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Abstract— Transcranial magnetic stimulation (TMS) is a
non-invasive and safe brain stimulation procedure with
growing applications in clinical treatments and neuro-
science research. However, achieving precise stimulation
over prolonged sessions poses significant challenges.
By integrating advanced robotics with conventional TMS,
robot-assisted TMS (Robo-TMS) has emerged as a promis-
ing solution to enhance efficacy and streamline proce-
dures. Despite growing interest, a comprehensive review
from an engineering perspective has been notably absent.
This paper systematically examines four critical aspects
of Robo-TMS: hardware and integration; calibration and
registration; neuronavigation systems; and control sys-
tems. We review state-of-the-art technologies in each area,
identify current limitations, and propose future research
directions. Our findings suggest that broader clinical adop-
tion of Robo-TMS is currently limited by unverified clinical
applicability, high operational complexity, and substantial
implementation costs. Emerging technologies—including
marker-less tracking, non-rigid registration, learning-based
electric field (E-field) modelling, individualised magnetic
resonance imaging (MRI) generation, robot-assisted multi-
locus TMS (Robo-mTMS), and automated calibration and
registration—present promising pathways to address these
challenges.

Index Terms—Transcranial magnetic stimulation, non-
invasive brain stimulation, medical robots, image-guided
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[. INTRODUCTION

RANSCRANIAL magnetic stimulation (TMS) is a

non-invasive and safe brain stimulation procedure first
introduced in 1985 [1]. It utilises a time-varying electromag-
netic field generated by coils to induce an electric current in
targeted brain regions [2], [3], [4]. As neurogenic diseases and
mental disorders remain leading causes of disability and con-
tinue to pose a significant global health burden [5], there is a
growing demand for effective diagnostic and therapeutic tools.
Leveraging its neurostimulation and neuromodulation capabil-
ities, TMS has been extensively explored for diagnosing and
treating various neurogenic diseases and mental disorders [6],
[71, [8], as well as for brain mapping research [9], [10], [11],
[12]. Since TMS does not require active subject participa-
tion, it can be effectively performed on individuals who are
paralysed, sedated, or uncooperative [13]. Following its initial
approval by the U.S. Food and Drug Administration (FDA)
in 2008, TMS has seen growing adoption in neurosurgery
planning and treating depression, obsessive-compulsive disor-
der (OCD), migraines, and smoking cessation especially when
standard treatments have proven ineffective [14], [15].

In conventional TMS, clinicians cannot directly visualise
the stimulation spot beneath the scalp, and even the corre-
sponding location on the subject’s head is often obscured by
the stimulation coil. Maintaining precise targeting throughout
prolonged sessions is further complicated by the need to
manually hold the coil. To address these challenges, advanced
robotics innovations have been integrated into conventional
TMS to enhance clinical outcomes. These advancements
include neuronavigation systems for accurate stimulation tar-
geting, electric field (E-field) modelling for the estimation
of induced E-field distribution, optical tracking systems for
subject’s head movements compensation, and robot arms
for stable and precise coil placement. Reflecting these new
capabilities, the terminology used to describe these pro-
cedures has evolved: TMS enhanced with neuronavigation
systems is often referred to as navigated TMS (nTMS) [16];
automated systems that incorporate robot arms are termed
robotic TMS, robotised TMS, robot-assisted TMS (RA-TMS),
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Fig. 1. Atypical application scenario of Robo-TMS. The subject lies in a
chair with a head marker attached. An optical tracking camera monitors
head and coil markers to guide the robot arm in compensating for
head movements, maintaining a consistent coil-to-head transformation
for accurate stimulation. The TMS stimulator generates current pulses
into the TMS coil, and the resulting induced E-field within the subject’s
head is visualised by the neuronavigation software on the monitor.

or robot-assisted image-guided TMS (RI-TMS) [17]. To ensure
clarity and consistency, we adopt the term robot-assisted TMS
(Robo-TMS) to describe the integrated system illustrated in
Fig. 1.

Recent literature on PubMed indicates a growing interest
among medical researchers in more advanced TMS devices
to meet evolving clinical needs. However, comprehensive
reviews on Robo-TMS, particularly from an engineering per-
spective, are absent. Existing reviews primarily focus on the
fundamental aspects of TMS [3], [13], [18] and its clinical
applications [7], [8], [9]. Some reviews emphasise the impor-
tance of neuronavigation systems and the necessity for high
accuracy [19], [20], [21], while others delve into specific
aspects like E-field modelling [22], [23], brain mapping [24],
and accuracy comparisons across different systems [25], [26],
[27], [28]. Although early insights into Robo-TMS are pro-
vided by a book [29] and a doctoral thesis [30] over a
decade ago, the rapid advancements in robotics underscore
the need for a comprehensive review that introduces emerging
engineering tools for addressing current challenges in TMS
practice and informs the development of technology that aligns
with clinical requirements.

This review focuses on the core technologies and com-
ponents of Robo-TMS, while omitting elements that have
been widely discussed in conventional TMS, such as pulse
waveform, cooling, power supply and etc. The main objectives
are

1) to identify the status and challenges in four critical
aspects: hardware and integration, calibration and reg-
istration, neuronavigation systems, and control systems;

2) to bridge the gap between the medical and engineering
perspectives, providing a comprehensive understanding
of Robo-TMS;

3) to propose directions for further research and develop-
ment by discussing how to potentially enhance clinical
outcomes and reduce operational costs.

To the best of our knowledge, this is the first review to
comprehensively survey the status and challenges of Robo-
TMS from an engineering perspective. We hope it can foster

collaboration among clinicians, engineers and researchers,
ultimately driving future advancements in the field.

Il. HARDWARE AND INTEGRATION
A. System Setup

Manually holding the coil for prolonged TMS procedures
not only exhausts clinicians but also leads to inaccura-
cies caused by fatigue, affecting stimulation efficacy. While
mechanical holders offer some stability [39], they are unable
to compensate for unexpected head movements. Compromised
solutions, such as instructing subjects to remain still or
employing head restraints, often cause discomfort and stress.
Robo-TMS, which integrates neuronavigation with a robot arm
to ensure accurate coil targeting and precise coil placement,
has been developed aiming to enhance both comfort and the
overall efficacy of stimulation. In 2000, the first Robo-TMS
system was developed by mounting a TMS coil onto the
neurosurgical robot NeuroMate, a five-joint serial robot [40].
This system achieves precise coil placement with an accuracy
of approximately 2mm [41]. However, due to the lack of head-
tracking capability, it requires subjects to maintain a stationary
head position during procedures.

Subsequent Robo-TMS systems can be broadly categorised
into two types: industrial robot-based systems, valued for their
adaptability and accessibility; and specialised robot-based sys-
tems, tailored to clinical safety and efficacy requirements with
enhanced integration. A typical industrial robot-based system
is first introduced by adapting a standard six-joint industrial
robot and integrating it with an optical tracking system for
automated neuronavigation [30], [42]. Later advancements
incorporate force sensors for collision avoidance and safe
coil-to-head contact [29]. Other industrial robot-based systems
employ similar configurations [43], [44], including a parallel
industrial robot-based system designed to enhance stiffness
and reduce moving mass, enabling faster and more precise coil
placement [45]. In parallel, specialised robot-based systems
also incorporate the optical tracking system and force sensors
but differ by employing customised designs to stabilise the
dynamic coil cable and constrain coil movement tangentially to
the subject’s head, thereby better meeting clinical requirements
for safety and efficacy [31], [35], [46], [47]. Both types
of systems underscored the importance of integrating force
or torque sensors to adjust contact forces dynamically [48],
ensuring the stimulation coil maintained optimal proximity to
the scalp—a key factor in achieving effective stimulation [49].
A comparison of typical TMS system configurations and their
performance is provided in TABLE 1.

Building on these typical systems, innovations have con-
tinued to refine Robo-TMS. To address tracking loss caused
by robot occlusion, some systems mount cameras directly
onto the robot’s end-effector, ensuring continuous visual
feedback during procedures [50]. Teleoperated haptic-enabled
Robo-TMS systems are developed to facilitate remote TMS
treatments, providing significant benefits for rural healthcare
delivery [51]. Recent advancements have also focused on
marker-less tracking, eliminating the need for head and coil
markers [52], [53]. This method simplifies registration pro-
cesses, minimises manual errors, shortens treatment times,



2608

IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 33, 2025

TABLE |
THE COMPARISON OF TYPICAL TMS SYSTEMS

Conventional TMS System

Industrial Robot-based Robo-TMS System

Specialised Robot-based Robo-TMS System

Holders Passive Mechanical Holder
Force / Torque Sensors None
Optical Tracking Optional
E-field Modelling Optional
Accuracy” ~ 6mm/ ~ 3° [31]-[33]
Contact Force” 6 — 10N [34]

Examples

Magstim™ Horizon Lite [36]

Active Industrial Robot Arm

~ 2mm/ ~ 1.5° [31]-[33]
~ 2.5N [32], [35]

Axilum Robotics™ TMS-Cobot [37]

Active Specialised Robot Arm

Required Required
Required Required
Recommended Recommended

~ 2mm/ ~ 1.5° [31]-[33]
~ 2.5N [32], [35]

Yiruide™ Mag-aim [38]

* Accuracy and contact force listed in the table are for specific commercial systems and experimental prototypes.

and consequently enhances the overall experience for both
clinicians and subjects. Additionally, novel multi-locus TMS
(mTMS) systems utilise coil arrays to produce spatially
controlled magnetic fields [54], [55]. By integrating robotic
movements with spatially controlled magnetic fields, robot-
assisted mTMS (Robo-mTMS) achieves rapid and accurate
targeting [56], [57].

Currently, four commercial Robo-TMS systems lead the
market: Axilum Robotics® TMS-Cobot and ANT’s Smart-
move (industrial robot-based systems); Axilum Robotics’
TMS-Robot and Yiruide’s Mag-aim (specialised robot-based
systems). Notably, Axilum Robotics’ TMS-Cobot is the first
Robo-TMS system to receive clearance from the U.S. FDA
for clinical use. Although Robo-TMS offers advantages over
conventional TMS, its clinical adoption remains in the early
stages and continued developments are essential to fully realise
its potential.

B. Coil Design

The TMS uses a high-voltage power supply to charge capac-
itors, which are then rapidly discharged into the TMS coil.
This process generates a brief magnetic field pulse, delivered
via electromagnetic coils placed on the subject’s scalp. The
pulse induces electric currents in the underlying cortical tissue,
which can stimulate neurons when these currents exceed
a threshold [58]. This capability allows TMS to stimulate
specific brain regions, potentially controlling neural activation.
The principle of TMS is shown in Fig. 2.

The design of the TMS coil, including its shape, size, and
number of winding turns, is crucial for stimulation safety and
efficacy. The coil’s configuration affects not only how the
E-field is distributed within the brain but also its intensity
and pulse width. The primary objective of coil design is to
enable targeted brain stimulation while minimizing unintended
activation of surrounding brain regions [3], [6].

1) Standard Coils: The circular coil or round coil is the most
basic coil design, generating an annular E-field. Circular coils,

Figure-of-eight Coil e——— --

Magnetic Flux e—

Induced Current

Target Area

Fig. 2. The principle of TMS. TMS operates on the principle of
electromagnetic induction (Faraday’s law of induction). A rapidly chang-
ing current passing through the coil generates a brief magnetic field
pulse, which induces electric currents in the targeted brain region. The
distribution of the induced E-field is influenced by the coil design, its
placement on the scalp, and the intensity of the applied current.

typically 9cm in diameter, penetrate relatively deep, inducing
currents over broad brain regions. This non-focal stimulation
uniformly activates all regions beneath the coil’s annulus
at peak current densities. As a result, effective stimulation
requires placing the annulus, rather than the coil’s centre, over
the target cortex [2], [59].

The figure-of-eight coil, first introduced in 1988 [60] and
also known as a double or butterfly coil, consists of two
adjacent circular coils with opposing currents. This design
generates the highest current density directly beneath the coil
intersection, where the E-field aligns parallel to the wires at the
centre. Consequently, focal stimulation is achieved by placing
the coil’s centre over the target, concentrating the current in
a central region with a density two to three times higher than
at the edges. This focality makes the figure-of-eight coil ideal
for precise cortical stimulation in both research and clinical
applications [2], [59], [61].
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2) Coils for Deep TMS: Standard TMS coils, mainly stim-
ulate superficial cortical regions, as their E-field intensity
decreases rapidly with depth [62]. Consequently, reaching
deeper brain regions necessitates substantially higher inten-
sities, which may exceed the capabilities of standard coils
and pose safety concerns such as discomfort and side
effects. To address these limitations, deep TMS (dTMS)
coils have been developed with optimised E-field distribution
that has higher intensity at deeper regions while minimising
excess stimulation at the cortical surface by reducing E-field
decay [63]. This innovation is particularly valuable for treat-
ments requiring direct stimulation of deep neural pathways.
Below are some common dTMS coil designs:

a) Double-cone coils: The double-cone coil, also known as
an angled butterfly coil, is an enlarged version of the figure-
of-eight coil. Its two circular windings are angled towards
the subject’s head, enhancing the magnetic field strength and
electrical efficiency at greater depths. This coil penetrates
deeper into the brain but is less focal than the standard figure-
of-eight coil, making it suitable for stimulating regions 3—4cm
deep, such as the primary motor region of the leg [59].

b) H-coils: The H-coil, or termed Hesed coil, is designed
to induce a deeper E-field than figure-of-eight coils, albeit with
reduced focality [49]. The H-coil features a complex winding
pattern and larger dimensions, with elements strategically
placed around the target brain region to generate a summation
of the E-field at a depth of 4 — 6cm. This design allows for
deeper brain stimulation without excessively stimulating the
cortical surface [59], [63], [64].

¢) Halo circular assembly coils: The halo circular assembly
coil (HCA-coil) is a large circular coil designed to be placed
around the head, providing sub-threshold E-field stimulation
in deep brain tissues. It can be used in conjunction with
a conventional circular coil positioned at the top of the
head. This design allows for more flexible and deeper brain
stimulation than standard circular coils, with additional coaxial
circular coils developed to reduce E-field intensity in superfi-
cial cortical regions [59].

d) Helmet coils: The helmet coil, a dTMS coil with
customised geometry, is designed using continuous current
density inverse boundary element method (IBEM) to optimise
depth control and minimise power dissipation. Its subject-
specific design, tailored to the shape of the subject’s head,
enables focal stimulation in regions such as the prefrontal
cortex and right temporal lobe. According to [65], helmet
coils can increase stimulation depth by over 15% compared to
H-coils with similar focality.

3) Coils for Multi-Locus TMS: Conventional TMS coils
stimulate a fixed location directly beneath the coil, requir-
ing physical movement to target different brain regions.
This physical movement is slow and limits applications like
feedback-controlled stimulation, where rapid adjustments are
necessary. To overcome these limitations, a 2-coil mTMS
system has been developed, enabling electronic targeting of
nearby cortical regions along a 30mm line segment with-
out moving the coil [54]. Further advancements include a
5-coil mTMS system that allows for adjusting the location and
orientation of the E-field maximum within a 30mm diameter
cortical region [55]. Design optimisation of mTMS has also
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Fig. 3. The depth-focality trade-off in TMS coil design. The depth is
quantified by d; /25 and the focality is quantified by the spread S; /2
For any type of coils, deeper stimulation is accompanied by increased
spread, indicating reduced focality [59], [61].

been investigated to address the manufacturing challenges of
mTMS coils, such as excessive winding density [66]. Although
mTMS coils enable faster and more complex stimulation
patterns, targeting multiple brain regions with varying E-field
directions, timings, and intensities, the stimulation region of
mTMS is still limited due to manufacturing challenges.

4) Depth-Focality Trade-off: In TMS coil design, there is a
fundamental trade-off between stimulation depth and focality
as shown in Fig. 3. Larger coils penetrate deeper into the
brain but at the cost of reduced focality, stimulating larger
regions of the brain surface. Conversely, coils designed for
focal surface stimulation experience rapid E-field decay at
greater depths, limiting their efficacy in deeper regions [62].
Simulations of 50 coil designs highlight this depth-focality
trade-off, illustrating the challenge of achieving both deep
penetration and precise targeting in TMS [59].

This trade-off can be quantified by metrics such as Ej,y
(the maximum E-field strength), dj,» (the depth at which

the E-field drops to half of Ejqx), and Si2 = :l/ll—//; (a
focality measure), where Vi, indicates the volume beneath
the cortical surface in which the E-field exceeds %Emax, with
smaller S1,, values indicating better focality [59], [67], [68].
Based on quantitative metrics, multi-objective optimisation
algorithms can be used to generate the computational design of
TMS coils that balance focality, depth, and energy efficiency,
reaching specific depths without exceeding predefined E-field
strength limits [69]. A similar trade-off also applies to mTMS.
By examining the interplay among coil number, focality, and
the cortical region over which the E-field peak can be con-
trolled, researchers have shown that expanding the controllable
region while maintaining the same number of coils necessitates
a compromise in E-field focality [70].

[1l. CALIBRATION AND REGISTRATION

Calibration and registration are essential to ensure accu-
rate targeting and efficient stimulation of brain regions by
establishing the initial settings and subject-specific config-
urations, including workspace calibration, registration and
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stimulation intensity calibration. These processes align the
robot’s workspace, optical tracking systems, and the subject’s
anatomy, while also adapting the equipment’s parameters to
individual characteristics.

A. Workspace Calibration

Workspace calibration in Robo-TMS synchronises the coor-
dinate systems of the camera and the robot, enabling accurate
transformation of visual information into robot movements.
Without proper calibration, the robot cannot accurately inter-
pret the target within its workspace, leading to operational
inaccuracies.

In robotics, calibrating the spatial relations between a robot
arm and a camera is a well-established problem, commonly
known as hand-eye or robot-world calibration. The calibration
can be divided into two categories based on the configurations
of the camera-robot system: eye-to-hand and eye-in-hand.
As a natural extension of conventional TMS systems where
the coil is handheld, most Robo-TMS systems [32], [53],
[71], [72] adopt the same eye-to-hand configuration to keep
the coil-holding device lightweight and mechanically simple.
In this setup, the camera is fixed in the workspace and
operates independently of the robot arm’s movements. More
recent Robo-TMS systems [50] explore the eye-in-hand con-
figuration, where the camera is mounted on the end-effector
and moves with the robot arm. This setup ensures that the
camera’s line of sight remains unobstructed by the robot
throughout the procedure. However, it is generally limited to
marker-based tracking systems, as mounting the camera on the
end-effector makes it difficult to capture facial features, which
are commonly used in marker-less tracking.

Regardless of the configuration, the core concept of
hand-eye calibration is to ensure that the relative motion
observed by both the robot (hand) and the camera (eye) is
consistent, allowing the rigid transformation between different
components to be accurately estimated through multiple obser-
vations. Mathematically, the common eye-to-hand calibration
problem can be expressed by the equation shown below.

MX = YN (1)

where all matrices are 4 x 4 homogeneous transformations
in special Euclidean group SE(3). Here, M represents the
transformation between the robot’s end-effector frame and the
robot’s base frame, N represents the transformation between
the coil frame and the camera’s base frame, and X and Y are
the unknown transformations between the robot’s end-effector
and coil frames, and the robot’s base and camera’s base frames,
respectively.

Building on standard calibration techniques, the method
described in [32] is optimised for Robo-TMS by accounting
for the robot’s specific workspace during treatments, charac-
terised as a spherical shell around the subject’s head. Tested
across three calibration algorithms—SGO [73], QR24 [74],
and QUAT [75]—it reduces positional error by 34% and
orientation error by 19%. Additionally, a method employs
an optical tracking system to independently measure coil
geometry and compute the required transformation with high
accuracy [76].

B. Registration

After workspace calibration, the robot arm can accurately
interpret and locate targets from the optical tracking system
within its workspace. However, to stimulate the target tissue
effectively, individual factors—such as the size and shape of
the head and brain, the distance between the stimulating coil
and the target tissue, as well as the location and orientation of
anatomical structures—must be defined for each subject [13],
[77]. Consequently, an individual or individualised magnetic
resonance imaging (MRI) is typically required to represent
the subject’s static neuroanatomy for alignment. In fact, spatial
and temporal alignment are critical in any multi-source system.
In Robo-TMS, registration refers to aligning the MRI of
the subject’s neuroanatomy with the physical head in the
workspace, a prerequisite for neuronavigation [78]. Once
registration is complete, the subject’s neuroanatomy can also
be represented in the robot’s workspace, enabling Robo-TMS
to visualise brain structures despite their location within the
physical head. This alignment facilitates accurate stimulation
within the most intricate organ in the human body.

A comprehensive analysis reveals that the registration
method is a major contributor to the level of error
in neuronavigation [79]. In Robo-TMS, two main types
of registration methods are commonly used: landmark-based
registration and surface-based registration. Landmark-based
registration involves manually selecting at least three cor-
responding points on the MRI and the subject’s head,
but it generally offers lower accuracy and precision than
surface-based methods due to limited landmarks [80]. Com-
mon landmarks include the nasion (bridge of the nose), the
left and right pre-auricular points, and occasionally the tip of
the nose. However, the manual selection of landmarks leads
to registration errors. In [79], mean errors of 2.9mm/1.1° for
accuracy and 1.4mm/0.6° for precision were reported, with
larger errors observed in posterior regions of the head [81],
[82].

By contrast, surface-based registration, which starts with
landmark-based alignment followed by digitising points on
the scalp and matching them to a scalp mesh derived from
the MRI, significantly reduces human-induced errors. This
method achieves mean errors of 1.0mm/0.7° for accuracy and
0.6mm/0.4° for precision [79]. However, challenges remain,
particularly with the use of 3D stylus digitisers, which require
manual manipulation and longer measurement times. As high-
lighted by [20], the time required for registration is a critical
factor in operating room efficiency, as clinicians must wait for
registration to be completed before continuing the procedure.
During the procedure, any fiducial marker shift necessitates
re-registration, further delaying the process. To address these
limitations, advanced surface-based 3D digitisation techniques,
such as 3D laser scanning [83] and photogrammetry-based
systems [84], have been proposed. These methods enhance
accuracy while streamlining the registration process.

In addition, registration can also be performed using either
rigid or non-rigid methods. Rigid registration considers only
translation and rotation, ignoring the complex spatial defor-
mations inherent to soft tissues. While rigid methods currently
dominate Robo-TMS due to the skull’s rigid structure, they are
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less suitable for aligning soft tissue regions such as the face
and brain, where non-rigid deformation is common. Non-rigid
registration methods offer the potential to improve alignment
accuracy in these areas by modelling such deformations.
However, they remain relatively immature and face challenges
including sensitivity to noise, outliers, varying deformation
levels, and incomplete data [85]. These limitations reduce
robustness and increase computational complexity. Neverthe-
less, as non-rigid methods mature, they are expected to further
improve registration accuracy and precision in Robo-TMS
applications [19], [78], [86].

C. Stimulation Intensity Calibration

The TMS treatment begins with a mandatory step to
determine the appropriate stimulation intensity for the tar-
get region [6], [8], as this depends on the subject’s unique
neuroanatomy and is essential for personalised treatment.
Typically, the motor threshold (MT), defined as the minimum
stimulation intensity that corresponds to a 50% probability of
eliciting a motor response, serves as a reference for calibrating
stimulation intensity at other cortical targets. To establish the
MT, clinicians first search within the primary motor cortex
(M1) using a clinically guided starting intensity to locate the
motor hotspot, where stimulation could evoke responses in
a target muscle, commonly the first dorsal interosseous or
abductor pollicis brevis of the dominant hand. Once the motor
hotspot is identified, the stimulation intensity is gradually
adjusted to determine the resting or active MT by recording
the muscle responses evoked by stimulation. Subsequent stim-
ulation intensities for the target region are then expressed as a
percentage of the individual’s MT, in accordance with safety
guidelines and to standardise stimulation [4], [87].

While early methods efficiently automate MT estima-
tion [88], clinicians still need to first manually identify the
hotspot, introducing variability between clinicians. To address
this, the first automated hotspot localisation method based
on MTs mapping has been introduced [89]. Building on
this, AutoHS—a probabilistic Bayesian model—has been
developed to automate hotspot localisation, offering improved
reproducibility, speed, and reliability compared to earlier
methods [90]. By integrating AutoHS with Robo-TMS and
automated MT estimation, the first fully automated setup
procedure for Robo-TMS has been proposed, aiming to reduce
inter-subject variability and minimise setup time [90].

However, these automated stimulation intensity calibration
methods require a large number of motor evoked potential
(MEP) measurements and operate with a fixed stimula-
tion orientation. Furthermore, these methods heavily rely
on sparse grids between coil positions, potentially limiting
accuracy. To overcome these limitations, recent studies [91],
[92] introduce algorithms supported by mTMS, designed to
automatically optimise stimulation parameters, location, and
orientation to elicit the largest MEPs.

V. NEURONAVIGATION SYSTEMS
The neuronavigation system utilises optical tracking and
E-field modelling, alongside neuroanatomical data, to provide
real-time guidance to clinicians during procedures. This sys-
tem serves as a critical component of Robo-TMS. As discussed

in Section III, workspace calibration establishes the transfor-
mation between the coordinate systems of the optical tracking
camera, the coil, and the robot arm, while registration estab-
lishes the relationship between the image of an individual’s
brain anatomy and their physical head. However, compared
to calibration and registration that occur during the initial
setup, the neuronavigation system is essential for determining
the real-time pose relationship between the head and the coil
within the optical tracking camera’s coordinate system, as well
as the induced E-field based on this relative pose during the
procedure. An overview of the neuronavigation system for
Robo-TMS is shown in Fig. 4. The U.S. National Institute
of Mental Health (NIMH) recommends neuronavigation on
an individual basis in all TMS applications to standardise
coil localisation and account for individual differences in the
delivered dose, thereby improving the rigour and repeatability
of non-invasive brain stimulation studies [6].

A. Optical Tracking

As discussed in Section II-B, the pose of the coil above the
scalp significantly influences both the distribution and intensity
of the induced E-field within the target stimulation region [93].
Tracking devices, a crucial component of the neuronavigation
system [94], enable accurate and real-time monitoring of
the coil’s pose relative to the subject’s head. Conventional
neurosurgical tracking methods include invasive frame-based
systems, which secure pins to the subject’s skull before
brain scanning and later attach rigid frames for navigation,
and non-invasive electromagnetic tracking, which localises
sensors within a magnetic field. While both methods offer
high accuracy, they are unsuitable for Robo-TMS due to their
operational inconvenience and susceptibility to interference.
In contrast, optical-based frame-less stereotactic systems, also
known as optical tracking systems, are widely employed in
TMS, relying on markers attached to the subject’s head and
the coil to track the coil’s pose relative to the head [18].

Optical tracking systems can be classified into two types
based on the light source: active and passive optical tracking.
The key difference between them is whether the marker
emits light. In active optical tracking, powered markers with
integrated light-emitting diodes (LEDs) emit infrared (IR)
light, which is tracked by IR cameras to determine the pose of
the instruments. This system is more resistant to ambient light
interference, making detection easier. However, the markers
require power, which introduces additional weight and com-
plexity due to the need for batteries or wires. In contrast,
passive optical tracking uses reflective markers attached to
the subject or instruments. The optical camera detects light
reflected from these markers to determine their pose. Since
passive markers don’t require power, they enable simpler
setups and are widely used.

Markers, also referred to as trackers, work alongside optical
tracking cameras to form an optical tracking system. They
are generally divided into three categories based on their
form: array-based markers, pattern-based markers, and nat-
ural features (marker-less). Array-based markers, the most
common in Robo-TMS, consist of three or more reflective
markers arranged in a known geometric configuration [32],
[44]. Their pose is captured by two or more cameras positioned
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¢ Calibration: aligns coordinates of the camera and the robot.

Registration: links MRI scans to the subject's head.

¢ Optical Tracking: tracks real-time poses of markers on the
subject's head and the coil.

¢ E-field Modelling: estimates E-field in the subject's brain
anatomy.

E-field
Modelling

Optical Tracking Calibration

Fig. 4. The neuronavigation system for Robo-TMS. The optical tracking camera continuously monitors the real-time poses of markers on the coil
and the subject’s forehead, enabling accurate tracking of both the coil and head poses. Through calibration, these poses are transformed from the
camera’s base frame to the robot’s base frame for robot control, providing an accurate coil pose relative to the subject’s head. With individual MRIs
registered to the subject’s physical head, E-field modelling can then visualise the resulting E-field distribution within the brain.
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at different angles, which triangulate the marker’s position.
Pattern-based markers, on the other hand, use predefined,
high-contrast patterns—such as AprilTags [95] and ArUco
markers [96]—printed on flat surfaces [97], [98]. Cameras
detect and identify these unique patterns from a preloaded
library and calculate the marker’s spatial pose. These markers
are easier and cheaper to produce and manage and can
operate under normal lighting conditions without relying on
IR light. However, both array-based and pattern-based systems
require the attachment and management of external markers.
Marker-less tracking, which relies on detecting natural features
from the subject’s head and face, reduces setup time and
eliminates the risk of marker detachment or movement during
procedures [52], [53]. However, it is less robust compared to
marker-based systems, primarily due to its relative immaturity
and the challenges in consistently identifying natural surface
features.

Conventionally, the optical camera is positioned outside the
robot arm to maximise its field of view (FOV) for tracking
the head and coil. However, this setup can result in tracking
loss if the robot arm obstructs the camera’s line of sight
during movement. To address this issue, an inside-out tracking
method, where a portable camera is mounted on the robot’s
end-effector, has been proposed [50]. This method ensures that
the camera maintains an unobstructed view of the head and
coil throughout the robot’s motion.

B. E-Field Modelling

Unlike neuronavigation systems for neurosurgery, which
primarily track instrument poses relative to the brain,
Robo-TMS requires both real-time tracking of the coil pose
and estimation of induced E-field distribution to assess the
electric currents that stimulate target neurons. The E-field
modelling is essential for understanding TMS effects on neural
tissue and tailoring stimulation protocols to specific brain
regions or individuals, as TMS needs to properly engage
disease-related pathways to improve clinical outcome [99].
Accurate and real-time E-field modelling relies on two factors:
realistic head models and robust E-field modelling solvers.

1) Realistic Head Models: Early head models in TMS rely
on simplified geometries as standard templates, such as infinite
half-planes or perfect spheres fitted locally or globally to
the subject’s head [100], [101]. However, comparisons with
more realistic head models [18], [102] have demonstrated that
these simplified models lack accuracy due to the omission of
structural details and tissue conductivity [79], [103]. Modern
head models, such as those developed by [104], offer improved
structural detail, resolution, and tissue conductivity, setting a
new standard.

Despite improvements in standard head models, research
highlights that individual anatomical variations significantly
affect E-field distribution, emphasising the need for per-
sonalised stimulation protocols [105], [106]. In response,
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toolboxes have been developed to automate the creation of
individualised head models from MRI [107], [108], [109].
These early toolboxes typically segment five major head
tissues and assign different tissues with their conductivity for
E-field modelling [109], [110], [111]. Further results in [112]
demonstrate that increasing the number of segmented tissues to
fifteen from MRI significantly improves accuracy, reducing the
relative error in E-field estimation. This advancement allows
for more precise and individualised E-field modelling.

2) E-Field Modelling Solvers: E-field modelling solvers are
computational tools used to estimate the E-field induced by
TMS within the brain. These solvers estimate the E-field
distribution based on coil placement and current parameters,
along with detailed head models that represent tissue geom-
etry and conductivity. While high-resolution head models are
crucial for accurate E-field estimations in Robo-TMS, they
are often computationally expensive. To achieve real-time
E-field modelling, essential for TMS treatment involving
moving coils, the trade-off between computational speed and
accuracy has to be considered [113]. Broadly, E-field solvers
can be categorised into two main types: physics-based solvers
and learning-based solvers.

Basic physics-based solvers assume the E-field peak occurs
where the coil normally intersects the cortex [114], enable
real-time estimation but are inaccurate, particularly with
non-tangential coil placements [115]. More sophisticated
physics-based solvers typically employ methods like finite
element method (FEM), boundary element method (BEM),
and finite difference method (FDM), which numerically solve
Maxwell’s equations to estimate the E-field induced by
time-varying magnetic fields.

FEM is widely used due to its ability to model complex
geometries and varying material properties by dividing the
head model into finite elements, such as tetrahedrons, and
calculating electromagnetic fields locally. It is ideal for het-
erogeneous models but is computationally intensive due to
the large number of elements required for high-resolution
simulations [106], [116], [117], [118], [119]. BEM, on the
other hand, simplifies computations by discretising only the
model’s surfaces. It is particularly effective when the head
can be approximated by layered tissues with homogeneous
conductivity [120], [121], [122], [123], [124]. FDM employs
a structured grid to solve equations through finite difference
approximations. While easier to implement due to struc-
tured grids, it is less flexible for complex geometries and
better suited to simplified or idealised head models [125],
[126], [127].

Physics-based solvers are widely adopted in E-field mod-
elling software. Commercial software—such as COMSOL
Multiphysics [128], ANSYS Maxwell 3D [104], [129],
Sim4Life [130], and SEMCAD X [131]—are not specifically
developed for TMS E-field modelling, which limits their
suitability for real-time Robo-TMS applications. In contrast,
open-source software like SImNIBS [107], [111], [132], [133]
and ROAST [109], [134] are well-maintained and facilitate
visualisation of the E-field distribution in the brain. Neural
Navigator, a clinical software designed for nTMS [135],

is compatible with various TMS devices and has received FDA
clearance for clinical use.

In addition to these physics-based methods, learning-based
E-field estimation has emerged as a promising solution to
reduce computation times in real-time modelling. These mod-
els leverage the computational power of graphics processing
units (GPUs) to learn and approximate complex relationships
between coil placement, current parameters, head anatomy,
and the resulting E-field distribution during the training
phase, enabling faster estimations [136], [137], [138], [139].
Current methods fall into two categories: supervised and
self-supervised learning [23]. Supervised methods directly
predict E-fields by minimising error against reference data
from physics-based FEM simulations [136], [137], whereas
self-supervised models predict electrical potential by opti-
mising an energy function during training [138]. SlicerTMS,
a recent extension of the open-source medical imaging plat-
form 3D Slicer, delivers real-time E-field modelling by
leveraging learning-based solvers [139].

C. Benchmarks and Metrics

The primary performance metrics for neuronavigation sys-
tems in Robo-TMS are accuracy and precision. Accuracy
measures how closely the actual stimulation spot aligns with
the intended brain target, typically quantified as the Euclidean
distance and relative angle between the target and the actual
stimulation spot, expressed in mm and °. Precision refers
to the system’s ability to consistently return to the same
target across multiple attempts, also measured in mm and
°, usually as the standard deviation of repeated localisations
at the same location. Precision is essential for repetitive
TMS (rTMS), where repeated targeting is required over mul-
tiple sessions. While accuracy is about hitting the target
spot, precision is about consistently hitting the same spot.
A system can be precise but not accurate if it consistently
deviates from the target by a fixed offset. Accuracy is often
influenced by registration method, imaging quality in optical
tracking, and the use of individualised MRIs, while preci-
sion depends on calibration method, spatial consistency of
the optical tracking system, and repeatability of the robot’s
movements [79].

Evaluating spatial accuracy and precision in neuronavi-
gation systems remains challenging, particularly in living
tissues where uncertainties persist. Research often focuses
on optimising specific aspects of accuracy and precision
under controlled conditions and uses different benchmarks
(simulation, phantoms, etc) for comparison. The TABLE II
lists typical benchmarks in current literature, facilitating com-
parative analysis of spatial accuracy and precision among
methods.

Additional performance metrics relevant to neuronavigation
systems in Robo-TMS include calibration and registration
time [152], real-time performance of E-field modelling, effec-
tive tracking range like FOV, and user satisfaction gathered
through surveys. These supplementary criteria offer a broader
perspective on system performance in clinical contexts,
providing a more comprehensive foundation for evaluating
advancements in neuronavigation systems.
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TABLE Il
THE COMPARISON OF TYPICAL BENCHMARKS
Benchmarks Methods Advantages Disadvantages References
Simulations ~ Simulations are computer-generated Fast and cost-effective for early testing. May oversimplify real-world [591, [791,
models that replicate neuronavigation Can model a wide range of scenarios complexities, such as tissue [140], [141]
processes under idealised conditions. without requiring physical subjects or deformation or sensor inaccuracies.
They are often used in the early stages equipment. Does not account for human or
of system development to test and Provides a controlled environment, biological variability.
predict system performance, including allowing developers to isolate and test Limited to theoretical validation,
spatial accuracy and precision. specific variables. requiring further practical tests.

Phantoms Phantoms are artificial models that Provides a realistic, hands-on way to May not fully replicate the [51], [77],
replicate human anatomy, typically used validate system performance. complexities, such as heterogeneity and ~ [142]-[146]
to physically test neuronavigation Allows for repeated testing under conductivity in live tissues.
systems. These models can range from consistent conditions. Limited in representing the dynamic
simple geometric forms to highly Avoids ethical concerns related to movements or changes that occur in
detailed replicas of the skull, brain, or human trials. real scenarios.
head tissues. Once constructed, phantoms are fixed

and do not account for inter-subject
variability.

Landmark-  The landmark-based coordinate system, Can handle partial individual Template-based and may not accurately [147]

based such as Talairach coordinates and the differences, like brain size and overall reflect individual anatomical
Coordi- 10-20 system, is a standardised brain shape. differences.
nates mapping framework based on Well-established in clinical practice Highly dependent on operation,
anatomical landmarks. and easy to implement. introducing subjective errors.
Non-invasive and safe. Low resolution.
Optical Optical tracking systems use cameras to Provides real-time pose feedback Requires a direct line of sight between [33], [53],

Tracking track the pose of markers attached to the during navigation. the camera and markers during [93],
subject’s head or tools in real-time. It Widely used in clinical practice, procedures. [148]-[152]
can be employed to compare errors of making it an established method. Markers may shift during procedures,
various localisation methods for the Non-invasive, and compatible with a introducing errors.
same hotspot. range of clinical setups. Difficult to locate the error of the

system itself due to external factors
like lighting or reflections.

3D Scans 3D scans from MRI, CT, depth cameras Provides highly detailed anatomical Cannot be processed in real-time. [80], [83]
and lidars, represent the head and tool information and accurate relative poses. May involve complex post-processing
within a unified observation space, Non-invasive. steps, like aligning the scan with the
enabling direct comparison of actual anatomy.
relative poses with ideal reference Device-dependent and can be
values. expensive.

Direct DECS is a technique in which electrical Considered the gold standard for Invasive, requiring an open-skull [28],

Electrical impulses are applied directly to the accuracy as it provides physiological procedure and limited to intraoperative [153]-[157]

Cortical brain during surgery to study the confirmation of navigation. settings.
Stimulation  relationship between cortical structure Provides direct, real-time validation in Only applicable in highly specific
(DECS) and systemic function, which provides live subjects. clinical cases, primarily during

real-time feedback by observing motor
or sensory responses to stimulation.

neurosurgery.
Ethical and practical limitations prevent
it from being a routine validation tool.

V. CONTROL SYSTEMS
The goal of the Robo-TMS control system is to meet
two primary clinical requirements: compensating for head
movement to maintain the stimulation target in real-time, and
sustaining a consistent coil-to-head contact force to ensure
reliable contact while minimising the risk of discomfort or
injuries.

A. Motion Compensation

In conventional TMS setups, the coil is mounted on a
static holder, and subjects are instructed to avoid head move-
ment, often with the aid of head restraints [39]. In contrast,
Robo-TMS allows head movement during treatment sessions
hence improving comfort. To maintain the spatial relation-
ship between the coil and the head and achieve accurate
stimulation, the robot needs to actively compensate for the
subject’s head movement. This spatial relationship between
the TMS coil and the subject’s head can be represented using
a homogeneous transformation matrix:

_| Rt 4x4
T_[OT J cR @)

where T lies in the special Euclidean group SE(3), R is a
rotation matrix in the special orthogonal group SO(3) and t €
RR3 is a translation vector. We denote transformations from one
frame to another as ATp, representing a transformation that
converts coordinates in frame {B} to frame {A}. Accordingly,
the relationship between the TMS coil and the subject’s head
can be represented as "¢4“T,,;; = C"”Thwd_l.

The goal of Robo-TMS can then be expressed in terms of
the clinical requirement for stimulation targeting as:

head MRI
=" Tyrr - Ty 3)

head rp
Tcoil

where {head} is the subject’s head frame, {coil} is the TMS
coil frame, and {MRI} is the 3D MRI frame. The trans-
formation ¢*?T;p; is obtained through registration, while
MRI T, specifies the clinical requirement by defining the
stimulation target clinicians aim to place the coil on.

In contrast to this clinical requirement in (3), the control
objective is defined by an alternative expression:

he e o
uadTZ()il _head Team ‘™ Trobor robot Tan end Teoir (4
where {cam} is the optical tracking camera’s base frame,
{robot} is the robot’s base frame, {end} is the robot’s
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end-effector frame. Here, ““"T,,p; and 4T, are deter-
mined during calibration, while headp =~ — “”"Thmd_1 is
acquired in real-time from the optical tracking system. As a
result, ”’b"’Tjn 4 represents the real-time control target, which
can be calculated by solving equations (3) and (4) in the given
headx . [32], [98].

For cases where the optical tracking system cannot be fixed
in the operating room, motion compensation can be reformu-
lated as a tracking problem. At the cost of maintaining a line
of sight to both the head and end-effector markers throughout
the procedure, this method requires only the transformation
coil . to be calibrated in advance [33]. The formulation is
given by:

il d
mmTcoil o Tend e Trohot
—cam head T* coil T end T* 5
= head * il end * ( )

coil robot

where T, is pre-determined via calibration, ““"Tjeqq
and ““"T,,;; are obtained in real-time from optical tracking,

and “"T,,p, is provided by the robot arm. The control
target e"deObw is then solved using the clinical requirement

head* . This method eliminates the need for ““"Tyqpor,
allowing the use of a mobile camera.

B. Contact Force Control

Sustaining a consistent coil-to-head contact force is another
essential clinical requirement for Robo-TMS, as it ensures
reliable contact while minimising the excessive pressure which
may cause discomfort or injuries to the subject. As the absence
of force feedback is a known limitation [149], contact force
control is strongly recommended in Robo-TMS. Integrating a
force or torque sensor between the robot’s end-effector and
the coil allows Robo-TMS to monitor and regulate the coil’s
contact with the head surface, ensuring sufficient contact with-
out discomfort or injuries. To further improve force accuracy,
one study estimates the shape of the deformable coil cable
to compensate for the dynamic forces applied to the robot’s
end-effector [29], [158].

Accurately modelling the subject’s head surface is chal-
lenging due to variations in skull shape, hair volume, and
underlying tissue composition. Additionally, the subject’s head
remains unconstrained during the TMS procedure. Sustaining
a consistent coil-to-head contact force is essential to ensure
reliable contact under modelling and motion uncertainties
while minimising the excessive pressure which may cause
discomfort and injuries. Two main force control methods
adopted in Robo-TMS are impedance control [32], [43] and
force/position hybrid control [146], [159]. For both control
methods, current research typically adopts a two-stage control
strategy: an initial free-space movement phase when the coil
is relatively far from the subject’s head, followed by an intra-
operative phase that maintains a force normal to the subject’s
head surface (constrained-space movement). A study indicates
that a normal force of less than 10N is typically applied to keep
the coil in close contact with the head surface without causing
discomfort [34]. In future developments, exploring advanced
force control strategies used in other surgical robotic systems,
such as model predictive control with force feedback [160]

and learning-based force control [161], may enhance adapt-
ability and robustness under anatomical variability and motion
uncertainty.

C. Safety Assurance

In industrial applications, safety can be guaranteed by keep-
ing operators outside the robot’s workspace or by halting the
system if a person approaches too closely. However, in Robo-
TMS, subjects must remain within the robot’s workspace. The
need for close interaction with the human environment makes
Robo-TMS design uniquely challenging, as any system failure
could be critical. For safe robot-human interaction, the system
must operate with high reliability and adhere to strict safety
constraints.

Safety requirements for Robo-TMS can be divided into
two levels: hardware and software. On the hardware level,
researchers typically incorporate safety norms by adding
power buttons, emergency stops, start buttons, and collision
sensors. Design considerations also include limiting the robot’s
movement to a confined workspace through specialised struc-
tural integration [47]. On the software level, because trajectory
planning and execution remain complex, errors may occur
during operation to cause harmful collisions for subjects.
To mitigate risks, motion limits and monitoring systems are
essential, including speed limits, joint limits, contact force
monitoring, movement tracking, and watchdog timers [6], [17].

VI. DISCUSSION

Robo-TMS enhances conventional TMS by integrating
advanced robotics, enabling more accurate and repeatable
stimulation targeting, which streamlines the treatment process
and significantly increases its efficacy. Despite significant
progress, Robo-TMS remains in its early stages, with a notice-
able gap between the development of robotic technologies
and clinical requirements. Furthermore, these advancements
introduce new concerns that require careful consideration. This
section explores the clinical implications, current challenges,
and future directions, focusing on how to bridge the gap
between medical demands and engineering innovations.

A. Clinical Implications

In this part, we will discuss the application of Robo-TMS in
a clinical context, highlighting the importance of keeping clin-
ical scenarios in mind when integrating cutting-edge robotic
technologies.

1) Reproducible Treatment: The Robo-TMS system signif-
icantly enhances clinical performance by delivering highly
accurate and repeatable stimulation to specific brain regions,
which is crucial for targeting small or deep brain struc-
tures [31], [151]. Unlike conventional TMS, which suffers
from operator variability, robotic systems provide repro-
ducible stimulation across sessions, improving clinical out-
comes. Integrated optical tracking systems compensate for
head movements, ensuring accurate stimulation throughout
rTMS procedures [152]. Additionally, neuronavigation sys-
tems enable customised protocols tailored to each subject’s
neuroanatomy, maintaining consistent efficacy over long-term
treatment courses and further enhancing therapeutic reliability
and quality of care [93], [162].
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2) Accurate Brain Mapping: The high targeting accuracy of
Robo-TMS, typically within a few millimetres, incorporates
factors such as robot arm flexibility and neuronavigation
accuracy. This capability has made Robo-TMS a valuable tool
for brain mapping, facilitating the study of brain structure-
function relationships [10], [11], [12], [163], [164]. Clinically,
brain mapping is increasingly employed for preoperative
motor and language function mapping in subjects with brain
tumours [28], [165]. Although language mapping tends to
show lower concordance with intraoperative cortical mapping
compared to motor mapping [9], TMS-guided mapping has
been shown to reduce postoperative deficits with improved
surgical outcomes, particularly when tumours near motor
pathways [166], [167], [168].

3) Reduced Side Effects: The accuracy of Robo-TMS sig-
nificantly reduces the risk of side effects by targeting specific
regions without affecting unintended regions. This contrasts
with non-focal electroconvulsive therapy, where non-specific
stimulation frequently leads to generalised seizures [6]. In a
study of 733 brain tumour subjects, including 50% with a
seizure history, motor and language mapping with neuronavi-
gation systems was found to be safe and well-tolerated [16].
Specifically, researchers used the visual analogue scale (VAS)
to assess discomfort (VAS 1-3) and pain (VAS >3) and found
that discomfort occurred in only 5.1% of motor mapping cases
and 23.4% of language mapping cases, with minimal pain
during motor mapping (0.4%) but higher pain rates during
language mapping (69.5%). Despite the high seizure risk of
the subjects, no seizures were observed during the procedures,
and no nTMS-related seizures had been reported elsewhere [6],
highlighting its safety for motor and language mapping.

4) Improved Clinician Support: In conventional TMS, clin-
icians manually place the coil and continuously monitor its
pose throughout the session, leading to increased fatigue
and stress [33]. Repeated exposure to magnetic fields and
frequent physical interaction between clinicians and sub-
jects raise concerns about long-term safety and infection
transmission risks [6]. By automating coil placement and stim-
ulation delivery, Robo-TMS can alleviate clinician fatigue and
stress. By reducing direct contact, it minimises magnetic field
exposure and lowers the risk of human-to-human infection
transmission [169]. The integration of robotic technologies not
only optimises clinical outcomes but also improves working
conditions for clinicians.

5) Potential Discomfort for Subjects: While it offers sig-
nificant benefits, Robo-TMS may also introduce potential
discomfort for subjects [16], [31], [61]. A common concern
in all rTMS treatments is the noise from the coil, which
can be particularly unsettling for some individuals [4]. For
instance, sound pressure levels can exceed 76dB(A) at 25cm
during a 20Hz pulse train at maximum stimulator output [170].
Additionally, the presence of robots may cause fear or anxiety
in individuals unfamiliar with robotic systems. Moreover, the
continuous pressure exerted by the coil on the subject’s head
can lead to musculoskeletal discomfort [6]. The headband,
which secures optical tracking markers, may further cause irri-
tation or discomfort during prolonged sessions [82]. Although
these factors are secondary to the primary clinical objectives,

addressing them is crucial for enhancing subject comfort and
preventing premature termination of Robo-TMS treatments.

B. Current Challenges

Despite advancements in Robo-TMS, its clinical adoption
remains limited, highlighting a gap between medical needs
and engineering innovations. Accessibility is identified as
the foremost barrier to broader clinical adoption, driven by
unverified clinical applicability, high operational complexity,
and substantial implementation costs.

1) Unverified Clinical Applicability: Although Robo-TMS
aims to deliver more accurate and repeatable stimulation,
the clinical significance of this advantage remains unclear
[171], [172]. The complex and poorly understood relation-
ships among TMS stimulation, brain structure, neurological
function, and clinical outcomes make it difficult to define
how accurate the system needs to be [3], [173]. The lack
of fine-scale brain atlases and comprehensive neuroscientific
models further complicates target selection for effective ther-
apy [99]. Moreover, it remains to be verified in clinical
practice whether Robo-TMS offers substantial clinical benefits
over conventional TMS procedures. Evidence-based guidelines
are needed to clarify when and how Robo-TMS should be
used. Finally, the engineering assumption of head rigidity
limits applicability [78], [86], excluding subjects with invol-
untary facial movements and narrowing the scope of potential
subjects.

2) High Operational Complexity: Excessive manual inter-
vention in calibration and registration is a major contributor
to the high operational complexity of Robo-TMS [33].
Although these steps are critical for maintaining stimula-
tion efficacy, they are among the least automated aspects
of the system. Workspace calibration must be repeated
whenever the stimulation coil is changed or the operating
room is rearranged. Manual registration involves identifying
corresponding landmarks on the subject’s head and MRI,
making it time-consuming and heavily reliant on operator
expertise [24], [82]. Stimulation intensity calibration must
also be performed individually, as it depends on each sub-
ject’s neuroanatomy. These labour-intensive procedures are
prone to subjective errors, which may compromise efficacy.
Moreover, reliance on markers introduces further complex-
ity, as any displacement during treatment often necessitates
re-calibration or re-registration, thereby extending the overall
workflow [20].

3) Substantial Implementation Costs: High implementation
costs remain a major barrier to the widespread clinical
adoption of Robo-TMS. Advanced robotic platforms, optical
tracking systems, and precise neuronavigation tools require
substantial upfront investment and ongoing maintenance [56],
[77]. Additionally, the cost of acquiring MRIs for registra-
tion and training clinicians and technicians further inflates
expenses. Although cost-effective alternatives, such as per-
sonalised helmet-based coil localisation [174], have been
proposed in clinical practice, they often compromise flexibility
and adaptability. These challenges highlight the pressing need
to reduce system complexity and operational costs to support
broader deployment.
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C. Future Directions

The key technical objectives of Robo-TMS are achieving
greater accuracy, repeatability, and efficiency, while improving
user-friendliness and lowering costs are prerequisites for large-
scale adoption. To address these priorities, the following future
directions can be explored.

1) Reducing Manual Intervention: While many steps in
Robo-TMS have been automated, significant manual inter-
vention remains in calibration and registration. These steps
are time-consuming and heavily reliant on the operator’s
expertise, limiting both efficiency and accuracy [79], [175]
while inflating training costs [20]. Advancements in robotics
offer promising solutions to minimise manual intervention.
For instance, workspace self-calibration could eliminate the
assumption of fixed transformations between the camera and
robot base frames, enabling the system to adapt to alignment
shifts or allowing clinicians to move the camera for opti-
mal views during procedures [33]. Similarly, self-registration
methods could utilise natural facial features for automated
head-to-MRI alignment, thereby reducing manual errors [84].
Incorporating non-rigid registration methods could further
relax the need for subjects to replicate their expressions during
MRI scanning, minimising the effort required to ensure proper
alignment [78], [86].

2) Enhancing System Performance: Enhancing accuracy,
repeatability, and real-time performance remains a core goal
in Robo-TMS. These improvements are intrinsically linked
to the capabilities of neuronavigation systems. Insights from
research in both Robo-TMS and advanced robotics highlight
promising developments. For instance, surface-based registra-
tion accuracy can be improved by collecting more scalp data
points, paving the way for more automated solutions [79],
[176]. Marker-less tracking methods, employing 3D laser
scanning, TOF-based cameras, or structured-light cameras,
directly track head movements without relying on conventional
stereo cameras and head markers [53], [84], [177]. This
method not only eliminates errors associated with markers
and digitiser tools but also enhances subject comfort by
removing the need for headbands, offering improved accu-
racy in specific scenarios [83]. Furthermore, learning-based
E-field modelling significantly enhances real-time perfor-
mance, further advancing the ability to deliver immediate and
effective treatments [23].

3) Achieving Personalised Treatment: Stimulation intensities
in TMS are typically expressed as a percentage of MT to
ensure safety and standardisation across subjects and stimula-
tion spots [87]. However, this percentage-based method can be
vague and indirect, as it fails to fully account for individual
neuroanatomical variations, differences in stimulation spots,
and the diversity of coils and devices used [141]. Future
advancements in neuroanatomy exploration and accurate
E-field modelling [178] may allow for stimulation intensities
to be defined in absolute units, such as current intensity mA,
enabling more accurate subject-specific dosages. Moreover,
automating the stimulation intensity calibration in Robo-
TMS could further minimise subjective variability and achieve
repeatable treatment [90].

4) Minimising Implementation Barriers: Clinicians often rely
on individual MRIs for accurate registration in Robo-TMS,

but their high cost and the need for specialised equipment
pose barriers [4]. Additionally, it is uncommon for subjects
to undergo expensive MRI scans in conventional TMS treat-
ments. Emerging brain mapping methods offer a promising
alternative by generating individualised MRIs from group or
average data with sufficient accuracy [24], [148]. This inno-
vation eliminates the need for MRI scans prior to procedures,
thereby minimising implementation barriers. Moreover, while
industrial robot-based Robo-TMS systems have become more
accessible due to the widespread adoption of industrial robots
[29], [32], [33], the expansion of the Robo-TMS market is
expected to drive the re-emergence of specialised systems with
enhanced clinical features [31], [47]. The broader adoption
of either industrial or specialised systems is also expected to
further reduce costs through economies of scale.

5) Streamlining Stimulation Workflow: In Robo-TMS, even
minor movement or change in stimulation spots require phys-
ically moving the coil, which can be slow due to the robot
arm’s mechanical limitations and the need for accurate local-
isation near the scalp to ensure efficacy and safety. Advanced
integration, such as robot-assisted mTMS, overcomes these
challenges by using mTMS to adjust stimulation spots rapidly
within small regions without moving the coil, while the robot
arm can make slower adjustments when needed for larger
regions [56]. Combining the capabilities of Robo-TMS with
mTMS, such integration potentially improves repeatability,
reduces treatment duration, and enhances subject comfort by
streamlining the stimulation workflow [57].

VIl. CONCLUSION

Robo-TMS shows great promise in enhancing the accuracy
and repeatability of conventional TMS treatment; however,
its clinical adoption remains limited, highlighting a gap
between medical needs and engineering innovations. This
review systematically analyses four critical aspects—hardware
and integration, calibration and registration, neuronavigation
systems, and control systems—to identify current engineer-
ing challenges linking medical requirements. Accessibility is
identified as the foremost barrier of Robo-TMS, driven by
unverified clinical applicability, high operational complexity,
and substantial implementation costs. Emerging technolo-
gies, including marker-less tracking, non-rigid registration,
learning-based E-field modelling, individualised MRI genera-
tion, Robo-mTMS, and automated calibration and registration,
present promising pathways to address these challenges, hence
could potentially facilitate the clinical translation and broader
adoption of Robo-TMS.
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