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Abstract

Transcranial Magnetic Stimulation (TMS) is a non-invasive brain stimulation
technique used to modulate cortical excitability by generating brief-lasting and
high-intensity magnetic fields which bypass the skull and induce an electric
field in the cerebral cortex. TMS has been widely employed in clinical settings
to treat neurological conditions (e.g., migraine, tinnitus, neuropathic pain) and
psychiatric disorders (e.g., major depressive disorder, obsessive–compulsive
disorder, addiction), as well as in research to investigate brain functional
organization, connectivity and neuronal plasticity. However, the conventional
TMS administration is affected by coil placement inaccuracies, operator-
dependent variability, and the lack of subject-specific protocol adaptation.
This issue is addressed in the present work by designing and validating a
modular, high-performance, and economically sustainable robot-aided TMS
platform able to deliver TMS simulation with minimal positional and orienta-
tion errors and with great versatility. The proposed system was assessed in
both static conditions, replicating conventional experimental setups where the
subject remains stationary, and dynamic conditions, allowing head rotations,
translations, and more complex motion patterns similar to those occurring
during walking. Implementing and assessing different control strategies, the
results showed that hybrid force-position control performs better under dy-
namic conditions, while selective impedance is more suitable for static ones,
suggesting the opportunity to develop a platform capable of dynamically
switching between the two strategies according to operational requirements.
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Successively, robot-aided TMS was then employed to develop and imple-
ment more advanced stimulation paradigms which would be exceedingly
challenging for a human operator. A robot-aided rTMS protocol combined
with a priming paradigm was proposed to explore whether direction-specific
neuronal populations in the primary motor cortex (M1) can be selectively
modulated during movement preparation, hilighting how the accuracy and
rapidity offered by the robotic platform enable experimental designs that
were previously difficult to achieve. Lastly, robot-aided TMS was combined
with EEG to achieve precise spatial targeting and temporal alignment of
stimulation. Through an EEG-informed TMS approach, stimulation was syn-
chronized with specific phases of each participant’s mu rhythm, revealing a
phase-dependent modulation of corticospinal excitability and supporting the
important role of cortical state in shaping stimulation effects.
In conclusion, this work, by introducing advanced engineering strategies into
the field of TMS, demonstrates how methodological innovation can drive
the development of more reliable, individualized, and effective stimulation
protocols.
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Chapter 1

Introduction

The evolution of medicine has always mirrored technological progress and
socio-economic transformations (Fig. 1.1). Today, it is moving into a new
era: Healthcare 5.0, which combines the principles of Industry 4.0 with a
human-centred approach to deliver smart, adaptive and personalized medical
services [1].
In the same direction, non-invasive brain stimulation techniques, in particular
Transcranial Magnetic Stimulation (TMS), have also advanced rapidly toward
customized and precise interventions.
In 1896, Arsène d’Arsonval explored the physiological effects of magnetic
fields on the human brain and, almost a century later, in 1985, Anthony T.
Barker introduced the first modern device for TMS [2], [3].
TMS operates according to Faraday’s law of electromagnetic induction: a
brief-lasting and high-intensity current crosses a coil placed tangentially on
the scalp and generates a time-varying magnetic field that induces an electric
field in the cerebral cortex [4].
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Fig. 1.1 The evolution of healthcare systems: from healthcare 1.0 to healthcare 5.0.

By modulating cortical excitability, TMS is employed to investigate func-
tional brain organization and connectivity [5], but also to assess corticospinal
integrity and to treat a wide variety of neurological conditions (e.g, migraine,
tinnitus, neuropathic pain, Parkinson’s disease and post-stroke rehabilita-
tion) [6], and psychiatric disorders (e.g, major depressive disorder, obses-
sive–compulsive disorder, addiction) [7].
Although TMS has a highly safe profile and is widely used, its standard
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administration suffers from limitations that compromise the accuracy and
reproducibility of its outcomes. Several factors affect the effectiveness of
stimulation, including spatial and operator-dependent variables. For instance,
minor translations or rotations with respect to the optimal coil placement or
variations in the distance between the scalp and coil may alter the intensity
and the spatial direction of the cortical induced electric field (E-field) and
stimulate adjacent areas instead of the target region [8], [9].
Furthermore, current clinical practice in TMS often follows a one-size-fits-all
approach. Treatments are administered according to standardized protocols
which do not consider inter-individual variability in anatomical structure,
functional organization, or neurophysiological dynamics [10], [11].
Due to this lack of personalization, TMS clinical efficacy remains highly
variable, and many patients experience little to no meaningful improvement.
In this scenario, the need for a transformation in the TMS field arises and
finds its most promising answer in the integration of high-precision robotic
automation with personalized neuromodulation methods.
Accordingly to the Healthcare 5.0 paradigm, this transition is not only about
technological progress, but also a complete conceptual redefinition of thera-
peutic practice: from a standardized procedure to an intelligent, adaptive, and
patient-centered intervention.

1.1 Thesis Outline

In this emerging technological and clinical landscape, the contribution of this
thesis is a structured investigation into the core components of next-generation
brain stimulation. To guide the reader through its contents, the structure of
the thesis is outlined below.

Chapter 2,"Automated transcranial magnetic stimulation (TMS) plat-
forms: Technological Advances and Clinical and Research Applications",
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provides a systematic overview of the current state of the automation in TMS.
The evolution of TMS platforms from manual to automated configurations
is examinated, with a particular focus on their technological architectures
and on the potential and current implications for clinical and research routine
care. This chapter outlines the theoretical background and rationale behind
the technological developments presented in subsequent chapters.

Chapter 3,"From Technological Designing to Neuroscientific Application:
Experimental Studies with a Robot-Aided TMS Platform", opens with a brief
introduction in the Section 3.1 outlining the fil rouge that connects the three
studies forming the core of this thesis. Subsequently, the Section 3.2 focuses
on the first study: "Optimized Robot-Aided Transcranial Magnetic Stimula-
tion (TMS) Platform: Evaluation of Control Approaches for Head Motion
Compensation", which proposes and assesses a robot-aided TMS platform
developed to deliver stimulation with high accuracy even in the presence of
patient head movements. A comparative evaluation of four control strategies
for coil placement is conducted to assess their positioning and orientation
accuracy and their contact force in both static and dynamic conditions. This
work opens the gates towards the implementation of new TMS protocols
during the execution of complex motor tasks, fully exploiting the potential
of robotic technologies. This perspective could allow us to have a deeper
insight of how the brain organizes complex movements and adapts to motor
learning, and to identify more targeted and effective rehabilitation strategies
for patients with movement disorders.
The following Section 3.3, "Robot-Aided Repetitive TMS (rTMS) to Probe
Directional Representations in Human Primary Motor Cortex (M1): A Pilot
Study", describes the second study. It presents a pilot implementation of a
robot-aided rTMS paradigm designed to test whether direction-specific neu-
ronal populations in primary motor cortex (M1) can be selectively modulated
during movement preparation. The study highlights the methodological chal-
lenges that future research must address to advance toward precision TMS
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protocols.
Finally, the Section 3.4, proposes the last and third study: Robot-Aided
EEG-Informed TMS: Phase-Specific Modulation of the Mu Rhythm, which ad-
dresses the question of determining the optimal timing for stimulation delivery.
A novel EEG-informed TMS method is presented: by aligning stimulation
with specific phases of the mu rythm, the section presents an approach to
improve the temporal precision of stimulation and offers new insights into
how brain state-dependent stimulation can modulate corticospinal excitability.

Chapter 4, Conclusion and Future Outlook, summarizes the principal
findings of this thesis, outlines its limitations, and suggests potential directions
for future reserach.



Chapter 2

Automated Transcranial Magnetic
Stimulation (TMS) Platforms:
Technological Advances and Clinical and
Research Applications

2.1 Background

Transcranial Magnetic Stimulation (TMS) is a non-invasive brain stimulation
technique that uses strong time-varying magnetic fields which bypass the
skull and induce cortical electric currents capable of modulating neuronal
firing and changing cortical excitability (Fig. 2.1) [4]. Magnetic pulses are
delivered through a coil placed tangentially to the scalp over the stimulation
site, typically identified through craniometric landmarks (e.g., Beam F3, 5 cm
rule) and refined with MRI-based neuronavigation [12], [13].
Since its introduction in 1985 [3], TMS has been widely used in clinical

settings for diagnostics and follow-up of multiple sclerosis [15], [16], as well
as in treating a range of neurological disorders such as stroke [17], [18], [19],
chronic pain [20], migraine [21], [22], and amyotrophic lateral sclerosis [23],
[24]. Moreover, in the last years, growing evidence has also shown significant
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Fig. 2.1 Schematic representation of the physical principle underlying transcranial magnetic stimula-
tion (TMS). A rapidly changing electric current flows through the TMS coil, generating a magnetic
field that penetrates the scalp and skull. This time-varying magnetic field induces an electric current
in the underlying cortical tissue, leading to neuronal activating. Adapted from [14].

TMS effects in alleviating symptoms related to psychiatric disorders such as
depression [25], [26] and addiction [27], [28], [29].
However, TMS is not only employed in clinical treatments but also in research
applications to investigate brain function, connectivity, and neural plasticity
[26], [30].
Unlike purely observational methods, such as functional magnetic resonance
imaging (fMRI), TMS transiently perturbs the cortical activity in targeted
brain regions and provides a method to explore causal relationships between
neural circuits and cognitive or behavioural processes [30], [31].
In standard TMS protocols, an experienced operator places the coil over the
subject’s head and holds it over the stimulation target for the entire session
[32]. This activity is physically and cognitive demanding: the coil weight and
the prolonged treatment duration require sustained operator effort [33].
Operator fatigue, over time, may affect coil positioning accuracy, and reduce
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the treatment efficacy [34]. Indeed, even small variations from the optimal
coil placement [35], [36], [37], [38] can alter the intensity and the direction
of the induced electric field, and stimulate adjacent cortical areas instead of
the target region [39], [40], [41]. In high-volume clinical settings, where mul-
tiple TMS treatment sessions are frequently administered in rapid succession,
cumulative operator fatigue can gradually decrease positioning accuracy and,
in turn, limit the number of treatments that can be daily performed.
Moreover, patients must remain still throughout the TMS procedure, as even
slight involuntary head movements can cause coil misalignment [42].
To prevent this, the operator usually applies a manual pressure on the scalp
through the coil for its stabilization and this might induce pain or discomfort
and affect the patient’s experience and the treatment tolerability [43].
In the early 2000s, robot-aided TMS platforms have started to be developed
to overcome some of the limitations of manual TMS administration.
These platforms automatically places and maintain the coil stable at the stim-
ulation site, by compensating for involuntary head movements.
In this way, operator fatigue is reduced, as clinicians are only required to
supervise the process, and subject comfort improves, since patients are not
asked to remain strictly immobile during the TMS session [42], [44], [45].
Furthermore, these systems regulate the interaction force between the coil and
the scalp to provide the optimal contact without excessive pressure [46], [47],
[48], [49], [50], [51]. This results in TMS procedures more tolerable and in
which the clinical drop out is reduced [52].
From an operational perspective, automation in TMS can streamline the clin-
ical workflow. In particular, the possibility of pre-programmed stimulation
protocols reduces overall procedure time, improving operational efficiency
and decreasing the need for continuous clinician training.
Automation can lower practical barriers to TMS treatment, broaden and sup-
port its widespread adoption. Treatment can become more economically
sustainable, by minimizing reliance on highly specialized personnel [53],
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[54], [55]. Although human supervision remains necessary, a single operator
can manage multiple robotic systems simultaneously.

2.2 Robot-Aided TMS Platforms

After outlining the limitations of conventional TMS administration and the
advantages introduced by automation, the following section describes robot-
aided TMS platforms, detailing their structure, the main categories currently
available, and the related technical requirements.

A robot-aided TMS platform is composed of a robotic manipulator, a neuron-
avigation software with its stereotaxic system, a TMS stimulator with its coil
and a central workstation for real-time control and data processing (Fig. 2.2).
The robotic manipulator places and holds the coil over the subject’s scalp
by continuously compensating for head movements in order to maintain an
accurate alignment with the target stimulation site. To monitor in real-time
head and coil movements a low-latency and high-precision camera system
is placed to cover the robot working space. Passive reflective markers, at-
tached both to the patient’s head (usually through a headband) and to the
coil, enable the cameras to continuously track their position and orientation.
Neuronavigation is based on a stereotaxic system and a dedicated software
that reconstructs high-resolution anatomical models of the subject’s scalp and
brain by co-registering head geometry data with magnetic resonance imaging
(MRI) scans. Neuronavigation assists operators in the accurate localization of
the stimulation target and enables continuous monitoring and recording of the
position and orientation of the coil relative to the patient’s head [56], [57].
The software running on the control workstation integrates information from
the robot sensors, models of the subject’s scalp and brain, and optical inputs.



10
Automated Transcranial Magnetic Stimulation (TMS) Platforms: Technological Advances

and Clinical and Research Applications

Fig. 2.2 In a standard robot-aided TMS procedure, the participant is seated comfortably in a chair.
A high-precision optical camera system is positioned to cover the robot’s workspace, enabling
real-time monitoring of any movement of the head and coil during the session. The head and the
coil are tracked by the camera thanks to passive markers placed on them. The coil’s actual position
and orientation relative to the stimulation target on the participant’s head are visualized on the
monitor via the neuronavigation software.

Through this closed-loop architecture, the system can continuous control the
adjustments to the coil pose, even during subject head motion.

2.2.1 Robot-Aided TMS Platform Classification

Robot-aided TMS platforms can be classified into two main groups: ad-
hoc systems and adapted systems. The former includes fully customized
systems, with hardware and software components designed exclusively for
TMS application. The latter, on the other hand, consists of modular systems
which integrate commercial components, such as robotic arms originally
developed for other purposes, neuronavigation systems and TMS devices, into
a unified system.
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Ad Hoc Platforms

A representative example is the commercial solution Axilum Robotics TMS
Robot, which integrates a seven-degrees-of-freedom (DoF) robotic arm with
a two-DoF chair designed to place the subject’s head at the center of the
platform hemispherical workspace. This configuration enables access to all
cortical targets, including the occipital cortex, without the need to reposition
the patient.
The spherical kinematics of the arm, together with a specialized robotic
wrist designed to rotate around a fixed point at the coil–scalp interface (re-
mote center of rotation), allow the coil to follow the curvature of the head
while maintaining a tangential orientation at each stimulation site [49], [58].
Through this design the occurrence of critical configurations (singularities) is
minimized, and movements around the head are smooth, safe, and continuous.
Furthermore, the platform implements a control system that adjusts the coil
position and orientation according to real-time target coordinates and head
tracking data to maintain constant coil alignment with the target site through-
out the procedure [49]. In addition, the adjustment of the contact coil-to-scalp
force, detected by sensors embedded in the coil, further contributes to stimu-
lation stability and subject comfort [49].
Despite its accuracy [59] and reliability [60], [61], the system faces practical
barriers to widespread adoption. Due to its size (1950 mm × 1523 mm × 769
mm) and weight (~400 kg), it requires a dedicated installation space, which
is often unavailable in standard clinical environments. Limited portability
also complicates the possibility of sharing the system across facilities. Addi-
tionally, coil compatibility is restricted to a specific set of supported models,
which constrain flexibility for clinical and research centers that employ differ-
ent stimulation protocols and coil geometries.
Some years later, a more compact six-DoF robotic platform was introduced
for research and preliminary clinical evaluation [34], [62]. This platform
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moves the coil around the head following the same hemispherical workspace
principle described for the previous platform, but with a simpler mechanical
structure [34], [62]. In this configuration, the robotic wrist has a conventional
kinematic structure: it can tilt and rotate the coil in various directions, but
it is not designed to keep the contact point fixed when the angle changes.
Therefore, when the coil orientation is adjusted, the point of contact may shift
slightly from its original position. To preserve space accuracy, the robot auto-
matically compensates for this displacement through coordinated movements
of the other arm joints.
The system is controlled in position and achieves spatial accuracy compa-
rable to that of the Axilum Robotics TMS Robot (positional error < 1 mm;
angular error < 1°) [34]. However, the absence of active force regulation may
result in greater variability of contact pressure during unwanted patient’s head
movements, affecting the comfort and the safety during the stimulation proce-
dure. Moreover, the system remains at an early clinical stage of development,
having been tested only in a pilot study in the treatment of depression [34].
Larger clinical validation studies will be necessary before it can be considered
for routine clinical use.

Adapted Platforms

An early approach to modular systems for robot-aided TMS platforms in-
volved adapting a neurosurgical robot equipped with a dedicated software
for procedure management [63]. The system integrated a custom software to
process MRI images, reconstruct the scalp surface, and finally register it to a
set of manually acquired 3D coordinates.
Although the paltform achieved a positional accuracy of approximately 2 mm
and an angular error of around 1° [63], the absence of a real-time tracking
system and contact feedback required the patient to remain immobilized to
ensure safe operation.
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Some years later, robot-aided TMS systems evolved integrating industrial
robotic arms with MRI-guided neuronavigation softwares and optical tracking
systems [51], [64], [65], [66], [67], [68]. A major improvement over earlier
designs was the introduction of real-time head motion compensation, which
eliminated the need for rigid head fixation while maintaining precision and
enhancing patient comfort. Performance assessments generally reported po-
sitional errors within 5 mm and angular errors less than 3.5°. Initially, the
development of these platforms was mainly directed toward improving their
spatial accuracy, while the force parameter between coil and scalp was not
yet monitored. Only later, understanding its relevance for patient safety and
comfort, the platforms started to incorporate force sensors and coil–scalp
contact regulation strategies into the control system design [48], [51], [66],
[67].
However, industrial robotic arms can present critical issues when applied in
a TMS application. During a TMS procedure, the operational workspace is
limited to the upper part of patient’s body, mainly around the head, while
industrial robots are designed to operate across much larger work envelopes.
This design discrepancy can lead to unnecessary motion complexity and to a
reduction of the system accuracy. Industrial robots, moreover, are equipped
with high-power actuators optimized for speed and payload capacity. While
these technical features are advantageous in industrial applications, they can
arise safety concerns in clinical environments, where patient comfort, and
safe patient and operator interactions are mandatory requirements.
These constraints have driven a transition toward collaborative robots, or
cobots, which, combining low-inertia structures with force-limited actuation,
are specifically designed for safe, close-proximity interaction with humans.
Consequently, recent developments in robot-aided TMS have begun to exploit
cobot technology, adapting both hardware and control architectures to meet
the specific requirements of TMS [46], [47], [50], [69].
Most of these systems are still at a research-prototype stage, and the most
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representative examples are analyzed below.
One proposed platform, developed to achieve high positioning accuracy, in-
tegrates a seven-DoF collaborative robot (Panda by Franka Emika GmbH)
with a commercial neuronavigation system (SofTaxic Optic by E.M.S. srl)
[46], [69]. A dedicated alignment procedure between the robotic arm and the
tracking system was specifically designed for the spherical space around the
head.
This platform achieves positioning errors of approximately 2 mm and angular
deviations below 2° [46].
However, the alignment procedure is time-consuming and requires both the
cameras and the robot base to remain perfectly stationary throughout the
TMS session. In practice, the cameras are often susceptible to inadvertent
movements or may need to be repositioned to meet field-of-view requirements.
In either case, the calibration is disrupted, and the entire procedure must be
repeated.
Another experimental approach employs a six-DoF collaborative robot (UR5
by Universal Robots) integrates with an alternative tracking strategy [47].
Fiducial markers are mounted on a pair of AR (Augmented Reality) glasses
worn by the subject and detected by a monocular camera.
Qualitative results suggest good tracking stability, although no explicit quanti-
tative data on positioning or orientation errors are reported.
At this stage, the platform should be considered as a promising but still pre-
liminary proof of concept. However, the integration of AR glasses opens
interesting clinical perspectives, as it could enable robot-aided TMS to be
combined with immersive augmented environments aimed at improving pa-
tient engagement and supporting interactive neurorehabilitation protocols.
A more recent research platform has addressed another important aspect of
robotic TMS: the coil–head interaction. This system is composed by a six-
DoF collaborative robot (UR5e by Universal Robots) and implements a hybrid
position/force control adapted to an incurved coil geometry [50]. The curved
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design increases the surface contact between the coil and the patient’s head,
improving mechanical stability and reducing the sensitivity of the stimulation
to small head movements. However, the increased surface contact generates
also higher friction which can result in slower coil repositioning.
Force control is dynamically scheduled: higher forces are briefly applied to
rapidly correct positioning errors, then reduced to maintain a comfortable,
steady contact. While this improves stability, the initial force peaks (>10 N)
could raise safety concerns in a clinical setting if not precisely tuned.
While the system improves contact stability under controlled conditions, the
reliance on force peaks, sensitivity to parameter tuning, indicate that further
development is required to ensure safe, consistent operation and reproducible
outcomes.
To date, the only commercial platform that can be classified as an adapted
platform is TMS-Cobot (by Axilum Robotics). This collaborative robot, with
six-DoF, is compatible with the main commercial neuronavigation systems.
The system offers a positioning accuracy of less than 2 mm and is currently
the only robot-aided TMS system for TMS to have both CE marking and FDA
approval (Axilum Robotics, Schiltigheim, France). However, its workspace is
half hemispherical. Due to the compact geometry and kinematic configuration
of the arm, access to some occipital regions may be limited, which can slightly
reduce the versatility of the system for protocols targeting more posterior
areas.

Multi-locus TMS

Multi-locus TMS (mTMS) represents a sui generis solution, a hybrid between
an ad-hoc and adapted platform.
The stimulation system, specifically designed for TMS, is composed of a
multi-coil transducer (a planar array of five coils) powered by a multi-channel
generator, which controls the currents in each coil and enables electronic
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displacement and orientation of the cortical electric field without physical
movement of the hardware.
Such a design allows rapid retargeting on the millisecond scale [70], [71]
within a defined cortical area (~30 mm in diameter).
More recently, the relatively heavy coil-array system (~5 kg) has been in-
tegrated with a collaborative robot (Elfin 10; Han’s Robot Co Ltd, China)
to achieve more precise, stable positioning and to actively compensate for
involuntary head motions [55].
However, the planar coil configuration restricts the controllable cortical area
and fails to guarantee optimal contact in highly curved regions of the scalp.
Furthermore, the simultaneous operation of multiple coils raises issues of
heating and acoustic noise.
These technical constraints, combined with the need for specialized exper-
tise and infrastructure, currently limit the system’s implementation to a few
advanced research and clinical centers.

2.2.2 Technical Requirements

Designing a robot-aided TMS involves translating clinical practice require-
ments into engineering specifications to ensure the procedure is both safe and
therapeutically effective (Fig. 2.3).
Spatial accuracy is a main performance criterion: the system should place
the coil relative to the cortical with a translational error of ≤ 3 mm and an
angular deviation of ≤ 5° [34], [46], [49], [54], [68]. This level of accuracy
should be maintained during the entire stimulation session, even when the
patient moves involuntarily [42].
The contact force between the coil and the scalp should be monitored as
it might affect both patient comfort and positional stability. The pressure
should have minimal variability, with a standard deviation below 1 N and a
range of 5-6 N [72]. This parameter should be actively controlled through
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dynamic adjustments based on sensor feedback, and passively managed using
lightweight, compliant mechanical solutions [47], [49], [50], [51].
From a mechanical and kinematic standpoint, the platform should be able
to reach all cortical areas of interest, including lateral and posterior regions,
without the need to reposition the patient [46], [49]. The kinematic design
should avoid unstable or near-singular configurations, ensuring smooth, safe,
and predictable movements throughout the workspace [73].
To operate safely, the platform should integrate multiple layers of collision-
prevention measures by implementing hardware and software strategies. Real-
time optical tracking of the head and coil pose should provide the control
application with continuous feedback to guarantee coil does not approach
sensitive facial areas. If head tracking is lost due to marker occlusion or if the
head exceeds safety velocity limits, the system should immediately trigger an
alarm and execute emergency procedures, such as retracting the coil along
pre-defined safe paths and, if necessary, automatically shutting down [46].
Unexpected collisions should be detected through joint-level torque sensors
to enable instantaneous motion interruption. Furthermore, emergency stop
buttons located on both the robot base and the operator console must, when
pressed, disable all actuators and engage mechanical brakes.
Finally, usability is a driver factor in clinical and research adoption. Usability
of robot-aided TMS platforms should be improved simplifying the interaction
between operator and system to make it more immediate and reliable, while
reducing cognitive load and training time. The graphical user interface (GUI)
should therefore be clear and consistent, guiding the operator through each
step of the procedure without introducing unnecessary actions [74]. Limiting
mandatory steps and interactions to 12–15 and ≤ 30, respectively, helps mini-
mize distractions and reduce the number of errors [75]. Guided procedures
and preconfigured protocols could reduce the need for highly specialized
skills, allowing less experienced operators to safely conduct a session after a
short supervised training period of 2-3 sessions.
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Fig. 2.3 Main design requirements for robot-aided TMS platforms.

2.3 Robot-Aided TMS Platforms in Clinical and Research
Settings

The methodological advantages introduced by robot-aided TMS platforms
become truly meaningful when they have a clinical or research impact. This
section will examine the main clinical and research applications of this tech-
nology, starting with a general overview of TMS protocols and then focusing
on robot-aided TMS motor mapping and robot-aided repetitive TMS (rTMS)
protocols, where this technology is most commonly applied.

According to stimulation parameters and resulting effects, TMS can be
classified into two main modalities: single-pulse TMS and repetitive TMS
(rTMS) [76], [77].
Single-pulse TMS, typically administered at interstimulus intervals (ISI) of
4–8 s, is used for the assessment of cortical excitability and the investigation
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of human brain function [77].
By contrast, rTMS involves repeated stimulus train that can induce effects
persisting beyond the stimulation period. The direction and duration of rTMS
effects are influenced by multiple parameters, such as the temporal structure
of the stimulation trains, stimulation frequency, intensity, and the total number
of pulses delivered. Conventionally, high-frequency rTMS (≥ 5 Hz) facilitates
cortical excitability, whereas low-frequency protocols (∼1 Hz) are more often
associated with inhibitory effects. Within established safety limits, increasing
the intensity of stimulation and the the number of pulses is associated with a
greater magnitude and persistence of rTMS-induced after-effects. However,
the temporal organization of stimulation pattern, such as train duration and
inter-train intervals, can produce robust and enduring neurophysiological
changes even at lower stimulation intensities.
Clinical investigations of rTMS span diverse neuropsychiatric conditions,
with the most established therapeutic evidence in major depressive disorder
and ongoing evaluation in stroke, neuropathic pain, aphasia, and hemispatial
neglect [78].

2.3.1 Robot-Aided TMS Motor Mapping

Motor mapping is a commonly used single-pulse TMS protocol in which
stimulation sites are positioned on a regular spaced grid that covers the subject
scalp.
To generate a posterior-anterior current in the underlying cortex, the coil is
positioned tangentially to the scalp and oriented at around 45° to the sagittal
plane. Typically, stimulation intensity is set at a fixed percentage above the
individual resting motor threshold (commonly 110–120% RMT). The RMT
is the minimum stimulation intensity needed to evoke MEPs of at least 50
µV in 50% of trials in a resting muscle. Single pulses are delivered generally
with ISI of 4–8 s, while the target grid sites are stimulated sistematically.
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Motor-evoked potentials (MEPs) recorded from contralateral muscles using
surface electromyography are then used to identify the responsive sites of the
map [79], [80].
Spatial accuracy largely determines the quality of cortical motor mapping:
even small coil placement errors degrade the resolution of the resulting map.
Motor-mapping protocols demand dense grids (5–7 mm spacing), precise
control of coil placement, and high repeatability over hundreds of stimuli
and across sessions. Robot aided TMS systems meet these requirements
effectively. Indeed, a direct comparison shows that robot-aided TMS systems
achieve smaller static errors and more consistent repositioning across sessions
than manual placement, with average static errors around 3 mm compared
to 6 mm for human operators and maximum intersession errors of ≤ 1.0 cm
versus ≤ 2.4 cm [59]. These advantages are achieved without additional pro-
cedural burden, while lowering operator workload and maintaining participant
comfort [59], [60], [81].
Mapping duration in robot-aided TMS reflects both the chosen protocol pa-
rameters and the technical capabilities of the robotic system. In a early study,
where an industrial robot was repurposed for TMS, stringent safety constraints
severely limited movement speed, so that even small maps (32–48 sites) re-
quired 30–50 minutes [82]. Later, the introduction of robot-aided TMS-built
systems, has improved efficiency through optimized kinematics and smoother
trajectories, making TMS mapping feasible in clinical contexts.
In current practice, robotic TMS mapping protocols allows the stimulation of
144 sites in about 40 minutes (ISI =4 s; 4 pulses per site).
To further improve tolerability, particularly in paediatric populations, accel-
erated protocols have also been explored, employing ISIs as short as 1 s
that reduces the total time to 15 minutes in unilateral 144-site maps, with
four stimuli delivered at each point [83]. Althoug these findings support the
feasibility of implementing such accelerated protocols, an ISI of 1 second
does not preclude the risk that very short intervals may induce unintended
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plasticity-related effects.
A strategic refinement feasible with the robot-aided TMS system in this type
of protocol could be the use of pseudorandom stimulation sequences. Instead
of advancing systematically across the grid, stimulation sites can be selected
so that consecutive pulses are delivered to non-adjacent locations. This may
help dissociate short interstimulus intervals from repeated activation of nearby
cortical regions, reducing the risk of local plasticity while preserving the
efficiency of rapid mapping protocols.

2.3.2 Robot-Aided Repetitive TMS (rTMS)

Conventional repetitive TMS (rTMS) protocols last 20–30 minutes, during
which the operator is asked to manually maintain the coil, which typically
weighs 2–3 kg, fixed over the stimulation target. Such a condition is physically
demanding and may lead to minor variations in coil placement relative to the
stimulation site, hence reducing treatment efficacy. Robot-aided rTMS can
address these issues offering greater stimulation stability, increased standard-
ization and improved reliability of clinical outcomes.
These systems have been used to treat neuropathic pain [84], Tourette syn-
drome in pediatric populations [61], and major depressive disorder [34], [85].
They have also been employed to investigate higher-order cognitive functions,
such as the mechanisms of language production [86], the role of the supple-
mentary motor area (SMA) to executive control [87], and the neural basis of
cognitive dissonance [88].
However, most studies have simply used robot-aided TMS as a methodologi-
cal device, rather than evaluating its clinical or neurophysiological efficacy
compared to manual administration. Therefore, clinical practice must con-
sider whether the methodological advantages of robotic systems translate
into therapeutic efficacy equivalent to or superior to that of standard TMS
administration.
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Nevertheless, preliminary evidence starts to address this question. For exam-
ple, in the treatment of neuropathic pain, repeated robot-aided rTMS sessions
have been associated with a reduction in pain that is both clinically meaningful
and durable [84]. After three sessions, 43% of patients achieved at least 40%
pain relief, which lasted for an average of 12 days. Among initial responders,
89% maintained this improvement after one year. These outcomes are broadly
consistent with earlier non-robotic studies [77], although differences in stimu-
lation parameters and different follow-up duration limit the strength of direct
comparisons [84].
Robot-aided rTMS has also been evaluated in major depressive disorder,
targeting the left dorsolateral prefrontal cortex (dlPFC) [34]. The pattern
paradigm consisted of two-second trains followed by 28 seconds of rest for up
to 20 minutes. Compared with manual application, robotic assistance reduced
preparation time by 53% and improved positioning precision (initial error:
0.94 mm and 0.11° vs. 11.17 mm and 4.06°). Clinically, outcomes assessed
with the Beck Depression Inventory-II and regional cerebral blood flow did
not differ significantly between the two modalities, suggesting comparable
outcomes.

2.4 Discussion and Conclusions

Although the development of automated TMS platforms represents a signifi-
cant step forward compared to manual standard administration, the available
evidence still provides only a partial picture. Most of the available studies
focus mainly on evaluating the technical performance of these systems, ne-
glecting their clinical effectiveness. The lack of multicentre clinical trials,
standardized comparative analyses and follow-up data hinders an accurate
assessment of the actual therapeutic efficacy, economic sustainability and
acceptability of automated systems for TMS administration.
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This discussion examines how far technical improvements translate into clini-
cal benefits and outlines future directions aimed at bridging the gap between
technological performance and therapeutic value.
The evolutionary trajectory of robot-aided TMS has moved so far toward
systems that ensure accuracy and stability during wide head movements in
active tasks, offer full cranial target coverage, maintain constant force and
pose over prolonged sessions, enable more automated workflows and support
personalisation based on anatomical and physiological data [34], [46], [49],
[55], [71].
However, there is still no “ideal” robot-aided TMS platform.
Current solutions represent an advance over standard practice but remain
fragmented: most optimise a subset of features while compromising others.
As a result, advances tend to appear as isolated or experimental features rather
than parts of a unified architecture.
Ad hoc and adapted platforms should be considered as solutions to different
needs. Both are the result of design compromises: the former integrates
kinematics, control systems and safety strategies natively developed for TMS.
The latter, on the other hand, focus on flexibility, portability and the possibility
of integration with existing devices.
Ad hoc systems offer the highest technical performance, but they are costly,
bulky and not very versatile [34], [49]. Although these solutions function very
well, they risk confining robotic TMS to a few specialized centers, failing to
meet the objective of democratizing access to TMS.
Adapted systems provide flexibility and potential cost savings, but this ad-
vantage comes at the price of evident technological immaturity. Most are
research prototypes, whose results are preliminary and often show insufficient
quantitative validation [47], [50].
The mTMS platform represents the most innovative approach, shifting the
problem of automation from physical coil positioning to coil electronic field
regulation [70], [71]. However, the system is very heavy (~5 kg), so it re-
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quires a robotic support during the TMS procedure [55]. This technological
complexity inherently restricts its use to highly specialized operators.
Although the automation of TMS systems is rapidly evolving and has gener-
ated innovative engineering solutions, their clinical maturity and economic
and operational sustainability remain limited. The transition from engineering
innovation to therapeutic value depends on demonstrating efficacy and repro-
ducibility in clinical practice. The absence of large-scale multicenter studies
therefore constitutes the major barrier to the development of standardized
protocols and evidence-based recommendations.
In the few studies available, these platforms has been shown to improve the
accuracy and spatial resolution of cortical representations and to provide
reliable results across sessions [60], [89], [90].
Furthermore, they have demonstrated clinical efficacy comparable to human
operators, with similar clinical outcomes reported in neuropathy [77], [84]
and depression [34]. Due to these protocols require multiple sessions over
several months, robot-aided TMS can help reduce inter-operator variability in
treatment delivery.
The comparative study of major depression is significant [34]: although the
robotic system is approximately ten times more accurate than manual admin-
istration, the clinical outcomes are only comparable. This suggests that other
factors may be as important as the accuracy of coil placement to determine
the clinical outcomes.
While this does not decrease the value of automation, it does highlight that
simply replicating existing manual protocols through robotic platforms may
not fully exploit the potential of these technologies.
It is necessary to design stimulation paradigms that take full advantage of
robotic platforms. Such paradigms might include, for instance, dynamic
protocols that adapt in real time to patient movements or spatially complex
stimulation sequences targeting multiple cortical areas with temporally precise
patterns, approaches that would be impossible to achieve manually.
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Concurrently, advanced personalization algorithms should be developed to
modulate stimulation parameters based on each patient’s individual charac-
teristics, thereby facilitating interventions that explicitly account for inter-
individual variability.
Finally, the clinical and technological impact of robot-aided TMS should be
considered within a broader context of healthcare and economic transforma-
tion, where the demand for non-invasive solutions is rapidly increasing. The
global TMS market is expected to reach C2.3 billion by 2030. This trend
reflects the growing demand for alternatives to pharmacological drugs and is
driven by supportive health policies in Europe and the United States, increased
investments in neurological care and research, and greater acceptance of TMS
for patients who do not respond to standard therapies.
Therefore, robot-aided TMS can be considered as a tangible solution to im-
prove clinical practice and accelerate research. By offering highly accurate,
reproducible, and customized stimulation, it can enhance the effectiveness and
operational efficiency of treatment, shorten sessions, decrease dependence
on highly specialized personnel, and facilitate the investigation of complex
neural mechanisms and pathological processes. The challenge ahead requires
a paradigm change that moves the focus from technical performance to demon-
stration of effectiveness in a clinical or research context. This shift should
prioritize robustness, ease of use, and economic sustainability in a design that
is finally focused on the end clinical user and the patient.

In conclusion, this chapter provides the theoretical and technological back-
ground required to frame the experimental studies presented in the following
chapters, all aimed at improving the precision and personalization of TMS.



Chapter 3

From Technological Designing to
Neuroscientific Application:
Experimental Studies with a
Robot-Aided TMS Platform

3.1 Rationale

The core of this thesis is composed of three experimental studies which, while
pursuing distinct scientific objectives, share a clear and consistent methodolog-
ical thread: the use of robot-aided TMS platform in advanced TMS protocols.
In each study, the robot-aided TMS platform is not only a technological
support, but an advanced methodological tool for overcoming some of the
limitations of manual TMS administration and for enabling stimulation proto-
cols that were so far hard to achieve.
The first study has an engineering and developmental nature: it addresses the
optimization and validation of an in-house robot-aided TMS platform. In this
case, the robotic technology represents the object of investigation itself. The
aim of the study focuses on the implementation of different control strategies
designed to achieve accurate coil positioning and orientation and ensure safe
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coil-scalp interaction. Unlike to manual administration, robot-aided TMS
platform can actively compensate in real-time for the movements of the sub-
ject’s head, maintaining a constant spatial targeting of the interest cortical
region. This feature could be exploited by implementing innovative dynamic
stimulation protocols, which can be administered while a subject performs
complex movements.
The second study uses the previously validated robot-aided TMS platform to
implement a rTMS protocol to investigate if it is possible selectively modulate
direction-specific neuronal populations within the primary motor cortex (M1)
during movement preparation. In the experimental design, the robotic plat-
form allows for rapid and accurate repositioning of the coil between spatially
distinct cortical sites (approximately 5 cm apart) within a time window of
less than two seconds, achieving spatial precision and temporal efficiency
impossible to reproduce manually.
The third study represents the most advanced stage of this methodological
progression and combines a robotic platform with a real-time EEG-informed
TMS algorithm. In this stimulation paradigm, each TMS pulse is delivered
in synchrony with specific phases of the sensorimotor mu rhythm in order
to investigate the effects of state-dependent stimulation on corticospinal ex-
citability. The stability provided by the robotic system eliminates most of the
source of spatial variability during the experimental TMS session. Such a
level of control would not be achievable with manual administration because
it could not guarantee the coil stability and spatial accuracy necessary to
validate the state-dependent effect.

The following sections will describe in detail each of these studies, outlin-
ing their specific objectives, experimental designs, and main results.
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3.2 Optimized Robot-Aided Transcranial Magnetic Stim-
ulation (TMS) Platform: Evaluation of Control Ap-
proaches for Head Motion Compensation

The employment of robotic platforms in TMS applications could have a sig-
nificant impact in the field of neuroscience, promoting the development of
innovative TMS protocols.
For instance, the administration of TMS while subjects are engaged in com-
plex motor tasks, such as walking, offers the possibility to investigate neural
plasticity and sensorimotor integration in dynamic contexts that reflect real-
life situations, in contrast to traditional TMS studies conducted under static
conditions. This TMS application could have important clinical implications,
especially in neurological conditions characterized by impaired gait control
(such as Parkinson’s disease, post-stroke gait deficits, and multiple sclerosis)
in which stimulation delivering during gait could allow the modulation of
neural circuits while they are functionally active, potentially enhancing the
state-dependent plasticity and the specificity of the induced effects.
However, applying TMS while walking raises significant safety and accuracy
challenges. To ensure consistent stimulation and effectively compensate for
complex head movements, reliable and precise control strategies are needed.
Recently, an advanced robot-aided TMS system was developed [46], and
it integrates a 7-degrees-of-freedom (DoF) robotic manipulator (Panda by
Franka Emika GmbH), Polaris Vicra infrared cameras (by Northern Digital
Inc.) and a SofTaxic neuronavigation system (by E.M.S. srl).
The platform, validated during real TMS sessions, implements an impedance
control strategy to place the coil on the scalp and to compensate for head
movements and an innovative hand-eye and robot-world calibration approach,
specifically developed for TMS applications [69].
Here, to favor the accessibility and widespread application of robotic TMS
systems, we present a refined version of the above-mentioned TMS platform
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that incorporates an affordable, high-performance tracking system (Optitrack
13W, NaturalPoint Inc.) and the open-source neuronavigation software NeuR-
RoNav [91].
On this improved platform, in order to advance the development of dynamic
TMS protocols, we implement and compare four different control strategies
for head motion compensation (high-stiffness isotropic impedance control,
low-stiffness isotropic impedance control, selective impedance control and hy-
brid force-position control) to determine the most effective control approach
for ensuring precise, consistent, and safe TMS application in both static and
dynamic conditions. We evaluate which control approach offers the best
performance in terms of tracking accuracy and contact force under identical
experimental conditions, simulating simple translational and rotational head
movements but also more complex head movements occurring during walking
on traedmill.

3.2.1 Methods

Experimental Setup

In our experimental setup, two 7-DoF robotic manipulators (Panda, Franka
Emika GmbH) are employed. One of them is used to hold a mock-up head
and simulate both simple (translations and rotations) and more complex head
movements (oscillations during treadmill walking); while, the other one places
and moves the stimulation coil (D70 Alpha Coil, figure of eight, Magstim Co
Ltd) on the subject’s head, in correspondence to the stimulation site, compen-
sating for simulated head movement.
The robots are equipped with torque sensors in each joint and its controller
runs at a frequency of 1 kHz.
The two robots are fixed to a heavy metallic bench at a distance of one meter
apart and custom 3D-printed adaptors are used in both cases to attach the
dummy head and the coil to their respective end-effector.
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The tracking system is composed by two Optitrack 13W infrared cameras
(NaturalPoint Inc.) that track the position and orientation (i.e. the pose) of
passive reflective markers.
The neuronavigation software employed is based on the open-source neu-
ronavigator NeuRRonav developed by the NeuRRo Lab of the University of
Michigan Medical School with the game engine Unity in C# [91].

Communication

The two infrared 13W Optitrack cameras (NaturalPoint, Inc.) track the head
and coil that are both equipped with passive reflective markers. Thanks to
ethernet cables, the cameras are connected to and powered by a Power-over-
Ethernet (PoE) switch (Netgear Inc.) in turn connected to a Windows PC.
Camera data captured is live-streamed to the Optitrack Motive software (Nat-
uralPoint, Inc.), where rigid bodies’ pose relative to the cameras’ reference
frame is computed and sent in real-time to the neuronavigation software.
The latter, developed in C# on Unity (2018.3.3f1) and adapted from the open-
source TMS neuronavigation software NeuRRoNav [91], runs on the same
Windows PC and receives the tracking information through the Optitrack
Unity Plugin (version 1.1.0).
The robot control application has been implemented in C++ language using
Qt libraries and runs on a Linux computer (OS Ubuntu 20.04 LTS). To send in
real-time the poses of the head and selected hotspot for stimulation from the
neuronavigator to the robot control application, we developed a UDP commu-
nication between both computers. Finally, the robot control application sends
torque commands to the robot controller through TCP/IP protocol (Fig. 3.1).
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Neuronavigation and Calibration Protocol

Tracking System. As a first step, the Optitrack cameras require calibration
in order to set their workspace and reference frame within Motive software.
This is achieved by utilising the Optitrack CW-500 Calibration Wand, which
is waved throughout the workspace until a sufficient volume is covered. At
least 40,000 sample points must be registered for each camera to ensure the
calibration is as accurate as possible.
Subsequently, the workspace reference frame is established by positioning
the Optitrack CS-200 Calibration Square in the desired orientation. In this
study, the xz-plane is horizontal,the z-axis runs parallel to the alignment of the
robots, extending from the robot simulating head movements toward the robot
holding the TMS coil, the x-axis is perpendicular to the z-axis and extends
from the robots towards the cameras, and the y axis is vertical and points
upward (Fig. 3.2).

Neuronavigator Software. The neuronavigation software NeuRRonav is a
graphical user interface integrating motion capture that enables to visualize
on a computer screen the virtual model of the subject’s head and of the TMS
coil as well as their respective poses in the workspace (Fig. 3.3).
Once the cameras and their workspace have been calibrated, the real tools
(i.e., calibration tool, stylus, head marker and a coil marker), equipped with
reflective markers and tracked in the Motive system, have to be calibrated and
aligned with their virtual copy defined in the neuronavigation software.
The first step consists in calibrating the stylus length into the neuronavigator
by placing its tip at the center of the calibration tool. The motion tracking sys-
tem communicates to the neuronavigation software the orientation and length
of the stylus’ rod with respect to the optical markers placed on its handle.
With this information the neuronavigator can recreate the exact virtual model
of the stylus and replicate in real time its pose in the virtual environment. The
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Fig. 3.3 NeuRRonav software graphical user interface after calibration.

next step involves calibrating the virtual model of the TMS coil. To do so, we
place the tip of the stylus at the center, top and right extremities of the coil’s
stimulation surface. The neuronavigator uses these points to create the coil’s
virtual model and to define its pose with respect to the pose of the real coil’s
marker so that the neuronavigator can replicate in real time the movement of
the real coil on the virtual one.
The final step of the calibration consists in creating the virtual model of the
subject’s head. We attach firmly the head marker on the subject’s forehead,
then we successively place the tip of the stylus on five fiducial points of the
subject’s head (inion, right tragus, left tragus, nasion, vertex). In this way, we
communicate the relative position of the fiducial points with respect to the
head marker to the software which then fits a generic virtual head model to
the subject’s head proportions.
The original open-source neuronavigation software NeuRRoNav [91] has

been modified by implementing a UDP communication protocol that allows
real-time transmission of the coil, head and hotspot poses to the robot con-
trol application. This solution provides synchronized tracking and correct
operation of the robotic manipulator without requiring a specific middleware
between the two softwares. In contrast, the previous platform configuration
[46] relied on the commercial neuronavigation software SofTaxic. This soft-
ware is proprietary and compatible only with NDI Polaris Vicra (Northern
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Digital Inc.) tracking systems. Consequently, the former system was less flex-
ible, costly, and offered lower performance. The refined platform employs the
open-source NeurRRoNav software, which can be easily adapted to different
types of tracking cameras, including the OptiTrack system currently in use.

Robot-camera calibration. At this stage, the robot-camera calibration, also
known as tool-flange and robot-world calibration, is performed. The robotic
manipulator places the coil in different poses which are captured by both
the camera and the robot system [69]. The objective of this procedure is to
set a common reference frame for all the components of the platform (robot,
coil, and camera system). This is achieved by computing the transformation
matrix between the reference frame of the cameras and the reference frame
of the TMS robot, as well as the transformation matrix between the robot
end-effector frame and the coil reference frame.

Hotspot. To define the stimulation hotspot, the robot is controlled in zero-
torque mode (i.e., it has a transparent behaviour), allowing the operator to
easily move it and place the coil on the desired stimulation point. Once
positioned, a "target" virtual object relative to the head is created in the neu-
ronavigation software at the current position of the coil’s focus point.
During the validation of the four different control strategies, the same stimu-
lation targets were used: three different robot configurations were evaluated
by positioning the coil tangent to the dummy’s scalp, i) aligned with the
sagittal line and ii) approximately 5 cm lateral to the vertex toward the left
hemisphere, with the handle oriented at +45° relative to the sagittal plane;
and iii) approximately 5 cm lateral to the vertex toward the right hemisphere,
with the handle oriented at -45° relative to the sagittal plane. These hotspot
positions correspond to a stimulation at the vertex and a stimulation of the left
and right primary motor areas, respectively.
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TMS robot control approaches

The control algorithm of the robot-aided TMS aims to move the coil on
the scalp and to keep it on the hotspot maintaining a correct position and
orientation while compensating for head movements. Besides pose tracking to
ensure high stimulation accuracy, the system must guarantee subjects’ safety,
limiting the contact force between coil and scalp.
We implemented four different control approaches: high-stiffness isotropic
impedance control, low-stiffness isotropic impedance control, selective
impedance control and hybrid position-force control.
All the numerical parameters (e.g., stiffness, damping, and target force values)
used to implement the four different control strategies were derived from
preliminary experimental trials.

Impedance control. Impedance control allows to maintain the coil on the
hotspot, without a direct regulation of the contact force but adjusting the
impedance between the robot and the environment [92].
Commanded joint torques are computed according to the following equation:

τ = JT [K(xd − x)−D(Jq̇)]+Cq̇+G , (3.1)

with τ being the 7x1 joint torque vector and J the 6x7 Jacobian relative
to the robot base frame; xd and x the desired and current end-effector pose
expressed as 6x1 vectors in the Cartesian space, with respect to the robot
base frame. q̇ is the 7x1 joint velocities vector. K and D are respectively the
stiffness and damping 6x6 matrices. C is the contribution of the centrifugal
and Coriolis torques and G is the 7x1 gravity torque vector. Furher details on
the definition of xd relative to the stimulation target can be found in [46].
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High-stiffness and low-stiffness isotropic impedance control. In the first approach,
the impedance is isotropic i.e., the same in each direction. K and D are defined
as:

Kisotropic = diag(Kt ,Kt ,Kt ,Kr,Kr,Kr) ,

Disotropic = diag(Dt ,Dt ,Dt ,Dr,Dr,Dr) , (3.2)

with Kt = 2500 N/m for high stiffness value or Kt = 1500 N/m for low stiff-
ness value, Kr = 50 N/rad, Dt =

√
Kt Ns/m and Dr =

√
Kr Ns/rad.

Selective impedance control. The second approach employs a anisotropic
impedance control that selectively reduces the impedance value along the
stimulation direction, i.e., the direction of contact between the coil and the
scalp. This approach aims to increase safety and comfort (through a compliant
coil behaviour towards the head) while maintaining high accuracy in the coil
positioning (stiff coil behaviour in orientation and position on the stimulation
plane). In this case, the stiffness and damping matrices in 3.1 are defined as:

Kselective = diag(Kt ,Kt ,Kz,Kr,Kr,Kr) ,

Dselective = diag(Dt ,Dt ,Dz,Dr,Dr,Dr) , (3.3)

where Kz < Kt , being z the stimulation direction relative to the coil reference
frame (see Fig. 3.2 B). In the experimental validation the following values
were employed: Kt = 2500 N/m, Kz = 1500 N/m, Kr = 50 N/rad, Dt|z =

√
Kt|z

Ns/m and Dr =
√

Kr Ns/rad.

Hybrid force-position control. The hybrid force-position approach decomposes
the task space into unconstrained directions along which the system is con-
trolled in position and constrained directions where it is controlled in force
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[93], [94]. Position control is used to place the coil on the target area with
high accuracy, compensating for head movements, while force control is
designed to regulate and maintain the force applied along the normal direction
of the scalp [49]. To avoid stability problems of the force control during clear
non-contact situations we first move the coil to the desired position with the
isotropic impedance control described earlier. Once the robot has reached the
desired position on the scalp, it switches to the hybrid force-position control.
A target normal force is then applied to ensure consistent coil-to-scalp contact
[72]. The nominal target force was set to 5 N in testing trials involving head
rotations and simulated walking, while for translational movements, a slightly
higher force value 6N was employed to compensate minor inertial interactions
between the coil and its cable.
The hybrid control commands the torques of each joint according to the
following equation:

τ = JT [Ω(K(xd − x)−D(Jq̇))

+Ω(Fd +K f (Fd −Fs)−Kv f (Jq̇))]+Cq̇+G , (3.4)

where Ω and Ω select the directions along which the robot is controlled in
position (xy plane in the coil reference frame as depicted in Fig. 3.2 B) and in
force (the z-axis) and are defined as follows:

Ω =

[
RcSt

bRT
c 0

0 bRcSr
bRT

c

]
;

Ω =

[
bRc(I −St)

bRT
c 0

0 bRc(I −Sr)
bRT

c

]
(3.5)
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with bRc the rotation matrix from the robot base to the coil reference frame,
I the 3x3 identity matrix and St and Sr respectively the 3x3 translation and
rotation selective matrix expressed in the coil reference frame (Fig.3.2 B). In
particular St = diag(1,1,0) and Sr = diag(1,1,1), with non-zero elements on
the direction to be controlled in position and zero elements on the direction to
be controlled in force.
Referring to Eq. 3.4, Fd and Fs are respectively the desired and the actual 6x1
force vectors at the coil, expressed in the robot base frame; Fs is collected
using the FCI libraries and estimated from the torque sensors embedded
into each robot joint. K f = 0.9 and Kv f = 0.2 Ns/m represent respectively
the proportional and derivative control gains of the controller in the force-
controlled direction. Fd is defined as follows:

Fd = AdT · cFd (3.6)

with cFd = [0,0,5,0,0,0]T N the desired force with respect to the coil
frame and Ad the adjoint matrix needed to express the desired interaction at
the coil with respect to the base reference frame. Ad is defined as:

Ad =

[
cRb p̂ · cRb

0 cRb

]
(3.7)

with cRb and p being respectively the rotation matrix from the coil refer-
ence frame to the robot base reference frame and the position vector of the
robot base reference frame expressed in the coil frame. p̂ and p are defined as
follows:

p̂ =

 0 −p3 p2

p3 0 −p1

−p2 p1 0

 ; p =

p1

p2

p3

 (3.8)
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3.2.2 Experimental Validation

Head motion simulation

The four control approaches were tested and assessed first simulating head
movements while walking on a treadmill and then simulating simple head
translational and rotational motion (See Table 3.1).
A first dynamical test was conducted simulating the head movement of a
person walking on a treadmill [95]. The support robot was controlled to move
the dummy head through sinusoidal-like trajectory defined by the following
equations:

zh(t) = zh(0)+Azsin(2π ftt) , (3.9)

Rh(t) = Rh(0)Ry(t) (3.10)

with zh and Rh the vertical position and orientation of the dummy head with
respect to the support base frame (Fig. 3.2 C). zh(0) and Rh(0) represent
values at time t = 0, whereas Ry is the elementary rotation matrix around the
y-axis, here corresponding to the pitch direction, and computed as follows:

Ry =

 cosθ 0 sinθ

0 1 0
−sinθ 0 cosθ

 , (3.11)

θ(t) = Aθ sin(2π fθ t) (3.12)

To simulate walking with slow velocity (0.6 m/s), the translation and pitch
amplitude were respectively set to At = 10 mm and Aθ = 2°; whereas the
frequency of vertical movements and pitch rotations were respectively set to
ft = 1 Hz and fθ = 1 Hz [95]. A total of 36 trials, each lasting 30 seconds,
were collected for each control strategy.
The support robot moved the dummy head along each axis and along the
diagonals of the XY, XZ, and YZ planes -one at a time- of the support reference
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frame (Fig. 3.2 C). This was performed as a series of five translations, always
starting from the same point. Control algorithms were tested for movements
of 10 mm and 30 mm in both positive and negative directions, each one at the
average velocity of 0.025 m/s, for a total of 72 different series of movements
for each control approach [44].
A third test was performed for head rotations with an angular amplitude of 7°,
simulating head yaw (Fig. 3.2 C), i.e., the "no" movement.
Five series of rotations were performed at an average velocity of 3°/s for a
total of 12 different series of movements for each control approach.
Each series of movements, both for translations and rotations, is composed
of 10 movements (5 back and 5 forth) separated in time by a 2s pause during
which the head remained still.

Table 3.1 Summary of simulated head motion protocols used for experimental validation

Motion type Axes Motion
magnitude

Motion
parameters

Trials

Walking simulation Z translation and
pitch

10 mm (Z), 2◦

(pitch)
Frequency: 1 Hz 36 trials per control

strategy, equally
distributed across three
hotspots (12 trials per
hotspot).

Translational
motion

X, Y, Z and XY,XZ,
YZ diagonals

10 and 30 mm Velocity:
0.025 m/s

72 trials per control
strategy, equally
distributed across six
directions and three
hotspots (12 trials per
direction and 4 trials per
hotspot).

Rotational motion Yaw 7◦ Velocity: 3◦/s 12 trials per control
strategy, equally
distributed across three
hotspots (4 trials per
hotspot).
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Data Analysis

Translational and rotational performance were evaluated under two experi-
mental conditions: the static condition was defined as the 2 s pause intervals
during which the head remained still, while the dynamic condition corre-
sponded to the active phases of simulated head movements.
During simulated walking on treadmill, head motion performance was as-
sessed exclusively under the dynamic condition.
Error in coil positioning is defined as the difference between the target coil
pose (hotspot) and the actual coil pose.
The following measures were considered:

• Error in coil position: Exy, the Cartesian norm of the positioning error in
the stimulation plane, and Ez, the error along the stimulation axis.

• Error in coil orientation: Eφ , the orientation error norm in the SO(3)
space.

• Normal interaction force: Fz the force between the stimulation coil and
the mock-up head.

Before proceeding with the statistical analysis, outliers of the experimental
trials were identified and removed (no more than 12% of trials were excluded
per strategy) utilising the interquartile range (IQR) method [96].
A one-way analysis of variance (ANOVA) was employed to compare the
performance of the four control strategies. When data did not meet normality
assumptions (verified via the Shapiro-Wilk test), a one-way Kruskal-Wallis
test was applied instead. The control approach was employed as a factor, and
post-hoc comparisons were conducted using the Mann-Whitney test, with
multiple comparisons corrected by Bonferroni.
For walking on treadmill movements, all parameters were evaluated using
a one-way Kruskal-Wallis test. In this case, an additional analysis of the
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variability (assessed through the standard deviation) of the above-mentioned
indexes was conducted.
For translational movements, the same test was applied to all parameters,
except for Eφ in both static and dynamic conditions, and for Exy in dynamic
conditions, which were analyzed using ANOVA.
Finally, for rotational movement, the one-way Kruskal-Wallis test was em-
ployed. The only exception was Ez in dynamic conditions, for which ANOVA
was applied.

3.2.3 Results

Walking on treadmill

Statistically significant differences in coil positioning errors in the stimulation
plane were identified among the various control strategies (Fig.3.4 A). The hy-
brid position-force control approach achieved lower errors compared to the se-
lective (p < 0.01) and low-stiffness isotropic impedance strategies (p < 0.01),
as well as the high-stiffness isotropic impedance control (p < 0.05). Fur-
thermore, the selective control exhibited significantly reduced errors than
the low-stiffness isotropic impedance control (p < 0.01). A similar trend
emerged in the analysis of errors along the stimulation axis (Fig.3.4 B), where
the hybrid control consistently outperformed all other approaches, resulting
in significantly lower values (p < 0.01).
The orientation error also varied significantly across the control methods
(Fig.3.4 C). The high-stiffness isotropic impedance control exhibited higher er-
rors compared to the hybrid (p < 0.01) and low-stiffness isotropic impedance
strategies (p < 0.01), whereas the selective control approach resulted in signif-
icantly lower values than the low-stiffness isotropic impedance approach (p <

0.01). The hybrid control showed a compact distribution around the desired
force value (5N) (Fig.3.4 D), significantly higher than the impedance controls
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(all p values < 0.01). Moreover, the high-stiffness isotropic impedance con-
trol exhibited higher interaction force values compared to both the selective
(p < 0.05) and low-impedance controls (p < 0.01).
Subsequently, an analysis of the variability in coil positioning error, con-
sidering the stimulation plane, axis, and orientation, but also in the normal
interaction force, was conducted to further assess the performance of each
control strategy (Fig. 3.4 E-H). In the stimulation plane (Fig.3.4 E), the hybrid
position-force control presented significantly lower error variation than all
other strategies (p < 0.01), while the selective control exhibited reduced vari-
ability compared to the low (p < 0.05) and high-stiffness isotropic (p < 0.01)
impedance controls.
Along the stimulation axis (Fig.3.4 F), the hybrid position-force control again
showed the smallest error fluctuations compared to the other control strategies
(p < 0.01).
In terms of orientation error (Fig.3.4 G), the hybrid position-force control
strategy presented higher variability than the other control methods (p< 0.01).
However, the orientation error variability remained below 1°, suggesting that
despite statistical significance, the difference is not functionally relevant for
the specific application.
Regarding the interaction force (Fig.3.4 H), the hybrid position-force control
strategy resulted in significantly lower and more consistent force fluctuations
compared to all other strategies (p < 0.001). Furthermore, the high-stiffness
isotropic impedance control exhibited significantly higher force variation than
both the low-stiffness isotropic (p < 0.001) and selective impedance control
strategies (p < 0.001).

Translations

In dynamic conditions, coil positioning errors on the stimulation plane (Fig.3.5
A) were significantly lower for the low-stiffness isotropic impedance method
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compared to the high-stiffness isotropic impedance (p < 0.001) and hybrid
(p < 0.001) strategies. Regarding errors along the stimulation axis (Fig.3.5
B), the hybrid approach demonstrated significantly lower errors than all other
strategies (p < 0.01).
However, the hybrid approach showed a greater orientation error (Fig. 3.5 C)
compared to the high-stiffness isotropic impedance (p < 0.05), low-stiffness
isotropic impedance (p < 0.05), and selective (p < 0.01) strategies.
Conversely examining the interaction force (Fig.3.5 D), the hybrid force-
position strategy resulted in the narrowest distribution around the target value
relative to all other control methods (p < 0.01).
Under static conditions, comparisons of control approaches in terms of coil
positioning errors in the stimulation plane (Fig.3.6 A) showed that the low-
stiffness isotropic impedance strategy achieved higher errors than both the
high-stiffness isotropic impedance (p < 0.01) and hybrid position-force (p <

0.01) approaches. Additionally, the selective control strategy resulted in
reduced errors compared to both the low-stiffness isotropic impedance (p <

0.01) and hybrid (p < 0.01) control approaches. When examining the error
along the stimulation axis (Fig. 3.6 B), lower values are associated with the
hybrid control than all other strategies (p < 0.01). Orientation errors (Fig.3.6
C) were, instead, higher in the hybrid control compared to the high-stiffness
isotropic (p < 0.01), low-stiffness isotropic (p < 0.05), and selective (p <

0.05) impedance approaches. While the observed discrepancy is statistically
significant, it is minimal in practical terms for the intended application.
The hybrid force-position control maintained a stable force profile (Fig.3.6 D)
with values close to the target value and significantly lower variability than
the other approaches (p < 0.01).
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Rotations

Under dynamic conditions for traslational movements, no meaningful statis-
tical differences were detected in coil positioning errors on the stimulation
plane (Fig. 3.5 E) or along the stimulation axis (Fig.3.5 F) across the tested
control methods. Similar to what is observed under static conditions, the
orientation error (Fig. 3.5 G) demonstrated significant differences between
the hybrid control and all other strategies (p < 0.01). Furthermore, the nor-
mal interaction force variability (Fig. 3.5 H) remained significantly different
between the hybrid strategy and the alternative control methods (p < 0.01).
In static conditions, coil positioning errors on both the stimulation plane
(Fig.3.6 E) and axis (Fig.3.6 F) did not show any statistically significant
variation among the different control strategies. In contrast, orientation error
(Fig.3.6 G) revealed a significant distinction only between the high isotropic
impedance control and the hybrid force-position strategy (p < 0.05). In terms
of interaction force (Fig.3.6 H), the hybrid control demonstrated significant
differences compared to the high-stiffness isotropic impedance (p < 0.01),
low-stiffness isotropic impedance (p < 0.01), and selective (p < 0.01) ap-
proaches.
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3.2.4 Discussion

We evaluated four control strategies: high-stiffness isotropic impedance, low-
stiffness isotropic impedance, selective impedance, and hybrid force-position
control under static and dynamic conditions for various head movements. The
results show advantages and drawbacks of each approach, providing a clearer
understanding of how the potential of TMS can be exploited in new research
and clinical applications.
Through the analysis of simulated head movements while walking, our results
indicate that, when compared to the other control methods evaluated, the hy-
brid force-position control achieves the most efficient and stable performance.
In particular, the hybrid approach achieves lower errors in the stimulation
plane, by ensuring that the coil remains accurately positioned over the target
site. The force control along the stimulation axis determines continuous coil-
to-scalp contact, which is required for maintaining a consistent and effective
stimulation target. Indeed, the induced electric field decays with distance
following an inverse-square or inverse-cube law, thus small increases in coil-
to-scalp distance cause a significant decrease in the field strength. The hybrid
method has significantly less positional and force variability, indicating that it
is less prone to perturbations and better able to mantain a stable coil-to-head
interaction.
Under dynamic conditions and during continuous translational and rotational
head movements, the hybrid force-position strategy again resulted in higher
performance. It provided more consistent positioning and lower errors both
on the the stimulation and tangential axes compared to impedance-based
controls. High-stiffness isotropic impedance strategy provided effective posi-
tional accuracy control, but limitations in contact force regulation, resulting
in transient force peaks that could adversely affect patient safety and comfort.
Low-stiffness isotropic impedance control decreased the force peaks at the
cost of a poor accuracy in maintaining the target alignment at the stimulation
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site. Selective impedance offered a compromise solution by improving planar
accuracy while maintaining moderate pressure on the scalp. Despite these
improvements, it performed worse than the hybrid approach in stable coil-to-
scalp contact and in accurate alignment during head movements. Thus, the
hybrid strategy is particularly adapted for rehabilitation or research protocols
where subjects are required to perform an active motor task, as it preserves
coil alignment with the stimulation site even during continuous, complex head
movements.
In static conditions for both rotational and translational movements, high- stiff-
ness isotropic impedance and selective controls offered greater performance
in minimizing coil orientation and stimulation plane errors. Although both
approaches showed slightly higher errors along the stimulation axis compared
to the hybrid control, those errors remained within acceptable limits [59], [68].
However, since both approaches indirectly manage contact force, they have
more variability in force application compared to the hybrid method. This
variability can result in occasional pressure fluctuations that can affect patient
comfort during extended procedures. Selective control offers a trade-off be-
tween the accuracy of coil placement and treatment tolerability. By applying
increased stiffness in tangential directions, it reduces planar errors and keeps
the coil accurately positioned over the target area. Meanwhile, the lower
stiffness along the normal axis prevents excessive scalp pressure and avoids
high-force peaks. This targeted stiffness configuration enhances positional
accuracy and could improve patient comfort and tolerability for long TMS
protocols.
The optimization of the platform has been fundamental in achieving the above
results: the integration of low-cost tracking cameras with a higher sampling
frequency and the use of open-source neuronavigation software has allowed
the development of a platform that has proven to be technical efficient, eco-
nomically sustainable and potentially accessible even in contexts with limited
resources.



52
From Technological Designing to Neuroscientific Application: Experimental Studies with

a Robot-Aided TMS Platform

The next step will be to assess the system on healthy volunteers and then
on clinical populations. This broader experimentation, conducted in real-
world scenarios, will help to demonstrate the platform’s adaptability and
effectiveness, and open up new avenues for innovative clinical and research
applications. Feedbacks on patient comfort and system usability will guide
further platform refinements.
Moreover, we will integrate virtual and augmented reality systems into the
robot-aided TMS platform. This could help the patients immerse themselves
in simulated scenarios that replicate real-life situations and implement task-
based TMS protocols to potentiate state-dependent plasticity, motor learning
and motor adaptation. Further refinements also include the implementation of
adaptive closed-loop approaches, in which physiological or neurophysiologi-
cal signals (e.g., EEG, EMG, HVR) are processed by AI algorithms to adjust
the intensity, timing, and target of stimulation in real time, customizing TMS
protocols to the patient’s needs and potentially increasing their effectiveness.

3.2.5 Conclusion

This study proposes the optimization and the validation of a robotic platform
for TMS that offers high precision and adaptability to active patient movement
during the procedure.
The platform is composed by a 7-DoF robotic manipulator, a high-frequency
optical tracking system, and an open-source neuronavigation software. This
configuration provides a versatile, modular, and cost-effective system.
Four different control strategies were implemented and assessed: high-stiffness
isotropic impedance, low-stiffness isotropic impedance, selective impedance,
and hybrid force-position control. Their performance was evaluated under
both static conditions, corresponding to periods when the head was station-
ary at the end of each simulated movement, and dynamic conditions which
involved simulated head motions of increasing complexity, from simple trans-
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lational and rotational displacements to more complex motion patterns that
replicated walking on a treadmill.
The results defined the strengths and limitations of each approach according
to specific operating conditions, accuracy and safety requirements.
The hybrid force-position control strategy most effectively ensure correct
coil placemment during active head movements while applying constant and
acceptable pressure to the head.
In static stimulation protocols, selective control can be a valid option: this
approach reduces planar errors by increasing stiffness in the tangential di-
rections to keep the coil correctly placed over the target area. At the same
time, lower stiffness along the normal stimulation axis reduces the pressures
exerted on the head.
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3.3 Robot-Aided repetitive TMS (rTMS) to Probe Direc-
tional Representations in Human Primary Motor Cor-
tex (M1): A Pilot Study

Although the involvement of the primary motor cortex (M1) in the execution
of voluntary movements is well-known, it remains unclear which specific
aspects of movement are represented, and how they are encoded.
Since the 1980s, a scientific controversy began, and it was centered around two
opposing views: one proposing that M1 encodes low-level, effector-specific
parameters such as muscle forces or activation patterns (“M1 knows nothing
about movements”), and the other suggesting that it represents higher-order,
extrinsic movement parameters such as trajectory or direction (“M1 knows
nothing about muscles”) [97].
More recent evidence suggests that a more integrative framework is required,
in which M1 activity reflects multiple levels of representation. However, the
specific representation of kinematic parameters, such as movement direction,
and their contribution to the computation of final motor commands is not yet
fully understood.
Recent studies in humans have demonstrated a spatial segregation of move-
ment direction within M1, demonstrating its ability to encode and distinguish
the various directions of motion [98], [99], [100]. This raises the question of
whether direction-tuned populations in M1 can be selectively modulated. To
investigate this, we combined a priming paradigm with state-dependent repeti-
tive TMS (rTMS). In this paradigm, a visual stimulus, indicating the direction
of the upcoming movement, transiently pre-activates neuronal populations in
M1 that encode a specific movement direction (e.g., vertical or horizontal).
With our robot-aided system, rTMS was applied during this brief state of
increased excitability, just before movement onset. In this way, stimulation is
expected to preferentially modulate the activity of the pre-activated direction-
specific population rather than producing a general effect on M1. To assess the
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behavioral effects of rTMS, we evaluate changes in motor performance along
the primed direction, using measures of trajectory accuracy, smoothness, and
movement time.
Thus, we hypothesized that rTMS over M1 selectively modulates motor per-
formance along the primed movement direction compared with sham (vertex)
stimulation. We assessed whether motor performance metrics improved rela-
tive to baseline during M1 stimulation more than during sham stimulation, and
whether these effects persisted after stimulation, for two different movement
directions (vertical and horizontal).

3.3.1 Methods

Participants

Fourteen partecipants were recruited in the experiment: 12 females, all right-
handed, 24.1± 4.8 aged. All subjects completed a screening questionnaire to
identify any possible contraindications to TMS.
The study was approved by the local Ethics Committee (STIMBOY protocol).
All participants signed a written informed consent made in accordance with
the Declaration of Helsinki and later amendments.

TMS

rTMS was delivered using a Magstim Rapid stimulator (Magstim, UK) con-
nected to a Magstim D70 figure-of-eight coil. Stimulation was triggered by
an external TTL input syncronized to the onset of the visual target stimulus.
The coil was positioned tangentially over the left primary motor cortex at a
site located midway between the cortical representations of the right flexor
carpi radialis (FCR) and extensor carpi radialis longus (ECRL) muscles, with
an orientation of approximately 45° relative to the midsagittal plane. This
intermediate position was selected to allow concurrent but submaximal stimu-
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lation of both muscle representations, which lie in close proximity within the
primary motor cortex.
MEPs were recorded from both relaxed right muscles using Ag/AgCl surface
electrodes placed on each muscle in a belly–tendon montage.
The resting motor threshold (RMT) for each participant, determined at the
optimal hotspot for the FCR, was defined as the minimal stimulator output
that induced MEPs with peak-to-peak amplitudes ≥ 50 µV in at least 5 out of
10 successive trials. Stimulation intensity during the experimental protocol
was set at 80% of RMT [101] and applied at the intermediate coil location to
ensure that both FCR and ECRL muscles were effectively activated [102].
During the experimental sessions, the stimulation protocol consisted of short
rTMS trains of 3 pulses at 20 Hz (duration ∼100 ms) delivered within the
∼350 ms reaction window following the target onset.
Depending on the direction of movement to be performed, the stimulation
was applied either over the motor hotspot of the left M1, when the target
corresponded to the direction under investigation, or over the vertex (active
control), when the movement was along the control direction.

Experimental Setup

The experiment was carried out using the robot-aided TMS platform devel-
oped by our team, already described in detail in Section 3.2.
The motor task was implemented as a visuomotor game programmed in Unity
3D and integrated into the NeRRoNav neuronavigation [91].
On the screen, four peripheral targets were displayed at 0°, 90°, 180° or 270°
along a virtual circumference, with a fifth central target. Cursor position was
controlled by a custom 3D-printed wrist-driven manipulandum equipped with
reflective markers. The position and orientation of the manipulandum were
continuously tracked by the infrared cameras of the neuronavigation system,
and a wrist rotation of 20° corresponded to a cursor displacement equal to the
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radius of the circumference.
Movements at 0°/180° corresponded to wrist extension/flexion, whereas move-
ments at 90°/270° corresponded to radial/ulnar deviation.
The game was synchronized with the robotic platform through the neuron-
avigation interface. At the onset of each trial, the system identified the
pseudorandom target direction and transmitted the stimulation target to the
robot via a UDP communication protocol.
In parallel, the game was also interfaced with a TTL triggering device, which
ensured precise timing of rTMS delivery relative to target onset.
As stimulation was programmed to precede movement initiation, the robot
continuously adjusted its position during the ongoing trial, so that the coil
was correctly aligned with the designated cortical site at the beginning of the
subsequent trial. If the subject moved their head slightly immediately before
stimulation, the robot compensated for this displacement and the system auto-
matically suspended the trial if the coil positioning error fell below a threshold
set by the experimenter (5 mm for position and 5° for orientation) [46], [59].

Experimental Protocol

Participants sat comfortably in front of a computer monitor and used a wrist-
driven manipulandum to control the on-screen cursor. The experiment was
organised into four blocks, each consisting of 20 trials, with short breaks in
between to avoid fatigue (Fig. 3.7 A).
At the start of each trial, the cursor appeared at the central target, correspond-
ing to a neutral wrist position. Then, one of the four peripheral targets was
highlighted in red. The order in which the targets were presented within each
block was pseudorandomized so that, by the end of a trial, each of the four
targets had been presented once.
When a target turned red, participants were asked to perform a centre-out
movement, striking the target as quickly and accurately as possible before
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returning the cursor to the centre to await the next cue. The maximum time
allowed to reach the target was set at 2 seconds.
All participants performed movements in both the horizontal (0°/180°; wrist
flexion–extension) and vertical (90°/270°; radial–ulnar deviation) axes (Fig. 3.7
B). Participants were divided into two groups according to the direction in
which rTMS was applied over the left M1: one group (n = 7) underwent
stimulation during horizontal movements and the other group (n = 7) during
vertical movements. For the remaining movement direction, stimulation was
applied to the vertex, which was the active control site.
The sequence of sessions was identical for all participants. The first block was
carried out without stimulation and served as a baseline; during the second
and third blocks, rTMS was applied according to the stimulation protocol de-
scribed above; the fourth block was performed without stimulation to evaluate
whether the effects of rTMS persisted even after stimulation ceased.
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Fig. 3.7 A: Session sequence: baseline (no-TMS), two rTMS blocks, and a final no-TMS block
to test after-effects. B: Participants controlled a screen cursor via a wrist manipulandum and
performed center-out wrist movements (flexion–extension; radial–ulnar deviation) toward four
targets arranged on a circular layout at 0°, 90°, 180°, and 270°. When the target lay along the
task-relevant direction (horizontal in the figure), rTMS was delivered over M1 before movement
onset (3 pulses at 20 Hz, 80% RMT). When the movement was along the control direction (vertical
in the figure), stimulation was instead applied over the vertex.

3.3.2 Data Analysis

Motor performance of each participant was evaluated using the following
parameters:
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• Movement time, defined as the time required to reach the target, mea-
sured from the appearance of the target;

• Movement smoothness, computed according to the index proposed in
[103];

• Absolute directional error, estimated as the area between the actual
trajectory followed by the participant and the straight line connecting
the center of the screen to the target position.

All parameters were normalized to the baseline condition in order to reduce
inter-individual variability and allow a direct comparison of stimulation effects
across participants. For each participant, normalization was performed by
calculating the relative change from baseline according to the following
formula:

x−baseline
baseline

where x represents the mean value of the behavioral metric for each experi-
mental session (stimulation or post-stimulation), computed separately for each
stimulation site (M1 or vertex) and for each movement direction (horizontal
or vertical), while baseline represents the mean value of the same metric
in the baseline (no-stimulation) condition for the corresponding stimulation
condition and movement direction.
Thus, due to this normalization, motor performance parameters values are
dimensionless and reflect proportional changes relative to baseline. For move-
ment time and absolute directional error negative values correspond to im-
proved performance (shorter movement times or smaller errors), while for
movement smoothness, positive values correspond to smoother movements.
Statistical analysis was performed using a three-way repeated measures
ANOVA, with session (stimulation vs post) and stimulation condition (M1
vs vertex) as within-subject factors, and stimulation direction (horizontal vs
vertical) as the between-subject factor.
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The normality of data distribution was assessed using the Shapiro–Wilk test;
in case of violation of this assumption, the non-parametric Durbin test was
employed.
The baseline block (without stimulation) was used exclusively as a reference
for data normalization and was not included in the ANOVA.

3.3.3 Results

No significant main effects of session (stimulation vs. post), stimulation
condition (M1 vs. vertex) or stimulation direction (horizontal vs. vertical)
were detected for any parameters examined (all p ≥ 0.062).
For movement duration, only a modest trend towards a session effect was
observed (p = 0.062), but this did not reach significance (See Table 3.2 and
Fig. 3.8). The analysis of movement smoothness revealed no significant
main effects or interactions, with comparable profiles across conditions (See
Table 3.3 and Fig. 3.9). Finally, for directional error, a similar pattern was
found, with no reliable effects and only a non-significant tendency towards a
session effect (p = 0.085) (See Table 3.4 and Fig. 3.10).

Table 3.2 Results of the 3-way ANOVA for normalized movement duration.

Effect df F p
Session 1, 12 4.240 0.062
Stimulation condition (M1 vs. vertex) 1, 12 0.148 0.707
Stimulation direction (horizontal vs. vertical) 1, 12 0.423 0.527
Session × Stimulation condition 1, 12 0.077 0.787
Session × Stimulation direction 1, 12 0.112 0.743
Stimulation condition × Stimulation direction 1, 12 1.105 0.314
Session × Stimulation condition × Stimulation direction 1, 12 1.553 0.237

Note. Type III sums of squares were used.
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Table 3.3 Results of the 3-way ANOVA for normalized movement smoothness.

Effect df F p
Session 1, 12 0.226 0.643
Stimulation condition (M1 vs. vertex) 1, 12 0.739 0.407
Stimulation direction (horizontal vs. vertical) 1, 12 0.005 0.943
Session × Stimulation condition 1, 12 1.034 0.329
Session × Stimulation direction 1, 12 0.208 0.656
Stimulation condition × Stimulation direction 1, 12 0.716 0.414
Session × Stimulation condition × Stimulation direction 1, 12 0.282 0.605

Note. Type III sums of squares were used.

Table 3.4 Results of the 3-way ANOVA for normalized directional error.

Effect df F p
Session 1, 12 3.533 0.085
Stimulation condition (M1 vs. vertex) 1, 12 0.006 0.939
Stimulation direction (horizontal vs. vertical) 1, 12 0.192 0.669
Session × Stimulation condition 1, 12 1.824 0.202
Session × Stimulation direction 1, 12 0.797 0.389
Stimulation condition × Stimulation direction 1, 12 1.206 0.294
Session × Stimulation condition × Stimulation direction 1, 12 0.055 0.819

Note. Type III sums of squares were used.
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Fig. 3.8 Normalized movement duration for horizontal (H) and vertical (V) stimulation directions.
Data are shown for the stimulation (Stim) and post-stimulation (Post) sessions in both experimental
conditions: M1 and Sham/Vertex. Normalized values are expressed as relative, dimensionless
changes from baseline.

Fig. 3.9 Normalized smoothness for horizontal (H) and vertical (V) stimulation directions. Data
are shown for the stimulation (Stim) and post-stimulation (Post) sessions in both experimental
conditions: M1 and Sham/Vertex. Normalized values are expressed as relative, dimensionless
changes from baseline.



64
From Technological Designing to Neuroscientific Application: Experimental Studies with

a Robot-Aided TMS Platform

Fig. 3.10 Normalized directional error for horizontal (H) and vertical (V) stimulation directions.
Data are shown for the stimulation (Stim) and post-stimulation (Post) sessions in both experimental
conditions: M1 and Sham/Vertex. Normalized values are expressed as relative, dimensionless
changes from baseline.

3.3.4 Discussion

The idea behind this study was ambitious: to test whether it was possible
to selectively modulate directionally tuned neuronal populations in M1 by
combining rTMS and a priming paradigm. We combined a visual directional
prime with short trains of high-frequency rTMS, delivered during movement
preparation, with the aim of modulating the activity of pre-activated popula-
tions coding for a specific movement direction.
The rationale was grounded on neurophysiological and neuroimaging evi-
dence attesting to the existence of segregated directional representations in
M1 [98], as well as on the principle of state-dependent TMS, according to
which stimulation is more selective and effective when applied to neuronal
populations that are already partially active [104].
However, the results of our study did not confirm the hypothesis of a system-
atic behavioural effect resulting from the interaction between priming and
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rTMS. Measures of movement time, smoothness and directional accuracy
revealed no significant differences between conditions, directions or sessions.
Here, we analyze several plausible causes of these null results in more detail.
In a state-dependent paradigm, the precise timing of rTMS stimulation relative
to the desired cortical state is a major factor influencing its effectiveness. In
our protocol, the rTMS trains were synchronized with the appearance of the
visual target. However, it is possible that the window of maximum neuronal
excitability varied from person to person and from trial to trial, making precise
alignment difficult. The literature shows that during movement preparation
the excitability of M1 is modified in a task- and muscle-specific manner,
reflecting the anticipatory specification of the forthcoming movement [105].
Therefore, the fluctuating dynamics of the preparatory state can profoundly
influence the effects of stimulation. Thus, without an online cortical state
monitoring system, the sensitivity of our protocol may have been significantly
reduced.
Moreover, the stimulation parameters were very conservative, involving rel-
atively low-intensity stimulation (80% of the individual RMT) delivered in
short trains (∼100 ms) of only three pulses. While this configuration was safe
and well-tolerated by participants, it is possible that the stimulation was too
weak or brief to produce measurable behavioural effects [106].
Another limitation could be the nature of the motor task. Participants per-
formed highly consolidated and automated movements (wrist flexion-extension
and deviation), which could involve distributed, robust, and redundant cir-
cuits. In such cases, even selective disruption of M1 could be compensated
for by other cortical or subcortical regions, maintaining motor performance
unchanged.
Furthermore, in future experiments, it may be important to control for inherent
motor learning occurring already during the baseline phase and throughout
the protocol, for example by stabilizing performance prior to stimulation, to
ensure that performance improvements can be attributed to rTMS rather than
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to practice effects.
However, despite the lack of results, our study presents a highly relevant
methodological aspect: the use of a robotic platform for innovative TMS
protocols. This system ensured higher stability in coil positioning and en-
abled trial-by-trial dynamic realignment according to the specific experimen-
tal condition. Thanks to synchronization between the visuomotor task, the
neuronavigation system and the robotic arm, the coil was automatically repo-
sitioned on the M1 cortical site corresponding to the stimulation direction, or
on the vertex in control conditions. This ensured that each individual trial was
precisely associated with the correct stimulation site. Such rapid and accurate
realignment would not have been possible manually.

3.3.5 Conclusion

Although this experiment did not lead significant results, it nevertheless high-
lights the practical challenges of attempting to selectively modulate specific
neuronal populations in M1. These findings should be viewed as a valuable
opportunity to refine the proposed stimulation protocol and to consider the
integration of complementary methodological approaches, in order to better
understand the complex functional organization of the motor cortex.
Future studies should aim to improve temporal precision, possibly through on-
line monitoring of cortical states, and to explore stimulation parameters better
suited to induce measurable effects. In parallel, employing less automatized
motor tasks may enhance sensitivity to M1 perturbation.
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3.4 Robot-Aided EEG-Informed TMS: Phase-Specific Mod-
ulation of the Mu Rhythm

Although the introduction of robot-aided TMS platforms can reduce spatial
sources of variability by improving accuracy, repeatability, and reliability
of clinical and research TMS protocols [34], [60], [61], the heterogeneity
of TMS results continues to be partially influenced by the brain ongoing
functional state at the time of stimulation [104].
Conventionally, TMS is delivered in a standardized manner: the brain is
treated as a static system and stimulated according to a predefined protocol.
This approach ignores the concept of state-dependency, which proposes that
the effectiveness of stimulation is also influenced by the neurophysiological
state of the brain at the time of the TMS intervention [104], [107].

Fig. 3.11 Schematic representation of the conventional open-loop TMS approach: stimulation is
delivered according to predefined parameters without accounting for the ongoing neurophysiological
state of the brain.
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TMS can be combined with electroencephalography (EEG) and a robotic
platform to obtain a setup that is able to control both the timing and location
of stimulation with high accuracy. Specifically, EEG allows continuous
real-time monitoring of oscillatory neuronal activity to synchronize TMS
pulses with specific ongoing brain events. Meanwhile, the robotic system
ensures high spatial accuracy of coil placement, by maintaining it fixed at
the stimulation site even during involuntary subject head movements. Due to
the limited widespread of robot-aided TMS platforms, the majority of EEG-
informed TMS studies have been conducted without robotic assistance and
stimulation is typically delivered manually, with spatial accuracy depending
on the operator’s expertise.
Most of this work has focused on synchronizing TMS stimulus delivery
with specific phases of the sensorimotor mu rhythm to assess the effects
on corticospinal excitability as reflected in the amplitude of motor evoked
potentials (MEPs) [31], [108].
Phase prediction algorithms typically fall into two main categories: signal
prediction and single-point prediction [109]. The first approach predicts the
entire signal over a future time window and allows the phase to be calculated
at any point within that interval. One of the first successful application was
the implementation of an algorithm where an autoregressive model was used
to predict the entire future signal, and the target phase was then determined
using the Hilbert transform [110], [111]. On the other hand, the second
approach directly estimates the precise moment at which a given phase occurs
without reconstructing the entire signal. Studies in this context have proposed
solutions based on the analysis of the distance between successive peaks
[112], [113], [114] or the use of Fourier [115] or wavelet transforms [116] to
derive the instantaneous target phase.
However, in both types of approach, the final portion of the signal window is
not reliably used for real-time applications. Indeed, most of them involve the
use of digital filters that introduce distortions at the edges of the signal due to
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incompleteness of the data window. Similarly, methods using mathematical
transforms are less accurate in phase estimation near temporal boundaries,
where the information symmetry is lost due to the absence of future samples.
These structural limitations necessarily require the implementation of a signal
prediction strategy to compensate for the lack of reliably phase estimates in
the immediate present and to try to achieve a good level of accuracy in the
synchronization between stimulation and brain oscillatory state.
Therefore, we introduce a novel real-time brain state-EEG informed-TMS
approach which does not require filters or transformations and can directly
exploit the most recent data within the sliding window to enable an accurate
real-time phase detection. This approach is combined with a robot-aided
TMS platform which offers high spatial accuracy and repeatability, keeping
the coil positioned over the stimulation target throughout the experimental
session, even in presence of subject head movements. We targeted the mu
rhythm at its peak and trough, as well as the phases of the intermediate point
of the ascending phase (from trough to peak), and the intermediate point of
the descending phase (from peak to trough) to assess if stimulation delivered
at these distinct phases may modulate corticospinal excitability.

3.4.1 Methods

Participants

Six right-handed female participants, aged 23 ± 2, were recruited for the
experiment. All subjects completed a screening questionnaire to identify any
possible contraindications to TMS. Selection criteria did not include specific
TMS-related parameters, such as resting motor threshold, nor EEG-related
features, such as the presence of a well-defined peak of the mu rhythm power
spectrum.
This study was conducted after approval of the local Ethics Committee of
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University of Regensburg (protocol number: 25-4130-101), in accordance
with the Declaration of Helsinki and following amendments.

TMS

Single-pulse TMS was administered using a Cool-B35 figure-of-eight coil
connected to a MagVenture X100 stimulator (MagVenture A/S, Denmark).
Stimuli were activated by an external TTL trigger input from the real-time
EEG system.
The coil was positioned over the left primary motor cortex, at the location that
corresponds to the cortical representation of the right first dorsal interosseous
(FDI) muscle, oriented at approximately 45° relative to the midsagittal plane.
MEPs were collected from the relaxed right FDI through disposable self-
adhesive surface electrodes arranged in a belly–tendon configuration.
Coil positioning and orientation were continuously tracked by stereotactic
neuronavigation (Localite GmbH, Sankt Augustin, Germany) and maintained
on the stimulation hotspot throughout the experiment by a robotic arm (Cobot,
Axilium Robotics, France), which provides stable coil placement. If the
subject slightly moved the head immediately before stimulation, the robotic
system compensated for the displacement. The trial was automatically paused
whenever the coil placement error exceeded a threshold defined by the opera-
tor: 5 mm for position and 5° for orientation [59].
The motor hotspot was defined as the scalp location where a TMS pulse
evoked MEPs of maximal amplitude in the contralateral FDI muscle. The
resting motor threshold (RMT) was subsequently determined at this site as the
minimal stimulator output intensity that produces MEPs with a peak-to-peak
amplitude of ≥ 50 µV in at least 5 out of 10 consecutive stimulations. The
stimulation intensity for the experimental sessions was set to 110% of the
individual RMT.
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EEG recordings

EEG was recorded using a TMS-compatible 64-channel actiCHamp Plus
amplifier (Brain Products GmbH, Germany) at a sampling rate of 10 kHz.
Recordings were obtained from 62 passive Ag/AgCl electrodes integrated
into a TMS-compatible EEG cap, using the standard 10–20 configuration
[117]. Ground and reference electrodes were positioned symmetrically on the
partecipant’s forehead, with the ground on the left and the reference on the
right.
To maintain good signal quality, an electroconductive abrasive gel was applied
to keep electrode impedance lower than 5 kΩ, with regular checks performed
before and during the experimental session.
To enable real-time EEG stimulation, the TMS-compatible amplifier was
connected to the TurboLink module (Brain Products GmbH), which provided
ultra-low latency digital streaming (< 1.5 ms) via UDP. TurboLink was con-
figured to continuously stream a user-defined subset of EEG channels (See
next paragraph for more details) to a client PC that performed online signal
processing routines for stimulation control. In parallel, raw EEG data were
stored on a dedicated recording PC for offline analysis.

EEG Signal Processing and Algorithm Architecture

The EEG-informed TMS algorithm was developed in Python 3.11 and it is
divided into two stages: an offline phase, dedicated to the extraction of an
individualized mu rhythm oscillatory template, and an online phase, during
which real-time stimulation is delivered based on the ongoing mu activity.
During the offline phase, resting-state EEG recording was processed through
a custom analysis pipeline.
To reduce the effects of volume conduction and minimize contributions from
non-motor alpha sources, a Hjort trasnformation was applied. The resulting
Hjorth-C3 signal, computed from electrode C3 and its eight nearest neighbors
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(FC1, FC3, FC5, C5, CP5, CP3, CP1, C1), was then used to estimate each
participant’s mu rhythm template.
The Power Spectral Density (PSD) of the Hjorth-C3 signal was analyzed to
identify the dominant mu peak frequency and to define an individualized mu
band, within which the signal was band-pass filtered using a second-order
Butterworth filter.
Mu rhythm activity was detected based on its negative peaks, which provide
a more stable and consistent phase-locking marker than positive deflections,
due to their higher amplitude and sharper morphology.
To consider the variability in amplitude of mu activity across participants, a
subject-specific threshold was applied to select only negative peaks with a
higher signal-to-noise ratio (SNR). Thus, the threshold was calculated based
on the distribution of negative peaks recorded during the resting-state EEG,
such that amplitudes exceeding two standard deviations from the mean were
classified as mu activity.
Epochs of 400 ms centered on each detected trough were extracted and
subsequently averaged to generate a subject-specific mu-rhythm template
waveform.
From this subject-specific mu waveform, four phase-specific templates were
derived. Each template represented the same oscillatory cycle but was phase-
shifted to align with one of four characteristic points: the negative peak,
mid-ascending phase, positive peak, and mid-descending phase.
These templates were then used as reference models for the subsequent on-
line stimulation phase. During the online stimulation phase, EEG data were
continuously acquired and processed in real time.
For each trial, one of the four target phases was randomly assigned according
to a randomized block design. The real-time Hjorth-C3 signal was continu-
ously correlated with the precomputed template associated with that specific
target phase. Specifically, the system performed a correlation between the
most recent EEG segment and the selected phase template (Fig. 3.12). When
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the correlation coefficient exceeded a threshold of r=0.85, the ongoing signal
was found to match the desired phase pattern. At that moment, a phase-
consistent event was detected and a TMS pulse was automatically triggered
via an external TTL signal.
The algorithm imposed a minimum ISI of 2 seconds to prevent phase-resetting
effects.
System latency, measured from EEG acquisition to TTL pulse delivery, re-
mained below 5 ms.

Fig. 3.12 Schematic representation of the EEG-informed TMS algorithm. (A) A participant wearing
an EEG cap with a TMS coil positioned over the left motor cortex. (B) Real-time EEG monitoring of
the Hjorth-C3 signal reveals ongoing mu rhythm oscillations. (C) Target phase detection within the
individualized mu band, based on correlation with precomputed templates. (D) When a matching
phase pattern is detected, a TMS pulse is delivered. (E) Motor-evoked potentials (MEPs) are
recorded from the contralateral FDI muscle.

Experimental protocol

Throughout the experiment, participants were seated comfortably and asked to
stay relaxed, maintaining a resting state with eyes open during the recordings.
Within this setting, the experimental protocol consisted of three consecutive
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phases.
In the preparatory phase, the EEG cap was mounted, the motor hotspot was
identified, and the resting motor threshold was determined.
Participants then completed a five-minute resting EEG recording with eyes
open while fixating a cross located one metre away.
Subsequently, participants received single-pulse TMS delivered at four distinct
phases of the Hjorth-C3 signal: the positive peak, the negative peak, the
intermediate point of the ascending phase (from trough to peak), and the
intermediate point of the descending phase (from peak to trough).
Within each block of 40 trials, 10 stimuli were delivered for each condition.
This block was repeated three times, separated by 1–2 min rest intervals,
resulting in a total of 120 stimuli.
The order of conditions within each block was randomized.
Each experimental session, including setup and all stimulation phases, lasted
approximately three hours.

3.4.2 Data Analysis

EMG Processing

Offline analysis of EMG data was conducted using Matlab (The MathWorks,
Inc., Natick, MA). MEP peak-to-peak amplitudes were computed as the
difference between the highest and lowest voltage values occurring within
20–40 ms after each TMS pulse.
Trials with pre-activation of the target muscle in the pre-stimulus window
(-100 to 0 ms) were visually identified and excluded from following analysis.

Statistical Analysis

To assess the effect of the target phase on corticospinal excitability, we em-
ployed a Linear Mixed-Effects Model.
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The amplitude of the MEPs, the dependent variable, was log-transformed
before analysis to satisfy the residuals’ normality assumptions.
The model included Phase Condition as a fixed effect with four levels corre-
sponding to the target phases of the mu rhythm (Negative Peak, Ascending
Phase, Positive Peak, Descending Phase), and a random intercept for Subject
to consider the inter-individual variability and the inherently hierarchical
nature of the repeated-measures data.
In the case of a significant main effect, pairwise post-hoc comparisons be-
tween all levels of the experimental condition were employed to identify the
specific differences.

3.4.3 Results

Despite the inter-individual variability in MEP amplitudes (Fig. 3.13), a clear
and consistent phase-dependent pattern emerged. Larger responses were
typically elicited around the negative peak and the rising slope of the mu
oscillation, whereas smaller MEPs occurred near the positive peak and falling
slope. The employed Linear Mixed Model showed a significant main effect
of Phase Condition (F(3, 716) = 17.14, p < 0.001).
Post-hoc pairwise comparisons revealed that MEP amplitudes were signifi-
cantly higher during the negative peak and rising slope compared to both the
positive peak and falling slope (all p < 0.001). Additionally, no significant
difference was found between the negative peak and rising slope (p = 0.18),
nor between the positive peak and falling slope (p = 0.10) (Fig. 3.14).
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Fig. 3.13 Distribution of MEP peak-to-peak amplitudes across subjects and conditions. Each
boxplot represents the distribution of MEP amplitudes (in µV) measured at four points of the
oscillatory phase of the mu signal (Negative Peak, Rising Slope, Positive Peak, Falling Slope). Data
are shown separately for each subject (from 1 to 6).
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Fig. 3.14 Distribution of MEP peak-to-peak amplitudes across experimental conditions. Boxplots
illustrate the distribution of log10 transformed MEP peak-to-peak amplitudes (in µV) for each
oscillatory phase condition (Negative Peak, Rising Slope, Positive Peak, and Falling Slope). Dots
represent individual data points pooled across subjects. Significant differences between conditions
are indicated by asterisks (*** p < 0.001).

3.4.4 Discussion

This study introduces a new phase targeting algorithm developed to overcome
the structural limitations of existing approaches. Traditional methods, based
on digital filtering techniques [110], [111], [113] or mathematical transforma-
tions [115], [116] are often affected by artifacts at the temporal edges of the
signal. Since the final portion of the signal is unreliable, these approaches do
not have a most recent reference point and must therefore resort to predictive
models to estimate when the target phase will occur. In contrast, the proposed
algorithm operates in real time and exploits only the most recent EEG data,
which is continuously compared with a mu rhythm template specific to each
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participant. In contrast, the proposed algorithm operates in real time and
exploits only the most recent EEG data, which is continuously compared
with a mu rhythm template specific to each participant. Furthermore, unlike
approaches that excessively manipulate the signal and can lead to an estimate
of the target phase that is far from the actual intrinsic neural dynamics, our
method preserves the individual morphology of the mu rhythm, allowing TMS
to be synchronized with a well-defined, specific and reproducible neurophysi-
ological state.
Using this algorithm, we investigated how corticospinal excitability varies as a
function of the instantaneous phase of the mu rhythm when TMS is delivered
in synchrony with ongoing brain activity.
The results showed a phase-dependent modulation of corticospinal excitability:
MEP amplitudes were greater when stimulation occurred near the negative
peak and during the ascending phase of the mu rhythm, while they were
significantly suppressed near the positive peak and in the descending phase
[111], [118].
Higher excitability around the negative peak may reflect a transient increase
in the depolarization of pyramidal neurons that promotes synchronization
and facilitates TMS-induced cortical recruitment. In contrast, the reduction
in MEP amplitudes around the positive peak may indicate hyperpolarization
or an increase in local inhibitory mechanisms that limit the likelihood of a
response. These results support the view that the mu rhythm might function
as a dynamic gating mechanism within sensorimotor circuits, modulating
cortical excitability through alternations between excitatory and inhibitory
network states [111]. In future studies, however, it would be useful to combine
phase-specific conditions with stimulation that is not phase-locked to the mu
rhythm, in order to allow a direct comparison with traditional TMS. This
would help to better understand whether the observed effects truly depend
on stimulation timing and whether phase targeting affects the variability of
responses across subjects.
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Overall, the results suggest that the temporal dimension is an important factor
in non-invasive brain stimulation. The brain’s response to external input does
not depend solely on the intensity or location of the stimulation, but also
on the neurophysiological functional state at the time of intervention. Thus,
temporal synchronization between TMS stimulation and the optimal phase
of the endogenous oscillatory activity may improve the effectiveness of treat-
ment, but also the reliability and the predictability of the neurophysiological
effects of TMS, while potentially reducing the inter-individual variability that
traditionally limits the robustness of experimental and clinical results.

3.4.5 Conclusion

In conclusion, this study introduces a new real-time EEG-informed TMS
algorithm capable of identifying specific phases of mu oscillatory activity
without relying on predictive models.
The results show that corticospinal excitability may be dynamically modulated
by the instantaneous phase of the sensorimotor mu rhythm. In particular, TMS
pulses delivered around the negative peak and during the ascending phase of
the mu oscillation generated significantly larger MEPs than those delivered at
the positive peak and in the descending phase.
However, in future we should verify whether the proposed approach can be
generalized to other frequency bands and/or implemented in rTMS protocols,
evaluating its application to the clinical population as well.



Chapter 4

Conclusion and Future Outlook

Although TMS is a relatively new technique, with only four decades of history,
it has already become a consolidated and versatile tool for a wide range of
applications, from research to clinical purposes [3], [119]. However, the
variability of its results still limits its full potential. This inconsistency arises
from the complexity of managing multiple sources of variability: on one hand,
extrinsic factors related to the subjects, including, for instance, brain anatomy
and brain activity state during the stimulation session [120], [121], [122]; on
the other hand, intrinsic factors related to the technique itself, such as coil
positioning accuracy and stimulation [8], [33], [123].
Recent scientific and technological landscape offers promising opportunities:
the latest advances, from the introduction of robot-aided TMS platforms that
ensure high spatial accuracy, to the development of intelligent algorithms that
process neurophysiological signals and customize the stimulation, constitute
a concrete step toward the development of more reliable and effective stimula-
tion protocols [120], [123], [124].
In this still emerging scenario, this thesis ultimately aimed to investigate how
the use of a robot-aided TMS platform could foster the implementation of
more precise, flexible, and tailored stimulation paradigms that would be too
challenging for a human operator.
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The starting point was the optimization and validation of a robot-aided
TMS platform to achieve a modular, flexible, and economically sustainable
system. By implementing and validating different control strategies, the plat-
form was tested in static and dynamic conditions. In particular, in the latter
conditions, which represent an innovative use of TMS, the system proved to
be a powerful methodological tool for the implementation of new stimulation
paradigms that can be administered during the execution of complex motor
tasks, such as walking. This approach opens up interesting prospects for a
more detailed understanding of motor control and motor learning mechanisms,
and for their use in more targeted rehabilitation treatments for movement dis-
orders.
The next step was to employ this methodology in complex and advanced
stimulation protocols. Exploiting the spatial accuracy and dynamicity of
robot-aided TMS platforms, this work investigated a further dimension: that
of state-dependency. A robot-aided rTMS protocol, combined with a di-
rectional priming paradigm, was proposed to investigate the possibility of
selectively probing populations of neurons that encode a specific direction of
movement during the preparatory phase of the action. Although the behavioral
results were inconclusive, probably due to a combination of factors, including
the absence of cortical activity monitoring to determine the optimal timing for
rTMS delivery and the limited sensitivity of the behavioral task performed, the
use of robot-aided TMS platform in this experimental design was fundamen-
tal. It allowed for rapid and accurate repositioning between distinct cortical
sites (M1 and vertex), trial by trial and according to the specific experimental
condition, with a time interval of less than two seconds.
Finally, this work achieved a qualitative leap by integrating the spatial accu-
racy provided by the robot-aided TMS platform with the temporal precision
of EEG. An EEG-informed TMS approach was developed, enabling real-time
synchronization of TMS delivery with specific phases of each participant’s
endogenous mu rhythm. The results were promising, confirming that corti-
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cospinal excitability is not constant but fluctuates, being higher during the
descending phase and at the negative peak of the mu rhythm, and reduced
at the positive peak. The brain’s response to external input does not de-
pend solely on the intensity or location of the stimulation, but also on the
neurophysiological functional state at the time of intervention, the temporal
synchronization between TMS stimulation and the ongoing brain activity
could amplify the effectiveness of treatments, but also the reliability and the
predictability of the neurophysiological effects of TMS.

These achievements, however, should not be seen as the end of a journey,
but as the groundwork for an even more ambitious research program.
The most immediate direction is a rigorous and gradual clinical validation
process, aimed at translating the technical advantages of the robot-aided
TMS platform into tangible benefits for patients, accompanied by continuous
technical refinement of the system to improve its robustness, usability, and ac-
cessibility. At the same time, the solid foundations laid by the EEG-informed
TMS approach need to be explored to their full potential, generalizing its use
to other frequency bands (e.g, beta, gamma) and implementing it in rTMS
protocols to verify its ability to induce more robust and lasting plasticity.
The ultimate goal, which combines all these threads, is the realization of an
integrated, closed-loop stimulation platform. This system would combine
robotics with artificial intelligence algorithms capable of automatically adapt-
ing not only the position of the coil, but also the intensity and timing of the
stimulation based on the patient’s neurophysiological signals. Further syn-
ergy with Virtual and Augmented Reality technologies would complete this
architecture, creating more immersive and engaging stimulation environments
and allowing their application in more dynamic and functionally significant
settings.
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