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Abstract— This paper presents the design, implemetation and
experimental validation of the ROBHOT Technology Demon-
strator, a new system for robot-assisted superficial hyperther-
mia treatments. The system features impedance-based interac-
tion control for accurate and safe delivery of the treatment,
a digital twin of the operative setup, communication modules
with a pre-operative planning software. Results of the system
validation in a relevant experimental environment are reported.
A video clip presenting an overview of the system and the
validation experiments is available at https://youtu.be/
rNxMaD-teNo.

I. INTRODUCTION

In oncology, hyperthermia (HT) is a treatment used to
increase the efficacy of chemotherapy (CT) and radiotherapy
(RT) in terms of complete response, local tumour control
and overall survival [1]. HT aims at rising the temperature in
tumorous tissues to the range of 40-45°C for about 60 min
to induce: (i) inhibition of tumour cell repair mechanisms
to recover from the damage caused by radiotherapy; (ii)
increase of blood flow and, hence, re-oxygenation with
a consequent powerful radio-sensitizing effect, and greater
transport of the chemo agent to the tumour site; (iii) increase
of the cell membrane permeability allowing an increase in
the uptake of chemotherapeutic agents. Tissue temperature
raising is due to absorption of an electromagnetic field at ra-
dio/microwave frequencies radiated by one or more antennas.
Superficial HT, in particular, is used to treat tumours located
at depths of 4/5 cm maximum under the patient’s skin and
the radiating antenna is placed on the body surface at the
tumour site. Despite solid scientific foundation and clinical
evidence [2]–[6], current procedures do not meet the level
of accuracy, integration in the RT workflow, and procedural
timing required to guarantee full exploitation of the treatment
potential [7]–[9]. As a matter of fact, clinical outcomes of the
combined HT-CT and/or HT-RT treatments are critically re-
lated to the ability of reaching and maintaining temperatures
at the desired target, with the right timing, for the desired
duration, in a reproducible manner for all the subsequent
HT treatments [10]–[14]. These quality requirements are
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hard to achieve in tumours typically treated with superficial
HT like, e.g., breast, head and neck, and skin/extremities
cancers, because of their significant differences in both size
and morphology, and for the anatomical complexity in their
location which complicates the antenna placement. Currently,
RF antennas for superficial HT are positioned manually
to a location indicated by the clinician, through a passive
mechanical arm, without any sort of feedback information
on the antenna positioning. Once settled in position, the arm
is fixed to try to hold the location for the whole 60 min-
utes duration of the treatment. Clearly, this manual process
hinders the possibility of reproducing the same position of
the microwave applicator in the subsequent HT sessions,
over the several weeks of the therapy; it does not allow
for an automatic tracking of the microwave applicator pose
in case of patient’s movements during each of the 60-min
treatment, thus moving the electromagnetic field focus and,
hence, possibly degrading the quality of the HT treatment
and/or causing the irradiation of healthy, delicate or at risk
organs; it presents longer procedural time and lower accuracy
with respect to the standards of RT.

The recently proposed ROBHOT1 system aims at remov-
ing these obstacles through the introduction of robots and
robotic technologies in the HT treatment. ROBHOT features
a PANDA manipulator to safely move the antenna mounted
at its end-effector for placing and keeping it in contact with
the patient for the whole treatment (see Fig. 1), despite
patient’s volutary or involutary motion. The Polaris optical
localization and tracking system provides information for
registration of the pre-operative radiation plan. Data from
the robot and the optical sensor are sent to a digital twin
that includes also a 3D model of the patient to be treated.

To our best knowledge, this is the first example of a
superficial HT system supported by robot that can guarantee
accurate registration of the pre-operative plan, safe and
comfortable antenna positioning, from the preparation phase
to the delivery of the treatment. Related systems include [15]
which, however, uses hyghly focused ultrasoud, a different
technology with similar terapeutic objective. It does not
include a digital twin and the interaction force is monitored
to be below a prescribed threshold but not controlled so as
to guarantee a compliant behaviour of the robot, according
to a properly designed model of the interaction.

From the robotic point of view, the problems to be
solved are related to the registration of the pre-operative

1ROBHOT is a Technical Demonstrator developed by the authors with
the financial support of the Digital Innovayion Hub HERO.
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Fig. 1: The ROBHOT system: the superficial HT antenna is safely and accurately placed
and kept in contact with the patient body, at the desired pose, by a FRANKA EMIKA
PANDA manipulator integrating the information from the Polaris optical localization
and tracking system and of a digital twin of the whole operating scenario.

plan in the reference frame of the robot and the control of
the physical human-robot interaction occurring both in the
manual guidance of the robot (positioning of the robot in
the initial phase of the procedure by a human operator) and
during the delivery of the treatment, when the antenna must
be kept in contact with the patient.

For the localization and tracking problem we use a
deterministic Iterative Closest Point algorithm [16]. The
state of the art on robot interaction control includes well
known and established direct and indirect force control
schemes: impedance/admittance control, force control, hy-
brid force/position control and compliance control [17]. Each
of them are largely employed in the different fields of
robotics for specific applications. In the medical robotics
field, the control objective is to determine autonomous or
semi-autonomous behaviours based on safe interaction also
with delicate anatomical structures, that could minimize
stress and pain for the patient. For these reasons, different
control solutions are proposed [18]. In [19], a control ar-
chitecture for compliant comanipulation, for robot-assisted
medical procedures, is presented. The described method
implements an impedance control, both passive and active,
on the position of the employed medical device, in order
to establish the desired dynamic interaction between the
robot and a human cooperator. In [20], the authors present a
method for the control of a ultrasound (US) probe, manipu-
lated by a robotic system. The presented strategy regulates
the interaction force of the probe with the target surface,
while simultaneously accomplishing additional visual control
objectives based on the acquired images. Other examples of
interaction control approaches, based on impedance control
schemes, have been employed for beating-heart surgery [21].
More recently, a very close system architecture and inter-
action control has been proposed in [22] for robot-assisted
ultrasound tissue scanning.

In this work, we present design and validation results of
the ROBHOT Technology Demonstrator, a new treatment
system integrating a complete software framework allowing
seamless transfer from simulation to experiments. In the real
operative scenario, this means that it will allow to move from
planning to treatment delivery in a seamless and fast way.
The system includes a digital twin of the operating system,
communication modules with a pre-operative planning soft-
ware, the possibility to integrate different devices to interact
with the system, the possibility to easily extend the frame-
work to different technology-assisted medical procedures.

Fig. 2: Representation of the experimental setup.

ROBHOT is characterized by a continuous physical inter-
action between the patient and the involved medical devices
mounted at the robot end-effector. The proposed control
approach provides an easy manual guidance of the robot for
gross positioning and fast removal from the operating field
and a desired compliant interaction behavior of the robot to
accomodate physiological and unadverted movements of the
patient during the treatment, in order to guarantee safety in
the executed procedures. The controllers are validated on the
real system, in an operational environment.

II. ROBHOT SYSTEM ARCHITECTURE

Robot assistance and full automation of superficial HT will
allow reaching the accuracy level of radiotherapy in treat-
ment delivery and will increase patient safety and comfort.
The ROBHOT technical demonstrator presented in this paper
is the cornerstone of the whole project providing: i) accurate
antenna positioning with respect to the anatomical target
of interest; ii) visual monitoring of the procedure progress
through a digital twin of the ROBHOT system including a
3D model of the patient; iii) guarantee of comfort and safety
of the patient throughout the treatment.

To achieve these objectives the technological setup in-
cludes: i) an NDI Polaris Vega optical camera with optical
markers, to enable real-time tracking of the antenna; ii)
a Franka Emika Panda robot, for shared and autonomous
positioning of the antenna on the identified target; iii) an ex-
ternal CoppeliaSim simulation software for 3D rendering and
simulation of the scenario core components; iv) a dedicated
software with layered architecture and modules enabling
communication and interaction between the components
listed above and designed to allow integration of additional
components. Fig. 2 reports the involved components and
highlights the relevant reference frames involved in the
system: FC is the reference frame attached to the optical
camera; FR0 and FRn are the reference frame attached to the
base and the tip of the robot, respectively; FA is the reference
frame attached to the radiative antenna mounted at the end-
effector of the robot; FM is the reference frame attached to
the optical markers mounted on the antenna, to allow real-
time tracking through the camera; FP is the reference frame
attached to the patient/target anatomy of interest.

The remainder of this Section provides technical details
about these components.



A. NDI Polaris Vega ST optical camera

The NDI Polaris Vega ST2 in Fig. 3 is an optical system
largely used in clinical environments to track the pose of
objects and instruments in real-time, based on near-infrared
(IR) light technology. The system toolkit is composed of:
i) a dedicated camera (Figure 3a), retrieving optical mea-
surements with sub-millimeter accuracy (0.12mm) at rates
of 20, 30 or 60 Hz within a pyramid measurement volume,
with an average latency < 16ms; a set of 4 passive optical
markers mounted on a rigid-body frame (Figure 3b), to be
attached on the clinical instrument to track; iii) a probe
equipped with 4 passive optical markers (Figure 3c), used for
intra-operative patient registration, and hence for subsequent
transfer of a pre-operative plan to the robot; iv) a set of API
functions required to query the system and to develop custom
applications.

In the ROBHOT system, a 4-marker rigid-body frame is
mounted on the holder of the radiative antenna, as shown in
Fig. 3d, for tracking pourposes. The passive probe is used for
patient-Polaris intra-operative registration, as will be detailed
in Sect. III-A. Finally, the API functions have been integrated
in a dedicated proxy class of the ROBHOT control software
architecture, as detailed in Sect. II-D.

(a)

(b) (c) (d)

Fig. 3: The NDI Polaris Vega system: (a) the optical camera; (b) the rigid-body frame
hosting a set of 4 optical markers, here attached to the radiative antenna for tracking;
(c) the optical passive probe, here used to implement the registration routine of the
Polaris system with respect to the environment; (d) the NDI rigid-body frame attached
to the radiative antenna in the ROBHOT system.

B. Franka Emika PANDA robot manipulator

The Franka Emika PANDA3 (featured in Figure 1) is a
fixed-based robot manipulator arm with 7 degrees of free-
dom, equipped with encoders and link-side torque sensors
at each joint. The platform weight is around 18Kg, with the
possibility to hold payloads at the end-effector up to 3Kg,
which is sufficient to hold standard radiative antennas and
the water bolus required to cool the skin during superficial
hyperthermia treatments. The robot guarantees a positioning
accuracy during motion of < 1.25mm, while the force
(torque) sensing resolution is < 0.05N (< 0.02Nm). A
Franka Control Interface (FCI) enables, at the robot-side,

2https://www.ndigital.com/
3https://www.franka.de/

the low-level control of the platform at 1KHz, while the
dedicated open-source C++ library libfranka runs at
client-side to manage the UDP-based network communica-
tion and to provide the functionalities for reading the robot
state and send input commands from an external application.
Input commands can be position or velocity in the Cartesian
or in the joint space, executed by the low-level motion
generator module of the FCI. Alternatively, direct control
of joint motors is also possible by sending appropriate joint
torque commands. These functionalities and the access to
the libfranka library have been integrated in a dedicated
proxy class of the ROBHOT software solution, as detailed in
Sect. II-D.

C. CoppeliaSim simulation software

CoppeliaSim (formerly V-REP) is a simulation software
that offers a dedicated and versatile development environ-
ment for robot motion planning and control, by providing
tools to program multi-robot applications in different pro-
gramming languages (C/C++, Python, Java, Lua, Matlab,
Octave) and implementation solutions (embedded plugin,
ROS note, external remote API client). The high degree of
customization of the virtual scene makes the simulator ideal
for building the digital twin of our system, i.e., a virtual
reconstruction of the operative environment with enhanced
visualization and signal monitoring properties. In ther ROB-
HOT system, the CoppeliaSim remote API functions have
been chosed to interconnect the simulator with the the robot
and the optical camera, wrapped in a dedicated proxy class of
the proposed software architecture, as detailed in Sect. II-D.

D. Software architecture

The multi-layer ROBHOT software architecture is de-
picted in Fig. 4a, as a slight modification of the framework
that we have also presented in [23].

The top layer (highlighted in blue in in Fig. 4a) is
responsible of interfacing the external systems involved in
the environment with the functionalities of the software
implemented at the lower levels. This is achieved through
a set of proxy objects that exchange data with each system
trough dedicated libraries and SDKs. Currently they include
the Franka robot, the Polaris optical camera, the CoppeliaSim
simulator, and a user interface required to provide inputs
about procedures to run. This last functionality is not used in
ROBHOT but it is useful to validate the interaction control
strategies in simulation. It also enlighten the flexibility of
the framework in allowing seamless extension to remotely
operated procedures.

At the middle layer (yellow box in Fig. 4a), we consider
objects implementing high-level routines that need to gather
and coordinate data from different proxies of the higher level,
to update the state of the environment stored in the lower
levels. This involves task- and control-related procedures
(e.g., registration, antenna tracking and robot-assisted place-
ment). Furthermore, at this level we implement the different
robot control strategies that will be compared to assess the
effectiveness with respect to the treatment requirements.

https://www.ndigital.com/
https://www.franka.de/


The objects at the lower layer (red in Fig. 4a) refer to
atomic components of the setup (e.g., robot, antenna, target
volume) or mathematical tools (e.g., algorithms, filters),
describing the current state of the environment. These objects
are used by the higher-level routines to run storing/loading
operations and processing of local data (e.g., update of the
robot state, execution of the ICP algorithm for registration).
Actual write-read operations on the file-system of each com-
ponent are finally achieved in the last layer of the architecture
(gray box in Fig. 4a).

Proxies, task and controller objects of the higher layers
execute their own routines through dedicated threads. On
one side, proxies threads periodically refresh data exchanged
with the external systems and share them with the task-level
routines. On the other side, task and controller threads collect
such data from the proxies, execute their own routine and
mutually get access to the state of the environment at the
lower level (see Fig.4b). Video clip of the ROBHOT Digital
Twin.

(a)

(b)

Fig. 4: The ROBHOT software architecture: (a) Flowchart of the implemented multi-
layer architecture, managing the communication with the involved external systems,
the execution of the treatment routines, the control of the robot and the update of
th environment state. (b) Scheme of the multi-threading communication among the
different components of the architecture.

III. HYPERTHERMIA TREATMENT AUTOMATION

The integration of the NDI Polaris optical camera and the
Franka Emika Panda manipulator into the clinical setting
allow to perform the treatment procedure with assisted man-
ual antenna positioning, facilitated by real-time tracking of
the antenna using the optical camera. Additionally, it offers
the option for autonomous or semi-autonomous antenna
positioning, leveraging the high accuracy and repeatability of
the robot to control the antenna’s pose and respond actively
to unintended physiological motions of the patient, such as
breathing.

In both considered treatment modalities, the setup inte-
grates a a virtual replica of the clinical scenario (digital
twin) implemented in the CoppeliaSim environment. This
includes a 3D model of the anatomical region of interest, re-
constructed from available preliminarily acquired CT scans.
The scans are available from the pre-operative phase of the
treatment, as they are used by the clinicians to plan the
desired location of the antenna, so as to have the target
tumor within the maximum Specific Absorption Rate (SAR)
volume of the antenna.

The pre-operative planning phase of the hyperthermia
treatment provides the desired pose for the antenna with
respect to the patient reference frame. However, in order to
quantitatively assess the accuracy of the positioning proce-
dures, it is necessary to transfer the treatment plan from the
target anatomy to the robot and camera reference frames. For
this purpose, we implemented a registration procedure based
on fiducial marker, in order to estimate the camera-patient
and robot-patient spatial relationships. In the remainder of
this Section, we will detail first the registration procedure for
the camera and the robot systems. Then, we will describe the
optical-based and robot-based treatment modalities offered
by the ROBHOT system.

A. Registration

With reference to the frames already specified in Fig. 2 and
listed in the previous Section, the marker-based registration
procedure estimates the 4 × 4 homogeneous transformation
matrices PTC and PTR, denoting the relative pose of the
robot and camera frames FR0 and FC with respect to the
patient frame FP , respectively.

In detail, 4 radiopaque markers are preliminarily applied
on the target anatomy, to allow visualization in the CT
scans and retrieve direct measurements of the corresponding
coordinates Ppi ∈ FP , for i = 1, . . . , 4. In order to
correctly achieve the designed marker-based registration, it
is necessary to acquire the coordinates of the same points
in the target reference frame to be registered, i.e., Xpi,
with = X = {C,R0}. The two sets of coordinates are then
processed through an Iterative Closest Point (ICP) algorithm
for estimating the underlying transformations. Depending
on the system to be registered, the corresponding set of
coordinates is acquired in a different way.
1) Optical camera registration: the coordinates Cpi in the
camera reference frame FC are acquired manually by the
operator through the NDI passive probe (see Fig. 3c), by

https://youtu.be/d-_I7URcdVc
https://youtu.be/d-_I7URcdVc


(a) (b) (c)

Fig. 5: Registration of the “patient” (transparent phantom on the table between the camera and the robot) with respect to the optical camera system. The user handles the optical
passive probe to acquire the points of interest in the reference frame of the camera.

(a) (b) (c)

Fig. 6: Registration of the “patient” (transparent phantom on the table between the camera and the robot) with respect to the robot system. The user exploits the manual guidance
functionalities of the designed system to manipulate the robot end-effector and place its tip in correspondance with the points of interest in the reference frame of the robot.

touching the fiducial markers with its tip. After the points
have been correctly acquired in the camera reference frame
FC , the ICP algorithm computes the resulting transformation
PTC . An example of the operator moving the robot to
acquire the location of the points, along with the resulting es-
timated transformation applied in the simulated environment,
is shown in Fig. 5. The final experimental reprojection error
of the resulting estimated transformation was ∼ 4 ·10−3[m].

2) Robot registration: the coordinates Rpi in the robot
base reference frame FR of points on the target anatomy
are measured in the robot reference frame through the
Franka robot gripper. The built-in manual guidance control
modality provided by the libfranka library is used to
enable the user to move the gripper and position the tip over
the fiducial markers. After the points have been acquired
in the robot base reference frame FR, the ICP algorithm
computes the resulting transformation PTR relating the
surface and the robot reference frame. An example of the
operator moving the robot to acquire the location of the
points, along with the estimated transformation applied in
the simulated environment, is shown in Fig. 6. In our
experimental validation, the final reprojection error of the
resulting estimated transformation was ∼ 2.07 · 10−4 [m].

We finally highlight that, once PTR and PTC have
been successfully estimated, it is possible to transfer geo-
metric information from the robot to the camera frame and
vice-versa, by computing the corresponding transformation:
RTC = PT−1

R
PTC . Clearly, this transformation can be

obtained through a camera-robot calibration procedure. The
registration of camera and robot with respect to the patient
is however a useful functionaly of the system allowing also
manual or robot-assisted treatment delivery in an exclusive

way.

B. Antenna reference pose determination

The reference pose of the radiative antenna frame FA,r

is issued by a treatment planner that, by exploiting the
available medical images of the patient (e.g., CT scans), runs
a simulation of the antenna radiation on the target anatomy to
determine the reference pose that maximizes the coverage of
target volume, within the antenna SAR region. The output is
the rototranslation PTA,r, expressing the reference position
and orientation of the antenna in the patient frame FP , used
as a target for the proper positioning of the antenna in the
subsequent treatment delivery.

When a planning system is not available, ROBHOT also
considers an alternative method to determine the reference
pose of the antenna, by relying on the experience of the
operator. In particular, the routine envisaged in the ROBHOT
system relies on a template sheet placed over the target
surface, and reporting the size of the antenna and the nominal
SAR area. Then, the operator acquires a set of 6 reference
points Cpi, i = 1, . . . , 6 in the camera frame FC , through
the passive probe tool and along the perimeter of the antenna
drawn on the sheet. Finally, analogously the optical camera
registration routine, an ICP routine is run to reconstruct the
corresponding reference pose CTA,r of the antenna that best
fits the set of measured points.

C. Intra-operative treatment delivery workflow

Once the antenna reference pose FA,r has been determined
(from pre-operative planning or through the manual optics-
based registration routine, as detailed in Sect. III-B), the
ROBHOT software loads, in the virtual environment: i) the
3D model of the patient’s target anatomy characterized by



Fig. 7: Regulation of the antenna to the reference pose through a preliminary motion
to the proxy pose FA,p of the antenna frame.

the frame FP ; ii) the transformation matrices PTC and
PTR reporting the relative poses of the optical camera and
of the robot base, respectively, resulting from the registration
routines; the reference pose of the antenna FA,r (reported as
the transformation matrix PTA,r or CTA,r, depending on
the adopted planning routines explained in Sect. III-B).

To drive the radiative antenna, mounted at the end-effector
of the robot, towards the reference pose and maintain a
controlled and safe contact with the patient’s body to success-
fully deliver the treatment, the ROBHOT system workflow
considers three distinct operational modes. These modes may
serve as alternative or complementary methods to complete
the procedure and consist in:
1) Manual guidance: the operator manipulates the radiative
antenna by applying forces, such as pushing or pulling,
directly to the robot manipulator arm. The robot pose is
tracked and visualised in the virtual environment;
2) Autonomous antenna reference pose regulation: the
autonomous control regulates the antenna initial pose RTA,i

to an intermediate proxy pose RTA,p. The proxy pose is
selected by shifting the reference RTA,r along the positive
direction of the vertical axis of FA (blue axis in Fig. 7), so
as to initially prevent contacts with the patient’s anatomy.
This phase may proceed after a previous manual guidance
mode, allowing for finer adjustments to a previous operator’s
positioning, or even replaces it entirely. In this latter case, au-
tonomous control can directly take over, guiding the antenna
to its reference pose from any initial robot configuration;
3) Autonomous interaction control: following the Au-
tonomous antenna reference pose regulation mode, this phase
manages the approach of the antenna to the patient’s anatomy
to achieve controlled contact.

IV. ROBOT CONTROL

Autonomous placement of the radiative antenna in the
considered clinical scenario should take into account the
control of the prolonged physical contact between the an-
tenna and the patient during the treatment. In particular, to
guarantee the effectiveness of the procedure, the control must
be designed so as to guarantee: i) a stable interaction with
limited force magnitude; ii) a reactive behavior of the robot,
to accomodate movements of the patient.

Additionally, due to possible limitations introduced by
compatibility certificates and legal approvals of novel sys-
tems in the clinical environments, the criteria leading the
design of the overall system should consider a minimum

number of additional devices. Therefore, we did not consider
any dedicated F/T sensor at the robot end-effector for the
direct acquisition of interaction force measurements. We
highlight, however, that the presence of torque sensors at the
robot joints, along with the knowledge of the robot dynamic
model, still allows to retrieve an estimation of the interaction
forces through momentum-based observers [24].

An impedance control scheme turned out to suit the given
experimental setup. The interacting environment (here, the
patient body) is modeled as a mechanical system with finite
stiffness, i.e., it is subject to small deformations due to
external forces. In fact, as detailed below, this scheme allows
to indirectly control the interaction force by regulating a
Cartesian pose error, with control gains tuned in such a way
to shape properly the desired interaction and achieve stiffer or
softer dynamic behaviors. Moreover, as detailed below, under
certain circumstances this scheme achieves indirect force
regulation without relying on direct force measurements.

The design of an impedance control scheme exploits the
knowledge of the robot dynamic model

M(q)q̈ +C(q, q̇)q̇ + g(q) + τ f = τ + J(q)TF ext, (1)

where M(q) ∈ Rn×n is the inertia matrix, C(q, q̇) ∈ Rn×n

is the matrix of Coriolis and centrifugal forces, g(q) ∈ Rn

is the gravity vector and τ f ∈ Rn the friction torques.
The desired behavior of the interaction between the robot

and the environment ia typically modeled as a linear mass-
spring-damper system:

Mm∆ẍ+Dm∆ẋ+Km∆x = F ext (2)

where Mm, Dm and Km are desired inertia, damping and
stiffness matrices, respectively, while ∆x = x−xd denotes
the error of the robot end-effector pose x with respect to the
desired reference xd. It can be shown that the torque control
input τ that achieves the desired interaction (2) is given by:

τ = n(q, q̇) +M(q)J−1
(
ẍd − J̇(q)q̇ +M−1

m uPD

)
+ J(q)T

(
Mx(q)M

−1
m − I

)
F ext

(3)
where uPD = (Dm∆ẋ+Km∆x), n(q, q̇) = C(q, q̇)q̇+
g(q) and Mx(q) is the robot Cartesian inertia matrix.

Clearly, if Mm = Mx(q), the control law (3) does not
depend on the measured contact force F ext. However, this
also alters the nature of the desired interaction model (2), that
becomes nonlinear due to the presence of a configuration-
dependent inertia matrix. In order to preserve the physical
feasibility of the desired interaction to achieve, a Corio-
lis/centrifugal term should also be added to the damping
term, resulting in the following nonlinear desired interaction
model:

Mx(q)∆ẍ+ (Dm +Cx(q, q̇))∆ẋ+Km∆x = F ext

(4)
that is achieved through the control input

τ = MJ#
(
ẍd − J̇J#ẋd

)
+CJ#ẋd+g+JTuPD. (5)

The dynamic response of the closed-loop systems resulting
from the control law (5) depends on the choice of the



(a) (b) (c)

Fig. 8: External view of the different phases of the robot-assisted antenna positioning
procedure: (a) approaching; (b) achieving contact; (c) breathing adaptation based on
impedance control.

impedance gains Dm and Km. The desired impedance
model shaping allows to keep limited contact forces while
ensuring a desired dynamic behaviour in terms of stiff-
ness/compliance.

In the considered scheme, the interaction force is gen-
erated since the desired reference pose of the antenna is
chosen intentionally slightly inside the environment, so as to
drive the antenna towards the body surface and produce the
intended collision. The displacement of the reference pose
also affects the magnitude of the interaction forces, resulting
as an additional design choice in the shaping of the desired
impedance model. Details about the experimental validation
are provided in Section V.

V. EXPERIMENTAL RESULTS

This section reports on the experimental validation of
interaction control in a simulated robot-assisted hyperthermia
treatment delivered to a healthy human subject. First, a
predefined antenna reference pose RTA,r in FR is selected
to place it in contact with the subject’s chest (refer to Fig. 8).
From this, the proxy pose RTA,p is then defined. The body
reference pose RTA,b is finally placed a few centimeters
below the reference pose along the antenna z-axis.

With reference to the operating modalities described in
Sect. III, for the considered experiment, the chosen initial op-
erating mode was the “Autonomous antenna reference pose
regulation”, with the robot autonomously driving the an-
tenna towards the predefined reference pose (see Fig. 8a).To
facilitate a smoother convergence of the antenna towards
the reference pose and mitigate sharp peaks in initial torque
control input, we generate a trajectory with a linear Cartesian
path between the initial antenna pose RTA,i and the proxy
reference pose RTA,p, traversed according to a bang-coast-
bang acceleration profile. The resulting planned trajectory
will enable the antenna to accelerate with maximum ac-
celeration amax, until reaching a constant velocity vmax.
The velocity is maintained as it approaches to the reference
pose and, upon nearing the reference pose, the antenna
decelerates, gradually reducing its velocity to achieve precise
alignment. For the considered experiment, we set vmax =
0.2[m/s] and amax = 0.25[m/s2]. To accurately track the
resulting trajectory, a stiff dynamic behavior is imposed on
the system along all the directions of the control space
through the impedance control law (5), having Km =
diag(3 ·103, 3 ·103, 3 ·103, 2 ·102, 2 ·102, 2 ·102) and Dm =

diag(5 · 10, 5 · 10, 5 · 10, 5, 5, 5). The tracking performance
along the planned linear Cartesian path are exhibited in the
shaded blue-colored range of plots in Fig. 9-10, in the time
interval (0 − 6.5)s, showing low errors both in position (p)
and orientation (o).

Once the antenna proxy pose RTA,p is reached, the
system enters in “Autonomous interaction control” mode.
In this phase, the autonomous control assumes the body
reference pose RTA,b as new target pose of the antenna
and a linear Cartesian path is analogously interpolated, to
smoothly converge and mitigate sharp control input peaks.
However, differently from the previous phase, we selectively
adapt the dynamic behavior of the antenna motion, so as to be
stiff only along determined directions: to accommodate the
physiological motions of the patient, such as breathing, the
interaction control is designed to exhibit compliant behavior
along the vertical axis (z) of the antenna frame (FA) for
position regulation, and around the two planar axes (x and y)
for orientation regulation. Consistently, the control strategy
imposes a stiff behavior along the planar axes x and y
for position regulation, as well as around the vertical axis
z for orientation regulation. This is obtained by setting
Km = diag(3 · 103, 3 · 103, 3 · 103, 2 · 102, 2 · 102, 2 · 102)
and Dm = diag(5 · 10, 5 · 10, 5 · 10, 5, 5, 5). The resulting
imposed dynamic behavior ensures adaptive response to the
dynamic movements of the patient, while maintaining precise
control over both position and orientation. The effectiveness
of this strategy is highlighted in the shaded green and red-
colored ranges of plots in Fig. 9- 10, covering the time
interval (6.5 − 30)s. The vertical dashed line at t = 7.5s
separates the approaching phase to the body pose RTA,b and
the subsequent interaction control phase, resulting from the
contact with the subject’s chest (see also Fig. 8b). In partic-
ular, the plots highlights the different tracking performance
in the stiff directions and in the compliant directions of the
control space, as well as the oscillating profile resulting from
the breathing of the human subject.

Finally, Fig. 11 shows the Cartesian forces and torques
resulting from the interaction of the antenna with the human
subject’s chest, as shown also in Fig.8c. Peak values of the
interaction force can be modified through the impedance
model parameters, while the oscillatory behaviour can only
be reduced through a feedforward action that compensates
the breathing cyclic motion. To this aim, future work include
a real-time tracking of the interested body area. A video
clip presenting the system overview and the experiments is
available at https://youtu.be/rNxMaD-teNo.
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VI. CONCLUSIONS

We have presented a new system for robot-assisted su-
perficial hyperthermia allowing to achieve the unprecedent
accuracy in treatment delivery while guaranteeing safety of
the patient. In future work we will include tracking of human
motion to reduce the oscillation in the interaction force and
a non-invasive temperature estimation at the target using the
method developed in [25] and [26].
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