electronic-robotic targeting: The integration between the robotic control and the mTMS electronic
targeting was implemented in InVesalius. We developed a graphical interface to define the desired brain and
scalp targets for the mTMS. The scalp targets are related to the physical positioning of the mTMS coil set,
establishing its location and orientation on the scalp, adjusted by the robotic arm’s precise movement
capabilities. The brain targets are involved in the electronic shifts of the mTMS, enabling stimulation of
different cortical targets with high precision. The user can define cortical targets for the mTMS within a

30 mm diameter region around the coil set’s center. These targets are projected linearly at a 15 mm depth
along the coil’s normal axis from the scalp target, in alignment with the spherical cortex model used for
designing the 5-coil sets (Nieminen et al 2022), including manual control of the desired target coordinates
and orientations, figure 1.

Experimental characterization: To evaluate the performance and accuracy of our open-source
electronic-robotic mTMS platform, we conducted three experimental characterizations for assessing the
induced E-field, targeting precision, and repositioning accuracy. These experiments validate the platform’s
capabilities by comparing the electronic targeting and robotic positioning with traditional manual methods.
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Figure 2. Workflow for experimental characterization. The flowchart shows the main steps in our experimental setup for
evaluating both the accuracy and reproducibility of mTMS coil positioning, focusing on the E-field (light orange) and physical
positioning (light blue). The E-field evaluation includes two steps: (1) checking whether the robot causes any E-field distortions
and (2) measuring the accuracy of the E-field targeting. The leftmost illustration depicts the experimental setup, with the robotic
arm and mTMS coil set positioned on top of the TMS characterizer, showing the resulting E-field distribution. To evaluate
physical repositioning accuracy, we compare the robot-assisted and manual approaches. The middle and right illustrations show
the robotic and manual positioning of the mTMS coil set. The blue axis represents the initial position, the red axis marks the scalp
target, and the dashed line shows the trajectory to reach the target.

The characterization process involved three key steps: (1) evaluating potential distortions in the induced
E-field due to the robotic setup, (2) quantifying the precision of the targeting algorithm, and (3) assessing the
accuracy and repeatability of coil positioning using both robot-assisted and manual approaches. The
characterization flowchart is depicted in figure 2. We measured the induced E-field spatial distribution on a
70 mm-radius spherical volume conductor model using our TMS characterizer (Nieminen ef al 2015). The
bottom of the mTMS coil set was placed 15 mm above the measurement probe.

(1) Evaluation of the potential distortions of the metallic components of the robot on the induced E-field:
we verified the distortions on the E-field caused by attaching the mTMS coil sets to the robot flange. We
measured the induced E-fields of each of the five mTMS coils individually, with and without the robot
attached to the coil assembly. The measurement of the induced E-field had 250 data points in a 40 mm
diameter circular area from the central point of the mTMS coil set on the spherical cortical model. We used a
wooden stand below the mTMS coil set to ensure it had the same position relative to the TMS characterizer
with and without the robot attached (figure 3). First, we measured with the mTMS coil set screwed to the
robot flange. Then, the robotic arm was detached and moved at least 50 cm away from the measurement
platform. The relative difference between the maximum E-field peak with and without the robot was
estimated using equation (1) for each of the 5 coils.

IMAX_EFieldyithout robor = MAX_EFieldyin robor| |
MAX_EFieldwithout robot

Relative Difference (%) = 00 (1)

(2) Evaluation of the targeting algorithm: we characterized the robotic—electronic targeting accuracy by
physically moving the coil set and compensating for this displacement with the electronic targeting
algorithm. We created 10 mTMS scalp targets, which were aligned perpendicular to the TMS characterizer
frame. For these targets, the roll and pitch remained constant, and only the yaw rotation was varied, selecting
angles within the range of —30°-30° relative to one of the search coils of the TMS characterizer. Scalp target
locations and rotations were pseudo-randomly sampled from a uniform distribution, figure 4(a). For
tracking the coil set, we used a motion capture system with eight Flex13 cameras (OptiTrack, NaturalPoint,
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Figure 3. Experimental setup with the mTMS coil set on top of the E-field characterizer. Two views from the experimental setup
with the mTMS coil set held by the robot on top of the TMS characterizer. The mTMS coil set is attached to the robot flange,
ensuring stable positioning during measurements. Navigation markers are affixed to the coil, serving dual purposes: for
neuronavigation with optical tracking and controlling the robotic arm’s movements. The 5-coil set is placed on a wooden stand
without any metallic components, allowing the coil set to remain in the desired position relative to the probe when the robot
attachment is removed.

Inc., USA) with the InVesalius neuronavigation system (Souza et al 2018). Neuronavigation was performed
with a magnetic resonance image (MRI) phantom with similar dimensions (11 x 15 x 17 cm?) to the TMS
characterizer. The MRI phantom comprises a set of 180 images generated in MATLAB 2022a (The
MathWorks Inc, USA). The image represents a conventional 3D T1-weighted structural MRI with

256 x 256 x 180 voxels of size 1 x 1 x 1 mm?, figure 4(b). The neuronavigation fiducials were defined at the
bottom right and left and at the anterior top-middle of both phantom MRI and TMS characterizer,

figures 4(c) and (d).

The robotized mTMS platform automatically estimates an approximate linear offset to translate the
maximum E-field from the center of the mTMS coil set to the center of the TMS characterizer for all scalp
targets. The E-field for each target was measured at 100 points, covering a 30 mm diameter area centered on
the TMS coil. The experiment was repeated three times, resulting in 30 pseudo-random scalp targets. The
centroid of the focal E-field area (defined as the region where the E-field reaches at least 70% of its peak value
(Nieminen et al 2015)) is calculated as the weighted center of mass of the x and y coordinates, using the
E-field magnitude as the weight, equation (2). The dispersion (standard deviation, SD) was computed from
the x and y centroid coordinates of the focal E-field area, equation (3),

__ ierdli o Yiesyibi
A== VTE= o (2)
> icrEi > icrEi
where the centroid is computed in the focal area within F = {i| E; > AEpay }> and AEpay = 70% of the peak
E-field.

1 N N

1
SD, = NZ (Yj_xmean)z; SDy = NZ (}7j_)/mean)2 (3)

j=1 j=1

where N = 30 is the total number of targets and X;, y; are the centroid coordinates for each target j.

(3) Comparison robotic and manual repositioning: we evaluated the accuracy of repositioning the mTMS
coil set over the scalp target in two mockup experiments: firstly, with the mTMS coil set positioned by the
robot and secondly, manually. We defined a scalp target approximately above the motor cortex and in an
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Figure 4. (a) GUI for mTMS targeting. Ten mTMS scalp targets (red arrows) were pseudo-randomly generated within a 30 mm
radius (red dashed circle), with yaw rotations ranging from —30° to 30°. (b) InVesalius interface with the MRI phantom with
similar dimensions as the TMS characterizer. The green dots in the 3D panel are spaced by 1 cm in all axes. (¢) The MRI phantom
highlights the fiducials located at the bottom right and left and at the anterior top-middle of the MRI. (d) Photograph of the TMS
characterizer with fiducials placed according to the MRI.

initial arbitrary location far from a dummy head. We alternated the robot position 15 times between the
target and the initial position, and repeated the same procedure for the manual positioning. The accuracy of
repositioning the mTMS coil set was defined as the Euclidean distance between the predefined scalp target
location and the corresponding measured final positions and orientation after each placement. We used
InVesalius connected to the tracking device Polaris Vega VT (Northern Digital Inc., Canada), to record the
coil coordinates. Neuronavigation was performed with the Montreal Neurological Institute average MRI
(Evans et al 1993) based on 152 MRIs. To assess the difference in robotic and manual repositioning accuracy,
we used a two-way ANOVA followed by Tukey HSD post-hoc multiple comparisons. Statistical analysis was
performed with custom scripts written in R 4.2 (R Core Team, Austria). The significance threshold was

set at 0.05.

3. Results

E-field distortion: The robot attached to the mTMS coil set did not cause any observable differences in the
E-field spatial distribution of all coils. The maximum E-field recorded with the robot attached had an average
marginal increase of 3.3% =+ 3.2% compared to without the robot. This increase does not substantially alter
the overall spatial distribution, indicating that the presence of the robotic components did not significantly
affect the spatial precision or intensity of the induced E-field. Figure 5 depicts the E-field spatial distribution
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Figure 5. The 5-coil windings and their corresponding E-field distribution with and without the robot. The values on each E-field
distribution represent the maximum E-field intensity. The red axis represents the center of the E-field distribution, and the E-field
is normalized for each coil.

from the five mTMS coils, visually confirming the minimal impact of robotic attachment on field
characteristics. Supplementary materials section provides a theoretical estimation of the positional offset
required to explain the observed increase in field strength, yielding an estimated offset of approximately
0.18 mm.

Robotic—electronic cortical targeting accuracy: The induced E-field centroid dispersion of the autonomous
robotized mTMS in the x and y axes were £0.7 and £0.2 mm, respectively. The dispersion of the peak E-field
intensity was +1.0 V m~!. The average E-field distribution across all measurements is illustrated in

figure 6(a).




I0OP Publishing

Phys. Med. Biol. 70 (2025) 165015 R H Matsuda et al

a

Normalized E-field

E 4.0 — 4.0
E 2,

© 30 o 2.0
% 3 B 2
s o 04
2 2.0 + 001
Q o -04
e S

g 10 & -2.01
£ 04 %

S 00 . -4.0

Robot-mTMS

E 044 041
E =

et O

@ 0.3 8 0.21
:

S 0.21 o 0.0+
Q Q

e S

o 0.1 5 -0.21
L £

=3 (]

© 00 0.4

Transiation Yéw Piltch Rbll

Figure 6. Experimental characterization and demonstration of robotic—electronic mTMS. (a) E-field dispersion of the robotized
mTMS. The purple circles are the centroids of the E-field distributions for each mTMS target. The red axes indicate the center of
the TMS characterizer, and the white arrows show the E-field orientation at a given characterizer’s probe position. The arrows
overlap over each mTMS target. The black dashed circle (10 mm diameter) indicates the spatial extent of the zoomed panel on the
right side. (b) Measured accuracy in repositioning the mTMS coil set on the target manually (top panel) and with the robotic
control (bottom panel). * p < 0.001.

Comparison of manual and robotic—electronic cortical target positioning: The average robotized
positioning was about 1.8 mm and 1.0° more accurate than the manual positioning for the translation

(F1,05 = 646.6; p < 0.001) and rotation angles (F1 30 = 87.57; p < 0.001), respectively. The average distance
to the target with the robotized repositioning was 0.3 mm, and with orientations within —0.2°-0.2°. No
difference was found between the rotation angles (F,14; = 646.6; p = 0.638). The accuracy for manual
repositioning was about 3.0 mm and £3.0°. There was a significant difference within the rotation angles
(F3,144 = 16.52; p < 0.001). The roll was 1.1° higher than the pitch (p < 0.001) and 1.1° smaller than the yaw
(p < 0.001) (figure 6(b)).

4. Discussion

We leveraged the high accuracy and autonomous capabilities of a collaborative robot to enable hands-free
and precise positioning of a 5-coil mTMS system. We demonstrated that attaching the mTMS coil set to the
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robot flange does not alter the E-field spatial distribution because, if the robot coupling had affected the
E-field due to mutual inductance, the E-field would have been decreased and/or deformed. Interestingly, the
maximum E-fields are slightly higher or equal to the robot coupling than without the coupling. These
increases may be caused by the robot weight applied in the wood stand that can press the coil set slightly
closer to the TMS characterizer; even a small variation will cause an observable increase in the maximum
resulting E-fields.

Our findings have shown that the robotized—electronic system achieves superior accuracy compared to
manual positioning and demonstrates comparable stability and accuracy to existing robotized TMS systems
(Richter et al 2010, Pennimpede et al 2013, Grab et al 2018, Goetz et al 2019, Noccaro et al 2021). Although
both manual and robotic coil positioning can achieve similar targeting accuracy within a predefined
tolerance (e.g. 3 mm) using neuronavigation systems, the robotic system has the advantage of continuously
optimizing its position to minimize spatial error beyond the threshold. This capability becomes especially
valuable when working with large and heavy mTMS coils, which pose practical challenges for manual
placement due to their bulkiness. While the tolerance could theoretically be reduced (e.g. to 1 mm) to
improve spatial precision, achieving such precision threshold manually can be difficult and time-consuming,
and may not be feasible in many clinical or research settings. In contrast, robotic systems are not limited by
operator fatigue or physical constraints and can reliably maintain high spatial precision even with more
stringent tolerances, suggesting a potential benefit for applications requiring highly focal stimulation or
repeatable (Kantelhardt et al 2010, Grab et al 2018). While the nominal difference in positioning accuracy
between manual and robotic methods is within the typical error range of TMS neuronavigation systems, the
robotic system offers advantages regarding safety, stability, and long-term consistency. To ensure safe
operation, we implemented a multi-layered software control strategy, including constraints on visibility, head
motion velocity, spatial boundaries, and trajectory planning. Together, these features contribute to a safer
and more reliable stimulation session, particularly when precise, stable, and repeatable coil placement is
required over extended periods or with heavier coils like those used in mTMS (Matsuda et al 2024, Sinisalo
et al 2025b). Our open-source platform for robotic—electronic targeting can be used to automate TMS
protocols, including stimulation target, hotspot identification, and precise motor mapping, employing
closed-loop algorithms while minimizing reliance on user experience and subjective analysis (Harquel ef al
2017, Tervo et al 2020, Numssen et al 2021, Weise et al 2023).

A limitation of our robot control implementation is that the transformation between the robot and the
tracking device is based on the physical location of the robot base and the tracking cameras. Thus,
displacements of any of these two components will nullify the transformation matrix, compromising the
robot control accuracy. A multi-camera motion capture system, such as the one used in this study, alleviates
this limitation with a fixed installation. Compared to compact 2-camera models, this setup has a larger
coverage volume that is less affected by the occlusion of a single camera’s field-of-view and might provide
more stable tracking when moving the coil set to opposing sides of the scalp, for instance, from occipital to
anterior lobes. Additionally, head marker displacements cause shifts in the placement of the robotic control,
leading to inaccuracies in brain stimulation. To overcome this limitation in the future, markerless head pose
estimation software can be utilized (Matsuda et al 2023). This would add more freedom to the subjects and
create a more natural experimental situation.

5. Conclusion

The development of our open-source platform, integrating electronic mTMS targeting and robotics
significantly enhances the safety and reproducibility of brain stimulation procedures. We foresee that
implementing automated and fast stimulation protocols fosters the creation of streamlined,
user-independent, and highly efficient TMS procedures in clinical and research settings. This capability will
improve treatments and allow for more sophisticated stimulation protocols to better understand cerebral
functions.
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