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Design and Evaluation of a Robotic System for
Transcranial Magnetic Stimulation

Lucile Zorn, Pierre Renaud*, Bernard Bayle, Laurent Goffin, Cyrille Lebossé, Michel de Mathelin, and Jack Foucher

Abstract—Transcranial magnetic stimulation is a noninvasive
brain stimulation technique. It is based on current induction in the
brain with a stimulation coil emitting a strong varying magnetic
field. Its development is currently limited by the lack of accuracy
and repeatability of manual coil positioning. A dedicated robotic
system is proposed in this paper. Contrary to previous approaches
in the field, a custom design is introduced to maximize the safety
of the subject. Furthermore, the control of the force applied by
the coil on the subject’s head is implemented. The architecture is
original and its experimental evaluation demonstrates its interest:
the compensation of the head motion is combined with the force
control to ensure accuracy and safety during the stimulation.

Index Terms—Force control, medical robotics, robot design and
control, transcranial magnetic stimulation (TMS).

I. INTRODUCTION

TRANSCRANIAL magnetic stimulation (TMS) is a nonin-
vasive method to deliver electric stimulation to the cortex.

The stimulation results from a rapidly changing magnetic field
generated with an external coil (see Fig. 1) that goes through
the skull and induces electric currents in the brain. TMS has
been used in clinical and neurological studies for more than
25 years [1]. More recently, single pulse and repetitive TMS
have been applied in clinical research for the treatment of neu-
rological and psychiatric diseases. The efficiency of TMS has
been demonstrated in the case of depression [2], [3]. Its ef-
fect on several other pathologies, such as compulsive obsessive
disorders, schizophrenia, or posttraumatic stress disorders, is
currently being investigated [4], [5]. This promising technique
has been approved in the U.S., Canada, and Israel for patients
whose antidepressant medication has failed. However, it is not
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Fig. 1. Top and bottom views of a figure-of-eight stimulation coil.

Fig. 2. TMS setup with localizer for navigation.

yet widely accepted because its efficiency varies substantially
between subjects.

The variability is partially due to how the stimulation gesture
is performed [6], [7]. Up to now [8], [9], the most accurate
method has been to position the coil manually with the help of a
navigation software [10], [11]. This tool combines preoperative
MR images and peroperative data from an optical localizer (see
Fig. 2) in order to display in a graphical interface the actual
position of the coil with respect to the subject’s brain. Even with
such an assistance, it remains difficult to obtain an accuracy of a
few millimeters in a repeatable manner. The main reason is that
each procedure lasts more than 30 min with a coil that weighs
more than 2 kg. A static positioning system is sometimes used
to hold the coil (see Fig. 2). In such a case, it is not possible to
follow continuous trajectories nor to compensate for involuntary
motions of the subject during the session.

Robotic assistance will allow us to evaluate the benefits of
TMS in a more adequate manner, certainly leading to a faster
development of this technique. The initial positioning of the
stimulation coil will be simplified and the coil position will be
tracked in presence of subject movements. Some early experi-
mental results of robotized TMS have been reported on phan-
toms [12] and healthy subjects [13]. They confirm the interest of
robotization to improve stimulation accuracy. However, in these
studies, the force applied by the robot on the subject’s head is
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not used for the robot control nor even measured and supervised.
The lack of contact control has two main disadvantages. First,
it is responsible for air gaps between the subject’s head and the
coil that lower the magnetic induction and then the treatment
efficiency. More importantly, it constitutes a major limitation in
terms of safety.

Recently, a robotic setup has been proposed that includes
an industrial force sensor between the robot end-effector and
the stimulation coil [14]. The system is based on an industrial
anthropomorphic robot, with a drastically different workspace
from the one required for the application, i.e., roughly the upper
half head. In addition, like any industrial robot, the system is
equipped with actuators selected for high-speed motions, which
should be avoided for such an application where the robot is very
close to the subject. The use of this kind of robot architecture
contradicts the principles of intrinsically safe robots [15], [16]
since the designer cannot ensure at the hardware level that the
device will not become harmful for the subject. The safety only
relies on software programming to avoid potential risks.

In our opinion, safety requirements can be improved with
regard to the early works on robotized TMS. To that purpose,
we have proposed to develop a dedicated robotic system for
TMS [17], [18]. In this paper, we introduce this robotic system,
detail the design of its architecture and the control strategy, and
evaluate its performances. Its design and control optimize the
safety of the procedure. In particular, the force applied by the
robot on the head is controlled. The movements of the head are
also compensated in order to ensure the accuracy of the proce-
dure throughout the session. The paper is organized as follows.
The workflow of robotized TMS is presented in Section II. The
requirements for the robotic system and the resulting specifi-
cations are introduced in Section III. The mechanical design
of the proposed system is described in Section IV. Then, the
robot planning and control are detailed in Section V. The ex-
perimental evaluation of the system is developed in Section VI
to demonstrate its interest for the development of TMS. Finally,
conclusion and perspectives are given in Section VII.

II. WORKFLOW

The proposed robotized TMS procedure results from the
adaptation of conventional navigated TMS, as summarized in
Fig. 3. The preoperative phase starts with the acquisition of MR
images of the subject to reconstruct the brain and the head after
segmentation. Characteristic anatomical landmarks are pointed
in the images in order to register the head with the preoperative
medical images during the stimulation session. Then, the neu-
rologist plans the treatment, which corresponds to continuous
trajectories or to a simple list of points on the brain. This medical
planning can be performed in different ways. The anatomical
images can be used alone or after coregistration of additional
information provided for instance by fMRI or PET. A pilot TMS
session can also be used to determine target positions. After the
planning, the reference trajectory on the head is computed.

The peroperative procedure begins with the subject registra-
tion. The subject wears glasses equipped with a marker, i.e., a
set of fiducials, so that the head position and orientation can

Fig. 3. Workflow of robotized navigated TMS.

be measured by an optical localizer (NDI Polaris [19]). The
anatomical landmarks are pointed on the subject’s head to reg-
ister its position with respect to the medical images and also to
determine its position with respect to the robot reference frame.
The subject is, then, moved using a mobile seat to place properly
the head with respect to the robot workspace. Superior-inferior
and antero-posterior movements are provided to position cor-
rectly the subject. At that time, the reference trajectory of the
coil on the head is computed in the robot frame and the cor-
responding trajectory for the robot joints is planned. Once the
registration and planning steps have been achieved, the treat-
ment itself begins. During the stimulation, the head motion is
tracked and compensated by the robot using the marker on the
subject’s glasses, while the force applied by the coil on the head
is controlled.

III. SYSTEM REQUIREMENTS

A. Coil Positioning

Most widespread stimulation coils have a figure-of-eight
shape with a planar surface of contact (see Fig. 1). The cur-
rent induction in the brain has been described by several mod-
els [20]–[22]. They consistently state that the brain tissue is
maximally excited along the line that is orthogonal to the
contact plane and goes through the coil center (see Fig. 4).
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Fig. 4. Constraints of the stimulation coil positioning.

The orientation of the coil is also important. The cortical re-
sponse is indeed maximal when the longitudinal axis of the coil
is parallel to the cortical columns [21], an anatomical structure
that is identified in the medical images. The excitation decreases
as a function of the square of the distance to the coil, with a sig-
nificant stimulation effect in the first 1.5–2 cm of the head [23],
[24]. The stimulation is dramatically reduced if any air gap ex-
ists between the coil and the head. Finally, the coil position and
orientation are defined by three constraints (see Fig. 4). First,
the line orthogonal to the contact plane going through the coil
center must intersect the point to be stimulated. Second, the
coil contact plane must be tangent to the head. Third, the coil
self-rotation is required and any value should be reachable.

From a robotic point of view, the positioning of the coil is
a 6-degree-of-freedom task. Additionally, the center of the coil
has to remain in an area covered by the hair as well as the
forehead and the temples. For safety and comfort reasons, the
force applied by the stimulation coil on the head must remain
limited, around 3 N to 5 N, from experimental estimations. To
improve the comfort, the head may also be supported by an
external device such as the chin support represented in Fig. 3.
Even with such a device, the position of the subject can slowly
vary of a few centimeters during a session and these movements
have to be compensated.

B. Medical Requirements

TMS is an external procedure. Sterilization is, therefore,
not required. The magnetic field necessary for the stimulation
reaches 1 to 2 T in approximately 100 ms [25]. It is respon-
sible for an electric field with peak values up to 600 V/m. An
experimental evaluation was performed with the custom-made
coil integrated in the robotic system. In that case, the magnetic
induction is significant for active elements or ferromagnetic
components within a 60-mm distance from the coil center [26].

IV. MECHANICAL DESIGN

A. Kinematic Decomposition

We propose to decompose the robotic task in three subtasks as
illustrated in Fig. 5, in order to design a robot whose workspace
is very similar to the one required by the TMS task. The first
subtask consists in positioning the coil around the head as rep-
resented in Fig. 5(a), by rotating around the head center.1 The

1The “head center” is determined from the anatomical landmarks.

Fig. 5. Decomposition of the robotic task. (a) Positioning. (b) Orientation.
(c) Contact.

second subtask consists in rotating the coil to ensure tangency
with the head as well as a correct orientation [see Fig. 5(b)]. The
third subtask consists in ensuring the contact between the coil
and the head as illustrated in Fig. 5(c).

B. Mechanism Synthesis

The proposed robotic system is designed in order to achieve
these three subtasks by means of three subsystems: a spherical
arm, a prismatic joint, and a spherical wrist. The synthesis of
these subsystems is described hereafter. Head geometry varies
between subjects. As a consequence, six different head recon-
structions were used during the design in combination with
anthropometric data issued from [27] and [28].

1) Synthesis of the Spherical Arm:
a) Mechanism type synthesis: The arm aims at position-

ing the coil center around the head. Because of the head geom-
etry, a spherical robot seems the most adequate architecture to
reach any point of the task workspace. Even though spherical
parallel [29] or hybrid [30] architectures have been proposed
in the literature, a serial architecture is preferred for its better
size/workspace ratio. The most simple spherical serial archi-
tecture is obtained with two revolute joints, designated as R
joints in the following. The RR mechanism that best fits the task
workspace is composed of two links with 90◦ arc lengths, con-
nected by R joints whose axes intersect at the center of rotation.
Since the task workspace is slightly larger than a hemisphere, it
is however not possible to reach any point. In other words, an RR
mechanism would lack versatility and would limit the achiev-
able stimulation protocols. Additionally, the fully extended and
fully folded configurations are singular. A redundant arm of
type RRR is, therefore, chosen. The spherical RRR mechanism
(J1-J2-J3 in Fig. 6) is fully defined by the arc lengths of its links
and the position of the first R joint axis with respect to the head.
These parameters have now to be selected.

b) Isotropy analysis: In the first step, the kinematic behav-
ior of the mechanism is analyzed by considering the evolution
of the isotropy index [31] over the task workspace. From this
analysis, it is possible to determine the importance of the robot
architecture on the behavior of the robotic system, before se-
lecting a mechanism. The isotropy index varies between 0 in the
case of a kinematic singularity and 1 when the mechanism can
move equally in any direction. A set of possible architectures is
generated by considering the following:

1) three different positions of the first joint axis with respect
to the head: on the side, above, or behind the head;

2) a sum of the arc lengths greater or equal to 210◦ to ensure
that every point of the workspace is reachable;
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Fig. 6. Kinematic scheme of the mechanism, including the arm, the prismatic
joint, and the wrist [18].

3) a maximum arc length equal to 90◦, to limit the flexibility
of the links. For the same reason, the length of a link is
chosen smaller than the one of the link on which it is
mounted.

Arc lengths are discretized with a 10◦ step, and the task
workspace is discretized in 325 points. For each point, the mech-
anism configuration is determined by optimizing the isotropy
index thanks to the manipulator redundancy [32]. The analysis
of the system isotropy for the resulting 3 × 23 parameters com-
binations outlines that the kinematic behavior is not strongly
dependent on the mechanism geometry. The average value of
the isotropy index over the task workspace varies by less than
17%. Among the possible choices, the 90◦/90◦/90◦ mechanism
is of particular interest: its kinematic behavior is satisfactory
and it can be designed using links of circular shape combined
with R joints but also with circular guides, denoted as CG in
the following. These latter are guides whose shape allows us to
obtain a circular motion with an improved stiffness compared
to an R joint associated to a circular structure element.

c) Selection of the joint types and the mechanism position:
A second analysis is achieved to choose between R and CG joints
for the joints of the spherical arm. A CG joint is preferred for
the first joint to improve the mechanism stiffness. It is posi-
tioned in the vertical plane to limit the surface on the ground.
The mechanism that drives the carriage on the circular guide
can then be positioned behind the subject. For the two other
joints, at least one CG has to be used to limit the flexibility. The
CG-R-CG architecture is the most interesting solution, in par-
ticular, because interferences between the mechanism and the
subject can be avoided by defining simple joint limits. Actually,
two out of the three joint limits can be defined at the hardware
level, which gives a high level of safety.

2) Synthesis of the Prismatic Joint: The only issue for the
second subsystem (J4 in Fig. 6) is the joint range needed to fulfill
the task requirements. It is determined from anthropomorphic
measurements [28], [33] that a 80-mm translation allows us
to treat more than 95% of adults. The number of subjects for

Fig. 7. Robotic system.

whom robotized stimulation may be only partially achievable
is, therefore, considered acceptable.

3) Synthesis of the Wrist: The wrist is necessary to ensure
the coil tangency with the head, since the head is not exactly a
sphere and the head center cannot be supposed to be perfectly
superimposed with the spherical arm center. The required angu-
lar ranges of the wrist joints (J5-J6-J7 in Fig. 6) increase when
the head geometrical center and the spherical arm center are
moved away from each other. As a consequence, the subject
position is set initially using the mobile chair to minimize the
distance between the head and the mechanism centers. The an-
gular amplitudes are determined from the reconstructed head
models, taking into account subject positioning errors equal to
50 mm due to the initial positioning and the subject movements
during the stimulation.

For compactness and rigidity sake, the wrist is also designed
using a combination of R and CG joints. The CG-CG-R archi-
tecture is selected, since it allows us to have free space at the
wrist center of rotation to integrate the coil. The remote center
of motion obtained with this arrangement also simplifies the
control: the wrist modifies the coil orientation without affecting
the coil center position.

C. Design Choices

1) General Structure: The system is composed of the robot
and the mobile seat. Its overall volume is 0.75 m× 1.4 m× 1.9 m
and its weight is approximately 400 kg. The prototype of the
system is pictured in Fig. 7. The power, velocity, and maximum
torque of the actuators are voluntarily limited to optimize the
safety of the device.

The actuation power of the prismatic joint is for instance lim-
ited to 6 W and the maximum coil velocity due to its translation
is of 6 mm/s to fit the task requirement. The overall CAD view
is given in Fig. 8. Some details on cable management are re-
moved for sake of clarity. The three subsystems (see Figs. 9–11)
are described in the rest of this section to emphasize the safety
features.

2) Arm: The actuation of J1 is performed by a transforma-
tion mechanism (see Fig. 8). A direct current motor rotates a ball
screw which translates one end of the connecting rods that are
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Fig. 8. CAD view of the robotic system without enclosure.

Fig. 9. Close-up on the joint J2.

Fig. 10. Close-up on the joints J3 and J4.

linked at their other end to the carriage moving on the circular
guide. The system is not backdrivable. Its configuration allows
us to minimize the global size of the device as the ball screw is
located vertically behind the subject.

The joint J2 (see Fig. 9) is based on a harmonic drive gear
unit and a power-off brake. A direct current motor actuates the
gear unit thanks to a bevel gear. Contrary to the joints J1 and
J3, safety is here obtained by having a backdrivable joint. If a

Fig. 11. Close-up on the wrist.

power failure occurs, or in case of emergency, the power-off
brake mounted in parallel stops and maintains the robotic arm
in a static position. To help the subject exit the system, the
power-off brake can be momentarily disabled by the operator
and the arm can, then, be rotated manually as the gear unit is
backdrivable.

The redundancy of the arm can be used in different ways. For
several protocols, such as the cartography of the motor cortex
area, a satisfactory behavior can be obtained by determining
initially the most adequate joint value for J3, that will remain
constant during the stimulation. For other protocols, a continu-
ous variation of the joint is needed. Two alternate designs are,
therefore, considered. The first design corresponds to a contin-
uous variation of J3. It is based on a cable transmission (see
Fig. 10), using the principle of a capstan drive. A pulley is
mounted on the motor. A cable is fixed at its ends to the element
to be displaced and winded around the actuated pulley. The rota-
tion of the pulley creates the rotational movement of the element
connected to the circular guide. To avoid the introduction of any
bias due to some sliding of the cable, an independent and direct
measurement of the angular position is performed using an op-
tical ruler. The second design is a simplified design. A discrete
set of positions is available by manually moving the axis. This
is the version implemented in the first prototype of Fig. 7.

3) Prismatic Joint: For the joint J4, passive safety is ob-
tained by a constant force spring placed in parallel to the joint
actuation (see Fig. 10). It tends to pull the wrist outwards the
subject’s head so that the motor is constantly acting against this
spring. In case of a power failure or an emergency, the motor
is disconnected with a clutch and the spring automatically re-
moves the coil from the head. The clutch is mounted with its
axis parallel to the motor axis to maximize the compactness.
The actuator rotation is converted into a translation of the wrist
using a rack and pinion system.

4) Wrist: The wrist (see Fig. 11) is close to the magnetic field
generated by the stimulation coil. The presence of ferromagnetic
elements is, therefore, as reduced as possible. Most structural
elements are manufactured using rapid prototyping techniques
with polymer materials. A custom-made compact CG joint is
designed for the joint J6, whose motion results from the rotation
of a roller guided by a circular guide connected to the coil.
Capstan drives are used for the joints J5 and J6, whereas a belt
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Fig. 12. (Left) Array of six force sensors to measure the contact force. (Right)
Mechanical interface to measure the contact force on the whole coil surface.

and pulley transmission is chosen for the joint J7. A set of six
piezoresistive force sensors [34] is embedded in the coil casing
and placed beneath a thin plastic sheet in order to measure the
force over the whole coil surface (see Fig. 12). The contact
force can be measured directly because of the insensitivity of
the sensors to the magnetic field and their very small thickness
that limits the distance between the coil surface and the head.

V. REGISTRATION, PLANNING, AND CONTROL

A. Subject Registration

The TMS session starts when the subject sits down on the
mobile seat of the robotic system. The first step is the registra-
tion of his head with respect to the robot and the reconstructed
head model. As already evoked in Section II, the registration of
the head with respect to the reconstructed head model is per-
formed using a landmark matching method. Once the anatomical
landmarks have been pointed in the medical images, a Polaris
pointer is used to designate three or four of them on the head,
typically the tragus of the left and right ears, the bridge of the
nose, and the nasal tip. Then, a point-to-point correspondence is
performed, based on a least-squares minimization method [35].
Registration accuracy is not affected by head motions during
the landmark acquisition, since each acquired point is recorded
in the frame associated with the marker attached to the subject
glasses. The registration of the head with respect to the robot
frame is achieved by using another marker attached to the base
of the mechanism.

The registration procedure can induce translation and orien-
tation errors. Their influence on the accuracy of the stimulation
process is not easy to estimate. The accuracy is dependent on the
user and on the location of the stimulation points. The considered
procedure is the most frequently used by clinicians performing
TMS with a navigation system based on a Polaris device. We,
therefore, assume that the registration accuracy provided by this
technique is acceptable and we will not investigate it any further
in this paper. Other techniques based on surface matching [36]
instead of point matching could, however, be considered in fu-
ture developments.

B. Planning

1) Reference Motion Computation: The path of the coil is
computed from the positions of the targets on the cortex by
considering two constraints expressed in Section III: 1) the line
normal to the coil plane and going through the coil center also

Fig. 13. (Left) Brain with the cortical points. (Right) Head model with the
closest facet normals and the computed trajectory.

goes through the cortical point; and 2) the distance between the
coil center and the cortical point is minimal. For each point, the
facet of the reconstructed polyhedral head whose normal and
center are the closest to the target point is searched for. The
search is limited to the part of the model corresponding to the
treatment area. In a second step, a cubic spline-based interpo-
lation is performed between the obtained points in order to get
a smooth reference path. Finally, the coil path is sampled and
the reference velocity at each sampled point is derived from the
stimulation frequency and the imposed number of pulses per
stimulation point defined by the neurologist. For some proce-
dures, the stimulation is limited to a discrete set of points. In
this case, only the first step of the planning process is required.

An illustration of the planning process is given in Fig. 13.
The overall error generated by the planning, which depends on
the 3-D model resolution, is estimated around 0.5 mm.

2) Robotic Motion Planning: If the joint J3 is actuated man-
ually, there is no kinematic redundancy during the stimulation
session. In that case, it is only necessary to compute the value of
the joint J3 to obtain a motion for which every point is reachable
and the joint positions and velocities are admissible. The joint
positions are chosen as far as possible from their limits to allow
the nonplanned compensation of head movements.

A robotic planning technique has been developed for the
case of a continuous actuation of J3. The planning problem
is highly constrained, with constraints on the joint positions
and velocities. The proposed planning technique is based on
probabilistic motion planning algorithms [37]. A roadmap is
formed by an iterative building of a graph of randomly generated
robot configurations [38]. Each configuration corresponds to a
pose of the coil on the reference path. The proposed technique,
detailed in [18], includes in an original manner the velocities
constraints in the roadmap at the planning level which allows
for instance joint limit avoidance.

C. Control

1) General Structure: The overall control structure of the
system is represented in Fig. 14. It is composed of two feedback
control loops: one for the force control of the joint J4 and the
other for the position control of the other joints.

2) Position Control Head Motion Compensation: The con-
trol of all the joints except J4 is a conventional Cartesian control,
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Fig. 14. Architecture of the robot control.

Fig. 15. Motion planning and compensation.

for which the reference motion is given by the desired coil po-
sition vector x∗ (including orientation), obtained in the motion
planning and compensation process, described hereafter. It re-
quires the inversion of the robot Jacobian J , and it is tuned by
a simple gain Kp . The robot pose x necessary for feedback is
evaluated from the direct kinematic model (DKM) and the joint
configuration q measured by the encoders. Note that it could
also be obtained using the Polaris and a marker attached to the
coil (see Section VI).

The motion x∗
0 planned for the initial position h0 of the head

cannot be directly executed due to unavoidable head movements,
which impose to modify the coil reference motion. For this
reason, it is necessary to continuously evaluate the joint velocity
shift that has to be applied to compensate for head motions. This
is the role of the “Motion planning and compensation” block
in Fig. 14. It operates as follows (see Fig. 15). Head position
is supervised using the Polaris and the marker on the subject’s
glasses. The changes in the subject’s head position are calculated
by comparing the initial position h0 with the actual position h.
Then, this difference is computed relative to the robot, using
the transformation matrix TH→R between the head and robot
frames. The resulting corrective term δx∗ is added to the initially
planned position x∗

0 , so that the coil may follow the specified
motion relative to the head.

Robot dynamics are limited for safety purpose, and fast mo-
tions of the head are, therefore, not compensated. In case of
sudden subject movements, the robot will stop and wait for the
operator to start the process again.

3) Force Control: Joint J4 is the only force controlled joint.
Before the stimulation, the joint is in its upper position so that
the coil remains as far as possible from the head while the
spherical arm is moving. When the stimulation is about to begin,
the joint is slowly moved in the direction of the head, with a
temporary velocity control of the joint. As soon as the contact
between the coil and the head is detected, the robot stops and
the direct force control of the joint is started. A proportional

Fig. 16. Two snapshots of the supervision HMI. (Left) Overall view to check
for preplanned motions and subject placement. (Right) Closeup on the task, here
a grid of points to be reached. The scale of the coil is then reduced in order to
improve the visualization of the task.

control is used, which is tuned by the gain Kf (see Fig. 14). The
reference force f ∗, which corresponds to a light pressure on the
head, is compared to the force f measured by the piezoresistive
sensors. In case of fast head motions, the contact with the coil
may be interrupted. Then, the robot force control is stopped, as
previously done in the case of motion compensation.

One peculiar feature of the implemented robot force control
is its sensing technology. Interlink force sensing resistor (FSR)
piezoresistive sensors have been selected for the implementation
of the force control [34].

Six of them are connected in parallel to detect any interaction
with the head, independently from the contact point, though this
latter is supposed to be always centered. The FSR sensor which
is originally dedicated to contact detection proves efficient to
solve the delicate problem of force sensing given the demanding
specifications of the system.

D. Software

1) Controller: The robot controller is implemented using
Adept SmartMotion modules (SMI6). The real-time software
includes all the necessary protections to operate with a high
level of safety. An application programming interface allows
the launching of real-time tasks and status checking or mea-
surements from a supervision software. The stimulation is also
driven by the low level software, using the trigger input of the
stimulator.

2) Supervision: The supervision software, which is not real
time, runs on a notebook PC. It is designed to manage all the
preoperative procedures and to supervise the stimulation pro-
cess. The notebook used in our experiments has an Intel Core
2 Duo processor, at 2.8 GHz. The software programmed in C#
runs under Windows environment. It uses the 3-D visualization
toolkit for visual rendering (see Fig. 16). The supervision soft-
ware is connected to the Polaris localizer by a serial link and to
the robot controller by an IEEE 1394 link.

This supervision software is used at every step of the robotic
planning. At the beginning of the procedure, it helps positioning
the subject by optimizing the head position and the robot ac-
cessibility. During the stimulation, the program supervises the
head motions using a nonreal-time supervision at 10 Hz, well
beyond the frequency of the motions to be compensated. It also
computes the corrections applied to the reference motion.
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Fig. 17. Phantom head during experimental evaluation of the system accuracy.

VI. EXPERIMENTAL EVALUATION

The experimental evaluation is performed using a phantom
composed of a head and a brain mock-ups (see Fig. 17). They are
reconstructed from MR images and manufactured using rapid
prototyping techniques.

The Polaris is used to evaluate the system performances. To
do so, the coil casing is equipped with a marker composed
of six fiducials (see Fig. 17). Only three of them need to be
observed simultaneously by the Polaris to compute the position
and the orientation of the coil. The measurement can, therefore,
be performed independently from the coil rotation. The Polaris
accuracy is in the order of 0.25 mm, with a measurement rate
of 30 Hz and a time drift estimated to be equal to 0.3 mm in
30 min, the average duration of the presented experiments.

Three features are considered in the evaluation: stimulation
accuracy without head movements, compensation of the head
movement, and force control. Experimental procedures and re-
sults are introduced before discussing the robotic system per-
formance.

A. Stimulation Accuracy

This evaluation is performed by analyzing first the repeatabil-
ity of the coil positioning, i.e., the coil position variation under
constant conditions, and then the positioning error which is the
difference between the planned stimulation point and the point
that is finally reached.

1) Repeatability: The repeatability of the stimulation pro-
cess is dependent on the repeatability of the head registration,
the measurement of the head position, and the robotic system.
As outlined in Section V-A, the head registration is performed
with the method currently used in the manual procedures. The
localization system is similar to the one generally used in man-
ual procedures. Then, it is interesting to focus on the evaluation
of the robotic system repeatability.

The coil is positioned ten times along a regular grid of 50
points projected on the head. With current stimulation systems,
the depth of stimulation does not exceed 25 mm. Repeatability
is, therefore, assessed for a point located 25 mm below the
stimulation coil along the perpendicular line that goes through

TABLE I
MEAN POSITIONING ERRORS

the coil center. The average standard deviation, used here to
estimate the repeatability, is equal to 0.4 mm with a maximum
standard deviation in the robot workspace equal to 0.7 mm.

2) Positioning Error: A set of 75 points equally distributed
around the stimulation area on the phantom head is defined.
The stimulation coil is positioned on each of them, using the
force control for the joint J4. For each point, an error vector is
computed by comparing the actual and planned positions of the
point located 25 mm below the stimulation coil. This vector is
then projected in the plane of the coil and along its perpendicular
to evaluate, respectively, the so-called tangential and normal
errors. A normal error affects the stimulation intensity, whereas
a tangential error represents an error in the selection of the
stimulated area.

A first control strategy consists in using the DKM (see
Section V-C2), in a so-called open-loop control strategy. The
mean error values over the set of 75 points are reported in Table I,
line 2.

For a significant portion of the workspace, the position of
the coil can be measured thanks to the coil marker and the
Polaris. A second strategy consists, therefore, in a closed-loop
control based on this measurement. The corresponding results
are reported in line 3 of Table I. In that situation, the positioning
error is no longer dependent on the kinematic model of the robot.

The subject can create total occlusions of the coil marker. In
such a case, the closed-loop strategy is no longer possible. A
third control strategy is, therefore, introduced to take advantage
of the closed-loop control that can be achieved in the absence
of the subject. The procedure is composed of two steps. In a
first step, the closed-loop control is used to position the coil
along the predefined set of points. The joint J4 is then posi-
tion controlled. The closed-loop control allows us to determine
the joint corrections needed to compensate for the positioning
errors. Those joint corrections are introduced in a second step,
with an open-loop control of the robot in presence of the subject.
The corresponding results are indicated in Table I when the head
and mechanism centers are superimposed (line 4) and when a
15-mm displacement of the head is voluntarily introduced to
assess the robustness of the trajectory correction (line 5).

B. Motion Compensation

The efficiency of the motion compensation is evaluated by
displacing voluntarily the phantom head with the seat. The de-
grees of freedom of the seat differ from those of the robot. In
other words, the compensation of a seat movement, even if it
consists in a pure translation, requires the simultaneous control
of all the robot joints. In Fig. 18, a vertical displacement of the
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Fig. 18. Motion compensation: example of a vertical movement δX of the
phantom head. The joint variations δq are represented as well as the variation
of the position error δe.

Fig. 19. Evaluation of the force control by simulating the head contact on the
coil surface of contact.

head recorded by the Polaris is represented. The corrections of
the joint values and the variation of the position error of the
coil with respect to the head are represented as well. The error
variation remains below 1 mm during the experiment.

C. Force Control

The force control is evaluated by recording the force measured
with the piezoresistive sensors during a contact simulated by
touching the coil surface. In Fig. 19, the phase I corresponds to
the position control of the joint J4. After 7 s, the force control is
started. The reference force value is obtained after a 3-s transient
period. The value remains constant in the absence of movement
during the phase III. During the phase IV, the head is moved to
observe how the joint J4 position is modified to keep the contact
force close to the reference value. After a 5-mm displacement,
the contact force value in phase V is roughly equal to the value
during phase III.

D. Discussion

The level of repeatability obtained with this first prototype
is very promising. The standard deviation is indeed close to
the one of the Polaris measuring device that is used in this
evaluation. A first interest of the robotization of TMS appears:
the repeatability of the coil positioning task is high and does not
depend on human factors such as the experience of an operator.

In terms of accuracy, the level of performance obtained with
the prototype is interesting even though slightly limited, with a
mean tangential error equal to 5 mm. Further experiments have
shown that the kinematics of the wrist do not exactly corre-
spond to the kinematic model of the structure due to manufac-
turing and assembly imperfections. The corresponding position
errors cannot be suppressed easily even with a calibration. With
an improved wrist design, the accuracy should be significantly
improved. The proposed correction strategy appears also very
efficient to correct this problem. By identifying the errors in
a first step, before the stimulation session, the position errors
are divided by two after correction. The accuracy improvement
occurs even if the subject is only approximately centered in the
mechanism. The current design, thus, provides a level of perfor-
mance that is already very satisfying for medical investigation.

The tangential errors, that represent an error in the definition
of the stimulated point, can be lowered by open-loop control
with correction of the kinematic errors. Using the Polaris to
get a closed-loop control, these errors can even decrease to
values comparable to the accuracy of the Polaris device. On
the contrary, the normal error cannot be suppressed. Further
experiments have shown that the head registration can introduce
significant errors. A point located on the reconstructed head may
be unreachable because it is located beneath the head of the
subject after registration. Another reason lies in the geometry of
the coil. The coil plane of contact cannot always be positioned
correctly for any point on the head as detailed in Section V-B1.
Depending on the actual geometry of the head, the plane of the
coil can come into contact with the head at a location which
is not the center of the coil. This can happen, for instance, for
portions of the head that are not locally convex. Such errors
are related to the stimulation definition and the stimulation coil
geometry, but not related to the robotic system itself.

The improvement of TMS provided by the motion compen-
sation and force control is clearly outlined by the experimental
results. When the head moves slowly, the variation of the posi-
tion error remains in the order of 1 mm. At the same time, the
force control of the coil allows us to keep the force applied on
the subject’s head at a level which is compatible with the safety
and the comfort of the subject. This also means that the subject
does not have to be constrained during the treatment, which
improves his/her comfort. The use of the robotic system also
opens the possibility of delivering stimulation along continuous
paths with a high level of accuracy in order to investigate new
stimulation techniques.

VII. CONCLUSION

TMS possesses a great potential in the investigation and treat-
ment of several pathologies. Introducing robotics for TMS ap-
pears natural to solve the limitations of manual procedures in
terms of difficulty and accuracy. In this paper, we have proposed
a dedicated robotic system and its associated workflow to ensure
a high level of accuracy and safety.

Safety is taken into account at the hardware and software
levels. From a hardware point of view, the robot architecture is
designed to suppress any risk of interference between the robot
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and the patient. The unique robot kinematics allows us also to
perform the force control of the coil with only one degree of
freedom, thanks to a direct measurement of the contact force.
During the integration, the power, velocity, and maximum torque
of the actuators have been minimized to limit risks, even in case
of control failure. A specific design has been adopted for the
second joint that allows the subject to exit easily from the system
even in case of power failure. From a software point of view,
the dynamics of the force control and motion compensation
are restricted so that the robotic arm cannot perform dangerous
motions for the patient.

Motion compensation and contact force control have experi-
mentally proved their efficiency. The first prototype of the pro-
posed robotic system already provides levels of repeatability
and accuracy that open new perspectives in the development of
TMS. In the future, it will be interesting to further analyze the
potential influence of the robotic system on the properties of the
magnetic field generated by the coil. First results with a proto-
col such as motor cortex cartography do not show significant
modification of the stimulation, but this has to be confirmed.
Future work also includes a quantitative comparison of robotic
and manual techniques, with or without navigation tools. Inves-
tigation on healthy subjects and patients will then be considered
to evaluate more accurately the medical benefits.
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