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In the new Industry 4.0 era, digitalization and automation are the turn-
ing points to address rapidly changing challenges, such as tackling the limited
availability of resources and improving the efficiency and sustainability of the
industry. The thrust of this movement has pointed to the essential importance
of developing new technologies to collect, understand and use the enormous
amount of data created. This revolutionary wave also took root in the health-
care industry, leading to the so-called Health 4.0, based on smart machines
to provide better, more value-added, and more efficient healthcare services to
patients. This scenario made Robotics for Medicine and Healthcare products
and innovative robot-augmented therapies a hot research topic. In this context,
the research and development of an exoskeleton designed to enhance rehabilita-
tion augmented with virtual reality applications have a potentially considerable
social impact, representing cutting-edge technology.

The presented work dwells well with the subject by describing the mecha-
tronic design process of a kinaesthetic hand exoskeleton system meant to repro-
duce proprioceptive stimuli coming from the interaction with a virtual reality.
The presented prototype is a modular device, equipped with force and pose
sensors, and driven by a Bowden-cable-based remote actuation system. Unlike
similar devices, the proposed exoskeleton is specifically thought for virtual re-
ality interaction and is designed to be reversible while exerting up to 15 N per
finger. For a more accurate rendering of kinaesthetic finger stimuli, a procedure
for reconstructing HMI force as a function of measured force and position signals
by employing a system’s kinematic and dynamic model is presented, detailed,
and followed by some preliminary tests. The results showed that the model
can trace forces back to the end-effector with a good performance in replicating
the force-profile trend and a percentage error of the force module between 1.2
and 15%. Moreover, this work faced the design of the software architecture
issue, along with a dedicated graphical user interface for real-time control and
monitoring of the system, and a serious game to stimulate and train the sen-
sorimotor apparatus necessary to perform the kinaesthetic gesture of spherical
closing grasping.

The main contribution of this activity is hence not only to propose a novel
hand exoskeleton prototype for kinaesthetic and virtual reality purpose but also
to provide a detailed explanation of its implementation into a real device.
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Chapter 1

Introduction

The advent of the so-called Industry 4.0 has raised digitalization and automation
as the turning points to address rapidly changing challenges, such as tackling the
limited availability of resources and improving the efficiency and sustainability
of the industry. The industry’s traditional concepts have been revolutionized by
introducing a new attitude based on automation and data exchange, increasingly
impacting all disciplines, economies, and industries, bringing a new perspective
on Human Machine Interface (HMI) by demonstrating that humans and smart
machines can now work together, safely, side by side, and even cooperate. This
unstoppable movement has also radically reshaped the healthcare industry by
prompting a technological revolution in this sector that has led to the coining
of the term Health 4.0 [1, 2, 3]. Ultimately the concept lies around the use of
Industry 4.0 technologies to provide patients with better, more value-added,
and more cost-effective services while improving the healthcare industry’s effi-
cacy and efficiency. Health 4.0, thus, outlines a new and innovative vision for
the health sector with smart machines that get access to large amounts of data.
The unstoppable surge of this change has paved the way for the advancement of
Robotics for Medicine and Healthcare as a powerful tool for enhancing assistive
technology. This type of technology is intended as any product (including de-
vices, equipment, tools, and software) that is used by or for people with disabil-
ities to protect, support, train, measure, or replace bodily functions, structures,
and activities, or to prevent impairments, activity limitations, or participation
restrictions. This branch of robotics is ”the domain of systems capable of per-
forming coordinated mechatronic actions (force or motion efforts) based on the
processing of information acquired through sensor technology to support people

1



2 CHAPTER 1. INTRODUCTION

with disabilities”. Examples of such systems are powered exoskeletons [4, 5],
active prostheses [6, 7], or controlled robotic tools for surgery [8].

Robotics for Medicine and Healthcare solutions provide multiple assets over
traditional ones. Having to ”perform coordinated mechatronic actions”, robotic
devices generally incorporate an automatic control system to provide an intu-
itive and safe utilization. The control systems mentioned above are usually
composed of hardware with computing power, such as processors, sensors, re-
mote communication channels, and data storage capacity. The combination of
these elements makes robotic devices capable of making possible new rehabili-
tative clinical paths, such as robot-augmented therapy combined with Virtual
Reality (VR) technology [9, 10].

VR, defined as any simulation that allows interaction with a digital envi-
ronment with which the human subject can interact by engaging one or more
perceptive senses, is another rapidly expanding technology improved by the
coming of Industry 4.0. Thanks to its vast potential, it is rapidly emerging as
one of the primary tools to provide augmented HMIs, becoming prevalent in
many applications, such as gaming, training [11, 12, 13], product review [14],
simulation of industrial operations [15], teleoperation [16, 17, 18], and remote
driving [19, 20]. In robot-augmented therapy, VR technology comes in the form
of interactive video games, called serious games, specifically designed to train in
active movements and refine motor control and coordination skills, improving
user engagement. Therefore, in this application, a robotic device is required to
provide and oversee the necessary therapy and to play the role of HMI within
an interactive video game, increasing the complexity from an engineering design
perspective.

However, despite the clinically proven effectiveness of robot-augmented ther-
apy, its current state of the art still has many flaws since Robotics for Medicine
and Healthcare is still a relatively new discipline, in the midst of research and
development course and lacking a fully developed and dedicated industrial fab-
ric.

The work conducted in the framework of the presented research activity
was born to intervene in this issue, focusing on the development of a Hand
Exoskeleton System (HES) for robot-augmented therapy designed to rehabilitate
people with hand problems. From the engineering point of view, it represents
a significant challenge both for the mechanical design and the control strategy
because of the hand’s complex anatomy, the high dexterity tasks, and the vast
set of movements required. Despite these adversities, the proposed HES can
replicate force references elaborated within a VR environment on the user’s
fingers to improve the user’s sensorimotor and proprioceptive functions.
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Throughout the thesis, all the technical aspects of the device will be pre-
sented and addressed, starting from the mechanical and electronic design to
writing the software capable of applying the desired control strategy. In ad-
dition, a serious game, specially developed in Unity environment, designed for
robot-augmented therapy, will also be introduced.

1.1 Overall framework

The research activity began in 2019 and was conducted at the Mechatronics
and Dynamic Modeling (MDM) laboratory of the Department of Industrial
Engineering (DIEF), University of Florence.

The MDM lab has been active in wearable robotics since 2013. In that year,
the development of the very first HES prototype began, explicitly designed to
meet the needs and requirements of a specific patient with Spinal Muscular
Atrophy (SMA) for assisting him during daily activities. Although with some
obvious limitations, this first version showed interesting features, such as a new
1-Degree of Freedom (DoF) exoskeleton kinematic architecture for finger move-
ment. This structure was also applied in the development of the device under
review.

In 2016, a collaboration with the Rehabilitation Center of the Don Carlo
Gnocchi Foundation in Florence allowed for an expansion of the target group
of possible device users. This scenario required adapting the mechanism intro-
duced in 2013 to different patients’ hands. Using the MoCap system available
at the Don Gnocchi Rehabilitation Center, several hand kinematics studies were
conducted to identify the trajectory of a point belonging to a finger concerning
specific anthropometric measurements. In addition, a kinematic optimization
algorithm was developed, which, depending on the anthropometric measure-
ments of the designed user, allows the identification of the dimensions of the
components of the exoskeleton mechanism that allows replicating a trajectory
that deviates from the real one with the minimum error. In addition, the de-
vices obtained through the kinematic optimization algorithm were subjected to
specific experimental campaigns to evaluate their suitability and effectiveness,
resulting in sufficient suitability for clinical or assistive use.

These results, part of the MDM lab’s know-how, gave this thesis work a
solid background to design the new prototype. Funding for its implementa-
tion was obtained from the italian project ”Brain Machine Interface in space
manned missions: amplifying FOCUSed attention for error counterbalancing
(BMIFOCUS)”, funded by the Tuscany Region and started in conjunction with
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this work in 2019. The BMIFOCUS project aim was to develop a training plat-
form in a virtual environment to stimulate cognitive, sensory, and locomotor
systems by employing multiple robotic systems to recreate the haptic percep-
tion of the entire arm sector. In this context, the device under consideration,
integrated into the training platform, is tasked with simulating the interaction
of the hand with various objects within VR.

1.2 State of the art

Since the 1980s, multiple robotic devices have been developed to replicate
the human hand’s functions in industrial robotics, telemanipulation, humanoid
robotics, and Robotics for Medicine and Healthcare. One particular type of
robotic hand is the hand exoskeleton, also known as an active orthosis. An
exoskeleton is a mechanism placed around a human body part to mechanically
guide it without impeding the natural motion of the human joint. Therefore,
an HES is an actuated device directly connected to the human hand, where
the movements of the robotic and anatomical systems are coupled through the
exchange of forces and moments. The state of the art of exoskeleton hand de-
vices claims a great variety, which differs widely in terms of degrees of freedom,
range of motion, type of actuation, and design philosophy. Although the rea-
sons for the development and design of HES can be multiple, in general, they
can be grouped into three main functional sets, which result in significantly
different design specifications based on the intended use: personal assistance,
rehabilitation; and haptic use.

Assistive HESs are meant to be used in daily life activities by users with
permanent hand diseases to assist them in performing gestures that would be
difficult or even impossible without an active exoskeleton’s support. Since they
are to be worn for long periods, they are developed based on specific design cri-
teria that significantly differentiate them from the other HESs; for example, the
need to optimize fit and energy independence, leading to solutions in lightness,
compactness, and efficiency, are mandatory features. In addition, for the most
effective assistance, these devices must be able to acquire movement intentions
from the user and, therefore, must be equipped with an appropriate sensor sys-
tem. HESs for rehabilitative purposes are designed as exercise platforms with
the task of having patients perform a specific, precise, and repeatable protocol of
therapeutic exercises designed to recover the motor capacity, partial or total, of
the hand. The rehabilitation exercise can be either a passive movement guided
by the exoskeleton or an active movement against the resistance force exerted
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by the exoskeleton. Commonly, these devices are designed to maximize perfor-
mance even at the expense of portability, considering that use is not continuous
but limited to the duration of the rehabilitation session. A major advantage, of-
fered by this type of device, is the ability to collect a wide variety of data on the
training sessions performed, so that therapists can provide a more effective as-
sessment of patients’ progress and actual condition. The upcoming new purpose
of haptics outlines HES as an intelligent device for human-machine interface in
virtual reality applications. The new clinical pathway robot-augmented therapy
has called for the development of devices that can combine the latter two fields
of application, adding the difficulties for developing a rehabilitation device to
those demanded by haptics.

In Robotics, haptics is defined as the “real and simulated touch interactions
between robots, humans, and real, remote, or simulated environments in various
combinations” [21]. In recent years, this field has been very prolific in terms of
robotic devices aimed at augmenting human touch sensation in HMI. Haptic de-
vices can be further classified according to the types of perception receptors they
stimulate: kinaesthetic devices (force/position) and cutaneous devices (tactile)
[22]. The human touch is the result of the combination of the force, position
and tactile sensations.

The cutaneous devices are intended to simulate the tactile feel of objects in-
teraction and usually act on the fingertips; the areas with more tactile receptors.
In literature, many examples differ in the method of generating cutaneous feed-
back. The most commonly used approaches are vibrations [23, 24, 25], localized
deformations [26, 27, 28], variable pressures [29] and three-dimensional force
vectors on one or more contact points [30, 31]. These devices commonly oper-
ate with low forces (around 1 N) resulting in very compact and often wearable
devices. On the other hand, kinaesthetic devices aim to stimulate proprioceptive
receptors, the ones in charge of sending detailed messages to the brain about
positions and forces. In order to communicate such sensations to the body,
the forces involved are much higher than in the tactile applications, and such
devices result in larger and bulkier systems and often involve external supports
for grounding.

Several examples of upper-limb kinaesthetic [32, 33], and grasping [34, 35]
platforms appear in the literature.

Lately, exoskeletons have originated a considerable fascination in researchers
when it comes to force delivery and kinaesthetic systems. These devices, be-
ing wearable, allow for a more authentic replication of actions within the VR
and, besides, leave the users with a great freedom of movements, resulting in
an incredibly immersive experience. However, finding a fair balance between
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VR rendering capability, the wearability of the resulting system, and the high
performance required remains, to date, a stimulating challenge.

Achieving such a demanding trade-off becomes even more complicated when
it comes to designing Hand Exoskeleton Systems due to the minimal space, the
high number of DoF, and the articulated hand kinematics. Thus, the mix of the
design problems — i.e., interfacing with a very complex anatomical morphol-
ogy, combining high performance and portability constraints — has slowed the
development of HESs with respect to that for other limbs [36, 37, 38, 39, 40, 41].
Despite the adversity, many HESs proposed in the literature are born as hap-
tic platforms for the hand. The variety of these devices is wide; the criteria
for differentiating them are no less: the most common are the number of DoF
implemented, the type of kinematic architecture (rigid or soft), and type of
actuation system.

In recent works, the increased demand for HESs portability has turned the
research toward replacing the classic rigid-link-based kinematics with softer ar-
chitectures similar to robotic gloves, known as soft gloves [42, 43, 44, 45].

The weight reduction and slimness of resulting devices are undeniable; how-
ever, these gains cost a less advantageous mode of force exchange than tradi-
tional rigid exoskeletons, resulting in a loss of performance. In addition, the
interposition of a soft element between the force point and the user’s limb is a
source of delay in the system that risks undermining force-driven applications.
This is why the layout of rigid-link-based exoskeletons is widely preferred in
applications where force control is required.

As concern rigid HESs, in [46, 47, 48, 49, 50, 51, 52], the actuators are
directly housed over the user limb to reach a wholly portable and wearable
device. However, for weight and dimension-related constraints, a wearable-based
design strategy has to inevitably compromise the amount of force exerted or the
number of fingers controlled independently. Thus, this design philosophy poorly
fits scenarios where maximizing performance is demanded. For these cases,
the literature presents a wide range of devices developed through an utterly
opposed design approach aiming to meet the most force-demanding application
requirements through the rigid ground anchoring of the haptic platform [53, 54,
55]. A fully rigid transmission chain allows the ability to transmit forces at high
frequencies from actuators to control points, typically where force signals are
measured; this is essential for all very demanding real-time haptics applications,
such as remote driving and teleoperation. Moreover, such platforms relieve the
user of the entire exoskeleton weight, facilitating its use at the expense of losing
many DoFs of the wrist and, hence, limiting their integration with more complex
virtual reality where many hand DoFs are replicated.



1.2. STATE OF THE ART 7

The midpoint between these two opposing design strategies is embodied by
those exoskeletons presenting an actuation system placed away from the user’s
body, typically known as Remote Actuation System (RAS)s. The use of flexi-
ble elements in the transmission chain inevitably results in lowering the system
cutoff frequency; therefore, remote-actuated systems are not suitable for very
accurate real-time haptic applications, but they can still offer satisfactory per-
formance for less demanding applications, such as robot-assisted rehabilitation
and gaming. A considerable number of RASs reported in the literature are based
on hydraulic or pneumatic actuators [56, 57], but the most popular architecture
is Bowden-cable-based [58, 59, 60] since it result less complex and bulky.

Bowden cables consist of an inner wire, typically made of steel, coated with
a suitable sheath, and guarantee the transmission of high forces between the
two ends of the internal cable, regardless of the relative positions of the cable
extremities. Therefore, a Bowden-cable-based RAS ensures sufficient stiffness
and high performance while allowing the user’s hand to move freely in all spatial
directions within a reasonable room determined by the cable length. Despite
the many pros, the employment of Bowden cables involves many complications
concerning control performance due to the friction between the sheath and the
wire, which induces non-linearity, backlash, and consequently loss of precision.

1.2.1 State of the art discussion

Driven by tide of Health 4.0 change, Robotics for Medicine and Healthcare
technology is permeating and revolutionizing more and more healthcare field.
New clinical pathways have emerged, demonstrating massive efficacy compared
with traditional practices. Among them, robot-augmented therapy is considered
one of the most promising applications, enhancing the user’s engagement and
the quality of the physiotherapeutic treatment offered. However, analysing the
state of the art depicts a scenario heavily demanding innovative solutions for
impaired human hand. This deficiency is mainly attributable to the need to
integrate appropriate haptic feedback to rehabilitative devices for the hand.

Kinaesthetics is one of the two branches of haptics and deals with the render-
ing of proprioceptive sensations. Various systems aimed at kinaesthetic stim-
ulation have been proposed in the literature, and among them, exoskeletons
occupy a place of honor.

As regards soft gloves and fully-wearable rigid exoskeletons offer great porta-
bility but can exert limited forces (usually less than 10 N per finger). Conversely,
grounded exoskeletons exploit complex architectures to exert high forces, drasti-
cally jeopardizing their portability. RAS-based systems represent a good trade-
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off between portability and performance but the available solutions focus more
on kinematic accuracy than on force rendering.

1.3 Contribution and thesis structure

The research activity during the Ph.D. period focused on the development of
a new prototype exoskeleton for the hand (see Figure 1.1) as a tool for robot-
augmented therapy. Such a HES shall be capable of reproducing kinaesthetic
interaction within a serious game developed for physiotherapy rehabilitation,
aiming to contribute to the enrichment of the extremely poor state of the art
on the subject.

Figure 1.1: An overview of the HES presented during functioning via the
custom-developed Finger GUI and Catch the mole application.

Particular attention was dedicated to studying mechatronic design and con-
trol strategies for kinaesthetic haptic exoskeletons.

The first phase of the research involved the analysis of the existing scien-
tific literature and the state-of-the-art hand exoskeleton solutions (and their
limitations) in identifying useful features and those that could be subject to im-
provement. This analysis suggested the need to develop a force-controlled device
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that provides complete freedom of movement at the wrist while burdening the
user’s limb as minimally as possible. In addition, the prototype must also satisfy
the usual requirements for a rehabilitation device and, consequently, be capable
of effectively rehabilitating a wide range of anthropometric measurements due
to frequent user change.

During the-state-of-the-art analysis, the greatest-interest technical features
were evaluated to set design goals to ensure high-level and competitive per-
formance compared with existing technology. Specifically, a nominal force up
to 15 N per finger was chosen as the benchmark for mechanical design. This
threshold value generates a sustained grasping force in line with the maximum
achievable by the fifth percentile of the healthy male population, according to
data collected by NASA [61]. Moreover, mechanical reversibility was chosen as
a priority feature among the main technical specifications, as the device must
actively interact with the human body. A mechanically reversible device has
several advantages: high efficiency and, therefore, low power losses in the drive
chain; a simplified wearing phase that can be performed with the motors off; the
possibility of detecting user interaction from any point of the mechanism using
appropriate sensors (force/position); and safe emergency management, since in
case of malfunction the user can always force the device once the motors are
turned off by using the emergency button. This feature is strongly pursued in
industry, and especially in healthcare field.

A remote actuation system with a Bowden cable-based transmission was
identified as the ideal layout to achieve all the above-mentioned design con-
straints: a desired force delivery up to 15 N per finger, an independent actu-
ation for each finger, a free moving into three spatial dimensions of the user’s
hand, and a limited exoskeleton’s encumbrance and weight burdening the user’s
limb. In addition, adequate sensors have been implemented in the exoskele-
ton mechanism to enable force driving during interaction with a VR. In detail,
the exoskeleton is designed to monitor the hand pose (i.e., finger positions and
velocities) and send this information to the virtual environment to guide the
movement of a virtual hand within it. In turn, the VR application, as the
virtual hand interacts with it, calculates the interaction forces and sends them
back to the system so that the exoskeleton can apply them to the real hand.

This thesis will deeply cover all the aspects of the mechatronic design pro-
cess carried out to produce the actual prototype aiming to provide a useful
reference in terms of design methodology. The thesis is organized as follows.
Chapter 2 outlines the MDM lab know-how from which the current research
activity started to design a clinically safe and reliable device. The Chapter 3
presents the hand exoskeleton part of the system in detail, describing the pro-
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posed solution from a mechanical perspective, highlighting the functionality of
the design criteria adopted; the position of the sensors introduced within the
kinematic chain; the kinematic and dynamic models of the proposed mechanism;
the static-structural analysis performed; and the formulation of the HMI force
filter, for a higher quality rendering of the HMI force. The overall architecture
of the RAS is detailed in Chapter 4, disclosing the mechanical prospective, elec-
tronic hardware, and the local network communication adopted to pick up and
process the force and position signals. The manuscript continues with Chapter
5 that presents the design of the software architecture, along with a dedicated
Graphic User Interface (GUI), named Finger GUI, for real-time control and
monitoring of the system, and a serious game, called Catch the mole, to stimu-
late and train the sensorimotor apparatus necessary to perform the kinaesthetic
gesture of spherical closing grasping. Chapter 6 describes the experimental
campaigns conducted on the prototype, designed to derive some crucial charac-
teristics of the system to validate the design methodology applied to pursue the
desired technical specifications, and assess the accuracy of the models proposed
to improve VR interaction experience. Finally, Chapter 7 concludes the work.



Chapter 2

MDM Lab background

The two main scientific achievements of MDM lab in the research and devel-
opment of assistive hand exoskeletons will be presented and described in this
chapter to provide the reader with the necessary tools for a more informed and
in-depth vision of the work undertaken. And as such, this thesis work made use
of MDM lab results and from which the design of the new kinaesthetic prototype
started. Section 2.1 will describe the analysis and synthesis kinematic of the
1-DoF finger exoskeleton capable of reproducing the complex finger kinematics
without being forced to use an equally complex device, resulting in a successful
mechanism in terms of functionality and manufacturability. Section 2.2 briefly
reports the theory behind the kinematic optimization algorithm, discussed in
more detail in [62]. The algorithm under consideration makes it possible to
derive the geometric characteristics of the mechanical components presented
in Section 2.1 as a function of specific anthropometric quantities so that the
resulting optimized finger exoskeleton follows the natural finger trajectory at
best.

2.1 Finger exoskeleton kinematic

The finger exoskeleton mechanism under consideration was first introduced in
2013 by MDM lab with the invention of the very first hand exoskeleton proto-
type, developed to move both the medial and distal phalanges simultaneously.
That device highlighted an promising potential and was so successful that it
remained the core of the development of all succeeding prototypes. Four de-

11
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vices were developed since then, as shown in Figure 2.1, each designed to meet
different research needs, but all were essentially equipped with the same finger
mechanism, which was subject to improvement during the evolutionary process.
This process was oriented toward the single-phalanx approach that involves a
single point of interaction between the mechanism and the corresponding fin-
ger situated in the middle of the medial phalanx. Ultimately, with this ap-
proach, a reduction in the number of components of the rigid kinematic chain
was achieved, renouncing the distal phalanx actuation. The compromise is con-
sidered favorable in that this reduces cost, weight, and encumbrance without
making spherical grasping less effective.

Figure 2.1: Hand exoskeleton susyems evolution in MDM lab since 2013.

The Figure 2.2 shows the components that make up the considered mech-
anism in detail. Essentially, it is a kinematic mechanism generated by the
rotation of the AC link that, via an internal hinge located at point C, causes a
rototranslation of the BCE link, whose point E represents the end-effector of the
system, as well as the point of interaction with the medial phalanx of the user.
The mechanism uses a third component called the finger frame that realizes a
hinge constraint at point A and a combined slider-hinge constraint at point B.

It is important to point out that varying the key geometric characteristics of
these three components, such as the length of the links, the length or inclination
of the slider, and the relative distances between constraints, allows for infinite
E-point trajectories. Thus, it is evident that the design of an exoskeleton that
aims to replicate at the end-effector an imposed trajectory similar to that of
human fingers cannot be exempted from the system kinematic analysis. For
analytical simplicity, the system was modeled as a planar kinematic chain, and
the BCE link was divided into two rigid links (BC-CE) and three congruent
constraints that ensure rigid displacements between them added. Thus, the
kinematic model of the system consists of the 3 links in total: AC, BC and CE
links; for a total number of unconstrained DoFs of 9 (3 per component).
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Figure 2.2: The main components that comprise the MDM kinematic architec-
ture.

The first step in building the kinematic model includes the definition of ap-
propriate reference systems. As shown in the Figure 2.3, a fixed global reference
system was set at point A, and it will be referred with the 0 index. Three local
reference systems, one for each component, are attached with the x-axis having
a direction coincident with that passing through the start and end link points.
Each origin of the i-th local frame, Gi (with i = 1 : 3), is positioned at the mid-
length of the i-th link, so that li denotes half of such length. Three variables
are defined in the global reference system for each of the i-th frame: q3i−2, the
x-coordinate of the i-th origin 0Gix; q3i−1, the y-coordinate of the i-th origin
0Giy; and q3i, the counterclockwise angle, θi, between the local abscissa axis xi
and the global abscissa axis x.

The vector {q} ∈ R9 that collects these variables is defined as the generalized
coordinate vector of the system and written as follows:

{q} =
[
q1 q2 q3 . . . q9

]⊤
(2.1)

Before proceeding to evaluate the constraint system, it is necessary to define
the generic orientation matrix R0

i describing the orientation of the i-th frame
with respect to the global frame. Being a planar problem and θi the angle
between the two interested frame, the orientation matrix can be written by
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Figure 2.3: Lateral view of the finger mechanism and the corresponding refer-
ence systems used to kinematics analysis.

using generalized coordinates as follows:

R0
i =

 cos q3i − sin q3i 0
sin q3i cos q3i 0

0 0 1

 (2.2)

The next step in the kinematic analysis involves writing the constraint sys-
tem containing the mathematical equations imposed by the external constraints
that connect the generalized coordinates. The fixed hinge at point A locks two
degrees of freedom by imposing that the coordinates of that point, seen as a
point belonging to frame 1, integral with the AC link, constantly coincide with
the origin of the global reference system. Thus such a constraint originates the
following equations:

0{A} =

[
0
0

]
(2.3)

The rotation matrix describing the orientation of the j-th frame with respect to
the i-th (Rj

i )frame enables the generic vector i{p} to be expressed with respect
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to the different j-th reference system through the following property:

j{p} = Rj
i

i{p} (2.4)

Applying the orientation matrix property described in the equation 2.4 to equa-
tion 2.3, the constrain equation of the fixed hinge A can be rewritten as:

R0
1

1{A} =

[
0
0

]
(2.5)

The internal hinge at point C, which connects link AC with link BC, also con-
strains two degrees of freedom by imposing that the coordinates of point C
from frame 1 coincide with the coordinates of the same point seen from frame
2. Writing this relationship with respect to the global reference system, the
following constraint equations is obtained:

R0
1

1{C} = R0
2

2{C} (2.6)

The same line of reasoning applies to the other internal hinge at point C that
connects the BC link with the CE link, thus obtaining similar constraint equa-
tions:

R0
2

2{C} = R0
3

3{C} (2.7)

Since the BC and CE links are integral, the relative rotation is also locked,
which in the constraint equation is expressed by placing the angle between the
frames 2 and 3 constant, as given in the following equation.

ϕ = cost (2.8)

Finally, slide B blocks only 1 degree of freedom by imposing that point B can
translate only along a straight line. The sliding line was defined by the conjunc-
tion of points F and D, as shown in Figure 2.3. This condition mathematically
can be expressed by imposing that the determinant of the 3 x 3 matrix having
for rows the 3 vectors describing the position of the points F, D, and B with
the third coordinate equal to 1, is equal to 0, as given in the equation 2.9.∣∣∣∣∣∣

0Dx
0Dy 1

0Fx
0Fy 1

0Bx
0By 1

∣∣∣∣∣∣ = 0 (2.9)

Applying the equation 2.2 to equations 2.5, 2.6, 2.7, 2.8, and 2.9 packing
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them together yields the constrain system comprised an overall of 8 equations,
as shown in Equation 2.10.

q1 − l1 cos q3 = 0
q2 − l1 sin q3 = 0
q1 + l1 cos q3 − q4 − l2 cos q6 = 0
q2 + l1 sin q3 − q5 − l2 sin q6 = 0
q4 + l2 cos q6 − q7 + l3 cos q9 = 0
q5 + l2 sin q6 − q8 + l3 sin q9 = 0
q9 − q6 − ϕ = 0
d (q5 − l2 sin q6) + f (q4 − l2 cos q6) + h = 0

(2.10)

where d = 0Fx − 0Dx, f = 0Dy − 0Fy, and h = 0Dx
0Fy − 0Fx

0Dy.
The system reported in Equation 2.10 can also be written defining the constraint
vector {Ψ} ∈ R8 such that:

{Ψ} = {0} (2.11)

It is worth noting that the constrain system (Equation 2.11) is composed of 8
equations in 9 variables (the components of the vector {q}), and has for solutions
only {q} vectors that respect the assigned constraints. Therefore, solving the
system is equivalent to the resolution of the finger exoskeleton kinematics. Since
the mechanism has 9 generalized coordinates and 8 constrained equations, the
system globally results in a single DoF. Therefore, it is possible to manipulate
the equations to derive 8 out of the 9 {q} vector variables as an explicit function
of one. In the context of this research work, q3, which describes the link AC
rotation, has been used as the control variable to calculate the mechanism pose
by explicitly rewriting the constrain system as follows:

q1 = l1 cos q3
q2 = l1 sin q3

q6 = 2arctan
(

−b+
√
b2−4ac
2a

)
q4 = 2l1 cos q3 − l2 cos q6
q5 = 2l1 sin q3 − l2 sin q6
q9 = ϕ+ q6
q7 = q4 + 2l2 cos q6 + l3 cos q9
q8 = q4 + 2l2 sin q6 + l3 sin q9

(2.12)

where a = h+ 2fq1 + 2dq2 + 2fl2, b = −4dl2, c = h+ 2fq1 + 2dq2 − 2fl2.
Once all geometric parameters have been determined, and collected in vector

S ∈ R8 (Eq. 2.13), the resolution of the system 2.12 enables to calculate the
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state vector and therefore all interesting points of mechanism. At this point, the
motion is completely described and the relative positions of any joints is given.
Figure 2.4 shows the trajectories of the joints, providing a qualitative overview
of the resulted kinematics when the finger is actuated.

Figure 2.4: Joint trajectories of the 1-DOF finger mechanism.

{S} =
[
l1 l2 l3 ϕ 0Fx

0Fy
0Dx

0Dy

]⊤
(2.13)

2.2 Kinematics optimization algorithm

The kinematic chain of the MDM lab exoskeleton described in Section 2.1,
like all rigid exoskeletons, allows to unequivocally determine the trajectory of
the end-effector. Consequently, the choice of its geometric parameters is of
crucial importance since once the exoskeleton is worn, the hand-device system
becomes a closed kinematic chain, and the point of interaction is constrained to
the dictated displacements by the rigid mechanism. If the imposed trajectory
deviates from the natural one, the exoskeleton inevitably stresses the biological
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joints of the fingers. The soft tissues can absorb small deviations, but the
larger the error, the more uncomfortable or even painful and inadequate for use
the exoskeleton becomes. Therefore, the design philosophy of an exoskeleton
that mounts this type of rigid kinematics is to determine a set of geometric
parameters that can make the exoskeleton reproduce a trajectory similar to
that reproduced by the user’s finger. Thus, the MDM lab finger exoskeleton
evolution naturally led to developing a specific strategy addressing the need
to determine this set based on the user’s anthropometric measurements. This
strategy relies on solving a constrained optimization problem using the Nelder-
Mead algorithm for solving nonlinear, nonconvex problems.

In this section, the optimization strategy will be reported briefly to motivate
the origin of the geometric features taken as a reference for the design of the
new kinaesthetic prototype.

The kinematic optimization algorithm originates with hand motion analy-
sis to track the natural movement of the user’s fingers performing a spherical
grasping. This analysis was conducted at the Don Carlo Gnocchi Foundation
Rehabilitation Center, Florence, Italy. Thirteen right-handed volunteer sub-
jects (ten men and three women) with a mean age of 30 years were asked to
grasp and release three times a cylindrical object with 50 mm in diameter, and
appropriate markers applied.

The subjects seated in front of a table and the cylindrical objects were
located by the subjects themselves in a comfortable position but within a set
area, as reported in Figure 2.6, to optically track the whole gesture. The starting
position (hand pose and body posture) was the same for all the participants.
The hand was initially placed opened with the palm on the object with the the
four long fingers completely extended and the thumb adducted. The shoulder
was positioned with 0deg in abduction on the frontal plane and flexed with an
angle of about 45deg in the sagittal plane (according to a comfortable posture
for the subject). The elbow was slightly flexed in the sagittal plane in order to
allow the subjects to keep the forearm on the table while they were grasping
the cylindrical object. The wrist was in a neutral position (45degfor flexion and
0deg for radio-ulnar deviation).

The primary markers were placed on the MetaCarpoPhalangeal (MCP) joint,
the Proximal InterPhalangeal (PIP) joint, the Distal InterPhalangeal (DIP)
joint, and the Toe InterPhalangeal (TIP), as display in Figure 2.5. The marker
on the MCP joint forms the system reference for each finger.

The BTS SMART-DX Suite MoCap system from BTS Bioengineering equipped
with four infrared cameras (their configuration is shown in Figure 2.6) provided
the marker tracking. This machine can automatically record three-dimensional
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Figure 2.5: Marker position protocol.

trajectories by stereographic methods of passive, reactive markers with an ac-
quisition frequency of 100 Hz. The BTS Smart Analyzer software package was
used to reconstruct the marker positions.

Figure 2.6: motion analysis camera setup.

Post-processing studies of the collected data provided the ability to associate
as a function of anthropometric quantities, such as the distance between the
MCP, DIP, and DIP joints, the trajectory of the midpoint of the distal phalanx
on which the exoskeleton will be optimized.

Defining ρ∗ as the value of the modulus of the radius vector of the reference
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trajectory acquired by post-processing of motion capture analysis and sampled
with k+1 steps of the angle describing it in polar coordinates (β). The k-th polar
error between the reference trajectory of the finger, i.e., the one reconstructed
by means of the mocap system, and the actual one of the exoskeleton (ρ), shown
in Figure 2.7, can be defined as follows:

ek(βk, S) = |ρ(βk, S)− ρ∗(βk, S)| (2.14)

Figure 2.7: Graphical representation of the error between computed and refer-
ence trajectories.

The ρ trajectory is the result of the kinematic system, described by the
equation 2.12, no longer dependent only on the variable q3, but also on the
geometric parameters contained in the vector {S}. By solving such a system as
a constrained optimization problem, using Equation 2.15 as objective function,
it is possible to search among the infinite solutions for the one that minimizes
the polar error with the reference trajectory, respecting the imposed constraints.
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min
S
f(S) = min

S

(
max

k
|ek(S)|+ γ

K∑
k=0

|ek(S)|
K + 1

)
(2.15)

The mean error can be weighted within the objective function concerning the
maximum error by the γ scaling coefficient. In this study, it was set to 1,
weighting the maximum and average error equally. Constraints were added to
the free variables of the problem, which aim to keep the final size of the device
limited, discarding solutions that lead to nonfunctional or even impossible (from
a physical point of view) exoskeletons.

Exploiting this numerical algorithm led to a new automatic procedure for
mechanism optimization. The main advantages of which can be summarized as
follows:

• the input data are some anthropometric measurement of the user hand.

• the data obtained automatically leads to a ready-to-use device using para-
metric Computer Aid Design (CAD) and Computer Aid Engineering (CAE)
software for the manufacturing process.

• the resulting exoskeleton is customized to the user’s hand.

The reliability of this optimization procedure was evaluated in 2019 through
a special experimental campaign involving the resulting optimized exoskeletons
by testing the accuracy with which they can reproduce physiological finger ges-
tures. Using the BTS SMART-DX Suite MoCap system from BTS Bioengineer-
ing, the end-effector trajectories of the optimized exoskeletons were measured.
After comparing them with the target ones, a maximum error committed dur-
ing the range of motion between 0.9 and 8.80 mm was calculated (the mean
value among all subjects was 3.16 mm, and the standard deviation was 1.47
mm); more than satisfactory results for rigid kinematic chain exoskeletons that
ensure usability in close contact with human hands.





Chapter 3

Hand Exoskeleton design

The HES prototype presented, as already introduced in Subsection 1.3, employs
a Bowden-cable-based RAS, resulting as the most suitable configuration for
achieving the design goals targeted following a meticulous study of the-state-
of-the-art of the current kinaesthetic HES applied to robot-augmented therapy.
This type of layout allows all the heavy components required for the actuation
and control of the device to be placed on the ground and keep the complexity
of the mechanical architecture of the wearable part minimal.

In this Chapter, the wearable part, comprising the exoskeleton mechanism,
will be presented and deeply discussed. In Section 3.1 the proposed mechan-
ical solution will be addressed, introducing the characteristic modular design.
Each technical solution will be analyzed and justified. Section 3.2 discloses the
investigation performed over three volunteer subjects to identify a real-based
direction of the HMI interaction force during a grasping gesture. This Chap-
ter continues with the extensive dissertation of the mathematical background
in Sections 3.3 and 3.4; in the former, the kinematic model introduced in the
Chapter 2 will be adapted to new mechanism, and in the latter, a dynamic
model will be introduced and discussed. By means of the dynamic model and
the HMI force direction a custom algorithm to evaluate the HMI force module
has been developed and will be described in Section 3.6. Finally, Section 3.5
shows the simulations for the structural verification conducted in Solidworks
simulation environment.

23
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3.1 Modular design

From a mechanical point of view, the design efforts were focused on developing
a device equipped with the necessary sensors for a proper force and position
control, exerting up to 15 N per finger both in opening and closing. Furthermore,
to get as close as possible to a version that meets the usual requirements of a real
rehabilitation scenario, the HES was designed to be safe, reliable, and capable of
effectively rehabilitating patients with different anthropometric measurements
and needs.

The proposed solution for the wearable exoskeleton part, shown in Figure 3.1,
embodies a novel modular design that resulted in a joint patent [63] between
University of Florence and MOV’IT srl. Three main types of modules can
be distinguished: the Base Platform (BP), the Finger Module (FM), and the
Interface Module (IM).

The BP is meant to work in tight contact with the user and be dressed using
a special glove.

The FM, based on the MDM lab mechanism (Section 2.1), guides the flex-
ion and extension movement of the corresponding finger by interacting on the
intermediate phalanx.

The IM houses the end of Bowden cables and an ad-hoc designed and
patented capstan to transmit motion from the motors housed in the RAS to
the FM.

These three modules incorporate magnetic couplings that enable quick and
easy assembly and disassembly, providing the connections between each FM and
the BP and between each FM and the corresponding IM. Hereafter, they will
be referred to as FM-BP and FM-IM couplings. The hand exoskeleton can thus
be modified easily and quickly without needing tools.

The modular design strategy combined with the quick couplings was adopted
to address the problem of frequent user change with different anthropometric
measurements and unknown needs.

The FM, mounting the MDM mechanism combined with the kinematic opti-
mization process (Chapter 2) is a guarantee of safety and reliability in working
closely with human fingers, following numerous experimental campaigns and
hours of validation. On the other hand, being a rigid kinematics parameterized
on anthropometric measurements of a specific user, such a mechanism inevitably
has a peculiar, not generalizable size. This feature is significantly at odds with
the demand for HES to be adaptive to several patients with distinct, unknown
a priori hand morphologies. Thus, assuming that an adequate number of FMs
optimized on different sizes are available, taking advantage of the modularity of
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Figure 3.1: The proposed solution based on modular design.

the system easily assembled without the use of any tools, it is possible to decide
on the number of fingers to be rehabilitated and, more importantly, to choose
the appropriate FMs according to the specific size of the user. In this way, the
device makes up for the poor adaptability of the rigid kinematic system with
an easy and quick set-up according to the individual user’s measurements and
needs.

The prototype was designed to implement four fingers controlled indepen-
dently, considering driving the ring and little finger simultaneously, a choice due
to lateral space constraints. The actual test-case implementation can mount up
to three FMs, three IMs, and two BPs by providing for the actuation of only
three fingers: thumb, index, and middle ones, representing the minimum set of
fingers to perform both power and precision grasps. The total weight of this
set-up is around 400 g, resulting in an average weight acceptable to sustain
during functioning.

3.1.1 The Base Platform

As visible in Figure 3.2, two types of BP modules have been designed, one for
the thumb and one for the long fingers; the latter can mount up to three FMs.
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Figure 3.2: The BP module for the thumb is on the left, the BP for the long
finger is on the right.

In general, both of BP types are composed of a support structure made of
Acrylonitrile Butadiene Styrene (ABS) and sewn onto a special glove; this ele-
ment, which interfaces with the user, is therefore responsible for the ergonomics
and absorption of the reaction forces of the exoskeleton. It is made of 3D-printed
hard plastic, limiting the device’s weight on the distal limb with a complex
lower-surface geometry to match the anatomy of the back of the hand as much
as possible.

This module is also equipped with ferromagnetic metal sheet and flanged
bushings to realize the BP-FM quick coupling, as depicted in Figure 3.3. The
bottom surface of the FM is equipped with magnetic disks to maintain contact
with the sheet metal and a pin to be inserted into the hole of a flanged bushing.
This configuration creates a simple passive hinge for the ab/adduction gesture
by reducing the constriction of the planar motion of the fingers, allowing the
mechanism to self-align with the biological joints, preventing the exoskeleton
from being uncomfortable or even causing injury or pain to the user during
operation. A specific low-friction technical polymer tape is applied to the metal
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sheet, facilitating the passive ab/adduction movement to preserve the feeling of
mobility as much as possible.

Figure 3.3: Main components for FM-BP coupling.

3.1.2 The Interface Module

The IM is responsible for connecting the FM to the actuation system. This mod-
ule (visible in Figure 3.4) is composed of a custom capstan, specially designed
to transmit the rotation by pulling the inner Bowden cables, and a block system
to absorb the push of the sheaths. Both are equipped with pins and magnets
that, combined with the respective holes and magnets located in the FM, real-
ize the FM-IM coupling. This coupling allows the exoskeleton to be switched
from an unactuated to an actuated configuration and vice versa, allowing for a
fast user-size-based setup. During the actuated configuration, the sheath-block
system is integral to the frame of the exoskeleton, while the capstan rotates
together with the FM mechanism.
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The block system stops the sheaths with a shape coupling using a groove
machined on the sheath-ends, made of steel, by screwing the magnetic-encoder
bracket, on which the housing of RM08 (RENISHAW Co.) is also derived. This
type of sensor counts the number of ticks based on the changes in the magnetic
field induced by the relative rotation between the sensor and a magnet placed
on the capstan 0.5 mm away.

The capstan is actuated by passing a single cable through a particular path
trilled on the capstan itself, which is serrated by a headless screw. In turn,
when IM-FM coupling is performed, the capstan transmits torque to the FM
kinematics through three steel pins while also ensuring relative centering. In
addition, the three pins are positioned in such a way as to realize a clear coupling
direction to avoid any assembly errors of the IM-FM coupling.

For the sake of resistance and precision reasons required, the capstan and
the block system were made of AISI 316 steel, taking advantage of its stainless
and non-magnetic properties, which are very advantageous in this context.

Figure 3.4: An overview of the IM.

3.1.3 The Finger Module

The FM is the result of the development process undertaken by the MDM lab
since 2014, embodying the know-how in rigid exoskeleton design introduced in
Chapter 2. Referring to Figure 3.5, which shows the kinematics of the FM, it is
possible to identify the links: AC, BC, and CE, characteristic of typical MDM
kinematics and result of the kinematic optimization algorithm on anthropomet-
ric parameters. In contrast to the classical architecture presented in Section 2.1,
the FM kinematics have three additional links: ZN, NH, and HA, which form
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a four-bar linkage. The rear crank (ZN) is connected through the dedicated
quick coupling (FM-IM coupling) to the IM capstan, which uses three pins to
transfer the rotation. In turn, the front crank (HA), made integral with the AC
link, drives the exoskeleton kinematic mechanism for finger actuation. In this
context, the HA and AC links were merged into a single 3D-printed component.

Figure 3.5: FM kinematic chain.

As shown in Figure 3.6, the kinematic chain of the four-bar linkage was
designed to ensure mechanical end stops, realized by the block system in opening
and the frame in closing. Limiting the rotation of the rear crank (ZN) such that
point E, referring to the global reference system centered at A, has a range
of motion starting from an ordinate of -17 mm, at the maximum opening and
reaching a zero abscissa at ultimate closing. The ordinate of -17 mm ensures the
straight extension of the finger once the exoskeleton is worn. The mechanical end
stops introduction provides intrinsic safety, avoiding unpleasant consequences
due to any failure in the device control: once the end stops are reached, the
motor’s energy is unloaded no longer to the user’s limb but to the exoskeleton
mechanism itself.

The addition of the four-bar-linkage-based transmission implied an increase
in the number of components, a consequent rise in manufacturing and manage-
ment costs, and a significant increase in kinematic complexity by introducing
a variable torque transmission ratio between the front crank and AC link as
a function of the finger pose. However, the chosen layout still results in the
most convenient overall configuration by allowing the IM housing to be placed
at the rear of the module, maintaining a contained lateral encumbrance, and
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Figure 3.6: To the left is shown the maximum opening configuration,and to the
right the maximum closing configuration.

sufficiently restraining the complexity of the geometry of the remaining compo-
nents. In addition, the connecting rod turns out to be the ideal component for
inserting the load cell into the kinematic chain, being a component subject only
to axial tension during operation. The load cell model mounted on board is
FSSM-500N from Forsentek co. Thanks to its S-shape, it allows external axial
loads to be transformed into flexural stress to measure up to 500N of axial force
in just 20x20x6 mm. The components that connect to the load cell to form
the connecting rod of the four-bar linkage were designed so that the connecting
rod results in a straight shape to transmit a purely axial stress state to the
cell allowing for the cleanest possible reading. Because of the complicated form
required to achieve this goal, these components were 3D printed.

To ensure precise and reliable operation of the mechanism, key components,
such as the frame, sliders, pivots, and BC and CE links, were fabricated by
classical manufacturing techniques that allow the achievement of very tight
dimensional and geometric tolerances with excellent surface finishes, avoiding
backlash or jamming events. In particular, the frame, the component with the
most complex geometry, was made through a milling process that required a
5-axis numerically controlled machine. The links, with definitely simpler geom-
etry, result from a laser cutting process on 2 mm sheets and subsequent boring
in the holes where a specific tolerance is required. The components in ques-
tion were made of 2014-T6 aluminum alloy and anodized in electric blue color.
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The slider was made in Polyether Ether Ketone (PEEK) by a two-axis milling
machine and commercial low-friction technopolymer bushings (Igus Co.) were
inserted into the revolute joints to minimize friction for the relative rubbing
motion. Figure 3.7 reports an exploded view of the FM for a better and clearer
reader understanding.

An essential addition to the prototypes previously developed by MDM lab
is the custom thimble with which the exoskeleton interacts on the medial pha-
lanx. Through a pivot-slider coupling, this thimble adds a passive DoF to the
system that absorbs a certain amount of the error committed between the tra-
jectory imposed by the rigid kinematics and the natural trajectory, making the
exoskeleton almost transparent to the user’s fingers in performing their natural
trajectory. The amount of absorbable error depends on the stroke of the slider,
and its inclusion in the drive chain allows the device’s usability with a wider
range of anthropometric dimensions, allowing a limited number of sizes to cover
a sufficiently large spectrum of patients.

Figure 3.7: The exploded view of the FM.

For the realization of the prototype test-bench, three finger modules were
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made taking as reference the measured anthropometric dimensions of a thumb,
an index finger and a middle finger, concerning to Figure 2.5 and shown in Table
3.1.

anthropometric measure index middle thumb
MCP-PIP distance 43 48 32
PIP-DIP distance 25 30 27

mean finger diameter 19 19 20

Table 3.1: The anthropometric reference measures in mm for the test bench
prototype.

Using the kinematic optimization algorithm, introduced in Section 2.2, the
positions of the joints of interest, referred to a global reference system located
at point A, according to Figure 3.5, were derived and reported in Table 3.2.

index middle thumb
point x y x y x y
A 0 0 0 0 0 0
C 33 47 37 47 50 33
E 60 -6 67 -7 53 -10
F -32 6 -35 7 -23 12
D -49 10 -54 11 -34 19

Table 3.2: The optimized geometric dimensions of the FMs for the test bench
prototype referred to the global reference system in A and reported in mm.

3.2 Detection of HMI force orientation

As pointed out in the previous subsection, thanks to the special thimble, a pas-
sive degree of freedom is added to the system through a pivot-slider coupling.
With this solution, the component of the force tangential to the phalanx exerted
by the exoskeleton at point E, which would stress the human finger joints in
an undesirable way, causes the slider to slide. As a result, due to the intro-
duced thimble, interaction occurs only along the perpendicular direction to the
phalanx; that is, the ideal one. While this has enormous advantages in terms
of comfort and safety, it also makes it impossible to know the direction and
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intensity of the force the device exerts on the user from the kinematics of the
device alone. The orientation of the phalanx is a characteristic that depends on
the anatomical parameters of the specific user. Under this analysis, measuring
the interaction force orientation when the hand is coupled to the exoskeleton
is mandatory to effectively quantify the exoskeleton-user interaction force as a
function of the mechanism pose. Therefore, three healthy candidates were in-
volved in a preliminary study upon signing an informed consent form and asked
to wear the FM index finger and perform at least five times index finger flexion.
The direction of the interaction force was then reconstructed by sampling the
trajectory with a 5° interval on crank Range of Motion (RoM), both by direct
measurement with a digital goniometer and by using the open-source software
Kinovea to compare the results obtained, as shown in Figure 3.8.

The measurement process via goniometer requires stopping the motor at
each sampling step so that the operator can take the goniometer measurement
and monitor the crank angle through the encoder. This evaluation allows using
an accurate instrument; however, human error can potentially affect the process.

On the other hand, the measurement based on Kinovea image processing
software involves an initial stage of preparation of the scene and subject to be
imaged. The camera must be positioned so that the optical axis coincides with
the vertical-gravitational direction while the scene runs parallel to the focal
plane. A line of known length is placed on the scene for calibration of the Ki-
novea post-processing system. This test campaign is less prone to human error,
but the measurements obtained by post-processing are certainly less accurate
than the direct measurement made by the digital goniometer.

Figure 3.8: Procedure to measure the orientation of the interaction force by
digital goniometer on the left, and by exploiting the software Kinovea on the
right.

Data collection was carried out with respect to the global reference system
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positioned in A, measuring the directions concerning the x-axis. Accordingly,
the crank angle during the RoM ranges from 110° to 45°, which corresponds to
the maximum opening and closing of the mechanism, respectively.

Figure 3.9 compares the directions of the interaction forces obtained with
the two procedures. The digital goniometer and Kinovea show a tendency for
the HMI interaction force to align with the horizontal direction, approaching 0°,
during the closing gesture. The wide variability recorded among the observed
subjects shows a significant anthropometric measurement dependence. Finally,
it is worth noting that the two sampling methods yielded similar results, differing
by up to 5°.

Figure 3.9: Directions of the interaction force as a function of the crank angle.
The Gi plot shows the measurements of the i-th subject performed with the
digital goniometer, while the Ki plot shows the measures of i-th subject extrap-
olated with Kinovea software. The reported angle values are expressed in deg.

3.3 FM kinematic model

As anticipated in Subsection 3.1.3, the four-bar linkage’s implementation greatly
complicated the system’s kinematics. The significant consequences result in the
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change of the controlled joint from A to Z and a torque-transmission ratio from
the rear crank to the AC link that is not constant but a function of the mech-
anism pose. During the design, these modifications have forced the expansion
of the kinematic model introduced in Section 2.1, adding the new components
comprising the four-bar linkage.

The system describing the kinematics of the new FM mechanism can be
derived by the same methodology exposed and described in Section 2.1, adding
the ZN, NH, and HA links to the discussion. A local reference system is added
for each link, with the Gi-th origin positioned at half of its length described by
the li-th parameter; as shown in the Figure 3.10.

Figure 3.10: Lateral view of the FM mechanism and the corresponding kine-
matic chain.

Reminding that the vector of state variables {q} has the q3i−2 component
equal to Gix, the q3i−1 to Giy, and the q3i equal to the counterclockwise angle
θi describing the orientation of the x-axis of the i-th frame with respect to the
reference one positioned in A, the state vector of the system increases from 9 to
18 components, as does the total number of DoFs.

The external constraints connecting these new generalized coordinates are
a fixed hinge in Z (Equation 3.1), an internal hinge in N (Equation 3.2), an
internal hinge in H (Equation 3.3), an internal hinge in A (Equation 3.4), and
a constant angle between the HA link and the AC link (Equation 3.5). They
give rise to a total of 9 scalar constraint equations.
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By rewriting Equations 3.1, 3.2, 3.3, 3.4, and 3.5 as a function of the state
variables contained in the vector {q}, the new constrain system can be obtained
as follows: 

q1 − l1 cos q3 = 0
q2 − l1 sin q3 = 0
q1 + l1 cos q3 − q4 − l2 cos q6 = 0
q2 + l1 sin q3 − q5 − l2 sin q6 = 0
d (q5 − l2 sin q6) + f (q4 − l2 cos q6) + h = 0
q4 + l2 cos q6 − q7 + l3 cos q9 = 0
q5 + l2 sin q6 − q8 + l3 sin q9 = 0
q9 − q6 − ϕ = 0
q10 + l4 cos q12 = 0
q11 + l4 sin q12 = 0
q10 − l4 cos q12 − q13 − l5 cos q15 = 0
q11 − l4 sin 12 − q14 − l5 sin q15 = 0
q13 − l5 cos q15 − q16 − l6 cos q18 = 0
q14 − l5 sin q15 − q17 − l6 sin q18 = 0
q16 − l6 cos q18 − Zx = 0
q17 − l6 sin q18 − Zy = 0
q3 − q12 − φ = 0

(3.6)

The constrain vector {Ψ} ∈ R17 of the system can be obtained by applying
the definition expressed by Equation 2.10 to the constrain system reported in
Equation 3.6.

All the observations for the kinematic system described in Section 2.1 can
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be similarly made for the new extended kinematic system. In particular, since
globally, the system maintains a single DoF, it is possible to manipulate the
nine equations so that the 18 variables result as a function of one. In this con-
text, as the Z-joint is sensorized via the magnetic encoder, it was decided to use
the variable q18 as the control variable. By explicitly rewriting of the constrain
equation can be derived the system that describes the kinematic behavior of
the system and it is reported in Equation 3.7. It is worth noting that, known
q18 thanks to the measurements provided by the encoder, the solution of this
system of equations yields instant-by-instant knowledge of the state vector of
the system and, consequently, all points of the exoskeleton mechanism.

q12 = 2arctan

(
−g+

√
g2−4em

2e

)
q16 = Zx + l6 cos q18
q17 = Zy + l6 sin q18

q15 = arctan
(

l6 sin q18+l4 sin q12+Zy/2
l6 cos q18+l4 cos q12+Zx/2

)
q13 = −l5 cos q15 − 2l4 cos q12
q14 = −l5 sin q15 − 2l4 sin q12
q10 = −l4 cos q12
q11 = −l4 sin q12
q3 = q12 − φ;

q6 = 2arctan
(

−b+
√
b2−4ac
2a

)
q4 = 2l1 cos q3 − l2 cos q6
q5 = 2l1 sin q3 − l2 sin q6
q9 = ϕ+ q6
q7 = q4 + 2l2 cos q6 + l3 cos q9
q8 = q4 + 2l2 sin q6 + l3 sin q9

(3.7)

Where e = l24−l25+
(
l6 cos q18 +

Zx

2

)2
+
(
l6 sin q18 +

Zy

2

)2
−2l4

(
l6 cos q18 +

Zy

2

)
,

m = l24 − l25 +
(
l6 cos q18 +

Zx

2

)2
+
(
l6 sin q18 +

Zy

2

)2
+2l4

(
l6 cos q18 +

Zy

2

)
, and

g = 4l4

(
l6 cos q18 +

Zy

2

)
.

3.4 FM dynamic Model

Since the prototype under consideration was developed to render the force of
human-virtual reality interaction and to be controlled accordingly, an analysis



38 CHAPTER 3. HAND EXOSKELETON DESIGN

of the dynamic system was necessary to write the force exerted at the end-
effector as a function of the one measured by the load cell. In addition, dynamic
modeling of the mechanism is a fundamental computational tool for the design
and fine-tuning of the device, as it allows the sizing of custom components, the
selection of commercial ones, and the calibration of the load cells.

The dynamic model was constructed by the Lagrange-multipliers method ap-
plied to the dynamic Lagrange equation written for multibody systems subjected
to kinematic constraints [64]. The success of this method in computational dy-
namics lies in it provides a precise procedure for writing the dynamic model
regardless of kinematic complexity; moreover, it can be easily implemented on
computational software and solved numerically.

The general form of the Lagrange equation comprising Lagrange multipliers
for a constrained-multibody system is described in Equation 3.8.

[M ]{q̈}+
[
∂Ψ

∂q

]⊤
{λ} = {F̃} − [C]{q̇} −

{
∂V

∂q

}⊤

(3.8)

where [M ]{q̈} ∈ Rn×n is the term indicating the inertial forces; [∂Ψ∂q ] ∈ Rnc×n is

the Jacobian matrix of the constraint vector {Ψ}; {λ} ∈ Rnc is the vector that
collect the Lagrangian multipliers; {F̃} ∈ Rn is the generalized force vector;
[C]{q̇} collects viscous and damping terms; V is the potential energy function
of the system; {q} ∈ Rn is the generalized coordinate vector; n and nc are,
respectively, the number of total DoFs and constraint equations of the system.
Due to the low magnitude of the weights and velocities involved, the contribu-
tions of potential energy {∂V

∂q }, inertial forces [M ]{q̈}, and the damping forces

[C]{q̇} have been neglected as they are remarkably smaller than the external

forces. Therefore, only the vector of generalized forces {F̃} has been evaluated:

F̃ =
[
F̃1 . . . F̃n

]⊤
=
[

∂w
∂q1

. . . ∂w
∂qn

]⊤
(3.9)

where ∂w represents the virtual work that can be calculated as:

∂w =

n∑
i=0

([
∂xPi ∂yPi

] [
FxPi FyPi

]⊤
+ ∂ϑPiTPi

)
(3.10)

where Pi is the application point of the i-th external force; ∂xPi and ∂yPi

represent the virtual displacements of Pi relative to the global reference system;
FxPi and FyPi are the components of the external force vector applied on Pi
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relative to the global reference system; TPi represents the torque applied on Pi;
∂ϑPi is the virtual angular displacement relative to torque.

In the presented case, the system of external forces includes the torque ex-
erted by the exoskeleton capstan on the rear crank about joint Z (indicated
henceforth with TZ), and the force at joint E (with components FxE and FyE)
resulting from the interaction of the user’s finger with the thimble. The general-
ized force vector can then be derived by applying Equation 3.10 to the external
forces system under consideration and substituting it into Equation 3.9, thus
obtaining a vector of 18 components, mostly null elements except for four of
them: 

F̃7 = FxE
F̃8 = FyE
F̃9 = FyEl3 cos q9 − FxEl3 sin q9
F̃18 = TZ

(3.11)

For the purposes of this work, the external forces FxE and FyE are con-
sidered known, so in Equation 3.8, the unknown variables are the 17 Lagrange
multipliers contained in {λ} and the torque TZ . Indeed, the components of
the constraint vector {ψ}, which depend only on the generalized coordinates
collected in {q}, are known by the resolution of the kinematics and the angle
encoder measurement (q18). Manipulating Equation 3.8, a 18-dimension linear
system is obtained as follows:[∂Ψ

∂q

]⊤
|


0
...
−1


{ λ

TZ

}
= {Q} (3.12)

where Q ∈ R18 is derived from the generalized force vector {F̃} by imposing
F̃18 = 0 once moved Tz to the left side of the equation.

Once calculated the λ variables from Equation 3.12, the reaction forces {R̃}
can be expressed as a function of the Lagrangian multipliers.

In general, the reaction force vector arising from the k-th and k + 1-th con-
strain equations can be derived with respect to a v-th reference system centered
on the point of application of the constraint, which will be referred to by example
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as P , as follows:
vP̃x
vP̃y

T̃P

 =

 −
[
Ri

v

]⊤ [
R0

i

]⊤ {
0
0

}
i{P}⊤[V ]

[
R0

i

]⊤ −1




∂Ψk

∂q3i−2

∂Ψk+1

∂q3i−2

∂Ψk

∂q3i−1

∂Ψk+1

∂q3i−1

∂Ψk

∂q3i
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∂q3i

{ λk
λk+1

}
(3.13)

where Ri
v is the rotation matrix expressing the orientation of the v-th frame

with respect to the i-th reference system, [V ] is the matrix

[
0 1
−1 0

]
, vP̃x

and vP̃y are the reaction force components a directed along the x-axis and y-axis

of the v-th reference system with P as application point, and T̃P is the constrain
torque applied about the z-axis of the v-th frame.

Specifically, applying Equation 3.13 and referring to reference systems shown
in Figure 3.11, the equations that describe the reaction force at the joint H
(Equation 3.14 ), C (Equation 3.15), Z(Equation 3.16) A , and B (Equation
3.19) can be derived.

The reaction force at point A is given by the sum of the two contributions
from the AC link (Equation 3.17 ) and the front crank HA (Equation 3.18).

The constraining forces derived from constraining Equations 2.7, 2.8, 3.4,
and 3.5 describing the continuity of the HA link with the AC link and the FC
link with CD link are actually internal forces, the resolution of which is of no
particular interest.

hH̃x
hH̃y

T̃H

 =

 λ11 cos q15 + λ12 sin q15
−λ11 sin q15 + λ12 cos q15

0

 (3.14)


cC̃x
cC̃y

T̃c

 =

 −λ3 cos q3 − λ4 sin q3
λ3 sin q3 − λ4 cos q3

0

 (3.15)


zZ̃x
zZ̃y

T̃Z

 =

 −λ15 cos q18 − λ16 sin q18
λ15 sin q18 − λ16 cos q18

0

 (3.16)


a1Ãx
a1Ãy

T̃A

 =

 −λ1 cos q3 − λ2 sin q3
λ1 sin q3 − λ2 cos q3

0

 (3.17)
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Figure 3.11: The local reference systems, h, c, a, z, and b, with respect to which
the reaction forces applied to the H point, C point, A point, Z point, and B
point were calculated.


a2Ãx
a2Ãy

T̃A

 =

 −λ10 cos q12 − λ11 sin q12
λ10 sin q12 − λ11 cos q12

0

 (3.18)


bB̃x
bB̃y

T̃B

 =

 0
fλ5 sin (q6 + α)− dλ5 cos (q6 + α)

0

 (3.19)

where α is the angle that describes the orientation of the sliding direction FD
with respect to x-axis of the global reference system.

3.4.1 Forces analysis of the FM-IM coupling

This subsection is dedicated to defining and formalizing the forces that the FM
exchanges with the IM, referring to the diagram illustrated in the Figure 3.12.

As already introduced in Subsection 3.1.2 devoted to the introduction of the
IM, the rear crank transmits torque Tz to the capstan employing three pins
placed in m1, m2, and m3 holes. Through the combined action of the headless
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Figure 3.12: The scheme of forces due to the interaction between the IM and
the FM.

screw and groove, the capstan pulls one branch of the cable while the other
remains unloaded. The contact area of the cable with the capstan is shown in
the Figure 3.13, and this area can be schematized as the point of application of
the Bowden Cable tensile force Fw, which can be calculated by the balance of
moments as follows:

Fw = 2
TZ
d

(3.20)

where d = 22mm is the diameter of the IM capstan.

Figure 3.13: The wire-capstan contact during the functioning.
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This force via the pivot in Z point, passing through the rear crank (Figure
3.12), loads the frame of the FM. Because of the friction at the cable-sheath
interface, the Bowden cable system transmits a force to the sheath with an
equal intensity and opposite direction to the inner cable’s tension force. Then,
the force Fw is transmitted in the opposite direction to the blocking system
thorough the shape coupling of the terminals with the appropriate groove. The
block system, in turn, via the pins in O points, transmits it back to the frame.
Thus, the FM-IM interaction results in an area of the frame locally compressed
by a Force equal to the tension exerted on the wires.

In light of this analysis, for the sake of completeness, the complete load
system acting on the rear crank is shown in the Figure 3.14. Where to the
forces already discussed in the previous section (Ñ , Z̃ and TZ) colored in blue
are added the forces applied to the m-holes, colored in red. The latter ones
counteract the relative translation between the rear crank and the IM capstan,
which, in general, can be considered to have a modulus equal to one-third of
the cable tensioning force.

Figure 3.14: The complete rear crank set of loads.
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3.5 Structural analysis

This section presents the structural analysis performed in the CAD-CAE envi-
ronment to certify the system’s suitability to withstand the forces required by
the application under consideration. Specifically, simulations related to stress
(3.5.1) and stiffness (3.5.2) analysis conducted using the finite element method
are reported in this paper. However, although they will not be mentioned, mul-
tiple such studies have also been conducted during the design and sizing process
helping in the choice of materials, manufacturing processes, and the adoption
of specific technical solutions over others.

3.5.1 Stress analysis

For solving structural finite element analyses, for each system component, four
different aspects must be considered and defined: geometry, material, constraint
conditions, and loading system. The geometry was mainly driven by the kine-
matic optimizer, as reported in Table 3.2, and the need to keep the dimensions
of the mechanism as small and compact as possible, taking into account the
actual technological constraints, and mechanical strength issues.

The material of each component was selected according to the complexity
of the geometry, the precision limits required for proper operation, and the
structural properties required. Table 3.3 reports the selected materials for the
components involved in the structural analysis, which belong to FM and IM
modules along with the main mechanical properties such as yield stress and
young module.

Component Material Yield Stress Young Module
link BC 2014-T4 280 72
link CE 2014-T4 280 72
frame peraluman 5754 130 72

rear crank ABS 31 1.5
front crank ABS 31 1.5

connecting rod ABS 31 1.5
capstan AISI 316 200 200

block system AISI 316 200 200

Table 3.3: The selected materials for each component with the relative yield
stress in MPa and Young Module in GPa.
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In the stress analysis is mandatory evaluate the worst case for each com-
ponent. Using the dynamic model, described in Section 3.4, it was possible
calculate the loads acting on each single component and determine the worst
load set. Specifically, for this work, Equation 3.12 was solved for each force pro-
file displayed in Figure 3.9 with the modulus of the maximum operating force
(15 N). By applying Equations 3.14, 3.17, 3.18, 3.19, 3.16, 3.15, and 3.20 the
constraining forces that stress the components of interest during functioning
were derived. Figures 3.15 and 3.16 show the highest magnitude of the con-
strained reactions in A, C, H, B, and the torque applied in Z, as the back crank
angle (q18) varies.

Figure 3.15: The force values of interest for structural analysis as the crank
angle changes (q18).
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Figure 3.16: The values of the static torque module required in Z (TZ) as the
crank angle changes (q18).

In the Solidworks Simulations environment, component-by-component struc-
tural analyses were conducted performing worst-case scenario for each compo-
nent. The load and constraint configurations taken into account are shown in
Figure 3.17. Constraints were imposed so as to obtain isostatic configurations
by recreating as faithfully as possible the constraint conditions imposed by the
kinematic chain.
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Figure 3.17: The load and constrain set applied as boundary condition to fem
analysis for the von Mises stress detection.

The von Mises stress patterns are shown in Figure 3.18, while the maximum
values obtained from the solutions of the performed analyses are collected in the
Table 3.4 along with the resulting safety factors related to the yield stress of the
selected materials. The lowest safety factor is around 1.5; from a mechanical
resistance point of view, the components of the system can be considered well-
dimensioned since, under the worst operating conditions, they work far from
the yield condition.
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Figure 3.18: The von Mises stress diagram resulting from fem analysis, with
stresses at increasing magnitude from elements colored in blue to those in red.

Component Von Mises stress Yield stress Safety factor
link BC 25 280 11.5
link CE 85 280 3.2

front crank 7 31 4.4
rear crank 20 31 1.6

frame 15 130 8.7
capstan 120 200 1.7

block system 60 200 3.3

Table 3.4: The maximum von Mises stress (MPa) resulting from fem analysis,
the Yield stress (MPa) of the corresponding material, and safety factor.
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3.5.2 Stiffness analysis

The stiffness analysis was conducted by using the same geometries and materials
employed and described in the stress analysis described in 3.5.1.

The objective of this type of study is to assess the behavior of the assembled
mechanism under load by evaluating the displacement of the end-effector (∆E).
This can be simulated by blocking the rotation of the rear crank and applying
the force to evaluate at the end-effector. An example of load and constrain
system is shown in Figure 3.19.

Figure 3.19: The load and constrain set applied as boundary condition to fem
analysis for the stiffness analysis.

Figure 3.20 shown the displacements of the E point resulting from static
analysis conducted in Solidworks Simultaion environment. Each result has been
obtained considering a force with module of 15 N, the maximum operating value,
and a direction according to the force profiles displayed in Figure 3.9.

The results show that the deflection of the mechanism is minimum at the
maximum opening of the hand and increases until the full closure. In numeri-
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Figure 3.20: ∆E1, ∆E2, and ∆E3 are the displacements of the E point under
the application of force profiles of subject 1, subject 2, and subject 3 respectively
shown in Figure 3.9.

cal terms, the deflection at the end-effector in the range of motion considered
assumes values between 0.7 and 2.3 mm, acceptable values for the operative
functioning of the device attesting to the validity of the choice of materials.
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3.6 HMI-force filter

It is worth noting that Equation 3.14 provides the analytical formulation of
the force measured by the load cell when a known force FE is applied to the
mechanism end-effector in a specific mechanism pose q18 (please note that q15
is a function of q18, see Equation 3.7). Unfortunately, FE does not appear
directly in that formula, but it depends on the Lagrange multipliers (solution of
Equation 3.12), and therefore Equation 3.14 doesn’t state an explicit relation.
Nevertheless, it is also important to note that the system, not including friction
and viscous forces, is linear to the modulus of the external loads; therefore, it
is possible to express the relation between the H reaction and the modulus of
FE as follows:

|FE | = K(q18)H̃x (3.21)

Where K(q18) is an unknown function of the rear crank angle that expresses
proportionality between the two forces of interest.

Knowing the HMI force orientation as a function of q18, the force profile
obtained in section 3.2 for the subject 1 (Figure 3.9) was taken as a reference in
this context, and by solving Equation 3.21, with the unitary modulus of FE , it
was possible to derive the value that K takes for the sampling angles; collected
in Table 3.5.

K(45°) 0.23
K(50°) 0.28
K(55°) 0.32
K(60°) 0.34
K(65°) 0.38
K(70°) 0.42
K(75°) 0.45
K(80°) 0.5
K(85°) 0.55
K(90°) 0.59
K(95°) 0.65
K(100°) 0.7
K(105°) 0.75
K(110°) 0.82

Table 3.5: The coefficients of the Equation 3.22 calculated for the subject 1.
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Through a best-fitting approximation operation, the function K(q18) was
approximated by a third-order polynomial function (Figure 3.21), described by
the following equation, with a, b, c, and d coefficients reported in Table 3.6.

K = aq318 + bq218 + cq18 + d (3.22)

Figure 3.21: the best fitting polynomial of the K points collected in the Table
3.5.

a b c d

6.3·10−7 -1·10−4 1.2·10−2 -0.2

Table 3.6: The coefficients of Equation 3.22 calculated for the Subject 1.

Combining Equations 3.21 and 3.22 yields Equation 3.23, which throughout
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the text will be referred to as the HMI-force filter. This algorithm, using the load
cell and encoder measures (H̃x and q18), estimates the HMI force on the thimble
(FE); an indispensable reference value to be fed to the control algorithms aimed
at rendering the kinaesthetic interaction.

|FE | = (aq318 + bq218 + cq18 + d)H̃x (3.23)

3.6.1 Analytical evaluation of the HMI-force filter

The error committed by HMI-force filter with the polynomial approximation
was analytically evaluated for FE ranging from 0 to 15 N, which is the expected
operating range for the device. For each FE force, Equation 3.12 was solved and
the constraining force H̃ was calculated through Equation 3.14. Using the HMI-
force filter (Equation 3.23), the estimated |FE | were subsequently calculated.
Figures 3.22 and 3.23 show, respectively, for each |FE | value the average (ea)
and maximum (emax) absolute error committed during the range of motion.
The average percentage (e%) error results constant as the |FE | varies and is
3.4%. The results show a satisfactory estimation of the FE modulus through
the use of the HMI-force filter, having obtained errors of low magnitude. The
maximum error, especially for the most intense forces, is around 0.2 N, which
determines the maximum resolution to which one can aspire for reference force
control by using the introduced HMI-force filter.
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Figure 3.22: the average values of absolute error (ea) committed to estimate the
module of the end-effector force (|FE |) by HMI-force filter as the force intensity
changes.
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Figure 3.23: the max values of absolute errors (emax) committed to estimate the
module of the end-effector force (|FE |) by HMI-force filter as the force intensity
changes.





Chapter 4

RAS design

This chapter introduces the actuation system designed to meet the technical
specifications established in the first phase of the state-of-the-art study and
benchmarking. An initial version has been completed, and its mechatronics ar-
chitecture will be explained and introduced in Section 4.1. This version was
developed with a minimal mechanical design resulting in an open structure that
allows for rapid adjustments and improvements, a helpful feature for the first
stage of testing and pilot experimentation. A mechanical layout has been pro-
posed and described in Section 4.2, with a closed case and a clearly visible safety
button on the top of the device. Finally, Section 4.3 presents the microcontroller
firmware for measuring the signals of interest from the sensors mounted on board
the FM.

4.1 RAS mechatronics design

As mentioned previously, each finger mechanism is designed to be driven in-
dependently. Consequently, the development of the RAS produced a modular
mechatronic architecture consisting of three identical Remote Actuation Mod-
ules (RAMs), each of which controls a specific finger.

The design of the RAM was approached to drive each finger independently,
to ensure a maximum force of 15 N at the end-effector and a high reversibility of
the system; a strongly desirable feature for devices that actively interact with
the human body. Indeed, a mechanically reversible device has many advan-
tages: high efficiency and, therefore, contained power losses in the transmission

57
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Figure 4.1: Components constituting RAM.

chain; a simplified wearing phase that can be performed with the motors off;
the possibility to detect the user’s interaction from any point of the mechanism
by force sensors; a safe emergency-handling as the device can be always forced
by the user in case of malfunctioning.

The scheme adopted involves a brushless rotary in-runner electric motor
(the HT1225 from Haitai Mechanical and Electrical Equipment Co.), capable of
providing sufficiently high torque at a low number of revolutions without any
reduction stages in direct drive mode. The latter is an essential feature in terms
of reversibility. The motor model employed is equipped with a current sensor
and an absolute encoder to monitor both its output torque and angular position.

As shown in Figure 4.2, the motor’s output is connected to a custom cap-
stan designed specifically to wrap the cable around a spiral groove. Two pegs
per RAM housed on the custom capstan perform the cables’ tensioning. This
solution allows the RAM capstan to work by friction, redistributing the tensions
around the entire circumference of the capstan. The diameter of the RAM cap-
stan has been made four times larger than the IM one to realize a multiplier for
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the direct drive and a reducer for backward motion, aiming to further amplify
the backdrivability of the system.

The module frame comprises two aluminum plates connected to form a L-
shaped bracket intended to house the motor and block the Bowden cable sheaths.
In addition, the 13mm-thick aluminum plates help the cooling of the motors by
thermal conduction.

Figure 4.2: lateral and top view of the RAM capstan.

The electronic hardware required, as shown in Figure 4.1, for the functioning
of each RAM includes a Sparkfun development board (AST-CAN485 by Spark-
Fun Electronics), the motor driver (the model HTPTZ by Haitai Mechanical
and Electrical Equipment Co.) and a signal amplifier (model FSC 5-24 V by
Forsentek Co. ) for the load cell embedded in the exoskeleton mechanism.

The Sparkfun development board handles mid-level control via the AT-
mega32U4 microcontroller with a 16MHz processor. Specifically, it samples
and processes the analog signals from the load cell, through the amplifier, and
from the exoskeleton encoder.

The motor driver (the HTPTZ model from Haitai Mechanical and Electrical
Equipment Co.) contains firmware to drive the Haitai motor, developed by the
same company, equipped with built-in Proportional Integral Derivative (PID)
controller to perform speed control of the motor. A proprietary communica-
tion protocol allows the monitoring of various parameters, including current
consumption, supply voltage, Revolutions Per Minute (RPM), and absolute po-
sition.
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The electrical/electronic scheme of each RAM requires a constant voltage
supply line of 24 V, which is then distributed to power the motor, the motor
driver, the load cell amplifier, which in turn powers the load cell mounted on
the exoskeleton mechanism, and the Sparkfun development board, which in turn
powers the encoder mounted on IM capstan.

As shown in Figure 4.3, the complete RAS is obtained by mechanically and
electrically connecting all RAMs to a base plate, which housed the electronic
hardware, independent of the number of RAMs necessary for system operation.
Such as the input AC-DC transformer (HRPG-1000-24 from Mean Well), the
onboard computer (Raspberry Pi 4), the external communications connectors,
the power button, the emergency button, and some custom electronic boards
for voltage distribution and button management.

Figure 4.3: A RAS overview including two RAM mounted.

Figure 4.4 broadly summarizes the overall schematic of the RAS and reports
the type of communication employed between the processing units, considering
only one connected RAM. In detail, the Sparkfun board sends load cell and
exoskeleton encoder measures to the Raspberry Pi 4 via I2C communication,
which is even communicated with the motor driver via Universal Serial Bus
(USB) to send all parameters related to the motor status and receive the speed
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command at each control iteration. At the current stage of device development,
the onboard computer plays the function of a communication interface between
the driver and Sparkfun with a main external computer via USB or Ethernet,
on which the main framework containing the high-level control runs. This issue
will be deeply addressed and explained in Chapter 5.

Figure 4.4: An overview of the system electric/electronic scheme. Red lines
symbolize power cables, blue lines symbolize USB cables, green lines symbolize
I2C cables, orange lines symbolize Ethernet cables, and purple lines represent
analog cables.

4.2 The final RAS mechanical layout

The overall structure of the RAS presented in Section 4.1 corresponds to the
layout chosen for the opening phase of development, deliberately left minimal
since the device presented was intended as an evolving test bench in search of the
ideal configuration. Logically, such a layout is unsuitable for field operation, so
a final closed version was also developed in anticipation of future clinical trials.

As shown in the Figure ??, this version includes a case consisting of the
assembly of appropriately bent, two mm-thick stainless steel sheets.

The case sizing was designed to accommodate three RAMs along with the
functional electronics presented in Section 4.1. Besides, it is also thought to



62 CHAPTER 4. RAS DESIGN

house a Raspberry monitor housed on the top sheet and two fans to ensure
properly forced air circulation for cooling the electronics. The resulting overall
dimensions and overall weight are given in Table 4.1.

Figure 4.5: frontal view of the final RAS layout.

width (mm) 606
height (mm) 216
depth (mm) 304
mass (kg) 22

Table 4.1: The encumbrance and mass characteristic of the final RAS layout.

4.3 The microcontroller firmware

This Section introduces the algorithms implemented on the ATmega32U4 mi-
crocontroller embedded with the Sparkfun development board. As already in-
troduced in Section 4.1, this board has the task of reading analog signals from
the sensors mounted on the exoskeleton mechanism: the encoder and the load
cell amplifier. As regards the encoder, sampling is done through the methods of
the Encoder class available from the Arduino library, which measures the cur-
rent angle value by comparing two quadrature signals produced by the encoder
sensor via two interrupt pins of the development board. The read method of



4.3. THE MICROCONTROLLER FIRMWARE 63

the Encoder class returns a value of type long that corresponds to the angle in
ticks that measures the relative rotation between the sensor and magnet since
the device was turned on. Knowing the resolution of the encoder employed,
4096, and the number of degrees in one revolution, 360, it is possible to obtain
the measure of the current angle in degrees (q18) by the following equation:

q18 = tickcurrent
360

4096
(4.1)

where tickcurrent is the current measure of the angle in ticks provided by the
read method of the Encoder class.

The load cell signal is read from the analog pin A0 coming from the signal
amplifier appropriately calibrated by adjusting the span and zero parameters.

The span enables adjustment of the weight to which the amplifier output
saturates at 5V, corresponding to the maximum read voltage of an analog pin
on the Sparkfun board.

The zero allows adjustment of the minimum voltage to which the no-load
configuration corresponds. In this work, the zero was set to produce a voltage
of 2.5 V, which is half of the maximum value that an analog pin can measure
so that both pull and compression can be measured.

The span was tuned to the minimum value allowed by the particular am-
plifier model chosen, 25.5 kg (249 N), to maximize, as much as possible, the
resolution of the load cell measurement. The microcontroller chosen in the ana-
log measurement quantizes voltages from 0 to 5 V on a scale of 0 to 1023. Thus,
the minimum measurable signal magnitude coincides with the span value di-
vided by 1024; consequently, the lower the span, the higher the resolution of the
measurement. In this context, the minimum measurable force results in 0.25 N.
At the same time, this span value generates a full scale of measurable tensile
and compressive forces of 124.5 N. Threshold values that allow the maximum
operating tensile and compressive forces to be widely measured. In fact, from
the analysis performed in Section 3.5, 64.2 N (6.56 kg) was found to be the max-
imum value of the force acting on the connecting rod under the worst working
condition.





Chapter 5

HES software

This chapter discusses the software implementation and control architecture.
Section 5.1 describes the software architecture of the exoskeleton and the pro-
gramming logic pursued, introducing the Finger class used to instantiate pro-
gramming objects with the methods necessary for controlling and managing
physical finger exoskeletons.

The control laws currently implemented as methods of the Finger class allow
the system to track constant references of motor speed, crank angle, or end-
effector force. Motor speed tracking is handled by the PID controller built
into the motor driver, while a digital PID controller, whose algorithm will be
described in Section 5.2, is implemented to track the two other input signals.

Section 5.3 presents and describes the system GUI, primarily implemented
with the goal of real-time control and monitoring of the device.

Finally, Section 5.4 presents the application developed in Unity environment
as a robot-assisted physiotherapy rehabilitation tool and kinaesthetic haptics
application case.

5.1 Software architecture

The software architecture of the exoskeleton was developed to be run on an
external computer, referred to as the main computer from now on, and commu-
nicated with the onboard computer, Raspberry Pi 4, via serial USB communi-
cation sockets.

Taking advantage of the modular architecture of the system, based on RAM,
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and FM modules, object-oriented programming was pursued, so once an appro-
priate custom Finger class is defined, it is possible to create a generic finger
exoskeleton software model to generate, by its instances, the actual program-
ming objects representing the physical finger exoskeletons. For each physical
finger, the programming strategy involves generating a Python module called
FingerRunfile to be processed independently on a dedicated thread, containing
a Finger object along with necessary instructions to control and oversee the
management of a single exoskeleton finger.

The Finger object becomes representative of a true finger exoskeleton when
the parameters required for initializing the various communication sockets, i.e.,
USB and User Datagram Protocol (UDP) port identifier, boudrate, etc., are
defined. In this work, the required communication parameters come from a
proper file located in the same directory of the module FingerRunfile produced
by GUI, as will be described in Section 5.3.

The core of the software architecture lies in the Finger class written in
Python 3 language. That custom class has a mainloop() method, called cycli-
cally within the FingerRunfile module, at a frequency of 300 Hz. This method
sequentially calls the instructions necessary for the initialization process at
startup, collecting and sending status parameters, receiving external commands,
and sending the reference speed for the finger to the Raspberry Pi 4.

The initialization process consists of identifying the exoskeleton’s end stops,
shown in Subsection 3.1.3, to have a reference of the RoM that is operable at the
software level. This procedure is also essential for zeroing the relative encoder
mounted on the IM. In detail: at starting up, the exoskeleton is closed with con-
stant speed, monitoring the torque provided by the motor; when this exceeds 3
Nm, it means that the rear crank has reached the closing end-stop. The corre-
sponding value of the IM’s relative encoder is saved as reference, subtracting it
from all further measurements coming from the microcontroller. Subsequently,
the FM is opened with constant speed until it reaches the opening end-stop, at
which it stops and stores the current position. These two values are then used
as upper and lower bound of the admissible RoM for the finger exoskeleton.

Status parameters, coming from Raspberry Pi 4, are collected via the lo-
cal communication network of the device discussed in Section 4.1, e.g., motor
torque, motor current, motor rpm, crank angle, and load cell measurements.
The latter signal, discussed in Section 4.3, is processed through a moving aver-
age filter over 30 samples, and at initialization, or following a specific command
from the GUI, software calibration is performed to compensate the eventual off-
set, i.e., the current average value is subtracted from all subsequent samplings.

The Finger class was also programmed with a method that executes the
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HMI-force filter algorithm, deeply discussed in Section 3.6, to reconstruct the
force at the end-effector. This value, along with the other state variables, is
packed into a single variable with a dictionary structure and sent to the GUI
via a UDP socket communication channel by means of a local network port.

The UDP communication between local ports was necessary because the GUI
application was designed to be run on a dedicated thread on the main computer
that runs in parallel with the thread dedicated to the FingerRunfile module on
which the mainloop() method of the Finger object is cycled. This strategy brings
multiple advantages both at the security level, because any crashes or anomalies
arising from the GUI are less likely to trigger anomalous and dangerous device
behaviors, and at the functional level since it is possible to manage the GUI
and the exoskeleton at different frequencies. The FingerRunfile module that
performs the control and processing methods of the acquired signals is run at a
high frequency (300 Hz), while the Finger GUI, which was meant for interaction
and visualization purposes, is updated at significantly lower frequencies (50 Hz).

Through another UDP socket, a Finger object can receive incoming com-
mands from the GUI. Currently implemented commands establish the tracking
of a constant input in position, velocity, or force. Following a specific com-
mand, specific instructions are executed within the FingerRunfile module, i.e.,
the method containing the digital PID controller, described in Section 5.2, which
processes instantaneous speed steps to move the motor. These speed references
are delivered to the motor driver by means of the onboard computer. Thus,
within the control logic implemented, the Raspberry Pi 4 at a certain frequency
(300 Hz) is responsible for collecting the device status parameters, packing and
sending them to the main computer, and then receiving from the FingerRunfile
the speed references to be delivered to the motor driver.

Figure 5.1 shows a summary diagram of the communication flow existing in
the system and managed by the software architecture. The green lines repre-
sent the flow of data, starting from the sensors and ending in the GUI after
being processed by the FingerRunfile module. The red line, on the other hand,
represents the command line that following a direct request from the GUI is
transformed into a command speed to be delivered to the motor after being
properly processed by the FingerRunfile module.
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Figure 5.1: Summary diagram of the communication flow existing in the system
and managed by the software architecture.

5.2 Digital PID algorithm

The ideal PID controller is a Single Input Single Output (SISO) system that
uses only the scalar deviation error e(t) as input, producing a scalar control
signal u(t) as output, obtained by a law proportional to e(t), its derivative, and
its integral. This definition is expressed through Equation 5.1.

u(t) = Kpe(t) +Ki

∫ t

0

e(τ)dτ +Kd
de(t)

dt
(5.1)

Where the first addend is called the proportional action, the second the integral
action, and the third the derivative action. The gain values Kp, Ki, and Kd

constitute the parameters that can be changed to adjust the behavior of the
PID controller and represent its degrees of freedom during device configuration.
Usually, in industrial settings, the preceding parameters can be manipulated
only indirectly by setting as many equivalent parameters more representative
of the effects of configuration on device behavior. The parameters directly
accessible in real devices, also called industrial parameters, are the proportional
gain (Kp), which determines the minimum amplification to be applied on the
deviation error to generate an effective control signal; the integral time constant
or reset constant (Ti), determines the useful operating band at low frequencies;
and the derivative time constant (Td), identifies the useful operating band at
high frequencies.
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Equations 5.2, and 5.3 give the definitions of Ti and Td, respectively.

Ti =
Kp

Ki
(5.2)

Td =
Kd

Kp
(5.3)

The control law of the ideal PID is linear and time-continuous with concentrated
parameters. Mathematically, therefore, it can be written as a transfer function
in the Laplace domain in the following form:

C(s) = Kp

(
TiTds

2 + Tis+ 1

Tis

)
(5.4)

The ideal PID controller, however, is a non-causal system; processing its
output at present requires knowledge of its future input. Therefore, an actual
PID controller is constructed from a causal realization of the ideal control law;
the device processes its strategy through a law that approximates the non-causal
one concerning some optimal criterion. The element responsible for the loss of
causality in the ideal PID is the derivative action, characterized by a transfer
function with a degree of the numerator greater than that of the denominator.

The approach to the causality problem is to find a causal law that can
approximate the derivative action with due accuracy. The simplest solution is
to correct the derivative action by bringing the degree difference between the
denominator and numerator of its transfer function to a non-negative value.
The easiest way to achieve this is to add a simple pole in the derivative action,
resulting in the following transfer function:

Ĉ(s) = Kp

(
1 +

1

Tis
+

Tds

1 + Td

N s

)
(5.5)

Where N is a positive real number and s = −N/Td turns out to be the additional
pole. Usually a value between 5 and 30 is assumed for N .

In this context, a value of N equal to 5 was considered. For the implemen-
tation of the digital PID controller, it is necessary to discretize the formulation
of the transfer function of the continuous-time controller, reported in Equation
5.5, using the forward Euler method for the discretization of the integral action
and backward Euler for the discretization of the derivative action. The resulting
algorithm to calculate the digital PID controller output at the k instant (uk) is
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described by Equation 5.6.

uk =
TN + 1

TN
uk−1 −

1

TN
uk−2 +Kp

TN +N

TN
ek+

+
Kp

TN

(
TN

Tc − Ti
Ti

− 2N + 1

)
ek−1 +

Kp

TN

(
1 +N − Tc

Ti

)
ek−2

(5.6)

After a heuristic tuning process, the digital PID parameters were selected to
perform convergent step input tracking. Figures 5.2 and 5.3 report the system’s
performance in trajectory tracking in position and force, respectively, qualita-
tively judged satisfactory for the application under consideration considering
the current level of device development.

Figure 5.2: The blue line represents the encoder measurement, while the red
line represents the reference value to be tracked.
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Figure 5.3: The blue line represents the HMI-force value, while the red line
represents the reference value to be tracked.

5.3 Finger GUI

In the era of Industry 4.0, it is an established practice to interact with robotic
devices by providing routine commands and display data using graphical appli-
cations that give immediate visual feedback. The interface by which the user
interacts with the machine by controlling conventional graphical objects via key-
board and mouse, replacing human-machine communication based on command
lines. Thus, it is a visual representation that includes icons, sliders, text boxes,
and buttons. Commands are given through a pointing device (such as a mouse)
on a high-resolution image screen by clicking on specific buttons to execute the
corresponding instructions. A GUI thus combines the graphical aspect with
event-programmed functions.

The GUI of the device under consideration was developed on Qt framework
through the use of PyQt5 libraries in Python language and was finalized for
single finger handling, hence named Finger GUI, as a workbench for the devel-
opment and testing phase. However, it represents a more than reliable base for
future implementation for the simultaneous handling of multiple fingers. The
structure of the Finger GUI is a single window application with a purpose-
oriented layout, dividing the window area into panels with specific purposes.
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As shown in Figure 5.4, the following can be distinguished: the setting panel,
the control panel, the panel for saving and exporting data, and the panel for
managing plotted graphs in the dedicated graphics area. Finally, there is a
dedicated text box in the lower area of the window to deliver messages to the
user following specific events, such as certifying the correct execution of the sent
command or reporting the detection of a specific error.

Figure 5.4: An overview of the Finger GUI with colored frames highlighting
the various panels. Specifically: the setting panel, in green; the control panel,
in red; the data logger panel, in orange; the graphics area, in blue; the graph
control panel, in yellow; and the text box, in white.

The Setting panel allows via text boxes to enter all those parameters neces-
sary for communication with the onboard computer, Raspberry Pi 4, and UDP
ports identification, i.e., name of the serial USB port, boudrate value of the
socket USB communication, UDP port number, and Internet Protocol (IP) ad-
dress. After pressing the save button on this panel, the application generates
a parameter sheet containing the setup data, saved within the folder where the
GUI application executable is allocated and made available for the FingerRun-
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file method. After that, the Run Finger button can be used to execute the
instructions to run the FingerRunfile module on a dedicated thread in parallel
to separate the system GUI from the module that manages the exoskeleton. Fi-
nally, the Kill Finger button allows the thread that processes the FingerRunfile
module to be terminated, an operation necessary to close the application.

The Control panel was implemented by means of a stacked widget that allows
the contents of a certain portion of the panel area to be changed by clicking the
specific buttons: speed, position, force, and Catch the mole, located on the left
side of the panel. As their assigned names suggest, the speed, position, and force
buttons pop up all the necessary widgets (buttons and text boxes) to make the
exoskeleton truck speed, position, or force step references, respectively (Figure
5.5). The reference speed is directly passed to the driver, which guarantees
the tracking via its built-in PID, while the trajectory tracking of the steps in
position or force is handled by the digital PID controller implemented in the
Finger class and discussed extensively in Section 5.2. As shown in Figure 5.5,
the ability to set and modify PID parameters via dedicated text boxes has also
been included, a useful feature for the first testing and tuning phase, but to be
removed in the eventual release intended for the end user. The Catch the mole
button pops up the widgets necessary for initializing and starting the Catch the
mole application executable, containing the specially developed serious game in
Unity environment as an example of an operation that will be more thoroughly
presented in Section 5.4. By programming an appropriate flag, the application
executable can only be launched after the FingerRunfile module has been started
so that proper communication between the parts is established via a dedicated
UDP port.

The Graphics Control Panel contains buttons designed to manage the display
of some system status variables in the form of Cartesian graphs in the apposite
dedicated areas, with the sampling times on the x-axis and the values of the
status variables on the y-axis. The state variables that can be displayed are
exoskeleton angle, end-effector force, motor torque, and motor angle, which
are considered in the experimentation, assessment, and tuning process to be of
greater interest and usefulness than the others.

The data logger panel allows state variables to be saved into a .csv format file
generated within the folder containing the application executable for possible
post-processing analysis of the collected data.
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Figure 5.5: An overview of the four pages of the Control panel. Each layout
results from pressing the button highlighted with the red frame.

5.4 Catch the mole application

In the course of this thesis work, a serious interactive game was fully imple-
mented as a test bench for developing and validating the proposed HES. The
application Catch the mole was developed to stimulate and train the sensorimo-
tor apparatus necessary to perform the kinaesthetic gesture of spherical closing
grasp. As introduced in Section 5.3, the executable of this application is made
to run on the main computer, and it can be launched from the Finger GUI only
if the FingerRunfile module is already active so that the UDP communication
socket between the local network ports is established correctly at application
startup. In addition, the digital PID, managed by the FingerRunfile module, is
activated at startup with zero reference force.

The game in question consists of a digital reinterpretation of mole-catching
with a hand-shape avatar. The IM encoder’s signal controls the avatar’s pose,
recreating within the application a digital version of the user’s hand that repli-
cates the fingers’ actual flexion/extension movements. Trivially, the game aims
to have the user catch the most number of moles in a given time interval.

In addition to sending the crank-angle values, a UDP socket is employed by
the Catch the mole application to report to the GUI, via an appropriate flag, if
the avatar is in capture mode. This mode is triggered when the three fingers:
index, thumb, and middle finger, all make contact with the mole, and when this
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occurs, the Finger GUI receives a signal to change the reference force from 0
to the capture value.

The applicable capture forces generate fingers opening with constant inten-
sity from 0.5 to 15 N. This value is introduced by the appropriate text box of
the GUI control panel before running the application so that the user’s hand
closure can be trained with preset levels of force.

The game scene is set in a meadow portion where ten disks can be distin-
guished: nine brown and one red. The brown ones represent the areas where
the digital mole can appear and be reachable by the avatar by pressing specific
keys on the keyboard. The red disk awards points to the user when the player
drops the captured mole into it.

Figure 5.6: Opening scene of the Catch the mole application.

At the start of the game, as shown in Figure 5.6: the avatar is placed on top of
the red disk, the countdown is started, and a digital mole is randomly generated
in one of nine predetermined locations. After the avatar has reached the position
where the mole has appeared, the user can proceed to capture it by closing the
hand. Once the capture mode is triggered, in a predetermined amount of time,
depending on the chosen training intensity, the avatar automatically travels
from the capture zone to the red disk, dragging the digital mole with it. The
exoskeleton attempts to force the fingers as long as the three fingers remain
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in contact with the mole. The moment one of them ceases the contact with
the mole, the reference force returns to zero, and the digital mole falls toward
the ground simulating the action of gravity, and then disappears and reappears
randomly in one of nine predetermined areas. Thus, the user gets the point
only if he or she can fight the action of the exoskeleton until the avatar stands
over the red disk with the mole and then drops it inside it. The catching mole
procedure is depicted in Figure 5.7. User involvement is induced by the stimulus
of making the most points, triggering the goal of improving with each run.

It is important to remark that during the gaming session, the status param-
eters, indicative of the user’s efforts, are directly visible in real-time from the
Finger GUI and can be exported into .csv file, as previously discussed in the
dedicated Section 5.3. Feature of great interest to the clinical operator who has
the opportunity to evaluate the rehabilitation session through actual empirical
data.

Figure 5.7: A progressive sequence of the digital mole capture procedure. Sub-
figure a depicts the initial phase of the capture, b the reaching of the red disk
of the avatar with the captured mole, c the release of the mole within the red
disk, and d the point assignment and respawning of the mole to a new location.



Chapter 6

Test and evaluation

This Chapter presents and discusses the results obtained during the testing
phase aimed at evaluating and characterizing the proposed HES.

An assessment of the quick-magnetic couplings was carried out to quantify
the time required for the device setup; it will be described in Section 6.1.

The Chapter continues with Section 6.2, which presents a custom bracket
to adjust the orientation of the FM concerning the gravity direction. This
component resulted fundamental to accomplishing the experimental campaigns
for the detection of the minimum backdrive force, which will be described in
Section 6.3, and for the validation of the dynamic model and HMI-force filter,
addressed respectively in Sections 6.4 and 6.5.

6.1 Assessment of the quick-magnetic couplings

The presented HES, as described in Section 3.1, presents a modular design
based on quick-magnetic couplings between the different modules. The primary
functionality of such couplings is to provide a fast assembling/disassembling of
the device without requiring any tools. This characteristic is crucial to allow for
a quick and easy HES setup according to different hand sizes, as wearing the
whole system at once can be extremely hard.

A chronometric analysis has been performed to quantify this feature involv-
ing five untrained healthy individuals who have been instructed to complete the
FM-BP and FM-IM couplings. In addition, to give a minimal statistical value
to the test, each trial has been performed five times by each subject.
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The Figure 6.1 displays the mean duration required for each attempt to
complete FM-IM coupling, and FM-BP coupling.

This analysis showed a mean time, obtained by averaging the mean values for
each individual, of approximately 19.1 seconds for FM-IM, and 4.5 seconds for
FM-BP. Combining these two results, it arises that a time of about 25 seconds
per FM is required to setup the device every time a different-sized hand is
involved. Since the maximum number of employable FMs is four, the maximum
time required to prepare the HES is roughly 100 seconds.

Figure 6.1: The mean time (s) required by the five different subjects for the
completion of FM-IM and FM-BP couplings.

6.1.1 Discussion of the modular design results

The modular design based on customized magnetic couplings has arisen as a
convenient way to rapidly setup the device according to different hand sizes.
The assessment of the quick-magnetic couplings has been introduced in the test
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campaigns as the proposed system is the only rigid exoskeleton in the state-
of-the-art that addresses the size change issue. Actually, a large number of
exoskeletons, especially assistive ones, usually manage to circumvent this issue
by being tailored for a single user. However when it comes to devices more
similar to training platforms where the users may be multiple in a very short
range of time, this kind of problem is poorly addressed; especially for rigid
exoskeletons. In fact, the Glorea Sinfonia soft glove [45] provides the only
state-of-the-art example. The results obtained in Section 6.1 demonstrate the
value of the proposed modular design as the average interval to set the system
up is around 100 seconds, considering the four-FM configuration.

6.2 Adjustable bracket

The experimental tests conducted on the device, which will be described in the
following Sections, demanded the possibility of applying a force with a known
modulus and direction to the end-effector. To meet this need, a custom bracket
with a variable and graduated orientation basement was made so that the FM
could be rotated until the desired force to the end-effector results globally di-
rected along the vertical direction. As shown in the Figure 6.2.

Figure 6.2: The custom bracket equipped with a adjustable orientation base-
ment.
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6.3 Minimum backdrive force

One of the key features of the system under consideration, as outlined in the
Section 1.3, is the backdrivebility. This characteristic can be interpreted as the
minimum value of retrograde force (referred henceforth as backdrivebility force)
to allow proper off-motor operation when required. A small experimental cam-
paign has been conducted to quantify this force as a function of the pose of the
finger.
For each sampled crank angle, the FM was oriented by the adjustable-orientation-
base bracket (Figure 6.2) so that the direction of the gravitational force coincides
with the direction of the interaction. The HMI-force direction taken as a refer-
ence for performing the experimental test is that performed by the Subject 1,
according to the results reported in Section 3.2.
The backdrive force has been identified by increasing the force at the end-effector
through the gradual application of weights until spontaneous motion occurred.
The tests have been carried out with a cable tensioning value between 2-3 kg; a
reference value for the operational functioning, empirically evaluated as a com-
promise between response speed and stiffness of the transmission chain.
Figure 6.3 shows that the backdrive force ranges from a minimum of 0.5 N to a
maximum of 3.5 N.

6.3.1 Discussion of the system backdrivebility results

The entire transmission chain has been developed to preserve backdrive motion,
an essential characteristic to reduce the time and effort required during the
wearing phase and guarantee safe use. Such feature, also provides a reasonable
safety margin if the device is used for medical applications (e.g., in case of muscle
spasms).

Dedicated tests, described in Section 6.3, have allowed for the character-
ization of the backdrive force with motors off as a function of the FM pose.
The results underlines that, even in the worst of the operating configurations,
the backdrive force does not exceed 3.5 N; which is about 5.4% of the ultimate
force (≃ 65 N) that the fifth percentile of the healthy male population can exert
during a momentary hold grip1 [61].

1As “hold grip” is intended the hand action where the four long are fingers pushing the
grasped object against the palm.
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Figure 6.3: The measured backdrive force in N, as a function of crank angle
(q18) in deg, with a Bowden cable pretension between 2-3 Kg.

6.4 Dynamic model validation

Dedicated experimental tests were performed on a FM to validate the dynamic
model described in Section 3.4, on which the HMI-force filter, described in
Section 3.6, is based.

The protocol of the trial involved sampling the measurements provided by
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the load cell and encoder as the pose of the mechanism varies under the action
of a known force at the end-effector.

With the goal of generating known downward-directed forces, the FMmounted
on the adjustable-orientation-base bracket has been clamped in a vice and ori-
ented so that the gravitational direction coincided with the y-axis of the global
reference system, as reported in the Figure 6.2. The HMI-force direction taken
as a reference for performing the experimental test is that performed by the
Subject 1, according to the results reported in Section 3.2.

Weights of 1.5, 1.2, 1, 0.8, 0.6, 0.4, and 0.2 kilograms have been imposed
at the end-effector. Sampling approximately every 10 degrees, at least eight
different configurations were evaluated for each weight.

The sampled range of motion of the crank angle (q18), considering the con-
ventions described in Section 3.4, ranges from 110° up to 45°. Where q18 = 110°
and q18 = 45° corresponds, respectively, to the complete opening and closing of
the finger.

The collected data (Ĥ), reported in Figure ?? and shown in Figure 6.4, have
then been compared to those calculated by Equation 3.14 (H̃), introduced in
the Section 6.4. Afterward, the percent error (e%) has been calculated for each
of the load condition, using Equation 6.1, and collected in Table 6.1.

e% =
H̃ − Ĥ

H̃
· 100 (6.1)

q18 e0.2% e0.4% e0.6% e0.8% e1% e1.2% e1.5%

110 3.0 3.1 11.8 3.2 2.9 2.8 9.8
100 9.5 2.4 12.2 10.8 14.5 14.5 13.2
90 7.5 7.6 13.8 13.2 10.7 15.7 12.3
80 9.0 9.8 14.2 12.7 7.2 13.7 13.4
70 4.3 9.3 15.0 14.3 9.4 11.2 8.9
60 4.2 10.8 13.7 13.0 10.1 9.6 9.7
50 4.8 9.1 7.8 10.3 8.9 9.5 11.7
45 1.2 6.2 8.8 9.0 7.2 9.5 10.8

Table 6.1: Percentage error (e%) committed by the dynamic model. The number
in superscript indicates the corresponding load in kilogram applied.
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Figure 6.4: Force measured at joint H by the load cell (Ĥ). The number in
superscript indicates the corresponding load in kilogram applied.

6.4.1 Discussion of the dynamic model results

The results exhibited good performance of the dynamic model in H-reaction
force reconstruction. All the tests performed a satisfying reproduction of the ex-
pected force profile, as visible in the Figure 6.5, with a percentage error between
1.2 and 15%. The discrepancy between the expected and empirically measured
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outcomes highlights, nonetheless, an important limitation of the model: the lack
of friction effects modeling for the mechanical joints. For this reason, the mea-
sured force is always lower than the theoretical one, and there is a non-linearity
within the system that leads to unpredictability of the percentage error magni-
tude committed in the measurement. Indeed, the results do not show a marked
dependence of the error on the load magnitude or the mechanism pose. As a
result, a potential evolution of the proposed work should involve modeling and
introducing friction force at the joints aiming to further improve the accuracy
of the HMI force reconstruction.

Figure 6.5: The dashed red line is the H-reaction profile measured; the green
one, is the H-reaction calculated by the dynamic model.
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6.5 HMI-force filter evaluation

Finally, experimental tests were carried out to evaluate the device accuracy
in estimating the interaction force using the HMI-force filter, knowing that a
portion of the error committed depends on the error in the dynamic model, esti-
mated in previous Section, and a portion, instead, depends on the mathematical
error inherent in the polynomial approximation, discussed in Subsection 3.6.1.

This test campaign uses the results from the experimental investigation pre-
sented for the dynamic model validation, introduced in Section 6.4, applying
the HMI-force filter to the signal measured by the load cell to estimate the
modulus of the weight force applied at the end-effector. Eight different configu-
rations were evaluated for seven different weights from 0.2 to 1.5 kg. The results
obtained are shown in Figure 6.6.

Table 6.2, on the other hand, shows the relative errors committed for each
assessment, calculated by Equation 6.2

e% =
mg − F̂E

mg
· 100 (6.2)

where m is the weight of the sample applied at the end-effector, and g is the
gravitational constant.

q18 e0.2% e0.4% e0.6% e0.8% e1% e1.2% e1.5%

110 2.6 1.6 11.7 0.3 3.1 0.7 5.1
100 6.1 -1.0 18.1 7.8 9.6 11.0 7.7
90 3.1 3.4 17.3 10.7 5.7 14.1 5.0
80 7.3 6.3 16.9 9.9 6.8 10.8 7.4
70 3.5 7.1 16.1 11.6 5.3 10.5 6.5
60 4.5 8.7 15.4 13.0 6.2 11.6 9.3
50 8.3 11.2 10.7 13.8 11.8 15.5 13.8
45 7.2 10.8 13.1 13.3 12.4 15.5 15.7

Table 6.2: Percentage error (e%) committed by HMI-force filter as the crank
angle (q18) and load applied change. The number in superscript indicates for
each column the corresponding load in kilogram applied to the end-effector.
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Figure 6.6: The module of the interface Force estimated by HMI-filter (F̂E)
in Newton. The number in superscript indicates the corresponding load in
kilogram applied to the end-effector.

6.5.1 Discussion of the HMI-force filter assessment

The experimental campaign conducted showed that the maximum percentage
error committed by the HMI-filter is around 18%, which is in line with the error
committed by the dynamic model. In light of this, it arises that the share of the
error committed by the filter because of the dynamic model has a greater weight
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than the error due to the construction of polynomial approximation. Presum-
ably, with the use of more accurate dynamic models, the degree of accuracy of
the HMI-force filter can also be significantly improved. Nevertheless, the results
obtained can be considered more than satisfactory for the presented application.

6.6 Test case assessment

A pilot study was conducted on a healthy user to evaluate the usability and
ability of the presented device in replicating the force tracking required during
the performance of the Catch the mole serious game. Figure 6.7 shows a record-
ing of the interaction force of a finger during the performance of two catches in
the Catch the Mole application. The green line represents the interaction force
measured by the exoskeleton, while the red line represents the reference force
from 0 N, when no interaction with the mole is recorded in the application, to
8 N during the capture mode. The blue horizontal lines identify the average in-
teraction force calculated during contact and the deviations from the reference,
denoted by ∆e, which indicate the accuracy with which the device replicates
the desired force. Also reported are the device reaction time intervals ∆t, cal-
culated as the difference between the instant of contact initiation or cessation
and when the device achieves the desired interaction force. With the goal of
deriving values of ∆e and ∆t, with a minimum statistical significance, 30 cap-
tures were evaluated, obtaining normal distributions of these parameters with
mean value and standard deviation reported in Table 6.3. The results obtained
can be considered more than satisfactory for a rehabilitation application, being
a kinaesthetic application with not excessively stringent demands for accuracy
and responsiveness.

Parameter Average value Standard deviation
∆e 0.7 N 0.3 N
∆t 0.5 s 0.4 s

Table 6.3: the average value and the standard deviation of ∆e and ∆t parame-
ters. ∆e indicates the error from the reference value, ∆t the exoskeleton reaction
time.
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Figure 6.7: Interaction force tracking during two captures in the Catch the Mole
application. The green lines shows the force measured by the exoskeleton, while
the red line indicates the reference signal.

6.7 Pilot test at Don Carlo Gnocchi Foundation

A general assessment of the presented device was carried out at the Don Carlo
Gnocchi Foundation Rehabilitation Centre by physiotherapists (Figure 6.8) via
a pilot test conducted on the operators themselves.

Physiotherapists were asked to wear the exoskeleton with the actuation sys-
tem off to evaluate the donning phase, wearability, and feasibility of use with
real patients. After that, the operators were made to try the system in combi-
nation with the serious game Catch the Mole, completing at least 15 minutes of
augmented rehabilitation session.

The impressions collected after the pilot test on the wearability and usability
of the device were strongly positive, mainly due to the freedom of movement
left to the wrist and the introduction of a thumb mechanism that allows a
smooth and natural movement of the thumb. The device under review allows
the opponent movement of the thumb with all long fingers allowing the user
to perform a variety of precision grips. However, operators pointed out the
need to manage Bowden cable sheaths, which with their weight and stiffness
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can encumber the user. The device during operation with serious game received
excellent feedback both in terms of engagement in the rehabilitation session and
at the performance level. Physiotherapists were remarkably impressed both with
the transparency of the system during non-interaction in the serious game and
with the high level of force achievable by the device during the capture phase.

The generally positive outcome of this pilot test was the final step toward
field testing. The organization of such a campaign is, at the time of writing this
text, the subject of work of the MDM Lab.

Figure 6.8: Pilot test at Don Carlo Gnocchi Foundation Rehabilitation Center.





Chapter 7

Conclusions

This work collects part of the research activities on wearable robotics carried
out at the Mechatronics and Dynamic Modeling Laboratory of the Department
of Industrial Engineering of the University of Florence from 2019 to 2022. What
is reported in these pages focused, in particular, on the development of a novel
kinaesthetic hand exoskeleton prototype for grasping and manipulation reha-
bilitation, augmented with force stimuli coming from serious games or virtual
reality. Such Ph.D. research aims to address the need to develop innovative de-
vices in the robot-augmented therapy field to improve rehabilitation outcomes.

The work undertaken benefited from the know-how in designing and pro-
ducing rigid exoskeletons gained by MDM lab since 2013, employing the MDM
kinematics along with the kinematic optimization algorithm in developing the
new prototype, presented and discussed in Chapter 2. These two crucial achieve-
ments represented solid foundations in the design phase to realize a clinically
safe and reliable device for working in close contact with human hands. Via
a careful study of the latest technologies in the state of the art of exoskeleton
haptic systems, disclosed in depth in Chapter 1, the technical specifications
and desired features were selected to design a device with unique potential and
characteristics. This research led toward a solution featuring a novel modular-
design-based hand exoskeleton, outlined in Chapter 3, and a remote actuation
system based on Bowden-cable transmission, detailed in Chapter 4. The choice
fell on this type of layout to realize a device capable of exerting a consider-
able HMI force per finger (up to 15 N) while maintaining the perceived weight
contained (lower 400 g). Further design criteria include the preservation of
backdrivable movement and the implementation of quick couplings to provide a
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safer device and address the change-user-size issue.
The FM mechanism was equipped with appropriate sensors to measure force

and pose by load cell and encoder sensors, respectively, pursuing the goal of re-
alizing a kinaesthetic device. The force measurement is necessary to control the
device as a reference signal, and the encoder measures are essential to recon-
struct the hand pose within virtual reality. Due to functional and feasibility
reasons, the load cell was integrated within the rod, as a consequence, it only
provides an indirect measure of the interaction force. A special HMI-force filter
was developed using the system’s kinematic and dynamic models to improve the
rendering of the interaction force from virtual reality.

In this work, the issues arising from the non-linearities introduced by the
Bowden cables have been tackled by placing sensors (i.e., magnetic encoders
and load cells) directly on the wearable part. Nevertheless, it is mandatory to
point out that if, on one side, the choice of integrating sensors directly on the
wearable part of the system allows to neglect (at least in first instance) the non-
linearities of Bowden cables, on the other side, it leads to an increase in both the
number and complexity of components, making manufacturability much more
complicated. Successfully embedding sensors within the RAS using appropriate
control strategies to estimate or predict and, then, counteract Bowden cable
behavior is an interesting research challenge with enormous potential that could
significantly improve this study.

The tests conducted on the prototype, described in Chapter 6, were designed
to extrapolate some crucial features of the system, i.e., assessment of rapid cou-
pling performance, and detection of the minimum backdrivability force. Also,
others essential characteristics, i.e., the HMI reconstruction accuracy and the
quality of the dynamic model, have been deeply investigated to validate the
entire design process and lay the basis for future developments. Finally, as dis-
closed in Chapter 5, the efforts were mainly focused on the design of the software
architecture of the device to impose the desired control strategy based on force
feedback, along with the extrapolation and saving of sensitive data. A dedicated
GUI for handling a single finger, as a workbench for the development and test-
ing phase, was developed for real-time control and monitoring of the system to
make the system usable to a clinical operator, not necessarily with a technical
background. Lastly, a serious game was developed in UNITY environment to
stimulate and train the sensorimotor apparatus necessary to perform the kinaes-
thetic gesture of spherical closing grasping by executing a special serious game
designed to enhance user involvement.

Although the presented study is at a preliminary stage, the first results
showed promising outcomes about the feasibility and usability of the HES pro-
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posed. With its high level of deliverable force, high wearability, and quick and
easy reconfiguration process, the presented prototype has the potential to enrich
the state of the art of kinaesthetic hand devices and represents an interesting
application in wearable robotics field.

Natural continuations of the research activity carried out thus far will be
to implement the simultaneous handling of multiple fingers, evaluate the de-
vice’s effectiveness in practice via dedicated clinical trial, and develop a control
strategy to render HMI-force profile instead of only step signal.
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