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Preface

I am greatly excited to present in this document the result of what has been, over the last nine months,
not only my full-time work but also the catalyzer of one of my greatest learning experiences. I look back
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is often the case with these projects, the final result is one I could have never imagined.

I am very happy to have been able to carry out a project like this, allowing me to touch upon so many
aspects and dimensions of engineering, and to design and create such a device (even a force sensor!).
The journey has not been easy, with frustration because components broke, designs didn’t work and
some implementations would take days or weeks. However, it has come with an equal amount of
celebratory moments and excitement as things took shape. I believe it all has allowed me to grow not
only in technical skills but also in my way of thinking and organizing my time, as well as shedding light
on the kind of work I want to pursue in my future. For that, I am glad I went to talk with Prof. Laura
Marchal-Crespo after her lecture in the Human-Robot Interaction course, now almost two years ago.

Of course, this achievement would have been impossible without the assistance of many people. First
and foremost, I want to express my most sincere gratitude to my supervisors: Alexandre Ratschat,
Yasemin Vardar, and Laura Marchal-Crespo. Your detailed feedback, assistance, and guidance have
been invaluable. I would also like to extend my gratitude to all the members of the MLN Lab, some
of whom have graduated or moved abroad, the many others who have joined, and those who have
accompanied me all throughout the thesis. The ideas and discussions we have exchanged, and the
coffee and lunch breaks we have shared, have helped immensely along the way. It has been a pleasure
to be part of this group and to have occupied for this last year before moving, that one desk at the end
of the VR room. I would also like to thank all those who have assisted this project in taking shape, by
sharing their ideas, equipment, and materials.

Finally, I could have not achieved this project without the endless support of my father and my girlfriend,
even while far away from me. You have been my emotional support, keeping me afloat when I most
needed it. Also to my flatmates and friends in the Netherlands, for all the good times we have shared
and that have allowed me to unwind from the project and replenish my energies. And thank you, mum,
I know you are always cheering and encouraging me with the grandpas from up above, I could have
never gotten here without you.

Rubén Martín Rodríguez
Delft, November 2023

i





Contents

1 Introduction 1

2 Paper: Design and Validation of a 2-DoF Force-Controlled Finger Skin Stretch Device
for Hand Rehabilitation 2

A Design Notes 18
A.1 System requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
A.2 Functional description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
A.3 Component requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

A.3.1 Actuator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
A.4 Component selection and Bill of Materials . . . . . . . . . . . . . . . . . . . . . . . . . . 21
A.5 System integration & evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

B Printed Circuit Board Design 24
B.1 Schematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

B.1.1 Main electronics PCB schematic . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
B.1.2 Force sensor PCB schematic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

B.2 Layouts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
B.2.1 Main electronics PCB layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
B.2.2 Force sensor PCB layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

B.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

C Manufacturing 28
C.1 Housing and connecting parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
C.2 Linear actuators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
C.3 Electronic hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
C.4 Force sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

D System workflow, operation and communication 32
D.1 System workflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

E Details on data acquisition 36
E.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
E.2 Data collection for magnetic force sensor calibration and static evaluation . . . . . . . . 36
E.3 Data collection for single-shot measurements . . . . . . . . . . . . . . . . . . . . . . . . 37

E.3.1 Considerations when attaching the mechanism for data collection . . . . . . . . 37
E.4 Connectors for platform rotations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

F Supplementary results 39
F.1 Sensor calibration and evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
F.2 Impact of platform rotations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
F.3 Step response evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
F.4 Frequency response evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

G Technical documents 46

Bibliography 54

iii





1
Introduction

The body of this thesis is built around the paper ”Design and Validation of a 2-DoF Force-Controlled
Finger Skin Stretch Device for Hand Rehabilitation” in Chapter 2. This includes the majority of the
research and the main findings of the thesis. For further information, the author would like to refer the
reader to the included appendices.

Additional notes on the design of the interface can be found in Appendix A. A summary of the require-
ments is included, in addition to calculations and intermediate outputs that led to the final design of the
interface. The complete bill of materials is also included. The schematics and design of the Printed
Circuit Boards (PCBs) developed throughout the thesis can be found in Appendix B. The details on
the manufacturing process of the components manufactured and assembled in-house are provided in
Appendix C. Appendix D contains a description of the software architecture in the microcontroller, as
well as the workflow of the different tasks and processes.

Regarding the validation of the system, a detailed description of the setups and scripts used to perform
the measurements and tests is provided in Appendix E. In addition to the results presented in the paper,
additional insights and visualizations are included in Appendix F.

Finally, Appendix G includes some of the technical drawings and technical documents generated
throughout the thesis and which are discussed throughout the appendices.
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Design and Validation of a 2-DoF Force-Controlled
Finger Skin Stretch Device for Hand Rehabilitation

R. Martı́n Rodrı́guez
Supervised by: A.L. Ratschat, Y. Vardar, and L. Marchal-Crespo

Abstract—The provision of somatosensory information may
play a fundamental role in the recovery of stroke patients.
Particularly, tactile information is known to influence motor
control by contributing to the perception of the weight, friction,
and slip condition of objects. Despite this, the inclusion of tactile
information through haptic rendering in robotic neurorehabilita-
tion systems remains largely unexplored. In this study, we present
a tactile interface to extend the kinesthetic rendering capabilities
of an existing hand rehabilitation robot. The developed solution
relies on skin stretch stimulation of the fingerpads, which allows
the rendering of interaction forces with tangible virtual objects,
e.g., friction, weight, and inertia. In contrast with previous skin
stretch devices, our system uses closed-loop force control for
accurate force rendering, relying on a custom magnetic field-
based three-axis force sensor. A three-axis positioning stage
in combination with a reference force sensor was used for
calibrating and characterizing the sensor, as well as evaluating
the interface response. The sensor achieves shear force accuracies
of 0.2 N, influenced by hysteresis and viscoelastic creep effects.
The tactile interface achieves a steady-state error of 0.2–0.4 N
and rise times of 20–70 ms during step response tests. Frequency
response tests show that the interface can successfully track
signals up to 5–7 Hz. The novel use of force-controlled skin stretch
stimulation aims to open a new avenue for the accurate rendering
of interaction forces through the tactile sense. Moreover, through
purposeful design for usage in the rehabilitation domain, we hope
that this study will serve as a stepping stone toward the inclusion
of tactile information in robot-assisted therapies.

Index Terms—Haptic interfaces, neurorehabilitation, tactile
feedback, magnetic force sensors, force control.

I. INTRODUCTION

STROKE is listed as the second major cause of death
globally, with over 12 million cases registered each year

[2]. About 75% of stroke survivors present long-term hand im-
pairments [3], which impact their performance and autonomy
during daily life activities [4].

Neuroscience evidence suggests that high-intensity [5], task-
specific training [6] is crucial to improve functional motor
recovery after stroke. Sensory training has also been recom-
mended [7] based on the evidence associating somatosensory
impairment with reduced or prolonged motor recovery [8],
[9]. However, the intensity and duration of the training are
limited due to the endurance and availability of the therapists.
Moreover, current therapies focus mostly on motor functions,
neglecting the sensory side of the neurorehabilitation process
[10].

Robotic systems have arisen as a possible means to provide
high-intensity training [11] together with virtual reality (VR),

The author and supervisors are with the Department of Cognitive Robotics,
Delft University of Technology, Delft, 2628 CN, Netherlands.

Fig. 1. Tactile interface device developed in the present study, assembled into
the hand rehabilitation robot by Rätz et al. [1]. The device, in contact with the
fingerpads, provides force-controlled skin stretch stimulation, which allows for
accurate rendering of tangential forces, like the weight or the friction forces,
when interacting with a virtual tangible object.

which has been explored as a means to provide visual and
auditory information in highly motivating and safe training
environments [12]. However, to successfully manipulate tangi-
ble objects, it is crucial to perceive the properties of the object
and the forces arising from the interaction. This information is
gathered from the mechanoreceptors in our muscles, sensing
the position of our body and the forces applied to it (kinesthetic
information), and in our skin, allowing us to perceive material
properties and interaction forces (tactile information) [13].
Robotic systems can convey such information, while assisting
the patient, in the form of haptic rendering, that is, the
provision of simulated forces and stimuli from the interaction
with tangible virtual objects [11].

In particular, the tactile sense is known to provide informa-
tion about object friction [14], weight [15], and slip condition
[16], which ultimately influence the way humans manipulate
and interact with objects [17]–[19]. However, when looking
into robotic rehabilitation systems for the hand, the focus is
typically placed on the provision of kinesthetic information
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[20]. This narrow focus neglects the essential contribution of
the tactile sense for motor control, leaving its inclusion in
robot rehabilitation largely unexplored.

Within the broader field of haptics, on the contrary, there
is a wide range of devices and technologies acting upon the
tactile sense to render multiple sensations and stimuli [21].
A particular set of technologies relies on the induction of
naturally occurring skin deformations to render interaction
forces with tangible virtual objects. Such stimulation, when
applied tangentially to the skin, is commonly referred to as
skin stretch and is capable of rendering forces such as friction
[22] or weight [23]. Considering the importance of these forces
for object manipulation and motor control [24], [25], this type
of stimulation can be a valuable addition to the rendering
capabilities of rehabilitation robots.

Yet, when considering the inclusion of skin stretch devices
into the rehabilitation domain, several limitations arise. For
example, stroke patients often suffer from chronic hand and
finger spasticity, preventing them from voluntarily opening
their hands [26]. Thus, a wearable form factor, commonly
found in existing skin stretch devices, would require external
assistance to open the hand and mount the devices, making
them cumbersome to use. Furthermore, high-fidelity rendering
is required to promote the transfer of the gained skill in
the virtual environment to the real physical world [27]. Skin
stretch devices, however, typically render forces by applying
a displacement computed through an estimate of the finger
pad stiffness [28]–[30]. Considering the large variability in
finger pad stiffness under varying pressure levels and across
individuals [31], [32], the accuracy with which current devices
render forces is, therefore, limited. Finally, most of these
devices stimulate a single finger, requiring multiple units to
achieve whole-hand stimulation [28]–[30].

A few studies have attempted to render forces through force-
controlled skin stretch [33], [34]. To do so, a commercial 6-
axis force-torque sensor was placed between the mechanism
and the fingers to measure the rendered forces. However, the
proposed systems constrain the hand position to a pinch grasp,
stemming from the focus on psychophysics of the respective
studies. Additionally, the limited workspace of the devices lim-
ited the range of movements of the user. Consequently, these
systems are not suited for haptic rendering during the whole
arm and hand motions involved in upper-limb rehabilitation
[1], [11].

This study presents a novel tactile interface for 2-Degree-
of-Freedom (DoF) force rendering via force-controlled skin
stretch stimulation, attained through a custom miniature force
sensor to achieve an inexpensive solution. The interface is
designed to be integrated into the 3-DoF hand rehabilitation
robot developed by Rätz et al. [1], [35] (see Figure 1).
The proposed design strives for simple integration into the
robot and extension of its haptic rendering capabilities with
simultaneous multi-finger tactile stimulation.

The incoming sections present the design requirements,
gathered through a review of the literature on psychophysics
and object manipulation, together with the constraints imposed
by its integration into the current robotic hand robot. The
proposed design of the device and the integrated sensor are

then presented, followed by a description of the apparatus
employed to calibrate the sensor and validate the interface.
Finally, the outcomes of the sensor performance are presented
together with the results of the interface validation.

II. METHODS

A. Requirements

The design and the selection of components have been
driven by several constraints imposed by the robot in which the
interface is mounted, as well as the requirements and desired
capabilities of the tactile interface. Also, a low-cost solution
was targeted due to the early-prototype nature of the project,
as well as aiming for an inexpensive final result.

1) System-level constraints: The tactile interface is in-
tended for integration into the Palmar RehabilitatIon DEvice
(PRIDE) developed by Rätz et al. [1], whose key features
should not be compromised by the inclusion of the interface.
PRIDE is a robotic hand rehabilitation device supporting finger
movement and providing haptic rendering during a cylindrical
grasp motion [1]. The device features a palmar design for
effortless setup of the hand in a closed position, physiological
full finger flexion/extension for a large range of hand sizes, and
high mechanical transparency for accurate haptic rendering.
The device also supports thumb flexion/extension and circum-
duction [35], achieving whole-hand kinesthetic rendering.

In short, the robot actuates the four fingers from the index
to the little finger simultaneously, from full extension to a
165◦ flexion [1], [35]. The thumb mechanism supports 0 –
65◦ flexion/extension and 0 – 80◦ circumduction [35]. These
ranges of motion should remain as unaffected as possible.
Furthermore, the modified system should continue to allow
the setup of the hand in a closed position to allow for its use
by patients with finger and hand spasticity.

To achieve whole-hand tactile stimulation, separate modifi-
cations would be needed to the finger and thumb mechanisms.
The tactile interface proposed in this study targets the finger
flexion/extension mechanism. This was decided based on the
high importance of the motion, particularly of the index finger,
for hand rehabilitation [1], as well as the large area that can be
stimulated with the modification. Additionally, the integration
of multi-finger skin stretch stimulation in a single device is
largely unexplored, posing an additional challenge to address
when introducing tactile stimulation in the device.

With that in mind, the tactile interface should actuate all
four fingers and support similar hand and finger sizes as in the
original finger flexion mechanism [1]. Because of this focus
and the eventual need for modifications of the thumb actuation,
the range of motion (ROM) of the fingers was prioritized over
those of the thumb.

2) Device-level requirements: In addition to the constraints
imposed by the overarching system, multiple requirements
were gathered to define what the tactile interface should be
capable of. These include the number of degrees of freedom,
maximum actuation, temporal response, accuracy, and ROM.

The forces arising from object interaction and manipulation
in free space are usually three-dimensional. While the hand
rehabilitation robot is capable of rendering forces in the normal
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direction to the fingerpads, actuation over the tangential plane
is currently missing. To be capable of rendering forces over
the entire plane, the skin stretch interface should be actuated
in two degrees of freedom (2-DoF).

Regarding the magnitude of the forces, studies on force
and weight perception have shown that kinesthetic information
proves to be equivalent and even dominates over tactile infor-
mation for forces over 2–3N [33], [36]. However, the accuracy
for discriminating the magnitude of forces and weights was
always observed to improve with the addition of tactile infor-
mation, even for larger values. Therefore, a maximum force of
5N along each dimension should be targeted. This value also
allows for the rendering of the weight and interaction forces
with common objects. Furthermore, the interface should be
capable of rendering those forces in a lapse of less than 0.35 s.
This value was measured during object lifting experiments as
the time needed for the lifting forces to match the weight of
the object [24], [37].

Additionally, the device should provide a high-fidelity ren-
dering of the interaction forces and achieve an accuracy below
the just-noticeable difference (JND) for force perception. From
the psychophysics literature, it is known that the JND is
proportional to the absolute stimulus by a factor referred to as
the Weber Fraction (WF) [38]. Typical estimates of this factor
report a constant value of 9–12% or lower for forces over
1.5N, depending on experimental conditions [39]. However,
this factor has been observed to double and three-fold for
smaller forces [38]–[40]. Overall, JND values as low as 50–
100mN are reported in the literature for weight perception
under combined kinesthetic and tactile conditions [41]–[44],
with larger values under unisensory conditions depending on
the sensory channel and reference weight [33], [45]. Based on
those findings, the interface should ideally exert forces with
an accuracy of 50mN for weights below 1.5N, and 100mN
for larger values.

Finally, studies have reported deformations of the fingerpads
as large as 5mm in the mediolateral direction [31]. Therefore,
the device should be capable of stretching the skin by defor-
mations of a similar amount.

B. Design

1) Mechanical design: Based on the gathered requirements,
the proposed tactile interface is designed as a replacement
for the existing finger end-effector of the robot [1], which
provides support for the fingers at the fingerpads. The tactile
interface features a 2-DoF moving platform in contact with the
fingerpads to attain actuation over the entire tangential plane.

To ensure that the platform movements cause a deformation
of the fingerpads, existing skin stretch devices either ground
the back of the finger on the device itself [23], [28], or rely
on the pressure applied by the user [46]. Instead, the proposed
design grounds the back of the finger on the quick-release
finger fixation of the hand robot, as seen in Figure 1.

The platform actuation is inspired by the design of
Preechayasomboon et al. [46], using a leadscrew connected to
a brushed direct current (DC) motor. This approach features a
low number of components; low-cost, simple, and compact

(a) (b)

Fig. 2. Design of the tactile interface. (a) Inside view of the interface from
the back, showing the mechanism for actuating the moving platform. The
actuator of the horizontal axis displaces the vertical axis along two supporting
axles in the proximodistal direction of the hand. The vertical axis moves the
platform in the mediolateral direction. (b) Front view of the interface with
the corresponding dimensions. In the top-right corner, a schematic diagram
of the bottom view of the interface is shown with associated dimensions. The
diagram is rotated such that the bottom part corresponds to the left part of
the picture. The blue lines indicate the original size of the finger end-effector
of the hand rehabilitation robot along the modified dimension.

actuation; and consistent performance across the complete
ROM. The proposed device, however, extends the actuation
to 2-DoF through a serial mechanism with one axis in the
proximodistal direction of the fingers (horizontal, or X, axis)
and another in the mediolateral direction (vertical, or Y, axis),
as depicted in Figure 2. Each axis consists of an actuated
leadscrew assembly with supporting axles to provide stability
to the platform movement. These axles are also needed to
withstand the forces rendered by the robot in the normal
direction (or Z axis) during grasping. In this configuration,
each axis achieves a total ROM of ±4.5mm

To realize the leadscrew actuators, a pair of brushed DC
motors (5:1 Micro Metal Gearmotor HPCB 6V with Extended
Motor Shaft, Pololu, United States) are used. The proposed
motors were estimated to provide sufficient torque to over-
come the friction losses in the transmission while achieving
the maximum actuation and temporal response targeted. A
conventional M3x30mm stainless steel threaded rod with
0.5mm lead is used as a leadscrew, and an M3x5.8mm brass
insert (M3-UHBRHESF, TR Fastenings, United Kingdom) is
selected as the screw nut. The threaded rod is attached to
the motor through a custom coupler manufactured in-house.
The support axles of each axis are manufactured from 3mm
diameter stainless steel shafts. To minimize friction in the
axles, the parts sliding over each horizontal axle feature a
miniature linear bearing (C-LMU3, MISUMI Europe, Ger-
many). A Teflon insert is used for the sliding part in the
vertical axis due to size constraints and improved performance
in preliminary tests.

A set of custom 3D-printed parts make up the housing
of the device and provide connections for the actuators and
the mechanical components. The parts were manufactured
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(a) (b)

Fig. 3. (a) Fully manufactured unit of the elastomer with an embedded magnet
for the custom force sensor. The three main measurement axes are overlaid on
top of the elastomer. The cylindrical coordinate frame depicted at the top-left
corner was the one used for generating the deformations applied during the
calibration. (b) Diagram illustrating the magnetic-field-to-force transducing
mechanism of the sensor. Adapted from Wang et al. [47] (license: CC-BY
4.0, cropped from original).

using FDA-approved 3D-printing filament (GreenTEC an-
thracite/GreenTEC white, Extrudr, Austria).

2) Force sensor: To accurately render forces through the
skin stretch interface, a sensor measuring the forces applied
to the fingerpads is needed. To do so, the sensor should be as
close as possible to the force application point, that is, between
the moving component of the vertical axis of the interface and
the platform in contact with the fingers (see Figure 2). Such a
location allows the measurement of the applied forces without
the influence of the friction and damping forces inherent to
the mechanism. Yet, this limits the sensor size to a volume
of approximately 1 cm3. Such tight size constraints, together
with the low-cost requirement for the interface, prevented the
use of a commercial multi-axis force sensor.

We, therefore, opted for manufacturing a custom magnetic-
field-based force sensor [47]–[49]. This type of sensor relies
on a magnet embedded in an elastomer. When forces are
applied, the elastomer deforms and causes the magnet to
displace (see Figure 3b). The variations in the magnetic field
due to these displacements are measured through a three-axis
magnetometer located at the base of the elastomer, a certain
distance, or air gap, beneath the magnet. Through a calibration
procedure, the sensor can measure the applied forces based on
the variations in the magnetic field.

Magnetic-field-based force sensors feature good adaptability
to different requirements by carefully selecting the material
and shape of the elastomer in which the magnet is embedded
[47]. Additionally, the manufacturing process is simpler and
cheaper than other multi-axis force-sensing systems, such as
those based on strain [50] or capacitive sensing [51]. Because
magnetic-field-based sensors rely on displacements of the
magnetic field under applied forces, one disadvantage is the
presence of errors introduced by the nonlinear relation between
forces and displacements in the elastomer [47], [48], which we
will address in incoming sections. Additionally, when a torque
is applied to the sensor, it causes the magnet to rotate and with

it, a change in the magnetic field, leading to erroneous force
measurements [47]. Some studies have attempted to measure
forces and torques with advanced magnetometers [49]. In our
study, we limited the rotations around the X and Y axes (see
Figure 3a) by placing the moving platform of the interface,
to which the sensor is connected, close to the housing of
the interface, physically limiting the rotations. The impact of
rotations around the Z axis is mitigated by the design of the
sensor, as described in the incoming paragraphs.

The proposed design follows the approach and guidelines
established by Wang et al. [47], relying on an MLX90393
three-axis magnetometer (Melexis, Belgium) to measure the
changes in magnetic field. The magnetometer chip is interfaced
via Serial Protocol Interface (SPI) using a 10MHz clock signal
in single-measurement mode with a 1.55ms reading time. The
sensor is configured to provide data on the 16 least significant
bits of the 19-bit internal analog-to-digital converter (ADC)
along the X and Y axes, providing the highest resolution
possible. The resolution is set one bit lower along the Z axis,
i.e. bits 1-17 of the ADC, due to the strong magnetic field
along that axis.

The magnetic field is generated by a 3.0x1.0mm cylindri-
cal neodymium magnet with N48 remanence (MAGZ-087-
P, MagnetPartner, Denmark), equivalent to about 1.4T. The
strong remanence of the magnet helps to improve the Signal-
to-noise ratio (SNR) of the sensor [47], while its size facilitates
its embedding within the elastomer, minimizing undesired
misalignments upon deformation. A large air gap between
the magnet and the magnetometer increases the displacement
of the magnet upon deformation of the elastomer, ultimately
increasing the sensitivity of the sensor [47]. Our design
features a 3.5mm air gap, which is the maximum distance
allowing for full enclosure of the magnet in the elastomer.

The design of the elastomer largely conditions the sensitivity
and full-scale values of the sensor. Ideally, those values should
at least satisfy the requirements defined in Section II-A. Our
elastomer design is based on that of Le Signor et al. [49],
who measured forces of 5N in the normal direction, and
1N in the shear direction using a cylindrical elastomer of
6mm in diameter by 4mm in height. The cylindrical shape
contributes to axis-symmetric deformations under shear forces,
which can improve the efficacy of the calibration. Additionally,
it increases the robustness against rotations around the Z
axis while helping to reduce the rotations of the magnet
around the other axes upon application of shear forces [49].
To accommodate the increased range of forces, we used
DragonSkin 30 (Smooth-On, United States), a silicone with
A30 shore hardness, providing twice as much stiffness [52]
as that from Le Signor et al. [49]. The height is increased to
4.5mm to achieve the aforementioned magnet air gap, and
the diameter to 11mm to maximize the measurement ranges
within the available space in the interface. Such an increase in
stiffness and volume was estimated to increase the full-scale
ranges to the desired ones.

The sensor was manufactured by mold-casting the elas-
tomer body with an aperture for embedding the magnet. The
aperture is sealed later on using a dedicated adhesive (Sil-
poxy, Smooth-On, United States) [47]. Finally, the elastomer
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was attached to the platform on the flat surface closest to
the magnet, and the connector for the custom board with
the magnetometer on the other. Cyanoacrylate (CA) adhesive
(SUPERGLUE, Loctite, United States) was used for this
purpose. While the cured CA adhesive increases the overall
stiffness of the sensor, potentially impacting the sensitivity,
other adhesives were found to fail under the desired forces.
Still, a grooved pattern was designed on both surfaces of the
elastomer to maximize the strength of the binding provided
by the CA adhesive. Figure 3a shows a complete unit of the
elastomer with the embedded magnet.

With the manufactured elastomer attached to the magne-
tometer, force measurements with the sensor can be carried
out. To do so, the magnetic readings are converted to milli-
teslas and zeroed by a constant bias. Because the relation
between forces and deformations is largely non-linear and a
strong cross-talk between axes occurs, a polynomial expansion
of the magnetic field readings is then computed. To perform
the conversion from the preprocessed and expanded readings
to force data, a mapping function is applied. Both the afore-
mentioned bias and the mapping are learned from a dataset
of applied forces and associated magnetic field data during a
calibration process. Different approaches were compared for
the joint transformation composed of the polynomial expan-
sion and the mapping function, as described in the incoming
sections.

3) Electronics: To measure the displacements of the actua-
tors, magnetic rotary encoders (Magnetic Encoder Pair Kit for
Micro Metal Gearmotors, Pololu, United States) were mounted
in the rear shaft of the brushed DC motors. Considering the
reductions at the gearbox and leadscrew, the encoder provides
a theoretical resolution of 8.3 µm, ultimately degraded by
the backslash in the mechanical components. Nonetheless,
this approach was found to provide a sufficiently accurate
position of the platform for the control purposes described
in the incoming section. When sampled at high frequencies,
the limited resolution of the encoders led to small oscillations
in the readings at constant speed. To obtain a stable signal, a
low-pass filter with a 10Hz cut-off frequency was applied in
real-time to the readings.

Each motor is controlled using a DRV8876 brushed DC
motor driver (Texas Instruments, United States) using differ-
ential pulse-width modulation (PWM) in slow-decay mode.
This driver was selected due to its high current support,
active current limiting, and current sensing capabilities. The
current measurements provided by the driver, when used in
combination with the force sensor, can be used to detect a
malfunctioning or jammed component in the system. A 6V,
2.7A step-down voltage regulator (D36V28F6, Pololu, United
States) is also employed to extend the range of supply voltages
that can be provided to the interface. The use of this regulator
prevents small voltage drops in the power supplies due to
the high motor currents and facilitates the integration of the
interface in future projects by supporting a wider range of
input voltages.

Finally, an ESP32 Devkit-V1 microcontroller (Espressif,
China) is used to integrate and control all the components.
A custom-made printed circuit board was designed to host

the drivers, regulator, and microcontroller, as well as the
connectors to the sensors and actuators of the interface. Such
a dedicated electronic setup increases the robustness of the
electronic connections and eases the integration into the hand
robot.

4) Controller design: The closed-loop control is achieved
by reading the data from the sensors and sending the cor-
responding control action to the motor drivers. The ESP32
microcontroller is programmed using FreeRTOS, an open-
source Real-Time Operating System (RTOS) that allows for
predictable and deterministic behavior. The RTOS is used
to run the control and the communication tasks separately,
ensuring the frequency stability of the control loop. The
1.55ms reading time of the force sensor, together with the
discretized update period of FreeRTOS to 1ms steps, limited
the control loop frequency to 500Hz to ensure new data from
the force sensor is available on every update.

Two control schemes are implemented in the interface. A
position control scheme is used to reposition the platform to
the center of the ROM when the mechanism calibrates, or large
slips with the fingers occur. A proportional (P) controller with
gain kp = 500 was used, as it achieved a stable response and
very low steady-state error, which were considered sufficient
criteria for this task. Control actions with an absolute value
in the range 0.1–50 were mapped to 10–100% of the duty
cycle, with actions of smaller magnitude, rounded down to
0. The sign of the control action determined which of the
two PWM signals commanded to the motor was modified.
Such an approach was taken to ensure that the system would
overcome the friction in the transmission for a wide range of
control actions. Otherwise, low control actions would cause
small currents to continuously flow through the stalled motor,
potentially damaging it.

A similar voltage-driven approach is adopted for the force
control scheme, thanks to the mechanical characteristics of the
sensor and the fingerpads. A proportional-integral-derivative
(PID) controller was used to achieve a fast transient response
(proportional part), accurate steady-state forces (integral part),
and minimal overshoots that may lead to an overestimation of
the forces by the user (derivative part). The controller gains
were manually tuned for each axis until no overshoot nor
steady-state error was measured by the magnetic-based force
sensor upon a step signal of 1, 2, or 3N. The resulting gains
were: kp = 110, ki = 30, and kd = 3 for the horizontal axis;
and kp = 200, ki = 100, and kd = 6 for the vertical axis. The
same mapping as for the position control was applied to the
control action.

To prevent the actuators from aggressively reaching the
ends of the ROMs upon a commanded force, the lateral force
rendering is only activated when a normal force acting against
the platform is detected. Finally, since slip may occur between
the fingers and the platform, control actions moving the system
closer than 0.25mm to the ends of the ROM are ignored.

C. Experimental evaluation

To evaluate the performance of the system, we first cal-
ibrated the magnetic-based force sensor and evaluated the
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Fig. 4. (a) Experimental setup used to perform the measurements of the forces
applied to the sensor during calibration and characterization and exerted by
the interface during its validation. The positioning stage consists of a two-axis
positioning table to which the measured system is attached (in the picture,
the standalone sensor) and a single-axis vertical stage to which the reference
F/T sensor is connected. The sensors are connected through a set of screws
linking the 3D-printed connectors attached to each of them. (b) Distribution
of the deformations applied to the magnetic-based sensor to collect the data
for the calibration of the sensor. The distribution is shown across the X-Y
plane (top) and the X-Z plane (bottom).

performance of different mappings. Then, additional tests on
the characterization of the sensor were conducted. All these
measurements were performed on a standalone unit of the
sensor built on a commercial evaluation board (EVB90393,
Melexis, Belgium). Doing so allowed us to evaluate the sensor
performance in isolation and to obtain results comparable to
the literature. Finally, a second unit of the sensor was manu-
factured, mounted, and calibrated within the tactile interface,
whose force-controlled response was evaluated.

1) Experimental setup: All of the measurements and eval-
uations were conducted with the same setup. To measure the
forces applied to the sensor and, eventually, exerted by the
tactile interface, an ATI Nano 43 force-torque (F/T) sensor
(ATI Industrial Automation, United States) was used.

A three-axis positioning stage was employed to align the
reference sensor with the measured system and to apply
controlled deformations to the magnetic-based force sensor.
The stage consisted of a two-axis positioning table (HBM
Machines, The Netherlands) connected through a custom
mounting plate to a Dino-Lite RK-10 stand (Dino-Lite Europe,
The Netherlands), depicted in Figure 4a. The system being
measured was mounted on the positioning table, while the
reference F/T sensor was mounted on the stand, allowing
relative displacements between the two.

For the measurements carried out in the standalone sensor,
a connector was fixed with screws to the reference F/T
sensor. On the side of the magnetic-based sensor, a connecting
platform was glued using CA adhesive to the top face of the
elastomer. The two connecting parts could then be linked using
screws. For the measurements carried out with the interface,
a modified connector was mounted to the F/T sensor. This
connector featured several pins that fit into pre-made holes in
the actuated platform, providing a tight link between the two.

To collect the data, the F/T sensor was sampled with a
data acquisition card (USB-6351, National Instruments, United
States). The information from the tactile interface was sent
to the computer through the USB port of the ESP32 micro-
controller. The management of the communication and the
collection of data was performed in Python. Both systems were
simultaneously sampled at the same frequency on separate
threads, ensuring the synchronicity of the collected data.

2) Sensor calibration: For the magnetic-based sensor to
measure forces, it is necessary to determine the mapping from
magnetic field readings to forces [47]. To do so, a dataset
was collected by applying deformations to the sensor and
recording paired samples of magnetic field and applied force
data. The deformations were applied in a controlled way using
the positioning stage with the two sensors connected.

Samples were collected from different displacements uni-
formly distributed over the cylindrical coordinate frame of
the sensor (see Figure 4b). The selected ranges were defined
to cover the desired maximum force in the radial direction.
Forces in the vertical (Z) direction were limited to the 18N
measurement range of the reference F/T sensor. A total of 165
targets were collected by taking 0.2mm steps in the vertical
direction up to 0.8mm depth, 0.5mm steps in the radial
direction up to 2mm, and 45◦ steps in the angular direction. To
evaluate the performance of the mapping on unseen data, data
from 45 additional randomly generated targets were collected
and stored in a separate data file. Data was collected at 100Hz
from both sensors for 1 s at each target location, yielding a
total of 100 data points per target displacement.

The collected dataset was then used to learn the trans-
formation from magnetic field data to forces. To do so,
we compared combinations of polynomial expansions from
order one to four with three different mapping functions,
yielding a total of 12 transformations from magnetic field to
forces. The three selected mappings were: i) a standard linear
regression, ii) a linear regression with parameter optimization
via stochastic gradient descent with a Huber loss function and
L2 regularization, and iii) a neural network (NN) using Adam
optimizer and mean squared error (MSE) loss function. For
the training of the NN, 23 out of the 165 calibration samples
were used for the validation set, and the rest were used for
the training.

The transformations were compared with each other in
terms of the L2 norm of the mean absolute errors (MAE)
per axis between the F/T sensor and the magnetic-based
sensor, both on the calibration and the evaluation datasets.
The reported value for the MAE of the NN during training
was computed as the average of the MAE during training and
validation, weighted by the number of samples of each set,
e.g. (23/165)MAEval + (142/165)MAEtrain. Based on these
metrics, a combination of polynomial expansion and mapping
function was selected and used for computing the measured
forces by the magnetic-based sensor in all subsequent tests.

3) Evaluation under dynamic loading: Due to the dynamic
nature of the tasks in which the sensor will be used, we
evaluated the performance of the sensor under continuously
varying forces. To do so, thirty seconds of paired magnetic
field data and F/T sensor readings were collected at 100Hz.
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During that time, different forces were applied along each
axis at random using the positioning stage. For the magnetic-
based sensor, magnetic field data was collected and mapped
offline into forces using the transformation selected during
the calibration. The performance was measured as the MAE
between the force values from the magnetic-based force sensor
and those of the reference F/T sensor along each axis.

4) Magnetic-based force sensor characterization: As men-
tioned in previous sections, the use of viscoelastic material
in the sensor, like silicone, introduces some errors in the
measurements. When a deformation is applied to a viscoelastic
material, a rearrangement of the molecules takes place to
accommodate the deformation [53]. In doing so, friction and
back-stress arise at a molecular level, resulting in larger forces
required to apply the deformation than to remove it [54].
Such a response is denoted as hysteresis and can cause a
similar behavior in measured versus applied force during a
loading and unloading cycle [47]. Similarly, the rearrangement
of molecules in the material upon deformation, also denoted
as creep, results in reduced force required to induce the same
deformation over time [53]. As a result, the sensor may
overestimate the magnitude of a sustained force [47]. It was
therefore important to quantify these effects to get a better
estimate of the performance and limitations of the proposed
sensor.

Furthermore, the sensor is known to be sensitive to rotations
of the magnet. Despite the measures taken to minimize this
effect through the design of the sensor and the interface, we
investigated the impact of rotations around all three axes. By
doing so, we aimed to achieve a complete characterization of
the sensor and its limitations. For all tests, data was collected
and processed in the same way as for the evaluation under
dynamic loading.

To evaluate the hysteric error introduced by the silicone, a
loading-unloading cycle was applied through an indentation
of 0.5mm in the Z direction, and of 1.25mm in the X and
Y directions. During the X and Y measurements, a 0.2mm
indentation in the Z direction was applied to recreate the
working conditions in which the sensor will be used. The
difference in the readings from the magnetic-based sensor
during loading and unloading was then computed at half of the
applied force (as measured by the F/T sensor). The hysteresis
was finally calculated as the fraction between that difference
and the magnitude of the applied force, in percentage.

To evaluate the influence of viscoelastic creep, the same
indentations as in the hysteresis test were applied and sustained
for a total of 30 s. The difference between the readouts of the
magnetic-based sensor and the F/T sensor was computed after
5 s, once the applied force had approximately stabilized, and
after 30 s of the force onset. The creep was then computed as
the magnitude of the increase between those two measures.

To assess how rotations along each axis affect the measure-
ments, we incorporated modified connectors into the reference
F/T sensor. Each connector aligned with the magnetic-based
sensor at a 15◦ rotation around each of the three axes. This
value was considered the maximum rotation induced during
normal usage of the interface around the Z axis, the only
unconstrained in the design. Data was collected during 20 s

starting with the sensor in the rest state. Then, for the X and
Y rotations, the positioning stage was lowered to make contact
with the magnetic-based sensor. In doing so, the tilted surface
of the modified F/T sensor connector induced the desired
rotation on the magnetic-based sensor. For the Z rotation, the
connector of the magnetic sensor was manually aligned with
that of the F/T sensor and then held in place using a set of pins
passing through both connectors. The impact of the rotation
was measured as the variation in the measurement error at
the start and end of the collection, disregarding intermediate
data during alignment. The variations are computed along each
axis, as well as the variation in three-dimensional measurement
error, computed as the difference in the L2 norm of the errors
at the beginning and the end of the collection.

5) Force control validation: A second unit of the force
sensor was manufactured and mounted within the tactile
interface. The sensor was calibrated inside the interface as
described in Section II-C2. The transformation from magnetic
readings to forces was implemented on the microcontroller
using the weights obtained during the calibration. This way,
together with the PID controller described in Section II-B4, the
desired closed-loop force control architecture was achieved.
Due to the high-frequency noise observed in the standalone
sensor evaluation and characterization, a low-pass filter with a
10Hz cut-off frequency was used. The filter was implemented
using Euler-backward discretization in the microcontroller and
applied in real-time.

To validate the force-controlled interface, we first performed
a step response test to evaluate its temporal and steady-state
response. A bandwidth test was then conducted to determine
the usable frequency range of the device. In both tests, data
was collected at 500Hz, matching the control frequency of the
tactile interface, and both from the interface and the reference
F/T sensor. A normal force of 2N was applied at all times.

For the step response test, we recorded the response of
the system during 10 steps of 1, 2, and 3N of amplitude
(30 steps in total) along the positive horizontal, vertical, and
45◦ directions. Each step lasted 2 seconds and was preceded
and followed by 1 second at zero force. The amplitudes and
directions tested allowed us to investigate the 2-DoF rendering
capabilities of the interface in the ranges of forces where tactile
information dominates force perception [33], [36]. The rise
time was calculated as the time required to rise from 10%
to 90% of the steady-state value of the corresponding signal,
while the steady-state error was measured as the error after
1.8 s of commanding the step. The metrics were computed for
each step and averaged across the 30 steps per direction, both
for the magnetic-based sensor and the F/T sensor data.

For the bandwidth test, we commanded an exponential chirp
signal that swept from 1 to 100Hz at a constant amplitude of
1N (2N peak-to-peak) for 10 seconds. From it, we computed
the Fast Fourier Transform to obtain the magnitude of each
frequency component for the commanded signal and the
response of the system. Finally, the value of the gain was
obtained as the ratio between those two magnitudes, yielding
the final Bode plots of the frequency response. We performed
this calculation using both the readings from the magnetic-
based sensor and the reference F/T sensor.
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Fig. 5. (a) L2 norm of the MAE between the sensor predictions and F/T sensor
readings during training and evaluation for different models as a function of
the degree of the polynomial expansion of the magnetic field data. (b) Results
from the continuous evaluation test. The continuous lines display the forces
measured by the magnetic-based sensor and the dashed lines by the reference
F/T sensor.

III. RESULTS

A. Sensor calibration

To calibrate the sensor, we collected samples of magnetic
field data and associated force data under different deforma-
tions of the elastomer. The 2mm shear displacements caused
forces of up to 8N along the X and Y axes, while the 0.8mm
indentation yielded normal forces of up to 16N along the Z
axis. A total of 13 out of the 165 samples were discarded due
to an overflow of the 16-bit readings from the sensor during
large displacement in the +X/+Y direction. One additional data
point from a sample was also discarded due to a corrupted
reading from the data acquisition system. From the additional
evaluation dataset, 3 out of the 45 samples were discarded due
to overflow of the readings in the +X axis.

Figure 5a shows the MAE (computed as the L2 norm of the
MAE along the three axes) on the calibration and evaluation
data for the different combinations of mapping functions and
polynomial expansion orders. The lowest calibration error was
found for the Huber regression, yielding 0.184N, while the

lowest evaluation error corresponded to the Linear regression,
with 0.426N, in both cases using an order 4 polynomial
expansion. However, due to the similar performance of the
models beyond an order 3 polynomial expansion, we opted for
a simpler model, less prone to overfitting, and more computa-
tionally efficient. Therefore, the Huber regression on an order
3 polynomial expansion was selected for the transformation
of the data collected in subsequent tests.

Further inspection of the results from the Huber regression
on the order 3 polynomial expansion yielded an MAE and
standard deviation (SD) of 0.068 ± 0.102N in the X-axis,
0.056±0.053N in the Y-axis, and 0.250±0.260N in the Z-axis
during training. On the evaluation set, values of 0.09±0.072N
in the X-axis, 0.152±0.100N in the Y-axis, and 0.39±0.28N
in the Z-axis were observed. Visual inspection of the results
showed that the magnitude of the errors was constant through-
out the ranges of forces applied. No overall bias across the
measured ranges was observed either.

B. Evaluation under dynamic loading
The performance of the sensor was evaluated during dy-

namic force profiles. Figure 5b shows the forces applied to
the sensor, measured by both the magnetic-based sensor and
the reference F/T sensor. The forces from the magnetic-based
sensor were computed offline using the model selected in
the previous section. The test yielded MAEs and SDs of
0.108± 0.094N in the X-axis, 0.181± 0.156N in the Y-axis,
and 1.355± 0.627N in the Z-axis.

C. Force sensor characterization
The results of the characterization of the hysteresis and

viscoelastic creep are shown in Figure 6.
With regards to the hysteresis tests, in the X axis, a

difference of 0.617N was observed at the central value of
the range of forces applied, corresponding to a hysteresis of
11.571%. In the Y axis, a similar difference of 0.691N was
observed, equivalent to a hysteresis of 12.395%. Along the Z
axis, a large offset was observed in the magnetic-based sensor
measurements. An initial offset of 1.168N was observed under
no-load conditions at the beginning of the collection, which
increased to 2.717N under the 12.806N of maximum load
applied during the test. When looking at the central values
during the loading and unloading cycle, a difference of 1.823N
was observed, corresponding to a 13.579% hysteresis.

For the viscoelastic creep, along the X axis, the error
increased from 0.043N to 0.133N, 5 s and 30 s after the
application of the force, respectively, resulting in a creep of
0.090N. Along the Y axis, the error increased from 0.085N
to 0.143N, resulting in a creep of 0.058N. On the Z axis, an
initial error of 0.993N was observed in the magnetic-based
sensor under no-load conditions. After the application of the
force, the error increased to 1.842N and eventually to 1.330N,
indicating a creep of 0.508N.

Finally, Table I shows the variations in the measurement
error along each axis by the effect of rotating the surface of
the sensor around each of the three axes. The last column
displays the variation in the three-dimensional measurement
error after the rotation.
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Fig. 6. Viscoelastic creep and hysteresis response of the sensor along the X,
Y, and Z axes.

TABLE I
VARIATIONS IN ERROR INDUCED BY PLATFORM ROTATIONS

Rotated axis ∆Fx / N ∆Fy / N ∆Fz / N ∥∆F∥ / N

X -0.071 1.388 4.926 5.113

Y 1.327 0.192 6.538 6.647

Z 0.201 -0.137 0.843 0.839

D. Force control validation

To evaluate the performance of the force-controlled inter-
face, the new unit of the sensor mounted in the device was first
calibrated. Then, the performance of the system was evaluated
in terms of step response and frequency response.

1) Calibration of mounted magnetic-based force sensor:
The calibration and evaluation process was repeated for the
sensor mounted inside the tactile interface. The 2mm shear
deformations induced maximum forces of approximately ±6N
along the X and the Y axis. The 0.8mm normal indentation
yielded forces of up to 6N. None of the samples showed
overflow from the ADC of the magnetometer.

Following the results of the standalone sensor, the Huber
regression model with the polynomial expansion of order
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Fig. 7. Bode plots generated from the collected data for the evaluation of the
frequency response. The plots depict the gain of the response of the system
with respect to a commanded chirp signal of constant amplitude. The top row
corresponds to the response as measured by the magnetic-based force sensor,
while the bottom row shows the response of the system as measured by the
reference F/T sensor.

3 was trained on the calibration data and evaluated on the
additional dataset. The results from the calibration yielded an
MAE and SD of 0.069±0.081N in the X axis, 0.075±0.067N
in the Y axis, and 0.184±0.151N in the Z axis during training.
On the evaluation set, values of 0.214±0.109N in the X axis,
0.095± 0.105N in the Y axis, and 1.451± 0.337N in the Z
axis were observed.

2) Step response: We commanded a series of step signals to
the interface along different axes. The rise time, as measured
by the magnetic-based sensor, was 0.063 s, 0.065 s, and 0.071 s
along the X, Y, and diagonal directions. When measured by
the F/T sensor, the value decreased to 0.026 s, 0.018 s, and
0.050 s along the X, Y, and diagonal directions.

Regarding the steady-state error of the magnetic-based
sensor, an average error of 0.009N, 0.028N, and 0.037N was
observed along the X, Y, and diagonal directions. Considering
the readings from the F/T sensor, the steady state error
increased to 0.279N, 0.441N, and 0.362N along the X, Y,
and diagonal directions.

Finally, while no overshoot was observed in the magnetic-
field sensor, the F/T sensor indicated an overshoot of 25.541%
with respect to its steady-state value along the X axis, 17.306%
along the Y axis, and 15.556% in the diagonal direction.

3) Frequency response: We commanded a chirp signal of
constant amplitude along each axis of the system. The Bode
plots in Figure 7 represent the gain of the system response
with respect to the commanded signal as measured by the
magnetic-based sensor and the F/T sensor. A gain-crossover
frequency was observed around 5Hz and 7Hz for the X and Y
axes, respectively, where a small resonance can be observed.
The response of the magnetic-based sensor, being processed
in the microcontroller by the low-pass filter, presented greater
attenuation than that of the F/T sensor.
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IV. DISCUSSION

Neuroscience studies have suggested that the provision of
somatosensory information can improve the motor recovery
of stroke patients [7]. Despite the importance of tactile infor-
mation for motor control [17], [19], its inclusion in robotic
neurorehabilitation systems remains largely unexplored. This
study presented a novel tactile interface to extend the hap-
tic rendering capabilities of an existing hand rehabilitation
robot [1]. The interface applies force-controlled skin stretch
stimulation to the fingerpads, relying on a custom magnetic-
based force sensor to measure the rendered forces. We in-
vestigated the force-sensing accuracy of the proposed sensor
and characterized the impact of hysteresis, viscoelastic creep,
and platform/magnet rotations on the measured forces. A
second sensing unit was mounted and calibrated on the tactile
interface. The performance of the resulting force-controlled
system was evaluated in terms of step response and frequency
response.

A. The proposed interface preserves key features of the robot
while providing versatile multi-finger rendering

Aiming for seamless integration into the hand rehabilitation
robot, the proposed design of the interface featured minimal
changes in size with respect to the original finger end-effector
of the robot [1]. Thus, the interface only extends the size of
the end-effector along one dimension, as indicated in Figure
2b, to accommodate the 0–165◦ ROM for the finger flexion.
While this extension in size reduced the thumb flexion ROM
by approximately 10◦, and the circumduction ROM by 15◦,
this could be mitigated in future versions through a more
compact and optimized design. Nevertheless, the proposed
design successfully preserves the ROM of the finger flexion
and the setup of the hand in the robot in a closed position.

When looking into the rendering capabilities of the in-
terface, the 2-DoF actuated platform successfully covers the
tangential plane of the fingerpads. As previously mentioned,
the mechanism features a range of motion of ±4.5mm, limited
by the deformations of the magnetic-based sensor to ±3mm.
While increasing the stiffness of the elastomer can extend
the ROM, adjustments in the actuator can have the greatest
impact in this regard. Employing more compact actuators with
a leadscrew directly mounted to the gearbox or alternative
transmission mechanisms can help increase the ROM to the
±5mm requirement. Still, the current ROM suffices for ren-
dering forces up to 3N, where tactile information is more
critical for the perception of force and weight [33], [36], [45].

While the ROMs limit the maximum forces rendered by
the interface, preliminary tests indicated that up to 5N could
be achieved by the interface, meeting the corresponding re-
quirement of this study. However, achieving those levels of
actuation while withstanding the grasping forces rendered by
the robot, which can be as large as 30N [1], remains an
open challenge. While the proposed design aimed to do so
by allowing contact between the moving platform and the
housing of the interface, this leads to friction forces that can
degrade the rendering accuracy and still limit the maximum
actuation. Future efforts should be directed toward maintaining

a constant air gap between the platform and the housing while
enhancing the design of the mechanism. Higher-performance
components, though increasing the cost of the interface, can
largely contribute to this regard, as demonstrated by previous
studies relying on similar actuation mechanisms [46].

Finally, many previous skin stretch devices were limited to
single-finger stimulation [23], [28], [29]. Those acting upon
multiple fingers are typically bulky and constrain the hand
position to a pinch grasp, only stimulating the thumb and index
fingers [33], [34]. The proposed device achieves multi-finger
stimulation in a compact size, allowing the preservation of
key features of the hand rehabilitation robot. Additionally, the
integration of the interface in the robot allows the possibility
to render three-dimensional interaction forces, thanks to the 2-
DoF actuation of the interface, covering the ranges of forces
where tactile information is most critical.

B. Our sensor achieves large measurement ranges with a
small size and an accuracy comparable to the state-of-the-art

The collected calibration data for the sensor covered a
range of ±8N in the X and Y axes, and 16N in the Z axis.
These ranges are the largest recorded for a sensor of such a
small size, in particular for the shear forces, typically ranging
±1N [47], [49], [55]. The only other study achieving similar
measurement ranges was 10 times as large as the one presented
in this study [56]. The large measurement-range-to-size ratio
of our sensor was partly thanks to the use of a stiffer elastomer,
but also due to the application of forces to the sensor through
a rigidly connected platform. Doing so allowed the application
of shear forces that would have otherwise caused slippage with
the surface of the sensor [47].

When comparing the calibration data from the standalone
and interface-mounted sensors, notable differences can be
appreciated. Even though the same displacements of the stage
were used, the measurement ranges of the sensor unit mounted
in the interface were smaller than those of the standalone
sensor. This reduction can be partly attributed to variations
during manufacturing. For example, different amounts of the
CA adhesive used for attaching the elastomer with the platform
and connector, once cured, could have affected the overall stiff-
ness of the elastomer differently. Another factor contributing
to this phenomenon is the compliance of the mechanism under
the applied forces. As a result, the sensor was not deformed
by the same magnitude as the positioning stage was displaced,
ultimately resulting in smaller forces applied for the same
displacements of the stage. This effect was most noticeable
along the Z axis, in which the compliance of the mechanism
combined with partial contact between the platform and the
housing of the device resulted in very small deformations. This
result highlights the need for in-situ calibration of the sensor,
in addition to the unit-by-unit calibration due to variations
during hand-made manufacturing [57].

During the comparison of transformations from magnetic
data to force data, it was observed that all models performed
roughly equivalently on polynomial expansions of order 3 and
4. The slight improvement with the order 4 expansion only on
the training data indicated a degradation in the generalization
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of the model and so, the order 3 expansion was selected.
Coinciding with the results of Tomo et al. [48], the linear
regressors performed better than the neural network. This is
also supported by previous literature, in which more complex
network-based calibrations achieve accuracies of 2% of the
full-scale value [55], while studies relying on polynomial
expansion and linear regressors achieve up to 0.07% [47], [49].

When inspecting the performance of the selected transfor-
mation, we obtained MAE of up to 250mN along the X and
Y axes, and up to 770mN along the Z axis. Considering
the measurement ranges of our sensor, this corresponds to
a resolution of 1.56% of the full-scale range in X and Y,
and 4.813% in Z. Previous literature has presented values
ranging between 0.71–11.7mN, or 0.07–2.2% of the full-scale
[47], [49], [55]. The resolution of our sensor leans toward
the lower resolution values in the literature, which can be
attributed to the data used for the calibration. Due to the use
of a manual positioning stage, the collection of data proved
very time-consuming, limiting the calibration dataset to 165
distinct samples spanning over the three sensing axes. Previous
studies used automated positioning stages to collect up to 4800
samples over two of the measurement axes [47], or 13000
samples collected over the three axes [49]. Such an extensive
sampling of the forces applied to the system could explain the
increased resolution reported in those studies.

The results from the dynamic load test yielded similar
errors along the X and Y axes as in the static calibration and
evaluation. Along the Z axis, a larger error offset of varying
magnitude was observed, which will be addressed in incoming
paragraphs. Overall, the results indicate that the calibration
performed on the sensor generalizes to continuously varying
data, aligning with previous literature [47], [49].

When comparing these results with the original require-
ments of the system, the full-scale range of the sensor covers
the desired ranges of actuation of the interface. However,
further work needs to be done to lower the measurement
error to meet the 50–100mN requirement originally set for
the interface. This could be achieved by introducing tem-
perature compensation both for the magnetometer readouts
[48] and the changes induced by the expansion/compression
of the elastomer [49]. Previous literature has also achieved
high resolutions by using multiple magnetometers [56] or an
integrated circuit with multiple magnetic field-sensing units
[49]. Finally, the calibration procedure needs to be improved
by increasing the number of samples and the way they are
collected to reduce the aforementioned offsets in the Z axis,
which also impacts the accuracy of the remaining axes.

In summary, the proposed sensor achieves accuracies within
the values reported in the literature, as well as the highest
measured-force-to-size ratio for this kind of sensor. Future
works should focus on further improving the accuracy to meet
the targetted value, by adopting some of the calibration and
compensation strategies reported in the literature.

C. The accuracy of the sensor is largely impacted by large
deformations and rotations

The results of the hysteresis tests yielded errors around 11–
13% along all the axes. In previous literature, only a value

of 3.4% is reported in one study [47], with another reporting
no hysteresis with respect to the applied force [55], both of
them in the normal direction (Z axis). One possible explanation
for the increased magnitude of the hysteresis is the larger
deformation applied to the sensor, in particular along the X and
Y axes. Another possible explanation is that the dataset that we
used for calibration only contained samples collected during
static, step-wise loading. Gathering an increased number of
samples both during loading and unloading or during dynamic
force application may help reduce these errors.

The measurement of viscoelastic creep in the shear direction
is a novelty for this type of sensor. During the test, the
measured force by the sensor was observed to change over
the 25 s in which the force was sustained. The change was
about 2% of the applied force in the X and Y axes and 5%
in the Z axis. Wang et al. [47] had previously measured a
creep of about 3% in the normal direction, which aligns well
with our results, despite the difference in materials (shore
00-30 hardness versus the shore A30 used in this study).
Additionally, the results of our test indicate that creep effects
are less prominent in the shear direction than in the normal
direction.

Finally, this study also provides a quantitative measurement
of the impact of rotations on the measured forces. As expected,
the rotations around the X and Y axes caused increases
in the measurement error of about 1.4N on the Y and X
axes, respectively. In both cases, the measurements in the
Z axis drifted by about 6N. When a rotation is applied
around an axis, the changes perceived by the magnetometer
are equivalent to a combined shear and normal deformation.
This result highlights the importance of constraining such
rotations to achieve accurate force readings. An alternative
approach would rely on the use of more sensing units for
simultaneous measurement of forces and torques [49], [56].
When looking at the impact of rotations around the Z axis,
slight variations in the measurements were observed. This
was attributed to imprecisions in the placement of the magnet
inside the elastomer which led to deviations from the ideal
axis-symmetric design of the sensor. While the errors around
the Z axis were much smaller than around the X or Y axes,
they were of a similar magnitude to the sensor accuracy. The
effect of the rotation around Z can be addressed in a similar
way to the other axes. However, a more careful alignment
of the magnet within the elastomer can also contribute to
mitigating this effect [57].

One major issue was the presence of a large offset along the
Z axis of the sensor, both for the characterization data of the
standalone sensor and the evaluation data of the mounted sen-
sor. By inspecting the raw data from the calibration dataset of
the standalone sensor, it was observed that at zero shear force,
the 0–16N normal forces caused the magnetic field intensity
to change by approximately 2mT. When looking at the no-
load magnetic field readings from the characterization datasets,
the magnetic field measurements along the Z axis were found
to be 0.25–0.3mT lower than in the calibration dataset. This
difference increased when comparing the data under similar
levels of applied pressure in the normal (Z) direction. One
possible explanation for the generalized change in magnetic
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field measurements is a long-lasting or permanent deformation
of the elastomer after the large deformations applied to it.
As a result, the magnet lies further from the magnetometer,
causing a decrease in the magnitude of the magnetic field, and
an overestimation of the applied forces. It should be noted
that considering the design and observed values, the described
change in magnet position causing this offset would be of less
than 100 µm. Another possible explanation for these changes
in the readings is the effect of temperature. In an effort to
increase the measurement rate of the sensor, temperature com-
pensation was not implemented in the magnetometer readings.
Some studies have reported variations in the readouts of the
magnetometer as a result of temperature variations [48], as
well as in the force measurements due to the expansion of
the elastomer [49]. Finally, the impact of these variations was
found to be much larger in the sensor mounted in the interface,
where the applied normal forces during calibration spanned a
range of only 0.7mT.

To address the aforementioned issues, in addition to im-
plementing temperature compensation strategies [48], [49],
careful selection of the elastomer should be performed. The
choice of a stiffer material or shape of the elastomer can
contribute to a reduction of the hysteresis, viscoelastic creep,
and the large offset observed in the Z axis. When considering
the wider picture of the tactile interface, force sensing is
only required along the actuated axes. Therefore, a planar
sensor design, constraining both the Z axis and the rotations
could address several of the discussed issues. To measure
normal pressure, if needed, a separate force-sensitive resistor
or other off-the-shelf and inexpensive single-axis compression
sensors could be used. Such an approach would have the
added benefit of preventing errors along the Z axis to influence
measurements in the X and Y axes (due to the polynomial
expansion computed on the magnetic readings). Finally, it
would drastically reduce the amount of samples required to
calibrate the sensor, contributing to an improvement in sensor
accuracy.

D. The interface achieves a fast and consistent rendering, with
limited accuracy and quality of stimulus

To evaluate the performance of the force-controlled inter-
face, we conducted a step response and a frequency response
test. The results of the step response test yielded rise times
of 0.02–0.07 s. Larger rise times were observed in the mea-
surements of the magnetic-based sensor than in those of the
F/T sensor. Inspection of the raw data indicated that, while the
onset of the force occurred simultaneously, the force increased
more smoothly in the magnetic-based sensor readings. This
response, as well as the larger rise times, are likely caused
by the low-pass filter applied to the magnetic-based sensor
readings. In any case, these results indicate that the initial
objective of 0.35 s rising time is broadly satisfied.

The good temporal response of the interface is further
supported by the results of the frequency response tests,
which yielded a gain-crossover frequency at 5–7Hz. While
the response as measured by both sensors resulted in similar
gain-crossover frequencies, larger attenuation due to the low-
pass filter was observed in the magnetic-based sensor data. To

completely cover the ranges of forces during object interaction,
future versions of the system should aim to increase the effec-
tive bandwidth of the actuator to 10Hz, which is regarded as
the maximum frequency of human movement [58]. As previ-
ously discussed, studies employing similar actuation methods
achieved a bandwidth of 20Hz, suggesting that improved
components and more accurate manufacturing processes can
enhance the performance of the system. Nonetheless, the
response of the interface is similar to other skin stretch
devices [23] and should cover a wide range of motions and
interactions.

With regards to the rendering accuracy, the steady-state er-
rors measured by the reference F/T sensor observed during the
step response tests are still much larger than the 50–100mN.
Such a large magnitude is attributed to the measurement error
in the magnetic-based sensor and the friction between the
moving platform and the housing of the interface. The low
steady-state errors measured by the magnetic-based sensor
and the reduced variation in magnitude of the errors across
the range of step amplitudes support this explanation. Future
works should focus on improving the accuracy of the sensor
and reducing the friction between the moving platform and the
housing of the interface, as mentioned in previous paragraphs.

In addition to the aforementioned limitations, three consid-
erations should be taken to improve the stimuli provided by the
interface. When looking at the step response data, an overshoot
was observed in the reference F/T data which was not observed
in the magnetic-based sensor data. In addition to the lower
temporal resolution of the proposed sensor, the low-pass filter
applied to the magnetic-field readings is also suspected to
have contributed to this. Therefore, additional tuning of the
filter parameters needs to be performed to fully capture the
response of the system and to properly adjust the gains of
the controllers to prevent overshoots. Another major point
of improvement relates to the grounding of the fingers. The
current version of the finger fixation in the robot allows some
fingers to move upon displacement of the platform. Increasing
the amount of padding and a more physiologically aligned
design may contribute to the tactile isolation of the stimulus.
Finally, due to the compliance of the magnetic-based sensor
and its connection point with the moving platform, we found
that movements in the proximodistal direction (horizontal, or
X direction) led to a rotation of the platform around the
normal axis to the fingerpads (Z direction). This ultimately
translated into higher deformation and forces exerted at the
index and middle fingers, than at the ring and little fingers.
The discussed increase in stiffness of the sensor can help
reduce the magnitude of the rotations. Alternatively, the use
of a secondary sensor unit, located closer to the ring and little
fingers can largely constrain such rotation.

From the perspective of the hand rehabilitation robot [1],
the robustness of the force-controlled approach allows for con-
sistent rendering for all hand and finger sizes. An additional
benefit of the force control is the increase in transparency of
the robot, by compensating for small deviations between the
trajectory of the end-effector of the finger flexion mechanism
and that of the fingers [1]. However, further work is needed to
increase the accuracy of the rendering and guarantee the same
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consistency under varying grasping forces. Nevertheless, the
force-controlled approach allows us to address the dependence
on finger pad stiffness for force rendering [23], [28], [29]. In
contrast with previous force-controlled systems [33], [34], the
proposed interface achieves a multi-finger and compact design,
with a wide range of usable frequencies.

V. CONCLUSION

Existing robotic neurorehabilitation systems largely neglect
the provision of tactile information, a crucial component for
motor control when interacting and manipulating objects. This
study presented a novel tactile interface relying on force-
controlled skin stretch stimulation. The interface was designed
to extend the rendering capabilities of an existing hand rehabil-
itation robot with tactile stimulation, and additional consider-
ations were taken to ensure its adequacy for the rehabilitation
domain. To achieve the desired force control scheme, while
maintaining a low manufacturing cost, we employed a custom
three-axis magnetic-based sensor to measure the rendered
forces. While further work is needed to mitigate some sources
of errors, the sensor achieved accuracies on the actuated axes
of the interface close to the state-of-the-art and the highest
measurement-range-to-size ratio for this kind of sensor. As
for the interface, several tests were conducted to validate its
performance and identify areas of future work. The resulting
design introduces the novelty of simultaneous stimulation from
the index to the little finger, as well as closed-loop force
control in a compact and inexpensive solution. By intentionally
designing this interface for its use in the rehabilitation domain,
we hope that this study serves as a stepping stone towards
the inclusion of tactile rendering in robotic neurorehabilitation
systems, and ultimately, an enhanced recovery and quality of
life for stroke survivors.
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A
Design Notes

This section introduces additional information on the design process for the tactile interface. The stan-
dard mechatronic system design workflow has been followed, starting with the definition of the system
requirements, moving on with the functional design of the system, following with the specific compo-
nent requirements, and concluding with the integration and evaluation of the whole system. While
some aspects have already been presented in chapter 2, they may be touched upon again to provide
a complete overview of the workflow.

A.1. System requirements
The starting point of the design comprised the definition of the requirements that the system should
comply with. As discussed in the paper presented in chapter 2, multiple requirements stemmed from
the fact that the tactile interface developed in this thesis was meant to be incorporated in a larger haptic
device for hand rehabilitation [5]. Additionally, numerous requirements were used to define the desired
response and capabilities of the system, based on insights provided by literature on haptics and human
perception (see chapter 2). In addition to the requirements summarized in Table A.1, maintaining a low
cost of manufacturing was considered a major requirement in the design

Table A.1: Summary of system requirements

Requirements for integration into the hand rehabilitation robot (Integration Requirements)
IR-01 The design should continue to allow a range of motion of the fingers from 0◦ to

165◦.
IR-02 The design should continue to allow the setup of the user’s hand into the hand

rehabilitation robot in a closed position.
IR-03 The design should have minimal impact on the range of motion of the thumb.
IR-04 Tactile stimuli should match the actuation provided by the robot, that is simultane-

ous actuation of all fingers but the thumb.
Requirements on desired capabilities of the interface (Design Requirements)
DR-01 The actuation of the system should cover the entire plane tangential to the finger

pads.
DR-02 The system should be able to render forces as large as 5N.
DR-03 The accuracy for rendering forces should be lower than 0.05N for forces below

1.5N, and lower than 0.1N otherwise.
DR-04 The desired forces should be rendered by the device in less than 0.35 s.
DR-05 The device should be able to stretch the skin up to 5mm.

18
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A.2. Functional description
Considering the size constraints imposed by IR-01, IR-02, and IR-03, a design similar to the previous
end effector of the haptic device was selected. To comply with IR-04, the interface was envisioned
as a moving platform upon which the finger pads would rest. The movement of the platform would
deform the finger pads, reproducing the naturally occurring skin stretch caused by tangential forces [6].
Contrary to wearable devices, the fingers are not grounded at the interface but at the finger fixation
component of the hand rehabilitation robot.

Figure A.1: Mock-ups used for comparing the sensation provided by a fully actuated platform and a multidigit tactor-like design
with a frame for grounding the outer area of the finger pads.

A preliminary qualitative test was conducted to evaluate whether the grounding approach was sufficient.
Manually actuated mock-ups were designed for this purpose, one with a platform upon which the entire
fingerpads would rest, and another with a frame to provide grounding to the outer part of the finger
pads (see Figure A.1), similar to tactor-based skin stretch interfaces [1]. During the test, the tactor-
like design was perceived to be more uncomfortable, occasionally pinching the skin, and providing an
overall “unnatural” sensation. Thus, the platform design was selected for future versions.

Figure A.2: Simplified view of the mechanism. MOTOR 2 is directly connected to the end-effector and provides motion in the
mediolateral direction of the hand. MOTOR 1 displaces the whole second axis of the mechanism and with it, the end-effector, in

the proximo-distal direction.

To satisfy DR-01, the system needed to be actuated in two degrees of freedom. This was achieved
through a pair of linear actuators orthogonally mounted in a serial configuration, with the platform at-
tached to the moving component of the vertical motor (MOTOR 2 in Figure A.2). Compared to parallel
planar mechanisms, this disposition resulted in simpler kinematics, more uniform displacements and
forces over the plane of actuation, and an overall smaller size of the interface.
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To achieve an accurate realization of the forces, it was opted for using a force sensor connected be-
tween the moving component of the vertical axis and the platform stretching the finger pads. Such a
location allows themeasurement of the applied force without influence from the friction and the damping
in the mechanism.

Micro-
controllerPC Driver

Actuator

Actuator

Platform

Position
sensor

Position
sensor

Force
Sensor

Figure A.3: Functional diagram depicting the building blocks of the system and the necessary connections (or
information-passing channels) among them.

Once the high-level design of the system is defined, a functional diagram of the system with the nec-
essary building blocks is created. Such a diagram allows the identification of the components of the
system, as well as the connections between them. Figure A.3 depicts the functional diagram of the
tactile interface, with a microcontroller interfacing with the computer to control the actuators through
associated drivers. In addition to force sensor measurements, information from the position of the ac-
tuators is also fed back to the microcontroller. Doing so allows to control potential slip between the
platform and the fingers and to avoid reaching the actuation limits of the mechanism.

A.3. Component requirements
The following step in the design of the system is to define the specifications needed to select the physical
components that will be used in the actual device. To do so, the system requirements previously defined
are refined into component-level requirements. The most critical components to achieve the specified
requirements are the actuators and the force sensor. The details, requirements, and design of the force
sensor are provided in chapter 2. Therefore, this section will focus on the definition of the requirements
for the actuators. Some of the other requirements, like the encoders and drivers, will be selected later
on based on the specifications of the selected motor.

A.3.1. Actuator
At this point, different alternatives for the actuation had been considered and compared. A leadscrew
actuation was selected for the reasons described in chapter 2. In order to compute the requirements
for the actuator, the specifications of the leadscrew for the transmission from rotational to linear motion
are needed. A conventional M3 threaded rod with 0.5mm/rev lead was selected for this purpose.

To determine the speed of the motor, we consider the temporal requirement of the interface (DR-03),
and the range of motion requirement (DR-05). Based on these, the system should be able to displace
up to 5mm in a lapse of 0.35 s. We assume a step response of the actuator, considering that the time
needed to reach steady-state velocity is negligible. Therefore, a constant velocity can be assumed
throughout the displacement.

Those values yield a linear velocity of 14.28mm/s. Considering a lead of 0.5mm/rev for the threaded
rod used for the leadscrew, an angular velocity of 28.57 rps, or 1714.3 rpm is obtained. By factoring a
safety margin of 1.5, a 2400 rpm velocity is obtained.
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In order to compute the maximum torque required by the motor, we consider the distribution of the
forces in the leadscrew. This can be done by simplifying the leadscrew as a slope, as depicted in
Figure A.4. The simplified slope has an elevation equal to the lead (l) and a length equal to the length
of the cross-section of the leadscrew (a circle with a diameter equal to the pitch diameter of the screw,
πDp). The resulting inclination of the slope can be computed as λ = arctan l/(πDp).

We consider the case in which a force Fdes of 5N, acting in the longitudinal direction of the leadscrew,
needs to be exerted by the actuator. Due to the inclination of the platform, the exerted force Fdes causes
a normal force (N ) perpendicular to the slope and a subsequent friction force (µN ) on the surface. The
corresponding force applied by the motor on the thread (slope), denoted as Fapp, should be enough to
overcome said friction in the system.

λ
l

πDp

Fdes

Fapp

N

µN

X

Y

Figure A.4: Diagram of the forces acting on the leadscrew.

By decomposing the forces along the X and Y axes (see Figure A.4), it is possible to obtain an expres-
sion (A.1) for the force that needs to be applied (Fapp) to overcome the desired force (Fdes). Considering
the relation between the torque of the motor (τ ) and the applied force, Fapp = 2τ/Dp, one obtains the
expression for the required torque (A.2).

Fapp =
Fdes (l + µπDp)

πDp − µl
(A.1)

τ =
FdesDp

2

(
l + µπDp

πDp − µl

)
(A.2)

One final correction needs to be performed to this last expression. Metric threads do not have a flat
or square thread, but a V-shaped one. As a result, the surface of the thread is increased, and with it,
the friction force. The correction can be applied by factoring in the thread angle (α), equal to half of
the angle between the flanks of the thread. The corrected expression for the required torque is then
obtained (A.3).

τ =
FdesDp

2

(
l + µπDp secα
πDp − µl secα

)
(A.3)

To finally compute the value, we consider Fdes = 5N, Dp = 2.65mm, l = 0.5mm/rev, and α = 30◦. As
for the friction coefficient, we consider a range between 0.2 and 0.5, which are ranges commonly found
depending on the lubrication conditions, among others. The resulting torque values span the range
of 1.955–4.375Nmm, of 0.2–0.446 kgfmm. The upper bound of this value will be considered for the
selection of the actuator.

A.4. Component selection and Bill of Materials
With the component-level specifications defined, a search for matching items was performed through
multiple electronic and mechanical component suppliers. The resulting bill of materials is shown in
Table A.2. For some of the components, like the motor drivers and the voltage regulator, off-the-shelf
breakout boards are listed. The reason for such a choice was their ease of assembly and testing during
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the initial prototyping stages. The selection of some components, like the DC motors, was driven by
market availability and budget constraints. Other components that are required for connectivity and
assembly have also been included to provide a complete bill of materials for the device.

A.5. System integration & evaluation
Once the components have been selected, it is necessary to connect them both physically and elec-
tronically to realize the whole system and evaluate whether the requirements have been met. Since the
integration of the components comprises multiple layers of design and fabrication, separate appendices
have been dedicated to each of them.

The electronic connection between the microcontroller, the drivers, and the sensors and actuators was
carried out through custom-made printed circuit boards (PCBs). The design of the boards is presented
in Appendix B. The assembly of the mechanism and the actuators themselves comprised the use
of multiple custom 3D-printed and mechanical parts. Furthermore, the force sensor was completely
manufactured in-house. The details of these manufacturing and assembly processes can be found
in Appendix C. Finally, the software necessary for the microcontroller was implemented in embedded
C++. The details on the architecture and its implementation into the microcontroller can be found in
Appendix D. The evaluation of the resulting device was presented in chapter 2, although more details
are available in Appendix E.
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Table A.2: Bill of materials of the tactile haptic interface

Item Description Manufacturer Part num-
ber

Quantity

Actuator 6V 5:1 micro metal gearmotor HPCB Pololu (US) 3082 2
Threaded
rod

M3x30mm threaded rod to be used as
leadscrew

Off-the-shelf - 2

Brass
inserts

M3x5.4mm brass inserts for assembly
and leadscrew nut

TR fastenings
(UK)

M3-
UHBRHESF

11

Linear
bearing

3 x 7 x 10mm linear ball bearing for X-
axis support axles

Misumi (Ger-
many)

C-LMU3 2

Annular
bearing

Ring ball bearing for Y-axis leadscrew
support

Conrad (The
Netherlands)

623-ZZ 1

Slide
bearing

3 x 5 x 7mm slide bearing, for Y-axis sup-
port axle

Ferrofast (The
Netherlands)

A36802 1

Support
axles

3mm stainless steel rods, for support
axles

Misumi (Ger-
many)

SSFHR3-
150

2 (cut as
needed)

Encoder 12 count-per-revolution magnetic en-
coders, for motor position sensing

Pololu (United
States)

3081 1 (pair)

Driver DRV8876 (Texas Instruments, United
States) brushed DC motor driver

Pololu (United
States)

4036 2

MCU ESP32 Devkit-V1 microcontroller devel-
opment board

Espressif
(China)

ESP32
Devkit-V1

1

Magneto-
meter

MLX90393 three-axis magnetometer, for
use in force sensor

Melexis (Bel-
gium)

MLX90393
SLW

1

Silicone Dragon Skin 30 two-component silicone,
for use in force sensor

Smooth-On
(United States)

- 1

Magnet 3 x 1mm N48 cylindrical magnet, for use
in force sensor

MagnetPartner
(Denmark)

MAGZ-
087-P

1

Capacitors 0.1µF capacitors for decoupling magne-
tometer chip

Samsung
(South Korea)

CL05A104-
KA5NNNC

2

6-pin
header

Cable connector header, for motor con-
nection

JST (Japan) XHP-6 2

6-pin
housing

Cable connector housing, for motor con-
nection

JST (Japan) S6B-XH-
A

2

8-pin
header

Cable connector header, for sensor con-
nection

JST (Japan) XHP-8 1

8-pin
housing

Cable connector housing, for sensor con-
nection

JST (Japan) S8B-XH-
A

1

Barrel
header

Barrel jack connector plug, for power sup-
ply

CUI Devices
(United States)

PP3-
002A

1

Barrel
housing

Barrel jack connector housing, for power
supply

CUI Devices
(United States)

PJ-
102AH

1

Voltage
regulator

6V voltage regulator D36V28F6, to pro-
vide power to the actuators

Pololu (United
States)

3783 1

Screws M1.6 and M3 screws for connection of
components

Multiple
M1.6–M3

Flat cable 6- and 8-wire cable, for sensor and actu-
ator connection to PCB

Off-the-shelf - 1m

3D print-
ing fila-
ment

GreenTEC anthracite/white filament,
FDA-approved. For manufacturing of
custom parts

Extrudr (Aus-
tria)

- 1.1 kg



B
Printed Circuit Board Design

Two Printed Circuit Boards (PCBs) were designed for the system. In this section, details on the steps
and the intermediate outputs of the PCB design process are presented. The schematic designs with
the connection of the components of the system are first introduced, followed by the considerations
taken for the physical layout of the boards, including the necessary calculations for the traces.

One of the PCBs, to which we refer as the main electronics PCB, was designed to connect the micro-
controller to the power, control, sensing, and actuating elements of the system. Doing so allows for
robust electrical connections, reduced electrical noise in communication lines, and easier assembly
into the hand rehabilitation robot. Its design aimed to reuse existing components used for prototyping
and ensure simple manufacturing. As a result, breakout boards for the voltage regulator and motor
drivers were used despite the increased volume of the assembled board.

The second PCB, to which we refer as the sensor PCB, was created to accommodate the 3-axis mag-
netometer chip into the interface. Due to the reduced space available within the tactile interface, the
use of off-the-shelf boards for the selected chip was not possible. Aiming for reduced manufacturing
costs, the board was designed to fit in either a left- or right-hand module with minor changes in the
design of the 3D-printed parts to which it is easily connected with a pair of screws.

B.1. Schematics
The initial stage of PCB design comprised the schematic design of the connections between the compo-
nents of the board and the connectors needed to interface with sensors and actuators. Full-page-sized
versions of the schematics can be found in Appendix G.

B.1.1. Main electronics PCB schematic
Figure B.1a illustrates the schematic design of the board for the power and control electronics. The
ESP32, depicted at the right of the schematic, is wired to the DRV8876 driver boards and the connectors
for the custom force sensor and the actuators. Input sockets for the provision of power can be found at
the top-left of the diagram, together with headers for the 6V regulator used to increase the range of input
voltages that can be provided to the system. Additional connectivity with unused pins of the ESP32
and DRV8876 boards was also included for future extension of peripherals or system functionalities.

B.1.2. Force sensor PCB schematic
The schematic design of the PCB for the magnetic sensor is shown in Figure B.1b. The magnetometer
chip, depicted in the center of the figure, is wired following the indications of the manufacturer for a
4-wire SPI communication protocol. Unconnected pins and I2C selection pins are connected to the
ground of the circuit, and decoupling capacitors of 0.1 µF are placed next to the positive voltage power
terminals. The connectors to the right provide connectivity for powering and interfacing with the sensor.
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(a)

(b)

Figure B.1: (a) Schematic design of the PCB containing the control, power, and communication electronics for the system. (b)
Schematic design of the PCB for the 3-axis magnetic sensor chip.

B.2. Layouts
With the connections between components defined, the physical design of the boards was performed.
This comprised the dimensioning of the boards, mounting points, distribution of the components and
connectors across the board, andmost importantly, the routing of the copper traces between component
terminals. The footprints used in the layout correspond to the components listed in section A.4.
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B.2.1. Main electronics PCB layout
The design of the main electronics PCB was carried out considering the desired location of the PCB
within the hand rehabilitation robot. The finger fixation part in the robot, pressing against the back of the
fingers, was selected for its close distance to the mechanism without affecting the range of motion of
the finger flexion or the thumb. Reducing the length of the cables running to the sensors and actuators
helped reduce the potential impact of interferences or noise in the readings of the encoders and the
high-speed communication with the magnetic sensor.

To install the PCB, M3 mounting holes were placed in the corners of the PCB, as shown in Figure B.2a.
The connectors for peripheral components, power, and communication, were distributed across the
board to facilitate the wiring when mounting the system into the hand rehabilitation robot. Finally, the
through-hole mounting of the components allowed to place components on both sides of the PCB. By
doing so, the overall size of the board was reduced to 54.35 x 82.80mm.

(a) (b) (c)

Figure B.2: Layout of the power and control electronics PCB. (a) CAD view and dimensions of the control and electronics PCB.
(b), (c) Top and bottom views of the final layout of the board

Special attention was paid to the copper traces providing power to the drivers and the motors. The
maximum 1.5A stalling current from the selected motors translates into a theoretical maximum current
of 3A flowing through between the power input and the converter, and 1.5A between the driver and
motor. When large currents flow through PCB traces, they can heat up and expand, potentially damag-
ing the board. By increasing the width of the trace and with it, the cross-section of the conductor, the
temperature rise is reduced. The calculation of the trace area A and width W is based on estimated
formulas from the IPC-2221 standard.

A =

(
I

k × TRise
b

)1/c

(B.1)

W =
A

t× 1.378
(B.2)

A typical value of TRise = 10◦C and a trace thickness t = 1 oz was considered. Since the traces are
external (i.e. only on the top and bottom copper layers), the constant values k = 0.048, b = 0.44, and
c = 0.725 were taken, as indicated in IPC-2221. With these values, and for maximum currents of 1.5A
and 3A, trace widths of 0.525mm and 1.367mmwere obtained. A safety margin of 1.5 was considered
to account for variations in environmental conditions from the estimated ones, resulting in trace widths
of 0.75mm and 2mm for the motor power traces and power supply traces, respectively.
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B.2.2. Force sensor PCB layout
The design of the PCB for the 3-axis magnetometer aimed for a compact design that would fit within the
available space in the mechanism. The resulting board, of 16.0 x 17.4mm (see Figure B.3), features
threeM1.6 mounting holes used for attaching the board to the mechanism and the 3D-printed connector
of the elastomer part of the sensor. The holes are positioned for simple integration into the mechanism,
and regardless of whether a right-hand or a left-hand version of the system is assembled.

To minimize the impact of temperature variations on the magnetometer readings, heat dissipation was
promoted by connecting its thermal pad to the ground of the circuit. Temperature invariance was further
promoted through the use of thermal vias beneath the thermal pad of the chip. These vias connect the
ground planes of the top and bottom copper layers, increasing the amount of material connected to
the thermal pad and so, reducing the heat fluctuations in the sensing unit. Finally, surface-mounted
terminals were selected for the communication and power cable due to their compact size and sufficient
robustness with the help of external stress reliefs in the cable.

(a) (b) (c)

Figure B.3: Layout of the magnetic sensor PCB. (a) CAD view and dimensions of the sensor PCB. (b), (c) Top and bottom
view of the final layout for the sensor board.

B.3. Results
The PCBs were manufactured using 1 oz/sq.ft. layer thickness on both sides of an FR-4 rigid substrate
of 1.6mm thickness. The resulting boards are depicted in Figure B.4.

(a) (b)

(c)

(d)

Figure B.4: Manufactured PCBs, before assembly. (a), (b) Top and bottom views of the manufactured power and control PCB.
(c), (d) Top and bottom views of the manufactured magnetic sensor PCB.



C
Manufacturing

The present section contains additional information on the manufacturing of the tactile interface and
the force sensor. While the system used multiple off-the-shelf components, many others were made or
modified in-house. The specifications of the materials and dimensions of customized components and
assemblies are presented, together with the steps taken to produce them.

Figure C.1: Picture of the custom 3D printed parts required to assemble the tactile interface.

C.1. Housing and connecting parts
The device contains nine custom 3D-printed parts for housing and supporting the overall mechanism,
as well as connecting mechanical components. These parts have been designed using Autodesk Fu-
sion 360 and 3D-printed via fused deposition modeling (FDM) using an Ultimaker 3 (Ultimaker, Nether-
lands). While the initial prototypes were printed in Polylactic Acid (PLA), the final version was printed in
GreenTEC Anthracite and GreenTEC White filament (Extrudr, Austria), an FDA- and RoHS-approved
filament suitable for medical device manufacturing. A printing temperature of 220◦C, 15% infill, and
0.15 layer height were used with both filaments. It has to be noted, though, that the thin features of
many components resulted in almost solid pieces.

In addition to the nine 3D-printed components for the device depicted in Figure C.1, four parts of the
original hand rehabilitation robot were modified to accommodate the tactile interface. Some regions of
the tactile interface had to increase in thickness compared to the original end-effector to fit the actuators.
Therefore, a cavity was introduced in the handle of the robot (Figure C.2, left) to preserve the original
range of motion of the finger flexion mechanism. The length of the contact area of the thumb rest
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(Figure C.2, center) was shortened to reduce the interactions with the tactile interface. Finally, mounting
inserts for the PCB were introduced in the finger fixation of the robot (Figure C.2, right), which keeps
the fingers in contact with the tactile interface. Due to the added volume introduced by the PCB, the
locking lever of the finger fixation (Figure C.2, top-right) was lengthened to facilitate its grasping.

Figure C.2: Modified parts (black) next to the original counterparts (white) of the hand rehabilitation robot designed by Rätz et
al. [5, 4] to improve the integration of the tactile interface into the robot.

Regarding the assembly of the 3D-printed parts, different approaches were followed attending to size
constraints and the available connections in the mechanical components. M3 screws in combination
with M3 x 5.8mm brass inserts (TR Fastenings, UK) were used to connect the housing of the tactile
interface to the hand rehabilitation robot, the back of the tactile interface, and the cover of the horizontal
axis actuator. The linear actuators are connected via M1.6 screws to the housing and the connector
between the horizontal and vertical axles. The remaining components are press-fit or screwed directly
into the 3D-printed parts.

C.2. Linear actuators
The tight size constraints of the design, together with the objectives for temporal response and max-
imum actuation of the system, made it difficult to find off-the-shelf leadscrew-based actuators to use.
While some high-end manufacturers provide motors and transmissions to build such an actuator, their
elevated cost prevented their use for a prototype. Instead, conventional brushed DC motors were mod-
ified in-house to build the desired linear actuator. To do so, M3 x 30mm stainless steel threaded rods
were used as leadscrews, while the aforementioned M3 brass inserts were used as the leadscrew nuts.

Figure C.3: Picture of the assembled actuator
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To connect the threaded rod and the DC motor, a homemade coupler that would fit in the system was
also manufactured. The technical drawing of the coupler with associated dimensions can be found
in Appendix G. The coupler was manufactured from a 5mm steel rod using a mechanical lathe, and
features a flat hole in one end for the motor axle, and a threaded hole on the other for the threaded rod.
The threaded rod was fixated using LOCTITE 243 Threadlocker glue (Henkel Loctite, United States),
while the output shaft of the DC motor was attached to the other side of the coupler using 2-component
epoxy resin (UHU, Germany), which was found to provide rigid connection under the torques exerted
by the motor. An image of the assembled actuator is shown in Figure C.3. An exploded view and
dimensions of the actuator are provided in Appendix G.

Finally, the encoders were installed in the DC motors by soldering the motor terminals to the PCB of
the encoder, carefully aligning it with the rear shaft of the motor, as indicated by the manufacturer.

C.3. Electronic hardware
The Printed Circuit Boards (PCBs) presented in Appendix B were assembled in-house. For the main
electronics PCB, all components and connectors featured through-hole mounting and were manually
soldered. As for the sensor PCB, the small size of the surface-mounted components made it impos-
sible to perform reliable connections by hand. Instead, a reflow soldering approach was taken, using
CHIPQUIK SMD291AX50T3 soldering paste (Chipquik, Canada) and a CIF FT03 batch reflow oven
(C.I.F., France) to accurately solder the components in place. The soldering paste was applied to the
components using a stencil ordered from the PCB manufacturer. Once the SMD components were
placed, the cables were manually soldered to the soldering pads in the PCB.

Finally, the cables for powering the device and connecting the peripherals to the main PCB were also
assembled in-house. 22AWG cable was used for the power supply, while 28AWG flat cable with 8 and
6 wires was used for the sensor and the actuators, respectively. Each assembly used the corresponding
headers and crimps specified in Appendix A. The assembled PCBs are shown in Figure C.4.

(a) (b) (c)

Figure C.4: Pictures of the assembled PCBs. (a), (b) Show the front and back sides of the main electronics PCB. (c) Shows
the assembled PCB for the magnetic sensor with the corresponding wire.

C.4. Force sensor
As presented in previous literature on soft magnetic force sensors, the manufacturing of a force sensing
unit comprises the fabrication of the PCBwith the necessary electronics; the fabrication of the elastomer
with the embeddedmagnet; and the assembly of the sensor [8, 7, 2]. Since the details on the fabrication
and assembly of the PCBs can be found in Appendix B and section C.3, further information on the
fabrication of the elastomer and the assembly of the sensor are provided.
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The elastomer was manufactured similarly to the sensor from Wang et al. [8], using a single-step pour
molding process, depicted in Figure C.5a. The mold was first prepared by applying a release agent
(Ease-Release 200, Smooth-On, United States). Then, the DragonSkin 30 silicone (Smooth-On, United
States) was prepared by mixing the two components, as indicated by the manufacturer, and pouring
them into the mold. Once closed, the silicone was left to cure for 16 hours. After that time, the part was
extracted and the magnet was placed inside. The magnet was fixed in place using Sil-poxy silicone
adhesive (Smooth-On, United States), which is partially cured for 4 hours before the application of the
final adhesive for assembly.

Prepare mold A Pour silicone

Liquid silicone

16h cura�on

DemoldEmbed magnetClose with Sil-poxy

CA glue
Assemble

(a)

(b) (c)

Figure C.5: (a) Process of manufacturing of the elastomer with an embedded magnet. (b) 3D-printed silicone casting molds A
and B, respectively. (c) Manufactured elastomer assembled to the PCB connector.

The final step of the assembly comprised the adhesion of the elastomer, both to the 3D-printed PCB
connector, and to the platform (for connection with the force/torque sensor in the case of the standalone
sensor, or to deform the fingerpads, in the case of the mechanism). Some studies opted for gluing the
elastomer directly to the PCB or even to the sensor itself [3] to minimize the size and variations in the
relative position between the magnet and the magnetometer. However, a detachable approach was
taken to facilitate assembly, maintenance, and reusability of the electronics and PCB. Different adhe-
sives were tested, including Cyanoacrylate (CA) glue (Henkel Loctite, United States), 2-component
epoxy resin (UHU, Germany), the aforementioned Si-poxy (Smooth-On, United States), and contact
glue (Wakol Gmbh, Germany). The contact glue failed to adhere to the silicone, while the epoxy resin
and the Sil-poxy were not capable of bearing the shear forces targeted in our application. The CA
glue yielded the strongest adhesion, although a grooved pattern had to be introduced in the design of
the elastomer to withstand the desired loads. Once the adhesives cured for 24 h, the silicone with the
connector was attached to the PCB using the M1.6 mounting holes in the PCB and the connector.

The mold used for casting (see Figure C.5b), was 3D-printed using PLA, a layer height of 0.1mm, and
a 15% infill. A test during the initial phases of the design was carried out to compare the quality of the
casted part using a pour mold and a two-part injection mold. The pour mold resulted in a more regular
shape of the elastomer and minimal presence of bubbles.



D
System workflow, operation and

communication

This section describes additional information about the software of the device, such as the operation
and communication workflow, as well as the high-level functioning of the embedded software.

The operation of the haptic device is split into two separate loops in charge of the haptic rendering,
and the communication with the computer. A graphical representation of the device operation and
information transfer is provided in Figure D.1. Since the ESP32 is a dual-core microcontroller, it is
possible to distribute tasks across cores, preventing critical tasks from being interrupted and lower-
priority tasks from being blocked. Such a management of the tasks running in the microcontroller can
be achieved in a predictable and deterministic manner by using a Real-Time Operating System (RTOS).
FreeRTOS was the selected RTOS due to the support provided by Espressif for the ESP32. Such an
approach also ensures the stability of the control loop to a fixed time step. One of the limitations,
however, is that additional computation time is required to determine periodically which task needs to
be executed and to save and restore the execution state of other tasks. Since the smallest period
with which FreeRTOS performs this operation is 1ms, it is difficult to increase the speed of the loop
while keeping the frequency stable. Doing so would require the execution of multiple iterations of the
loop within a single resource allocation period of the RTOS, relying instead on manual execution time
management which can lead to runtime performance issues.
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Figure D.1: Graphical representation of the tasks running in the haptic device, their distribution across hardware resources in
the microcontroller, communication interfaces, and data transmitted through each of them.
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In this implementation, one core is solely dedicated to the haptic loop, in charge of collecting sensor
information and commanding the control action to the motors to achieve the desired positions and
forces. The second core executes the reception and transmission of data over the serial port with the
computer. By doing so, it is ensured that the control loop can run uninterrupted without blocking the
execution of the communication loops. A single interrupt is programmed to flag the availability of data
from the magnetic sensor. The execution time of the interrupt is negligible and does not impact the
execution time of any of the other loops.

The communication across tasks is performed by using a class instance (represented in Figure D.1
by State object) that stores and passes data about the current and desired positions and forces, the
timestamp and the status of the whole system. The information passed can be accessed by both
cores simultaneously, which can cause some corruption in the shared data when access and store
instructions take place in multiple processor cycles. While this is typically avoided using spinlocks
inside higher priority tasks, or RTOS-specific objects for communication, in practice it was not found to
be necessary.

Communication with physical devices depends on the hardware. The communication with themagnetic-
based force sensor is performed via a 4-wire Serial Peripheral Interface (SPI) at 10MHz. Encoder data
is read through a pair of digital inputs in the ESP32, while the motors are controlled through a pair
of Pulse-Width Modulated (PWM) signals. Finally, the communication for the reception of commands
and transmission of data with the computer is performed via serial communication at 921.6 kbps. Data
transmitted through the serial port is encoded in JavaScript Object Notation (JSON) format and parsed
upon reception, which provides a simple way to modify the length and contents of the data packages.

D.1. System workflow
Upon initialization, the system executes an initial setup of the communication interfaces, the magnetic-
based force sensor, the analog-to-digital converter, and control and communication tasks. Afterward,
the system performs the calibration of the position sensors. Since the encoders mounted in the motors
only measure relative displacements, it is necessary to determine the starting point of the range of
motion of the actuator. Once finalized, the system starts operating in the way described in the previous
section.

Algorithm 1 Communication loop
Require: keys = {”posx”, ”posy”, ”posdes x”, ”posdes y”, ”fdes x”, ”fdes y”, ”torque”, ”position”, ”stop”}
Require: keys_logged_data ⊆ keys

serial_manager.receive()
serial_manager.decode()
for all (key, value) ∈ serial_manager.data() do

if key ∈ {”posdes x”, ”xdes y”, ”fdes x”, ”fdes y”} then
robot_state.key = value

else if key ∈ {”torque”, ”position”, ”stop”} then
robot_state.status = key

end if
end for
serial_manager.clear_send()
for all key ∈ keys_logged_data do

serial_manager.send_object().add(key, value)
end for
serial_manager.encode()
serial_manager.send()

The communication loop runs at a rate of 500Hz. Whenever a command is received, the system
decodes the JSON string into key-value pairs stored as a JSON Object. The task then parses each
key and updates the value of the corresponding system parameter to that of the pair. Such parameters
can be the robot status, the type of controller, and the desired position or force. The details of the
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algorithm can be found in Algorithm 1. Afterward, the system performs the logging operation, in which
key-value data pairs are sequentially added to a JSON Object. Once the JSON Object is ready, it is
encoded and sent over the serial port.

One limitation of the JSON implementation is that it is very computationally intensive due to the conver-
sion of native datatypes into strings. As a result, attempting to parse or send too much data (approxi-
mately 6 key-value pairs) resulted in the watchdog timer of the microcontroller triggering. To increase
the amount of data that could be transmitted, an alternative implementation using MsgPack was in-
spected. While it was possible to send more data due to the more efficient packing of native datatypes,
the JSON implementation was adopted for its increased stability and sufficient adequacy to our needs.

Algorithm 2 Haptic loop
Require: magnetic_sensor_data_ready = True | t = 0

new_pos_0← CountsToPosition(encoder_0.getCount())
new_pos_1← CountsToPosition(encoder_1.getCount())
new_I0← AdcRawToV oltage(adc_0.measure())/Rsense

new_I1← AdcRawToV oltage(adc_1.measure())/Rsense

if magnetic_sensor_data_ready == True then
magnetic_sensor_data_ready == False
raw_data = magnetic_sensor.ReadData()
sensor_data = magnetic_sensor.ConvertData(raw_data)
magnetic_sensor.StartMeasurement()

end if
force_data = HalToForce.convert(sensor_data)
if state == stop then

motor_0.SetOutput(0)
motor_1.SetOutput(0)

else if state == calibrate then
if motor_0.IsCalibrating() then

calibrator_0.Update(motor_0, new_pos_0, encoder_0)
else if motor_1.IsCalibrating() then

calibrator_1.Update(motor_1, new_pos_1, encoder_1)
else

state = position
end if

else if state == position then
motor_0.SetOutput(positionPID(new_pos_x, des_pos_x))
motor_1.SetOutput(positionPID(new_pos_y, des_pos_y))

else if state == torque then
force_action_0 = forcePID(force_data.x, f_des_x)
force_action_1 = forcePID(force_data.y, f_des_y)
if (force_data.z < no_load_force)&(min_pos_0+ 0.25 < new_pos_0 < max_pos_0− 0.25) then

motor_0.SetOutput(force_action_0)
else

motor_0.SetOutput(0)
end if
if (force_data.z < no_load_force)&(min_pos_1+ 0.25 < new_pos_1 < max_pos_1− 0.25) then

motor_1.SetOutput(force_action_1)
else

motor_1.SetOutput(0)
end if

end if
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The haptic control loop operates on a separate core at 500Hz, matching the frequency of the commu-
nication loop. On every iteration, it collects data from the encoders and the current sensing circuitry of
the motor drivers. Then, data is read from the magnetometer, if available, indicated by a flag toggled by
the data-ready (DRDY) signal of the sensor. The selected frequency should ensure the availability of a
sample on every iteration. Then, based on the current state of the system — i.e. stopped, calibrating,
position control, or force control —, a control action is commanded to the motors using the current and
desired position or forces. The details of the operation of the loop can be found in Algorithm 2.

The calibrator_0 and calibrator_1 objects in Algorithm 2 perform the blind calibration of the actuators.
This is done by displacing the mechanism to the limit of the range of motion, detected by a drop in
the velocity measured by the encoders. The object operates as a finite-state machine (FSM) in which
each state has an associated control action, as depicted in Figure D.2. The control actions and state
transition thresholds have been determined on an experimental basis to ensure a consistent and reliable
response.

The FSM can be configured to determine only the lower bound of the range of motion, or both the
lower and upper bound, whenever the range of motion of the actuator is unknown. Furthermore, by
comparing the measured range with a known estimate, issues due to external perturbations or blocked
actuators can be detected. A time limit in the speed onset is introduced to account for the possibility
that the mechanism is already close to the lower end of the range of motion and the transition to the
moving state is not triggered. Finally, the movement of the actuator is initiated with a high value of
the control action. This was done to ensure that the actuator would overcome the static friction in the
system and start displacing in the desired direction. The lower control action while moving allows the
mechanism to reach the ends of the range of motion without jamming.
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Figure D.2: State machine of the calibration procedure. ustart and ucal correspond to the control action applied at the
beginning of the displacement and once the actuator is moving. move_th and stop_th represent the velocity threshold above
and below which the system is considered to be moving, or stopped at the actuation limit, respectively. t_th is the time after

which it is considered that the actuator has reached the lower actuation limit without surpassing move_th.
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Details on data acquisition

The present section aims to provide further information on the setup and steps followed to perform the
calibration of the soft magnetic sensor and the force-controlled haptic device.

E.1. Experimental setup
The setup used for collecting the data necessary to calibrate and characterize the force sensor was
the same one used for validating the response of the force-controlled system. A manual three-axis
positioning stage was manufactured in-house using the tools described in chapter 2.

The ATI Nano 43 (ATI Industrial Automation, United States) was attached to the vertical stage using
different 3D-printed mounting connectors. The measured system, either the standalone sensor or the
interface, was connected to the X-Y positioning table using 3D-printed mounting racks. The connectors
were designed to align the measurement axes of the two sensors.

The measurements from the ATI Nano were collected through a USB-6351 data acquisition board
(National Instruments, United States), connected to the Interface Power Supply Box of the sensor, and
to the USB port of the computer. Measurements from the acquisition board were collected using a
Python script relying on the nidaqmx package and the calibration data provided by the manufacturer of
the sensor. The data from the magnetic-based sensor was collected through the serial port using the
pyserial and json packages.

The data from both the ATI Nano 43 and the magnetic-based sensor was collected on two separate
threads initiated simultaneously. Doing so ensured that the collected data was synchronized in the
time domain. Measurements from both sensors were collected at 100Hz for the measurements on the
standalone sensor, and at 500Hz for the measurements performed on the tactile interface.

E.2. Data collection for magnetic force sensor calibration and static
evaluation

A protocol document was created to ensure the correct execution of the data acquisition for calibrating
the magnetic force sensor and evaluating the performance of the different mappings. In addition to
facilitating the reproducibility of the results, the protocol is also meant to serve as a guideline for the
calibration of future units of the sensor. The protocol can be found in Appendix G and it is meant to be
used with the calibration script previously mentioned. The steps to follow are indicated, together with
the expected output and additional instructions on troubleshooting potential issues during the process.
When collecting data from the sensor mounted in the mechanism, no power needs to be supplied to
the motors.
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The target positions of the stage used to apply different forces to the sensor consist of a comprehen-
sive sweep along the cylindrical coordinate frame of the sensor, as indicated in chapter 2. The target
positions were scanned such that displacements would first occur along the radial dimension, then
along the angular, and finally along the depth dimension. The target positions and scanning order are
depicted in Figure E.1. Displacements were applied consecutively without moving the platform back to
the initial position due to the long duration of the manual data acquisition. For the collection of samples
for evaluating the generalization of the mapping, on the contrary, the position of the stage was always
reset between samples.

Figure E.1: Target positions used for collecting the data required for calibrating the magnetic-based force sensor. The
positions cover a range of displacements along the radial, angular, and vertical dimensions to cover a sufficient range of forces
of the sensor. The samples were scanned starting from the positive X semiaxis with a zero indentation in the vertical direction.

The Python script developed for collecting the calibration and evaluation data prints information on the
terminal to guide the user throughout the process, in combination with the aforementioned protocol
document. The script handles several errors that can arise during execution, ensuring that partially
collected data can be stored under most circumstances. Thus, the script also allows resuming the
collection from a certain sample so that partially collected data can be used. An overview of the workflow
of the Python script for the collection of data for the calibration and static evaluation of the sensor is
depicted in Figure E.2.

E.3. Data collection for single-shot measurements
The datasets for the continuous force evaluation of the sensor, the sensor characterization, and the
evaluation of the performance of the force-controlled system, all comprised a single stream of contin-
uous data from both sensors. The procedure for collecting such data was similar to the initial steps of
the calibration data collection.

After initializing the communication channels and computing the bias of the ATI Nano 43 sensor, data
from both sensors is displayed. Then, the user is prompted to connect the sensors, after which data
from the Hall-effect sensor is displayed. This process corresponds to the first six steps depicted in
Figure E.2. After that, the user is prompted to press ENTER to start the collection of the single stream
of data. Finally, the data is saved to a CSV file. In a similar way to the calibration data collection, data
from the sensors are collected in parallel on separate threads, ensuring the synchronicity of the data.

E.3.1. Considerations when attaching the mechanism for data collection
Many operating systems automatically toggle the Data Terminal Ready (DTR) and the Request To
Send (RTS) signals upon opening and closing the serial port, sometimes overriding the settings of the
software packages. The toggle of those signals causes the ESP32 to reboot, triggering the calibration
of the mechanism.
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Figure E.2: Workflow of the calibration script and overall calibration procedure. Data from the Force/Torque sensor is
displayed in real-time when performing the connection of the sensors and adjustments to the stage so that the measurement
ranges of the sensor are not surpassed. The collection terminates upon complete data collection or premature termination due

to a serial error or user request, always saving collected data to CSV files.

The files for the validation of the system response feature an additional prompt requesting the user to
disconnect the ATI Nano 43 from the mechanism before terminating the execution. Doing so prevents
the system from calibrating while the ATI Nano 43 is attached, which can lead to damage to the com-
ponents and the sensor. Alternatively, a version of the embedded software that skips the calibration
can be uploaded to the microcontroller.

E.4. Connectors for platform rotations
In order to perform the tests to evaluate the impact of platform rotations on the measurements of the
magnetic-based sensor, modified connectors for the F/T sensor were designed. Said connectors are
designed to align with the connector of the standalone sensor once a rotation of 15◦ is applied. Fig-
ure E.3 shows the CAD model of the connectors for each axis. Note that due to the layout of the
mounting screws in the F/T sensor, the connectors for the X and Y axes have to be different and
cannot be rotated 90◦.

Figure E.3: Modified connectors for the F/T sensor to measure the impact of rotations on the measurements of the
magnetic-based sensor. The panels depict the connectors, from left to right, around the X, Y, and Z axes.



F
Supplementary results

This appendix presents additional information on the evaluations and measurements conducted on
the system. While the main findings are provided in chapter 2, the sections in this appendix provide
additional information and visualizations for the tests performed in the study. Those tests for which all
necessary information is considered to be provided in the body of the study are not touched upon.

F.1. Sensor calibration and evaluation
When performing the calibration and evaluation of the magnetic-based sensor, an initial analysis of
the data from both the magnetometer and the F/T sensor was carried out. Figure F.1 shows the raw
data from both sensors along different pairs of axes. It can be observed that the magnetic field and
the applied forces follow a rather linear relationship along the X and Y axes. The magnetic field read-
ings around X and Y span over the measurement range of the magnetometer over a total range of
approximately 10mT. The corresponding forces cover a range of 8N along each semiaxis.
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Figure F.1: Samples of magnetic field data measured by the magnetometer of the standalone sensor unit, and force data from
the reference F/T sensor. The color scale corresponds to the position of the stage along the Z axis. Each point in the scatter

corresponds to the average of the 100 data points collected at each deformation of the elastomer.
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When inspecting the forces along the Z axis, large changes in the intensity of the magnetic field due to
shear forces can be observed. Those changes are of similar magnitude as the variations in intensity
resulting from the forces on the Z axis, about 2mT. Due to the small size of the sensor, the strength of
the magnetic field changes abruptly when moving off-axis.

The raw data was preprocessed as discussed in chapter 2. The bias was obtained by visual inspection
of the raw data, although future versions should attempt to perform a numeric calculation of this value.
As discussed in chapter 2, we calibrated and evaluated different combinations of degrees of polynomial
expansions and mappings of the magnetic field to forces. Further inspection of the performance of the
selected model, the Huber regression on an order 3 polynomial, was carried out. Figure F.2 shows the
distribution of the errors made by the trained model over the applied force during the calibration and
the evaluation. It can be observed that the errors have a similar magnitude over the range of forces
applied during the calibration and evaluation, and no overall bias or offset. It can also be noticed that
in the Z axis, small vertical clusters of data points can be observed. These correspond to data points
belonging to the same deformation. The relatively large difference between those data points highlights
the sensitivity of the model to variations in the magnetic field along the Z axis. Finally, the fact that such
variations arise throughout data continuously collected at 100Hz indicates that stray magnetic field
noise is the most likely cause for such variations.
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Figure F.2: Errors performed by the trained mapping on the calibration and evaluation data with respect to the applied force.
The graphs show the errors of all data points of the datasets along each of the measurement axes of the sensor.
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F.2. Impact of platform rotations
For the computation of the impact of platform rotations around each axis, the measurement error during
no-load conditions was calculated and compared with the measurement error once the rotation had
been applied to the sensor. Table F.1 gathers the measurement errors in the magnetic-based sensor
at the start of the collection (no-load conditions) and at the end of the collection (once the rotation was
applied). The three-dimensional MAE at those two moments is also reported, which was calculated
as the L2 Norm of the error along each axis. The final impact of the rotation is then computed as
the variation in three-dimensional MAE between the no-load and rotated conditions. Additional graphs
showing the temporal evolution of the applied and measured forces during the rotation of the platforms
are provided in Figure F.3.

Table F.1: Metrics extracted from the analysis of the impact of platform rotations on the force measurements. The 3D MAE
corresponds to the L2 Norm of the MAE per axis. The variation computed in the last column is computed as the difference in

3D MAE.

MAE start / N MAE end / N 3D MAE / N
Rotated axis X Y Z X Y Z Start End Variation / N

X 0.091 0.171 0.662 0.020 1.561 5.588 0.690 5.802 5.113
Y 0.111 0.219 0.644 1.438 0.412 7.182 0.689 7.337 6.647
Z 0.166 0.243 0.920 0.367 0.106 1.763 0.965 1.804 0.839

Figure F.3: Temporal evolution of the applied and measured forces during the rotation of the platforms during the test.
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F.3. Step response evaluation
The response of the system under all of the commanded steps is depicted in Figure F.4, and a detailed
view from a sample step along each direction is presented in Figure F.4. Notice that a small period of
no collected data was taken between steps to ensure the synchronicity of the data for each step. A
ripple is observed in the diagonal direction for steps of 1N and 2N amplitudes.

In addition to the final metrics presented in chapter 2, the values were also extracted for each amplitude
and each direction to investigate potential amplitude- and direction-dependent variations. The resulting
metrics are gathered in Table F.2 and Table F.3. It can be observed that the rise time is roughly constant
throughout the ranges of forces inspected and across directions.

The steady-state error measured by the magnetic-based sensor shows consistently low values for all
directions and amplitudes. When looking into the steady-state error computed from the data of the F/T
sensor, much larger errors are observed. The magnitude of those errors is larger for the Y direction. In
all directions, the magnitude of the error increases with the amplitude of the step signal commanded.
However, the increase is not proportional to the amplitude of the step but increases about 0.08N/N in
the X direction, 0.120N/N in the Y direction, and about 0.09N/N in the 45◦ direction.

While the overshoot measured by the magnetic-based sensor takes very small values, the magnitude
of the overshoot measured by the F/T sensor is much larger. When comparing across amplitudes,
the overshoot decreases as the amplitude of the step increases, due to the increased stress in the
elastomer, which dampens the movement of the actuators.

Figure F.4: Temporal evolution of the step response of the system during the step response test along the X, Y, and 45◦ (XY)
directions.

Figure F.5: Examples of a step response of the system along the X (left), Y (center), and 45◦ (right) directions.



F.4. Frequency response evaluation 43

Table F.2: Metrics extracted per direction and amplitude during the step response tests from the magnetic-based sensor data.
SSE states for steady-state error.

Magnetic-based sensor
Rise time / s SSE / N Overshoot / %

Direction 1N 2N 3N 1N 2N 3N 1N 2N 3N

X 0.054 0.069 0.064 0.002 0.004 0.032 1.077 0.759 0.000
Y 0.060 0.065 0.069 0.011 0.028 0.051 0.589 0.000 0.000
45◦ 0.078 0.075 0.061 0.006 0.014 0.108 3.873 1.904 0.000

Table F.3: Metrics extracted per direction (rows) and amplitude (columns) during the step response tests from the F/T sensor
data. SSE states for steady-state error.

F/T sensor
Rise time / s SSE / N Overshoot / %

Direction 1N 2N 3N 1N 2N 3N 1N 2N 3N

X 0.019 0.025 0.035 0.199 0.279 0.358 39.357 16.573 20.693
Y 0.008 0.018 0.029 0.320 0.440 0.565 25.796 13.559 12.562
45◦ 0.104 0.023 0.024 0.243 0.315 0.528 25.198 9.606 11.863

F.4. Frequency response evaluation
The raw data gathered from the frequency response test was first inspected in the time domain. The
resulting responses are depicted in Figure F.6. Both sensors showed similar measures of the response
of the system, which achieves good tracking at lower frequencies before attenuating due to the high
frequency of the commanded signal.

When comparing the measured responses by the two sensors, it can be observed that the response
attenuates at lower frequencies for the X axis than for the Y axis, attributed to the larger mass moved by
the system in the X direction. Additionally, it can be observed that the low number of targets generated
for the high-frequency parts of the commanded signal resulted in a drift in the force generated along
the Y axis. Finally, it can be noted that tracking performance at low frequencies is qualitatively better in
the Y axis, while in the X axis the system struggled to reach the maximum values of the commanded
signal.

It can also be noticed how both responses exhibit an overall offset in the measurements of the magnetic-
based sensor with respect to the F/T sensor. While in the Y axis this offset was uniform throughout the
stream of data, in the X axis it was more prominent at higher frequencies. The reason for these offsets
was attributed to deviations in the measurements of the sensor and the friction between the platform
and the housing of the interface, as discussed in chapter 2.

Finally, the amplitude of the forces recorded by the magnetic-based sensor at the resonant frequency
was smaller than those recorded by the F/T sensor. This was attributed to the first-order low-pass
filter applied to the magnetic-based sensor measurements and the reduced temporal resolution of the
magnetic-based sensor (running at maximum measurement rate) with respect to the F/T sensor (capa-
ble of up to 10kHz measurements).

When computing the amplitude of the signal as a function of the frequency, however, the observed
response was found to differ from the raw temporal data, showing a continuously decreasing magnitude
instead of the resonance observed in the temporal response (see Figure F.7). Further analysis of the
frequency response of the commanded signal showed that even though the amplitude of the chirp was
kept constant all through the frequency range, the effective amplitude decreased as a function of the
frequency.
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(a)

(b)

Figure F.6: Frequency response of the system in the time domain when commanded an exponential chirp signal sweeping
from 1Hz to 100Hz along the X axis (top) and Y axis (bottom). The commanded signal and responses recorded by the

magnetic-based sensor and the F/T sensor are displayed.

Such a decrease was attributed, on the one hand, to the under-representation of the signal caused
by the sampling, which could also be appreciated in the form of clipping at high frequencies in Fig-
ure F.6. On the other hand, the continuous and exponentially increasing change in the frequency of the
commanded chirp signal resulted in smaller data collected for each of the high-frequency components.
The choice of the exponentially increasing sweep rather than a linear one was to obtain greater insights
into the response of the system at the frequencies most relevant during normal operation, rather than
collecting more data in highly-attenuated regions.

Upon these observations, the response of the system was then quantified as the gain of the system with
respect to the commanded signal. Thus, the gain was computed as the ratio between the magnitude
of the response and the magnitude of the commanded chirp signal, resulting in the graphs shown in
chapter 2.
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(a)

(b)

Figure F.7: Magnitude response of the system along the X axis (a) and Y axis (b). The magnitude of the signal for the
analyzed frequencies is displayed. The panels of each subfigure response depict the response measured by the

magnetic-based sensor (left), the response measured by the F/T sensor (center), and the commanded chirp signal. Despite the
constant amplitude of the signal, the effective amplitude of the signal was found to reduce for high-frequency components.



G
Technical documents

This chapter contains the technical documents generated for different components of the developed
system. These include the schematics of the PCBs and the drawings with the dimensions of the com-
ponents manufactured in-house.
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Protocol on calibration of the magnetic-based 3-axis force sensor 

Materials 

 

• ATI Nano 43 force sensor with power supply and data acquisition system. ☐ 

• Magnetic sensor (either using an evaluation board or custom system), connected to 
ESP32 for interfacing. 

☐ 

• 3D-printed parts for attaching the sensor to the calibration stage and the magnetic 
sensor (may need to be tailored to stage and calibrated system). Additional hardware: 

o 6x M3x4/5mm screws 
o 4x M3x8mm screws 
o 4x M3 nuts 

☐ 

☐ 

☐ 

☐ 

• 3-axis calibration stage with displacement scales ☐ 

• Computer with: 
o Support for reading ATI Nano sensors (NI PCIe-6323 DAQ or NI USB-6351) 
o USB 3.0 port for ESP32 
o Python with necessary packages: 

▪ nidaqmx 
▪ numpy 
▪ pandas 
▪ json 
▪ pyserial 

☐ 

☐ 

☐ 

☐ 

• Scripts for reading data: 
o tools.py 
o calibration_script.py 
o ati_communication.py 

☐ 

NI USB-6351 
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Preparations 

• Mount the system with the magnetic sensor and the ATI Nano in the two parts of the 
calibration stage with relative motion on the three axes. This will depend on the 
calibration stage. Connect the sensor depending on the selected DAQ. 

o DO NOT CONNECT THE ATI Nano TO THE MAGNETIC SENSOR YET  
o MAKE SURE THAT THE +X AXES OF THE SENSORS ARE ALIGNED 
o A reference image using a custom calibration stage, an EVB90393, and an ATI 

Nano sensor is shown below. An image of the ATI connected through a NI USB-
6351 is also shown 

 

☐ 

• Connect the ESP32 to the computer using a compatible USB cable. ☐ 

• Make sure that the ATI Nano sensor is connected to the data acquisition card of the 
computer. 

☐ 

• Verify that the sensor is connected and working properly using the ATIDAQFT.Net 
program that should be installed on the computer. Alternatively, the calibration script will 
display some data upon starting to verify that the readings are correct. 

☐ 

• If not done already, create a folder for the project (e.g., calibration) and place the Python 
scripts in an additional folder within it (i.e., within calibration/python).  

• A data folder can also be created in the project folder (i.e., calibration/data) to store the 
data from the calibration. Otherwise, it will be automatically created. 

☐ 

• Make sure that the ATI Nano sensor is attached to the 3D printed parts and to the linear 
stage. The ATI sensor MUST NOT be connected to the magnetic sensor upon initialization 
to adequately bias it. 

☐ 

• Open the IDE or terminal to run Python. Notice that you may need to change the serial 
port to which the ESP32 is connected (COMx). Execute the calibration_script.py file. 

☐ 
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Data collection 
• Data from the magnetic sensor will be displayed, followed by “Press ENTER to continue”.  

o Press ENTER if the data is nonzero and in the range of [-10000, 10000]. Otherwise, 
interrupt execution using CTRL+C and debug any issue with the ESP32. 

o Sometimes, upon the first connection, the board sends initialization data that can result in 
no sensor readings displayed. Can interrupt (CTRL+C) and restart, or move on, since actual 
data will be available by the time collection starts. 

☐ 

• Calibrated data from the ATI Nano will be displayed on the terminal, followed by “Press 
ENTER to continue”.  
o If the readings are close to zero in all axes, press ENTER to continue. Otherwise, use 

CTRL+C to interrupt the execution and debug any issues with the ATI sensor. 

☐ 

• Connect the sensors using the M3 screws. Move the linear stage to ensure that the readings 
from the ATI Nano displayed on screen are as close to zero as possible.  
o Once that is the case, press ENTER to continue (confirmation will be requested). 

☐ 

• Enter the initial positions in the X, Y and Z axes of the adjusted platform. Non-numeric or 
empty inputs will be disregarded. q can be used to repeat the last input. 
o Confirmation will be asked by pressing ENTER. The position of all axes can be introduced 

again by inputting q. 

☐ 

• Text will indicate the number of targets generated for calibration and evaluation (165 and 45, 
respectively), followed by “Press ENTER to start data collection, or enter sample value from 
which to start collection: ”. 
o Press ENTER to start the data collection or introduce the sample number from which to 

start the collection 

☐ 

• The procedure below will be repeated for the total number of targets generated (210). 
o The initial position and target position relative to it will be displayed together with real-

time readings of the ATI Nano.  
o Adjust the stage until the position matches the target one and press ENTER. 

▪ Look out for torques not to overcome a value of ±250, or forces to overcome ±18. 
o A message stating “Press ENTER to collect data or press q to go back: “.  

▪ Press ENTER to collect data from the ATI Nano sensor and the MLX90393. 
▪ To re-adjust the stage, provide “q” as an input. 

o Finally, one data point from the sample will be displayed, followed by “Press ENTER to 
move on, q to repeat sample, z to finish collection: ”. 
▪ Input q to repeat the sample (including positioning), z to interrupt data collection, or 

ENTER to collect the next sample 

☐ 

☐ 

☐ 

☐ 

☐ 

• Once all the samples have been gathered, the message “Do you want to save the logs to a 
file? (y/no)” will be displayed. It may be the case, although unlikely, that the some 
SerialException will occur. In those cases, an informative message will be displayed before to 
indicate that an exception happened and that partial data will be saved. 
o Press ENTER or input y to save the logs. 

☐ 

• A confirmation message (“Are you sure? (y->confirm, n->go back): ”) will pop up asking to 
confirm your choice. 
o Input y to confirm the choice and save the data. 

☐ 

• Two CSV files will be found on the data folder within the project folder, starting with 
data_cal_ and data_eval_, containing calibration and evaluation data respectively. The files 
will terminate with a unique identifier based on the date and time of the file creation. 

☐ 
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