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Abstract

AS life expectancy increases, we are witnessing continuous aging
of the population and consequently an increase in age-related
diseases. Also for this reason, the costs of health care and reha-

bilitation continue to rise, forcing hospital facilities to reduce the period
of hospitalization, preventing patients from receiving proper treatment
and potentially losing the motor skills acquired so far. To try to miti-
gate this problem, autonomous home rehabilitation has recently begun to
spread, allowing patients to practice independently, reducing the work-
load and costs for hospitals and clinics. However, due to the absence of
the therapist, several issues arise regarding the effectiveness of rehabili-
tation and patient safety.

The aim of this research is to explore the critical aspects related to
autonomous home rehabilitation and the recently proposed state-of-the-
art platforms, and to develop a comprehensive system that allows patients
to perform rehabilitation safely and effectively in full autonomy.

In the project presented here, particular attention has been paid to the
long-term motivation of the patient, with the implementation of exer-
games, i.e., exercise through video-games, and other game design tech-
niques, such as the dynamic adjustment of the difficulty. A platform
dedicated to therapists is available, giving them all the tools they need
to manage their patients, such as the possibility to schedule customized
exercises and review the exercises performed. In addition, we have also
explored how new mixed reality technologies could be used in rehabili-
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tation and integrated into home rehabilitation platforms.
We conclude with the preliminary results of two pilot studies in which

13 patients affected by multiple sclerosis and 24 healthy elderly partici-
pated. These tests have demonstrated the goodness and usability of the
platform developed, but also the need for further trials with a larger num-
ber of patients to validate the proposed solutions and their long-term ef-
fectiveness.
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Riassunto

CON l’aumento dell’aspettativa di vita, stiamo assistendo a un con-
tinuo invecchiamento della popolazione e, di conseguenza, a un
aumento delle patologie legate all’età. Anche per questo mo-

tivo, i costi della sanità e della riabilitazione sono in continuo aumento,
costringendo le strutture ospedaliere a ridurre la durata della degenza,
precludendo ai pazienti la possibilità di ricevere cure adeguate e poten-
zialmente perdendo le capacità motorie acquisite fino a quel momento.
Per cercare di mitigare questo problema, la riabilitazione domiciliare
autonoma ha recentemente iniziato a diffondersi, permettendo ai pazi-
enti di esercitarsi in modo indipendente, riducendo il carico di lavoro e i
costi per ospedali e cliniche. Tuttavia, a causa dell’assenza del terapeuta,
sorgono diverse questioni relative all’efficacia della riabilitazione e alla
sicurezza del paziente.

Lo scopo di questa ricerca è di esplorare gli aspetti critici legati alla
riabilitazione autonoma e alle piattaforme recentemente proposte in let-
teratura, e di sviluppare un sistema esaustivo che permetta ai pazienti di
sottoporsi alla riabilitazione in modo sicuro ed efficace in piena autono-
mia. Nel progetto qui presentato, particolare attenzione è stata posta alla
motivazione a lungo termine del paziente, con la realizzazione di exer-
games, ossia esercizio fisico attraverso i videogiochi, e altre tecniche di
game design, come l’adattamento dinamico della difficoltà. È disponi-
bile anche una piattaforma dedicata ai terapisti, che fornisce loro tutti gli
strumenti necessari per gestire i pazienti, come la possibilità di program-
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mare esercizi personalizzati e di rivedere gli esercizi eseguiti. Abbiamo
inoltre esplorato come le nuove tecnologie di realtà mista possano essere
utilizzate in riabilitazione e integrate nelle piattaforme di riabilitazione
domiciliare.

Concludiamo con i risultati preliminari di due studi pilota ai quali
hanno partecipato 13 pazienti affetti da sclerosi multipla e 24 anziani
sani. Questi test hanno dimostrato la bontà e l’usabilità della piattaforma,
ma anche la necessità di ulteriori studi con un numero maggiore di pazi-
enti per convalidare le soluzioni proposte e la loro efficacia a lungo ter-
mine.
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CHAPTER1
Introduction

1.1 Background

In recent decades, life expectancy in high-income countries has increased
steadily [1]. Italy, with a life expectancy of 83.6 years, is one of the
countries where people live the longest [2]; compared to the expectancy
in 1950 that was about 66 years old [3], it means that Italians citizens
have gained almost 3 months of life expectancy every year. The situa-
tion is similar throughout the European Union, where life expectancy is
expected to continue to grow over the next 30/40 years [4]. Outside Eu-
rope, South Korea could become the first country where women’s life ex-
pectancy will exceed 90 years, as early as 2030 [1]. This, combined with
a decrease in births, in the European Union will reduce the working-age
population and increase the average age, thus increasing the percentage
of older people (65 years and older), which is expected to increase from
97.7 million (19.2%) at the beginning of 2016 to 151 million (29.1%) by
2080 [5].

With this trend, age-related diseases and disorders have become in-
creasingly common in recent years and will become more frequent [6].
Also for this reason, rehabilitation costs for patients suffering from dis-

1
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Chapter 1. Introduction

eases such as stroke, multiple sclerosis (MS), or traumatic brain injury
(TBI) have increased significantly [7] [8]. Every year in the United States
nearly 800,000 people are affected by stroke (which is the leading cause
of long-term disability) [8], 1.7 million by TBI, and 10,400 by MS [9].
Always considering the U.S., the annual direct costs for these diseases in
2013 were over $58 billion ($33 billion for stroke, $9.2 billion for TBI,
and $16 billion for MS). These costs are expected to increase further in
the coming years due to population aging. The situation is no different
in Europe, where at the beginning of the 2000s, there were about 1.1
million stroke cases per year, by 2025 this number is expected to rise to
over 1.5 million per year [10].

For people affected by these kinds of diseases, high-intensity physical
(and sometimes also cognitive) rehabilitation is required to recover lost
functionalities or to maintain the functional level achieved [8] [11].

Rehabilitation is carried out through a series of personalized exer-
cises, several times a week, helping the patient to recover motor skills
with the aim of improving the quality of life as much as possible.

Increased costs are forcing national health systems to reduce the num-
ber of days of hospitalization and rehabilitation in hospitals [12]. In the
case of stroke, in the U.S., in less than a decade, the average length of
stay of patients has decreased from 19.6 to 16.6 days [13]. Another repre-
sentative example is the duration of rehabilitation for people with spinal
cord injuries, which decreased from 84 to 42 days between 1973 and
2008 [14]. Furthermore, the duration of hospitalization can vary from
country to country and from structure to structure, creating inequalities
between treatments [15]. Since the treatment received in public hospi-
tals is often not sufficient, once the patient has been discharged, it is
necessary to rely on private clinics or home visits by a specialist. These
expensive solutions are not sustainable for the majority of patients, who
will therefore not receive the treatment necessary for proper recovery
[12].

In addition to the obvious physical problems that patients face, there
may also be psychological problems. Diseases such as MS lead to a
slow but steady physical decline, which can only be slowed down by
rehabilitation. With this unavoidable perspective, the ease with which a
patient can fall into depression, lose confidence and abandon or reduce

2
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1.2. Home rehabilitation

rehabilitation therapy, which must be daily and long-lasting for it to be
effective, is evident [16].

Considering these circumstances, it is easy to understand why patients
often do not train as intensively and for as long as necessary and cannot
fully recover and may even lose the acquired functionality [12] [17].

1.2 Home rehabilitation

Currently, one of the most reliable solutions to reduce costs and ensure
an adequate rehabilitation program is autonomous home rehabilitation
[18].

Initially conceived in the 1990s as telerehabilitation (a branch of tele-
medicine [19]), it allowed the patient to perform exercises from home
under the direct supervision of the therapist, who, through a webcam or
similar technologies, could follow the patients remotely. Although one
of the main goals of telerehabilitation is to reduce costs, it was not really
clear whether and how much the costs were actually reduced [20]. If
patients had the undoubted advantage of staying at home and not going
to the clinic, as far as therapists are concerned, they were always able
to treat only one patient at a time, with the complication of having to
learn how to use new technologies and any problems that may arise from
their use. In addition, there were always time constraints, and it was
always necessary to make arrangements with therapists to allow them to
supervise the rehabilitation.

Hence, the need to evolve towards what is today called autonomous
home rehabilitation, in which the patient can exercise independently,
without the direct intervention of the therapist, when he/she prefers, at
home. This has been possible thanks to the use of devices able to recog-
nize and monitor the patient’s posture and movements, which can allow
safe and effective rehabilitation, even without the presence of a thera-
pist. In this type of home rehabilitation, patients can practice whenever
they want, and therapists will also be free to review the exercises per-
formed when they wish, with considerable advantages for both patient
and therapist. In the beginning, systems such as marker-based motion
capture (e.g., by BTS Bioengineering1 and Oxford Metrics2) and wear-

1BTS Bioengineering, https://btsbioengineering.com (visited on 11/30/2020)
2Oxford Metrics, https://oxfordmetrics.com (visited on 11/30/2020)
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able sensors (e.g., Xsens 3D Motion Tracking3), devices too expensive
and complex to be used on a daily basis, were exploited. As computa-
tional capability increased, smaller and less expensive devices, such as
RGB-D cameras, were made available, whose low cost allowed them to
spread to different areas. Although accuracy obtained with these devices
is not at the level of motion capture systems, it has proved to be sufficient
for rehabilitation purposes [21] [22]. Using these devices, several home
rehabilitation platforms have been developed over the years, allowing
therapists to monitor a greater number of patients. The effectiveness of
home rehabilitation has been demonstrated by few studies [23] [24]. In
some cases, it proves to be even more effective compared to traditional
in-person rehabilitation [18].

However, the absence of the therapist, while allowing more patients
to be managed at a lower cost, introduces several problems linked to the
actual effectiveness and safety of this type of rehabilitation. To increase
effectiveness, for example, it is essential that the exercises are strongly
adapted to the patient’s needs [16] [25]. While too easy exercises can
bore the patient, too difficult exercises can bring pain and frustration.
In both cases, the patient’s motivation is likely to be reduced, resulting
in less adherence to therapy [26]. Other problems concern a correct as-
sessment of the patient’s condition and potential mechanisms to ensure
safety, avoiding falls, or harmful positions.

1.2.1 Qualitative vs quantitative evaluation

Among the various challenges of autonomous rehabilitation, there is the
automatic and quantitative evaluation of the patient’s status and progress.
The evaluation of the patient is of fundamental importance: it is nec-
essary for the definition of rehabilitation therapy that will be followed
by the patient. Although technology is progressively replacing men in
different areas, it is not the solution to all problems. In rehabilitation,
clinicians continue to play a key role, their contribution is fundamental
for the definition and adaptation of the therapy and the evaluation of the
patient [27].

For years, rehabilitation has been based on a subjective and qualita-
tive evaluation of the clinician through the interpretation of the patient’s

3Xsens 3D Motion Tracking, https://www.xsens.com (visited on 11/30/2020)
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physical and mental condition [28]. This delicate process must also take
into account the psychological condition of the patient, on which the out-
come of the rehabilitation may depend, and technology is currently un-
able to do so. But, in support of this qualitative approach, whose benefits
are well known [28] [29], which are likely to remain critical for a long
time, new technologies can offer a quantitative measurement of patient
performance, allowing to make decisions based on previously unavail-
able information [28] [30].

To date, there are already clinically validated assessment tools that
are used for patient assessment [31], but they require long and complex
tests that cannot be performed frequently. From this point of view, a lot
of work is still needed to define a shared and clinically valid protocol
for patient assessment in home rehabilitation platforms. So far, several
approaches have been attempted, but none of them have been validated.

1.3 Serious games and exer-games

The patient’s motivation plays a key role in recovery. One might assume
that the patient, eager to recover his/her physical condition, is always
motivated and ready to exercise, but this sometimes may not be true.
For some diseases, full recovery is not possible, and the sole objective
becomes to slow down the decline to ensure a better quality of life for as
long as possible. Often patients, after weeks of rehabilitation without any
apparent improvement, begin to lose confidence, diminishing adherence
to therapy and nullifying the efforts made previously. In this respect,
help comes from video-games.

Nowadays, video-games are one of the most popular forms of en-
tertainment. They can offer an enormous amount of content and en-
tertain players for several hours. Although video-games were initially
designed to be used mainly by teenagers or enthusiasts, in recent years,
they have also started to be designed for the elderly or people who are
not familiar with the technology. Thanks to game engines like Unity4, it
has become increasingly easy to develop video-games. What used to be
complex, expensive and requiring a lot of experience, today, has become
accessible to almost anyone. Moreover, it is always easier to find assets

4Unity, https://unity.com (visited on 11/30/2020)

5

https://unity.com


i
i

“output” — 2021/2/22 — 13:53 — page 6 — #24 i
i

i
i

i
i

Chapter 1. Introduction

(e.g., 3D models, images, ...) for free or with derisory costs, so it is no
longer always necessary for the presence of artists or modelers, at least
for smaller projects. This, combined with the growing power of proces-
sors and video cards, facilitates the development of graphically attractive
video-games that are more likely to attract children and the elderly.

Among video-games, the so-called serious games, which can be de-
fined as games designed for a primary purpose other than pure enter-
tainment [32], have become increasingly popular [33]. Unlike tradi-
tional video-games, therefore, serious games can have different objec-
tives. Their usefulness has been demonstrated in several areas, such as
education [34], healthcare [35], military [36], and tourism [37], to name
a few. Among the different areas in which they can be used, serious
games also find application in the field of physical exercise, taking the
name of exer-games. There is not yet complete agreement on the pre-
cise definition of exer-game. The definition that will be adopted in this
thesis, as well as one of the most commonly accepted definitions is: “a
video-game that promotes (either via using or requiring) players’ phys-
ical movements (exertion) that is generally more than sedentary and in-
cludes strength, balance, and flexibility activities” [38].

Although it seems a very recent concept, already in 1982, Atari pre-
sented Joyboard, a balance board (very similar to the much more modern
Nintendo Wii Balance Board) with which games could be controlled by
shifting the weight. Other devices and games have followed one an-
other unsuccessfully, often due to unripe technology or the niche mar-
ket they referred to. The situation began to change in the late 1990s,
with Dance Dance Revolution (Konami, 1998), capable of selling more
than 3 million copies, followed by EyeToy, a Playstation 2 camera that
allowed players to interact with the game by moving around. But the
best-known example of commercial exer-games is Nintendo’s Wii Fit:
initially released with the Wii Remote controller, which allowed players
to control the game by moving their arm, the successor was released with
the new Wii Balance Board. In addition to its great commercial success,
the Balance Board has been widely used for rehabilitation and scientific
purposes. The latest evolution of exer-games has been made possible
thanks to Microsoft Kinect, and more generally by all the RGB-D cam-
eras, which were subsequently developed with similar technologies.

6
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1.3. Serious games and exer-games

Through RGB-D cameras, it has been possible to obtain the com-
plete tracking of the players’ bodies, something not possible with the
previous technologies, opening the way, not only to a new concept of
video-game but to different research projects. In fact, while Kinect did
not really achieve the desired success in gaming, in the scientific field, it
has quickly become a widely used device, and numerous projects have
benefited from its use.

1.3.1 Rehabilitative exer-games

One of the most studied areas of serious games is their application in
rehabilitation. The need to carry out long and periodic rehabilitation
sessions, requires great motivation on the part of the patient, which is
often lacking, and adherence to therapy begins to decrease.

Video-games can support the patient and entertain him/her during the
execution of the exercises, trying to reduce boredom. Given the com-
plexity of the diseases involved and the fragility of the subjects, it is not
possible to use the classic commercial games because they would be too
difficult or dangerous for the patients. Think, for example, of Wii Fit, de-
signed to combine fun and exercise, is conceived for healthy people and
would be too dangerous if used by people with mobility impairments. An
exer-game of this type must be carefully designed, even with the help of
therapists, integrating the playful part with the real exercise, necessary
in rehabilitation therapy. This requires the use of devices with good reli-
ability to record the correct movements of the user. Furthermore, many
problems need to be addressed during the development of these video-
games to ensure the safety and effectiveness of rehabilitation.

Exer-games approach makes exercising more fun compared to tra-
ditional exercises and seems to help in boosting patients’ motivation,
fundamental especially when training alone at home [39] [40]. Several
exer-games based rehabilitation platforms have already been developed
[41] [42] [43] [44]. Exer-games have proven to be more fun and effective
than traditional exercises: the ability of video-games to entertain people
can be useful to help the patient to increase adherence to therapy.

But, unfortunately, the numerous constraints (e.g., the use of particu-
lar tracking devices, requirements in the execution of the exercise) still
make it difficult to maintain long-term motivation.

7
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1.4 HoRe & MoveCare projects

This work is part of the HoRe (Home Rehabilitation) Project, in collab-
oration with the medical staff of Neurological Institute “Carlo Besta” in
Milan. The aim of this project is the development of a home rehabilita-
tion platform for patients with multiple sclerosis, allowing them to per-
form customized exercises at home, in a safe and fun way. It must also
provide therapists with all the necessary tools for the remote manage-
ment of their patients. We started with the research conducted in the FP7
Rewire Project5, where a virtual reality-based rehabilitation platform sys-
tem was developed and tested, whose goal was to provide post-stroke pa-
tients discharged from the hospital with the possibility to continue their
rehabilitation at home under the remote supervision of clinicians. We
have modified, extended, and adapted the original platform to be more
usable by patients with multiple sclerosis and therapists, also focusing on
the motivational side, in addition to the use of exer-games, we explored
and developed new game-design solutions with the aim of increasing ad-
herence to therapy. Part of the work has also been integrated into the
H2020 MoveCare Project6. In particular, a subset of the developed exer-
games has also been selected and implemented in the MoveCare project.
MoveCare aims to help and support the elderly, trying to prevent physical
and cognitive decline. It includes a robotic platform and smart objects to
monitor the physical and mental condition of the elderly, and an activity
center, which allows the elderly to communicate with each other, avoid-
ing isolation, very common in older people. Among the various activities
proposed to the elderly, which include, for example, social card games or
puzzles, there is also the possibility of doing gentle exercises with other
elderly or playing a subset of our exer-games, which could help prevent
physical decline.

1.5 Thesis contribution

Below, the contributions of this dissertation.

1. We reviewed the state of the art of the recently developed home
5Rewire Project, http://www.rewire-project.eu (visited on 11/30/2020)
6MoveCare Project, http://www.movecare-project.eu (visited on 11/30/2020)
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rehabilitation platforms, identifying their main advantages and lim-
itations.

2. We developed a comprehensive platform that allows therapists and
clinicians to manage the entire rehabilitation cycle, including exer-
cise scheduling and results analysis.

3. We propose a set of metrics that can define the quality of the execu-
tion of the exercises both in the short and long term.

4. We developed some game design solutions to improve long-term
patient motivation, including a new mixed approach to dynamically
adjust the difficulty of the exercises according to both the physical
abilities and the patient’s mood.

5. We present an application developed for Hololens, which supports
therapists in in-person rehabilitation by providing them with addi-
tional information about the patient’s status. It also allows thera-
pists to real-time adjust the parameters of the exer-games.

6. We tested the first prototype of the platform with 13 people suffer-
ing from MS, collecting physical information from more than 3,100
exercises; we also collected usability data about the platform.

7. We tested a subset of our exer-games with 24 elderly in the Move-
Care project, verifying the usability and acceptance of the platform
by the elderly.

1.6 Thesis organization

This thesis is organized as follows:

In Chapter 2, we begin by briefly introducing home rehabilitation and
the history of telemedicine, as it has evolved over the years, the most
commonly used devices, and the main open problems of autonomous
home rehabilitation platforms. For each of these, we will explore the
articles currently available in the literature, with the aim of providing
the reader with a clear picture of the state-of-the-art of home rehabilita-
tion. We will also provide an overview of some of the exer-games for
rehabilitation with respective characteristics.

9
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In Chapter 3, we introduce all the fundamental features and the ar-
chitecture of the solution we propose, briefly analyzing the various com-
ponents from which it is composed and their requirements. At the end
of this chapter, the reader will have a high-level view of the developed
system, the problems it faces, and how they have been solved.

In Chapter 4, we present the Patient Station, the platform that will
be installed and used by patients in their homes. In particular, we will
describe the exer-games and the most important components that allow
patients to perform safe and effective rehabilitation.

In Chapter 5, we describe the design and implementation of the Hos-
pital Station, the component through which therapists can manage all as-
pects related to the rehabilitation of their patients, such as the scheduling
of personalized exercises and the analysis of the quality of the exercises
performed by the patient.

In Chapter 6, we analyze some game design solutions we designed
and developed, aiming at entertaining the patient in the long term, try-
ing to avoid a reduction of adherence to the therapy and the consequent
lowering of its effectiveness.

In Chapter 7, we explore how the use of modern augmented or mixed
reality devices can be applied in rehabilitation. In particular, we will
describe Mirarts, a software for Hololens, which, integrated into the ar-
chitecture with the Hospital Station and Patient Station, can help the ther-
apist by providing additional functionality and information in real-time.

In Chapter 8, we illustrate the first preliminary results obtained from
tests with patients with multiple sclerosis in the HoRe project and with
the elderly in the MoveCare project.

In Chapter 9, we conclude with a discussion on the platform and the
results obtained, also presenting advantages, disadvantages, and future
developments.

10
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CHAPTER2
Home rehabilitation: state of the art

After the brief introduction to home rehabilitation, we will now describe
the current state of the art of these platforms. We will start with the
recent history of telemedicine and how it has evolved in recent years.
Then we will analyze the requirements and main components of a home
rehabilitation platform, and for each requirement, some works that deal
with it. Towards the end of the chapter, a brief summary is available with
some observations, to take stock of the current situation and problems not
yet fully resolved.

2.1 History of telemedicine and telerehabilitation

Although the concept of telemedicine seems recent, actually the first
well-documented application dates back as far as 1929 [45]. At that
time, the Royal Flying Doctor Service was founded with the aim of pro-
viding medical assistance to the most remote places in Australia, the
Morse code was used to communicate.

Telemedicine has changed over time; at the beginning, any basic form
of remote assistance could be considered telemedicine. The introduction
of the first computers, the internet, the constant miniaturization of elec-

11
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Chapter 2. Home rehabilitation: state of the art

tronics, which led to increasingly powerful notebooks and smartphones,
have revolutionized the lives of all, and they have also changed the defi-
nition of what was initially called telemedicine.

Over the years, countless terms such as telehealth, eHealth, mHealth,
were born. The difference between these terms is not always clear and
debated [46], and since there is no universally accepted definition of
them, in this thesis, we will use the generic term “telemedicine” to iden-
tify all applications that concern medicine and health, and that are offered
through Information and Communication Technologies (ICT). This def-
inition also includes important innovations, such as Electronic Medical
Records, defined in 1991, containing the entire clinical history of the
patient, which are now of fundamental importance for the best possible
treatment of patients.

Among the various domains of telemedicine, telerehabilitation, the
focus of this thesis, is also included. Telerehabilitation consists of pro-
viding rehabilitation services at home, through the use of ICT, allowing
people from rural areas or with mobility impairments to avoid going to
the nearest hospital each time. It has also evolved considerably in re-
cent years, taking advantage of new technologies and increasingly fast
internet connections.

In the first experiments of telerehabilitation, the telephone was used
to communicate with the patient; later, at the end of the ’80s, the diffu-
sion of pre-recorded video material to be provided to the patient began.
It is clear that with these communication systems, it was absolutely im-
possible for the therapist to verify the correct execution of the exercise
or the state of the patient, so their effectiveness was quite limited. This
problem was partially solved with the introduction of the first real-time
video conferencing systems, which allow the therapist to view the patient
while exercising and evaluate his/her activity.

The big step forward was obtained thanks to the development of low-
cost sensors, such as RGB-D cameras, for the recording of the patient’s
posture. Through these systems, the therapist’s real-time presence was
no longer required, who can instead review the three-dimensional videos
of the patient while exercising, with a clear advantage over the classic
2D camera, when he/she desires. Both thanks to these devices and to
a higher internet speed and computational power, several platforms for

12
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home rehabilitation begin to spread recently.
But, from the authors’ best knowledge, to date, there are still no

home-rehabilitation platforms and protocols clinically validated and used
outside the scope of research projects.

2.2 Home rehabilitation: application area

When we talk about home rehabilitation, we must take into account that
we are talking about any kind of platform which allows remote rehabil-
itation. This can take place in two different ways, either autonomously
or with a therapist who monitors remotely. Moreover, exercises can be
carried out by following the instructions of pre-recorded videos or by
a more entertaining approach using video-games. Even the good old
phone can be used as a communication tool [20]. Patient monitoring de-
vices (e.g., wearable sensors, RGB-D cameras, and so forth) may also be
used. Thanks to this heterogeneity, and the possibility of having count-
less solutions, the areas in which home rehabilitation has been applied
are numerous.

We can first of all divide between physical rehabilitation, which aims
to recover physical abilities, and cognitive rehabilitation, designed to re-
cover cognitive abilities. Sometimes physical and cognitive rehabilita-
tion can be carried out simultaneously, flanking traditional exercises with
cognitive questions or tasks to be solved.

Among the most widespread diseases that call for rehabilitation, stroke
is certainly the most important. Many platforms have been developed
with the aim of allowing post-stroke patients to recover both motor and
cognitive functions as much as possible (an interesting review can be
found in [47]).

A similar situation with multiple sclerosis [48] and injuries (e.g., TBI
[49]), which also have a significant impact on the costs of national health-
care systems. Another area of increasing importance is physical exercise
for the elderly [47] [50]. As the aging population increases, it becomes
crucial to follow the elderly in their natural aging process through tar-
geted exercises, with the aim of slowing down physical and cognitive
decline.

Home rehabilitation has also been applied to other diseases such as

13
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chronic obstructive pulmonary disease [51] [52], heart problems [53]
[54], Parkinson’s disease [55], or hip fractures [56] [57].

2.3 Main features of a home rehabilitation platform

After having briefly seen the history and the application areas of home
rehabilitation, before starting to describe the work in the literature, we
would like to make a brief overview of the main requirements that should
be satisfied by a home rehabilitation platform. Fig. 2.1 shows all the
main components usually requested; each of them will be addressed in
this chapter.

First of all, note that the heterogeneity of the previously mentioned
diseases and the patients affected is one of the critical points of these
platforms. A platform designed for one disease may not work with an-
other disease. Often it does not even work with all the patients suffering
from the same disease, because, for example, someone is too compro-
mised.

Flexibility and customization are, therefore, certainly two important
keywords in home rehabilitation, providing a tool with which therapists
can assign personalized exercises tailored to the patient’s needs is the
first essential requirement to ensure safety and effectiveness.

The second fundamental requirement is the possibility to evaluate the
patient’s performance and condition. This has been possible thanks to
the development of inexpensive devices such as Microsoft Kinect, which
for a few tens of euros make it possible to track people’s joints, allowing
the patient’s movements to be recorded with a good degree of precision
[21] [22]. Before their advent, it was necessary to use more advanced
systems, such as marker-based motion capture, expensive technologies
with long and complex set-up procedures. Difficult, if not impossible to
use independently at home, and hardly acceptable to the patient both in
terms of cost and size.

Through the data recorded by these devices, it is possible to extract
information and metrics for automatic or manual evaluation of patient
status and progress, allowing therapists to remotely monitor their condi-
tion. The extraction of meaningful data is still one of the most complex
topics to deal with. As we will see in Paragraph 2.3.4, a few approaches

14



i
i

“output” — 2021/2/22 — 13:53 — page 15 — #33 i
i

i
i

i
i

2.3. Main features of a home rehabilitation platform

Figure 2.1: Key points of a home rehabilitation platform that will be described and
addressed in this chapter. Note: the motivational elements on the right (exer-games,
empathic virtual therapist, ...) are just examples; many other solutions can be used.

have been proposed so far in the literature.
Finally, real-time monitoring is also necessary to ensure patient safety,

and it can be used to identify falls and reduce risks of bad posture that
can easily lead to maladaptation injuries.

All these elements are required to provide the patient with an effective
platform that can be used in conjunction with (or alternative to) classical
rehabilitation.

Besides these requirements, however, the patient’s motivation also
plays a key role in the effectiveness of rehabilitation. Regardless of the
goodness and quality of the system, without adequate motivation, the
patient may soon stop using it. Without the presence of the therapist, ad-
herence to the therapy is entirely in the hands of the patient, who, in the
absence of stimuli, could reduce or abandon the rehabilitation program
[58]. These stimuli can be represented, for example, by exer-games, a
kind of video-game that can help make rehabilitation more fun. In ad-
dition to exer-games, empathic virtual therapists have also demonstrated
good effectiveness in entertaining the patient [59], and solutions such as
gamification can also be helpful. From this point of view many different
solutions can be used.

Furthermore, one of the most critical parts comes from the evaluation
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of the effectiveness of a platform. Given the need to have a large number
of patients available for a long period of time, only a few works have
been able to achieve significant results.

Some of the platforms in the literature deal with only one or two of
these points. In this chapter, we will discuss the features just described
by citing and describing some of the most representative works that have
addressed every aspect.

At the end of the chapter, a short final summary is presented, with a
table containing all the most representative works mentioned here and
the topics they dealt with.

2.3.1 Platforms architecture

Most modern platforms have been implemented through a client-server
approach (just to cite a few: [60] [61] [62] [63] [64] [65] [66] [67] [68]
[69]). On the one hand, is the patient, at home, with the hardware and
software required for rehabilitation; on the other, is the therapist, in the
clinic or hospital, who needs to monitor the patient from his/her office.

The client-server architecture fully meets the needs of these two fig-
ures. In our case, the client component is the platform installed at pa-
tients’ homes, which communicates with a server where all the patient-
related information is stored (e.g., personal information, rehabilitation
schedule, exercises performed, ...). The therapist, instead, thanks to an-
other application, usually through a web-browser, accesses all this in-
formation through his/her account and manages the rehabilitation of the
patient.

This is the most widely used architecture, there are obviously works
that focus on particular rehabilitation issues (for example, the patient
assessment), and for this purpose, it was useless for them to design such
a complex system. From the scientific point of view, the architecture is
in no way relevant, but it was right to inform the reader about the type of
software currently exploited, both in research and commercial field.

2.3.2 Commonly used devices

We can probably consider 2010 as the most important turning point in the
development of affordable and easy to use home rehabilitation platforms.
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At that time, the breakthrough came with the release of Microsoft Kinect:
the convenience and cost-effectiveness of this device have made it the
optimal tool for dealing with this type of application. With a cost of
about $150, it was possible to have a reliable RGB-D camera [70] [71],
which made it possible to extract motion information of the patient’s
skeleton, and consequently, get all the data that until now it was only
possible to gather through complex and uncomfortable devices.

Think, for example, of motion capture systems, advanced and precise
tools, but with very high costs and complex to set-up and use. Widely
used in gait analysis (e.g., [72] [73]) could clearly not be used in the
domestic environment.

Other common devices at the time, wearable sensors, although cheap,
did not fully meet the requirements. Generally equipped with sensors
such as accelerometers and gyroscopes, used to detect changes in ac-
celeration or rotation, these devices can be used in many different re-
habilitation areas, such as multiple sclerosis [74], stroke [75], or knee
rehabilitation [76]. Despite their lower cost, this type of device is not
always particularly comfortable and requires some care in wearing them
properly. Moreover, they are sensitive to the sensors’ position, and their
cost may not always be cheap. But compared to motion capture systems,
it is certainly an important step forward.

The real game-changer in the rehabilitation field, as previously said,
was the spread of RGB-D cameras (also called depth cameras), starting
from Kinect 1 (e.g., [60] [77]), the real turning point, continuing with
Kinect 2 (e.g., [67] [78]) and passing through their competitors such as
the Orbbec cameras (e.g., [79]) and Intel Real Sense (e.g., [80]). Low-
cost devices, easily purchased, which require practically no type of in-
stallation or assembly. The advantage of this type of device is the pos-
sibility to calculate the distance between the camera and each pixel of
the image. In this way, it is easy, for example, to recognize a person
with respect to the background, independently of the colors and the light
distribution. Starting from this 3D image, the silhouette of the person
framed can be extracted, obtaining the patient’s posture data without re-
sorting to the use of wearable sensors.

Moreover, real-time tracking APIs have been released by Microsoft,
able to automatically extract the skeleton of the moving person frame by

17



i
i

“output” — 2021/2/22 — 13:53 — page 18 — #36 i
i

i
i

i
i

Chapter 2. Home rehabilitation: state of the art

Figure 2.2: Some of the devices used. From left to right: Microsoft Kinect 2, Orbbec
Astra, Intel RealSense 435, Nintendo Wii Balance Board, Nintendo Wii Remote, and
Oculus Rift.

frame, thus realizing a true motion capture system.
In addition to the RGB-D cameras, another series of devices have

been used sometimes, such as the Leap Motion (e.g., [81] [82]), capa-
ble of detecting the skeleton and gestures of the hand, the Nintendo Wii
Balance (e.g., [83] [84]), which, thanks to its four load cells, can de-
termine the patient center of pressure (CoP), a fundamental parameter of
postural rehabilitation, or the Wii Remote, a controller equipped with ac-
celerometers, sometimes used in the rehabilitation of the arms (e.g., [64]
[83]). Among these devices, the Nintendo Wii Balance Board, which has
been exploited in countless works in the literature to track the center of
pressure, was certainly the most widely used.

Even virtual reality is finding space in this area, are beginning to
spread works in which devices such as Oculus Rift (e.g., [85]) and HTC
Vive (e.g., [86]) are being introduced to rehabilitation.

We also expect, in the coming years, a greater spread of augmented
and mixed reality devices, such as Microsoft Hololens. To date, given its
current low diffusion, there are still very few works in which Hololens
has been used in rehabilitation (e.g., [87] [88]). In this thesis, as we
will see in detail in Chapter 7, we have carried out exploratory work to
understand if and how Hololens could be used in rehabilitation.

2.3.3 Exercises customization and scheduling

One of the crucial factors that determine the effectiveness of rehabili-
tation is the rehabilitation program, i.e., the mix of exercises to be per-
formed, their difficulty, and frequency of rehabilitation sessions.

Patients with different needs and problems need ad hoc therapies de-

18



i
i

“output” — 2021/2/22 — 13:53 — page 19 — #37 i
i

i
i

i
i

2.3. Main features of a home rehabilitation platform

signed specifically for them (what is called Personalized Medicine). The
patient’s psychology and attitude also play a key role and must be taken
into account when defining the rehabilitation plan. It is the therapist’s
task to analyze the patient’s situation and define the therapy. In the case
of home rehabilitation, it is therefore clear that it is necessary to offer
the hospital staff all the functionalities that allow defining a proper re-
habilitation plan and an adaptation of the exercises and their difficulty,
according to the needs of each patient.

It is also for this reason that it is not generally possible to use commer-
cial video-games for rehabilitation: they are designed for healthy people,
they have a fast pace and could turn out even dangerous if used by people
with limited mobility [89].

Clearly, a platform can support more or less complete customization
of exercises. We have identified five possible levels of customization,
starting from the total absence of customization up to its full support:

• No customization: at this level, no customization or modification of
the exercises is possible. All patients have the same set of exercises
available.

• Poorly supported: clinicians have at their disposal some levels of
difficulty (e.g., easy, medium, difficult) to choose from, to better
adapt the exercise to patients’ level. This customization, useful for
healthy people, could not be enough for unhealthy subjects. This
category includes commercial video-games, which usually have a
set of pre-defined levels of difficulty, where also the easiest level
can be too difficult for the patients.

• Partially supported: this category includes all the works in which
therapists have the possibility to create highly customizable exer-
cises, but with great practical limitations. A clear example, as we
will see, are those platforms where the therapist must physically
record the correct execution of the exercise with the right pace, and
the patient must copy his/her movements. Despite the high level
of customization, such an imprecise and complex method has great
limitations that can reduce its effectiveness mainly because it re-
quires a lot of time for the therapist.
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• Supported: all systems in which it is possible to modify a series
of parameters of each exercise quickly and easily fall into this cat-
egory. This means that each exercise has a set of parameters that
change the aspects and difficulty of the exercise.

• Fully supported: finally, as the last category, for “fully supported”,
we mean a platform that supports the customization of the aspect
and the difficulty of the exercise and in addition, it has an easy way
to schedule these tailored exercises to the patient (e.g., therapists
through a web-browser adjust the parameters and the patient auto-
matically receives the new schedule).

This classification has also been used in the final table of this chapter.
This is only one of the possible guidelines on how to categorize the exer-
cise customization of a home rehabilitation platform. Clearly, there can
be several facets; we have not taken into account some advanced features
in this categorization. Dynamic difficulty adjustment (DDA) [90], for
example, can automatically adjust the difficulty according to the user’s
performance (already widely used for decades in video-games), and it is
in all respects a form of personalization of the exercises, even if it is not
performed directly by the therapist. In these cases, it is not always easy
to classify a work with certainty.

Although designing exer-games and their parameters may seem like a
relatively simple problem, close collaboration between game designers,
developers, and therapists is necessary. The latter are the only ones who
know the difficulties of their patients, and all the parameters and aspects
that may be relevant to the problem or disease being treated.

For the sake of clarity, we will now describe a few platforms with
different levels of customization.

In [60], clinicians can record custom exercises that will be adminis-
tered; the patient will then copy the movements of the avatar represent-
ing the therapist’s skeleton. This case falls perfectly in our “partially
supported” definition: the therapist can create ad hoc exercises for each
patient, but it is a complex and coarse procedure. Other similar works
include [61] [91].

Comparable, but slightly more sophisticated, is the approach pro-
posed in [78]. Also here, therapists are required to manually record the
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exercises, but in this case, the speed of the execution is automatically
adapted using the Cross-Correlation, calculated by comparing the posi-
tion of the patient’s joints with their position in pre-recorded exercises,
improving the quality of the customization.

For what concerns the “Supported” and “Fully Supported” platforms,
in [62], authors developed 18 customizable exer-games: therapists can
adapt exercise duration and difficulty according to the patient’s need.
The therapist is always in contact with the patient through video calls,
questionnaires, and also from the results of the exercises performed. In
this way, it is possible to better adapt the therapy.

Another example of a fully supported platform is [63], where a set
of exer-games for the elderly has been developed. Using a client-server
architecture, clinicians can change the patient’s schedule, adapting the
exercises as they need.

Other examples of works describing tailored exercises are [42] [64]
[66] [67].

Although the customization and adaptation of the exercises is a cru-
cial factor in the effectiveness of rehabilitation, it is generally an iterative
process with therapists in the definition of each exercise, and, from an IT
point of view, it is not particularly interesting. For this reason, for now,
we will not dwell further on this topic. What, instead, is more interesting,
always related to the problem of customization, is the automatic adapta-
tion of the parameters that define the level of difficulty of each exercise,
which could, on the one hand, reduce the work of therapists, on the other
hand, ensure greater efficiency, if well designed.

Advanced systems: towards automatic adaptation

When the exercises or exer-games are characterized by many parame-
ters, it becomes complex for the therapists to manage the adaptation of
the difficulty of the exercises. To this end, some platforms have auto-
matic or semi-automatic systems for the adaptation of the parameters,
reducing the work required by the therapist. These types of systems have
a twofold reason: on the one hand, it is clear that providing the patient
with the exercise suitable for his/her level increases the effectiveness of
the therapy; on the other hand, an incorrect degree of difficulty could
lead to boredom or frustration, reducing the patient’s motivation.
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This solution is known in the literature by the name of Dynamic Dif-
ficulty Adjustment [90]. DDA systems started to spread already tens of
years ago in a small set of video-games, with the aim of providing the
best level of difficulty to entertain the player, only a few years ago they
started to be applied also to serious games and exer-games. In the devel-
opment of these systems in rehabilitation, various factors, both physical
and psychological, must be taken into account to achieve satisfactory
results. The difficulty must reflect both the physical abilities of the pa-
tient, to avoid pain or risk of falling, and his/her attitude. For example,
someone may prefer a slower but safer rehabilitation path.

More information on this topic can be found in Chapter 6, where the
DDA system implemented in our platform is also described in detail.

2.3.4 Patient assessment: executed exercises analysis

In traditional rehabilitation, therapists guide patients in the execution of
the exercises, thus they are able to assess the patient’s condition only
qualitatively. Nevertheless, they can ensure the correctness of the exer-
cises and to adapt the exercises to the patient’s current state. In addi-
tion, patients are required to periodically perform validated clinical tests
to assess their physical condition using scales such as the Berg Balance
Scale [92] or Tinetti Balance Scale [93], or instruments such as the Smart
Balance Master1. Using these systems, the patient performs a series of
exercises, from which clinically validated indexes are extracted. These
indexes represent a clear view of the patient’s ability, allowing therapists
to understand the patient’s progress, supporting them in modifying, if
necessary, the patient’s rehabilitation program.

A frequent assessment helps in best tuning the therapy but, with home
rehabilitation, it becomes more complex to obtain reliable and complete
information about the patient’s as this equipment cannot be brought to
the patient’s house. This reduces the ability to adjust the therapy and
could potentially decrease the effectiveness of rehabilitation. For this
reason, it is essential to provide an automatic analysis of the patient’s
exercises that allows therapists to quickly understand the patient’s con-
dition. An accurate remote analysis also makes it possible to reduce the

1Smart Balance Master, https://www.mossrehab.com/smart-balance-master (vis-
ited on 11/30/2020)
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number of recall visits in the hospital for testing, giving advantages both
to the patient (which saves time avoiding going to the hospital) and to the
hospital, reducing stress and workload on therapists and medical equip-
ment.

Several solutions have been proposed for the analysis of patient per-
formance. To date, we can roughly divide the approaches into two main
categories: template-based and rule-based. We will now illustrate the
two approaches, citing some of the works in which they have been used.

Template-based

The template-based approach consists of comparing the exercise cur-
rently performed by the patient with a series of pre-recorded exercises
performed by therapists, other experts, or the patient himself/herself un-
der the supervision of the therapist, which are used as a baseline. The
greater the difference, the lower the quality of the exercise. Possible solu-
tions to estimate the difference are, for example, the Euclidean distance,
the Mahalanobis distance, the Gaussian log-likelihood mixture model
[94], or the Dynamic Time Warping (DTW) algorithm [95].

The DTW algorithm, already extensively applied in speech process-
ing, usually provides the most reliable results. This is why we will focus
primarily on the works that use it, giving secondary importance to other
metrics. DTW works with two time sequences whose speed may vary,
reducing shifting and distortion effects over time. It has been shown to
work well when applied to rehabilitation [96]; in home rehabilitation, it
has already been widely used in several platforms.

In [60], DTW and fuzzy logic have been used to evaluate three dif-
ferent shoulder rehabilitation exercises. The DTW was used to calculate
the similarities in the trajectory of a set of pre-selected joints between the
current patient’s execution and the baseline (represented by the correct
execution of the exercise by the patient, supervised by the hospital staff).
These similarities are then given as input to a fuzzy system, the output
of this fuzzy system is finally matched to the “Bad”, “Good” or “Excel-
lent” classes, which represents the quality of the exercise. To verify the
quality of the system, four healthy people executed the three exercises.
Authors asked a physician for an evaluation of the execution of the ex-
ercises; its evaluation in about 80% of cases matched the fuzzy system
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evaluation. The absence of tests on real patients (and also a small num-
ber of healthy subjects tested), as admitted by the authors themselves, is
a clear limitation of the study.

In [96], DTW has been exploited to assess the quality of rehabilitation
of the elderly. Authors selected a subset of eight joints and the angle be-
tween two joints as a representative metric for the quality of execution.
Twenty-one healthy middle-aged and older subjects tested the system;
the subjects performed a complex Tai Chi exercise instead of traditional
rehabilitation exercises. The quality of the execution is represented by
a number from 0 to 100; the value calculated by the algorithm was suc-
cessfully compared with the evaluation of three experts. Their evaluation
was consistent with the evaluation given by the system, demonstrating
the goodness of the algorithm. Also in this work, a major limitation is
the small number of subjects tested, including many middle-aged, not
consistent with the study target (older adults).

We would also like to mention [97]. In this work, Khan et al. pro-
posed the Incremental DTW (IDTW). The main advantages of this al-
gorithm are the possibility to compare an incomplete sequence with a
complete one and the ability to provide results in real-time. The real-
time evaluation allowed to provide a real-time novel visual evaluation of
the patient: the IDTW scores for each joint are calculated and mapped
to a color table and then shown using a skeleton silhouette. In this way,
the patient has feedback representing the degree of correctness of the ex-
ercise directly during its execution, without having to wait until the end
of the exercise. Unfortunately, the authors did not do any tests with real
patients to demonstrate the effectiveness of their algorithm. The ability
to provide real-time feedback, topic of the next paragraph, is a funda-
mental feature in home rehabilitation, where it is essential to correct the
patient as quickly as possible to prevent him/her from making harmful
movements.

These are only a few examples in which DTW has been used to eval-
uate the performance of a patient. Almost all of these works share the
same protocol, i.e., clinicians or experts record the correct execution
which is then compared with the patient’s exercises. Other similar ar-
ticles include but are not limited to: [61] [78] [98] [99] [100].

One of the main advantages of DTW and similar solutions is its ease
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of use: it is sufficient to record the execution of the correct movement
to perform and then compare it with the movement performed by the
patient; for this reason, it is also independent of the disease or disorder
treated. Although seemingly simple, this is also the main disadvantage of
this type of algorithms: due to the high customization of the exercises,
there could be dozens of different exercises since each patient needs a
custom difficulty (which may vary over time), and it may be impossible
for physicians to record all the necessary data. Moreover, pattern match-
ing algorithms often provide only a single score representing the quality
of the exercise but do not provide any information about what the patient
did wrong, forcing doctors to analyze the individual exercises when they
need more information.

Machine Learning Among the most advanced comparison techniques,
there are those that exploit machine learning, which in recent years is
spreading more and more in every area. But, although machine learn-
ing has proven to be revolutionary in some fields, it is still difficult to
apply in the field of rehabilitation. To use it, an extensive training set
labeled by experts is required. Furthermore, each pathology and each
patient can request personalized exercises and assessments, as we have
seen, so a generic system is difficult to implement. Despite these prob-
lems, however, there are some works that tried to apply machine learning
in restricted rehabilitation areas.

One example is [65], authors developed a system based on Hidden
Markov Models (HMM) which evaluates the executed exercises of pa-
tients after hip-replacement surgery. The model was trained based on
exercises performed by patients, which movements were then classified
by therapists. Authors merely say that HMMs allow discrimination be-
tween correct and wrong movements, but without giving precise results.

Another interesting work is [101]. This work described a fully immer-
sive serious game system in which the patient is required to use a head-
mounted display (e.g., Oculus Rift), a Leap Motion, and a Kinect. Their
exercises have been executed by healthy subjects and these data have
been used to train a Long-Short-Term-Memory (LSTM) Deep Resid-
ual Convolutional Network (RNN). The RNN evaluates patients mea-
suring the similarities between their execution and the correct execution
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by healthy subjects, citing the article: “if the network gives a value of
100%, the patient is performing as a healthy subject, if the result is 80%
the patient is acting at the 80% of the capabilities of a healthy subject”.
To evaluate the algorithm, they asked five therapists their opinion about
the impairment of the patient after each session, the results are encourag-
ing, in most of the cases, the difference between algorithm and therapists
does not exceed 5%.

In [102]. authors proposed sensor-based action recognition and evalu-
ation models. They used a multipath convolutional neural network (MP-
CNN). This MP-CNN consists of a dynamic CNN and a state transition
probability CNN combined to find hidden states of an exercise and ex-
tract the best features. They asked 49 healthy volunteers to record their
movements using wearable sensors; each movement has been labeled as
“good”, “average”, or “bad”. This dataset has then been used to train
the neural network. The classification accuracy of their model reached
79.4%.

The last work we would like to cite is [103]. As in the previous paper,
using the Vicon optical marker-based tracking system (which is consid-
erably more accurate and expensive than a traditional RGB-D camera),
they recorded the performance of 10 healthy subjects completing 10 dif-
ferent rehabilitation exercises. Subjects were requested to complete the
exercises both in a correct and incorrect way, simulating performance by
patients with musculoskeletal constraints. Data have then been manu-
ally labeled with a score representing the quality of the execution. The
first results are promising and demonstrate the applicability of machine
learning (deep learning in this case) in the field of home rehabilitation.

Rule-based

The second approach, the rule-based approach, consists of extracting
particular metrics that have been defined with the experts, usually cus-
tomized on a particular disease (sometimes, however, certain rules could
also be shared by several diseases). The rule-based approach allows bet-
ter flexibility and control over data: adding or changing how a certain
metric is extracted can be done easily and quickly.

Compared to the previous approach, the main advantages include: a)
a higher computational speed, which generally allows it to be used even
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in real-time if needed, b) the rules do not change, they are independent
of the patient, allowing the system to scale, even having a large number
of patients and, c) provides more precise feedback, based on the output
of each rule, it is easier to understand what the patient is doing wrong
and how to correct it, compared to measuring the similarity of an algo-
rithm such as DTW, which often does not provide enough information to
understand the error the patient is making.

As a negative point, besides being suitable only for a certain disease, it
can be subjective and depend on the therapist to therapist. Clinicians thus
actively participate in the definition of metrics for quality assessment.

One of the most interesting works using the rule-based approach is
[104]. Through collaboration with therapists, the clinical goals of low
back pain rehabilitation have been identified and converted into move-
ment analysis features. For each of the 5 exercises chosen, metrics con-
sidered representative by clinicians have been defined. A series of scores
of different granularities has been defined (score for each characteris-
tic, for each clinical goal, and an overall score), each score is calculated
using a fuzzy system. The most interesting and innovative part is the
possibility for therapists to modify the fuzzy rules for each patient. In
this way, the evaluation is tailored to each patient. We have not found in
the literature other works that allow such a high level of customization in
the field of rehabilitation evaluation. The system has been tested on 20
patients with encouraging results: the evaluations obtained are consistent
with those of the experts.

A somewhat similar approach is present in [105]. This system allows
the experts to create a set of XML rules, which guarantee real-time as-
sessment and evaluation of the patient’s posture. The rules are based on
the positions and angles between joints to define the quality of the pos-
ture. The advantage of this work is the flexibility in defining the rules,
which allows for adaptation and creation of new rules also by therapists.
Unfortunately, the authors do not provide any information on possible
tests on patients or other subjects.

Other similar works include but are not limited to [62] [68] [106].

As will be described in detail later, we too have decided to use this
approach in our work, exploiting the knowledge of therapists.
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2.3.5 Real-time monitoring

We have just described, in the previous paragraph, a series of works that
evaluate the quality of the exercises performed, trying to assess the pa-
tient’s condition. These works very often aim to evaluate the patient
“offline”, providing metrics that must be analyzed by a therapist, allow-
ing him/her to intervene when necessary. But autonomous rehabilitation,
given the absence of medical staff to monitor and help the patient, can
be dangerous. Failure to perform the exercise correctly, in the long run,
could worsen the patient’s condition rather than improve it. An automatic
system for monitoring the patient during the execution of the exercise is
a fundamental requirement for this type of platforms, allowing immedi-
ate and autonomous intervention without having to wait for the therapist
to analyze the exercises and alert the patient.

With the terms “real-time monitoring”, we refer to all those feedback
and alerts, which, in real-time, allow the patient to understand that he/she
is not performing the correct movement, and possibly also giving advice
to correct the problem. The system should also pause the exercise/game,
if necessary, and resume it only when the patient has corrected the pos-
ture. Giving warnings only at the end of the exercise is not real-time
according to our definition. Moreover, monitoring should be completely
autonomous. Here we do not consider the platforms where the clinician
is remotely connected to the patient’s system; since we are talking about
autonomous home rehabilitation, we assume that the patient exercises
alone, at home. In literature, there are several works in which the thera-
pist can monitor the patient in real-time, but we will ignore them because
they do not fit our constraints.

A first requirement, considered fundamental by us, is that these mon-
itoring systems should have the possibility of customization according
to the patient’s needs. Often real-time monitoring has a rule-based ap-
proach, sometimes very similar to the systems we have already described
for patient assessment.

In the previous paragraph, we mentioned [105], whose authors im-
plemented a system of rules for patient evaluation, the same system was
used by the authors also for patient monitoring in [77]. In this work,
when necessary, they also give visual feedback describing what the pa-
tient needs to correct.
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A similar approach has been used in [106]. In this case, at the end of
the execution of each movement, the system provides a brief description
of the correctness of the movement, giving warnings when necessary.
Again, the system is based on a set of rules to define the quality of re-
habilitation. Other similar rule-based systems are [67] [68] [76] [100]
[107].

A different solution was used in [97]. We already mentioned this work
in the previous paragraph, their IDTW algorithm was used to evaluate
patients, but their algorithm has another important feature: it is faster
than the classic DTW and can be used in real-time. This allowed them
to control the patient’s posture in real-time and to color the joints of the
avatar representing the patient based on the quality of movement. If, for
example, the patient is (mistakenly) bending the back, the joint repre-
senting the back will be colored red. This allows him/her to understand
the mistakes he/she is making, giving the opportunity to correct them as
quickly as possible.

This is an example where the analysis of the quality of the exercise
overlaps with real-time monitoring, and there may not be a clear distinc-
tion between the two. However, often the evaluation of an exercise also
includes other metrics, useful for the therapist to understand the patient’s
progress over time, which are not shown to the patient.

2.3.6 Exer-games

The traditional approach to rehabilitation can be tedious in the long run.
Most of the platforms we have described in the previous paragraphs have
focused mainly on one or more of the topics we have seen (patient assess-
ment, customization of exercises, and real-time monitoring), and only a
few have addressed the problem of patient motivation, which is a key
factor in maintaining adherence to therapy and consequently its effec-
tiveness. Whether or not to use the exer-games does not affect any of the
other points we have seen so far, there will be no difference in the exe-
cution of the exercises, what changes is that they will be shown through
a video-game, with the aim of entertaining more.

After the necessary preamble, there is some confusion around the
word “exer-game”. In many works, the patient simply copies the move-
ments of an avatar, can this be considered a game? Some people say
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yes, we think not. Perhaps the confusion also comes from the fact that
the classic elements of video-games are used (game engines, 3D models,
textures, ...). But is this enough to call them video-games? No, of course
not. Exer-games are used to motivate a patient, to induce him/her to play,
to have fun, just like a classic video-game does. The simple action of
copying the movements of an avatar cannot be viewed as a video-game,
as it lacks all the characteristic elements of a game, therefore, according
to our definition, it cannot be considered an exer-game.

This is not meant to be a criticism of other works, but it is a neces-
sary premise because, in this paragraph, we will only discuss works that
present some typical aspects of video-games. We will not evaluate the
real effectiveness of these exer-games. This can also be very subjective:
someone may not appreciate video-games at all and prefer traditional ex-
ercises. Far from us to claim that exer-games are the final solution to the
problem of motivation. Indeed, as we will see in Chapter 6, where we
will analyze the problem of motivation in detail, the exer-games devel-
oped so far are not without limitations.

We begin our state-of-the-art review from [108]. Four exer-games
have been developed in this work, each exer-game is associated with
a certain post-stroke rehabilitation exercise. Their exer-games are par-
ticularly interesting because the patient’s avatar is immersed in virtual
scenes of real situations, in which the patient performs a movement to
reach a real goal or win a challenge. They have developed, for exam-
ple, the bowling exer-game: in throwing the ball, the patient performs a
particular movement of the elbow, which is also a useful exercise to im-
prove their condition. In this way, the patient exercises and rehabilitates
himself/herself without even realizing it.

Another interesting game provided by the same authors, which com-
bines physical and cognitive rehabilitation, is “RehabQuiz”. In this game,
the patient is asked multiple-choice questions, and to answer he/she must
physically move the arm and press the corresponding virtual button. The
games were tested by 10 healthy patients and 4 experts. The system was
appreciated, it was fun and easy to use. Some criticism emerged about its
possible use by real patients: some stroke patients, for example, would
not be able to use it as too difficult, so it would be necessary to adapt the
games, features not yet present.
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Other simpler games that we want to mention are [43]. Designed for
post-stroke patients, they support 6 different exercises in which the pa-
tient has to move the different parts of the body to reach an object. Same
principle for [42] and [63]. Most of the works used Microsoft Kinect 1
or 2. A different choice was made in [69]: authors used wearable sen-
sors to interface with games for orthopedics rehabilitation, thanks to their
greater precision.

A slightly different approach has been used in [109]. Instead of hav-
ing many exer-games, each one associated with an exercise, authors have
implemented a single exer-game in which the patient is asked to perform
different types of movements, both with the lower and upper limbs. The
game is designed for patients suffering from Parkinson’s disease. Here,
the patient drives a tractor, taking steps moves the tractor in the direction
of the step, while moving the hands can gain objects. Authors have paid
particular attention to the design of the game, also making meetings with
the patients to verify the effectiveness of the design choices. Twelve lev-
els of increasing difficulty are available. Nine Parkinson’s patients tested
the game, the game was appreciated, but further testing will be needed
to evaluate the effectiveness.

Works analyzed so far have consisted of mini-games in which the
patient performs the same action several times to generally achieve the
same goal (e.g., win the game). This is nothing more than moving an
exercise in a virtual environment, accompanied by typical video-game
mechanics. If the game is well structured, it helps to motivate in the
short run, but in the long run, it can get boring.

Unfortunately, the development of advanced exer-games with com-
plex mechanics that ensure fun for long periods of time is difficult to
achieve, especially in the academic field. Large investments, a multi-
disciplinary team, and tens or even hundreds of people are required to
develop a complex game. Despite this, there are works that we have
particularly appreciated whose exer-games are well structured and try to
create an immersive and long-lasting experience.

One of these is [110]. The most important aspect of their work is the
development of a complete game, as opposed to classic mini-games. The
patient impersonates the main character of the game, who has to move
around the world to find his/her family, to move will have to overcome
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challenges (e.g., climbing trees, wading rivers, ...). Each challenge cor-
responds to a rehabilitation exercise that must be done; all exercises are
customizable by the therapist. We find that their mini-games are very
well embedded in the main story; however, we have doubts about their
real long-term effectiveness. Authors have developed a limited num-
ber of actions/mini-games that can be played, so once the “surprise” in
playing a particular mini-game is over, the motivational drive is reduced.
The game story helps to increase motivation; however, the story will end
sooner or later. At that point what will the patient do? The authors do
not provide this answer in the article, and they do not indicate the real
duration, in terms of hours, of the story. Moreover, the platform has not
yet been tested by real patients, so we will have to wait to understand its
real long-term effectiveness. However, we really appreciate their attempt
to create a real video-game. We believe that this is the right direction,
although very complex and long to develop.

2.4 Home rehabilitation: effectiveness and results

By this point in the chapter, the reader will probably have already gained
an idea of the current state of the art of home rehabilitation systems
and their effectiveness. There are very few works that have involved
a representative number of patients. In many works, only a few patients
were recruited, often even only healthy subjects. Although the benefits
of proper and continuous home rehabilitation are known and confirmed
by some randomized clinical trials (RCTs) [23] [111] [112], there is still
no defined protocol on how the patient should be evaluated and moni-
tored in real-time. And as admitted by the authors of RCTs themselves,
very often the number of patients is limited, and their motivation could
derive a lot from the use of new technology, with the risk that with the
passage of time the astonishment of novelty fades away, reducing adher-
ence to the therapy. There is a clear need for new large-scale studies,
both in terms of the number of patients and duration of testing, to verify
adherence would take at least 6 months, if not more. Even once this is
done, the need to define and validate common protocols will remain.

But, while the presence of some, albeit limited, RCTs is comforting
as far as the effectiveness of home rehabilitation is concerned, the state-
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of-the-art in the validation of exer-games is far behind. Most studies
are limited to tests of usability and acceptance of the platforms, often
tested over short periods. Much work is to be done from this point of
view. There is the need to verify their motivational drive in the long term,
and possibly, also study game design solutions for the entertainment of
patients.

An important note, many studies agree that an initial boost is given
by the novelty of exer-games and devices used, with the passing of the
years will increase more and more the number of patients grown with the
technology (reaching the so-called digital natives) and this motivational
drive will weaken. If simple games currently can entertain elderly peo-
ple, who have never had to deal with video-games, this will probably no
longer be valid in 20 years.

2.5 Summary

So far, we have cited several works based on the features that have been
implemented. To give the reader a more complete idea, we summarize
in a table some of the works mentioned, specifying, for each of them,
if it has the key points we have described (exer-game based approach,
exercises customization, real-time monitoring, and patient assessment).

The table below contains only a subset of the articles mentioned in
this chapter: we ignored the older ones (prior to 2011) and focused on
those dealing with rehabilitation platforms, removing, for example, all
reviews, articles in which patients have done rehabilitation without any
IT support, and articles that focused on validation and measurement of
the accuracy of hardware devices.

The table should be intended as a starting point, if the reader is in-
terested in a particular aspect implemented in one or more articles, we
suggest to read the original works. We do not aim to summarize all the
works, but only to describe some features.

Some works do not specify the disease or disorder they aim to treat;
in this case, the table states “Generic” in the target column. There may
also be inconsistency in the classification of exer-games, some authors
present their platform stating that it is based on exer-games, but at a
closer analysis in reality the gameplay is practically absent. In these
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cases, for us, according to our definition, they cannot be considered exer-
games.

Note that the table is useful for an overview, we do not intend to make
a comparison between the works. Most of the authors have focused on a
particular topic, so it is normal that not all features have been analyzed.

As can be seen from the table and as we had already anticipated in the
previous paragraph, most of the works have been tested only by healthy
subjects. This is also due to the enormous difficulty (and cost) of recruit-
ing a sufficiently large number of patients. Moreover, even when patients
are available, it is difficult to go beyond the simple evaluation of the us-
ability of the platform. Usability, which is certainly a valid starting point,
but which should then be confirmed by real data of effectiveness through,
for example, RCTs, still too limited and sporadic. In these cases, the ta-
ble states “no relevant results” in the last column, it means that there
is not enough data to validate the submitted work, and other tests are
required to validate the effectiveness of the work proposed.

Table 2.1: Summary of the most representative cited articles. For each article the
following is represented: the rehabilitation target, if exer-games have been used,
the level of customization of the exercises, if there is real-time monitoring, if they
have quality assessment (Q.A.), on whom the platform has been tested, and a brief
summary of the results.

Paper Target EG Cust. RT mon. Q. A. Subjects Results
[42] MS Yes Sup-

ported
No No 11 patients + con-

trol group
Improvements in the
group with SGs.

[43] Post
stroke

Yes Poor.
s.

No No 10 healthy patients Useful tool to motivate
the patient.

[60] Shoul-
ders
rehab.

No Part.
s.

No DTW
Fuzzy
L.

4 healthy subjects,
1 therapist

No results on real pa-
tients, good usability
results.

[61] Generic No Part.
s.

No DTW 2 healthy subjects Platform for remote
monitoring using DTW,
no particular results.

[62] Stroke Yes Fully
s.

No Rule
based

12 patients High adherence, effec-
tive system.

[63] Elderly Yes Fully
s.

Yes, not
specified

No None Exer-games based plat-
form with remote cus-
tomization. No particular
results.

[64] Stroke No Sup-
ported

No Rule
based

4 post-stroke pa-
tients

Benefits for patients,
other investigations are
needed.

[65] Hip
replace-
ment

No No HMM HMM 2 patients and 10
healthy subjects

HMM seems reliable to
find real time errors.
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[66] Generic No Fully
s.

No Rule
based

10 healthy subjects No particular results,
they focused a lot on
estimating the quality of
the measured raw data.

[67] Upper
limbs

Yes Fully
s.

Rule
based

Rule
based

10 patients Usable, enjoyable end
effective (from patient’s
questionnaire).

[68] Upper
& lower
limbs

No No Rule
based

Rule
based

None Three-tier architecture
with wearable sensor
& mobile device, no
relevant results.

[69] Ortho-
pedic
rehab.

Yes Fully
s.

Yes, not
specified

Rule
based

42 patients Good usability and
acceptance of the system
and exer-games.

[76] Knee
rehab.

No Sup-
ported.

Rule
based

Rule
based

4 healthy subjects No relevant results.

[77] Generic No No Rule
based

No None No relevant results.

[78] Elderly No Part.
s. &
DDA

No DTW 10 healthy people
(not elderly)

DDA improves the
users’ score and the
quality of the exercises.

[79] Generic No No Rule
based

No 14 healthy subjects System assessments
75% consistent with
therapists, necessary
tests on patients.

[80] Physical
rehab.

Yes Poor.
s. &
DDA

No No 4 experts No relevant results, a
more exhaustive evalua-
tion is required.

[81] Hand
rehab.

Yes Poor.
s.

No No None No relevant results.

[82] Stroke Yes Part.
s.

No No 14 post-stroke
patients

Significant correlations
between game scores
and standard clinical
outcome measures.

[84] Stroke No Sup-
ported

No Rule
based

Over 20 patients Positive feedback from
therapists and patients.

[85] Upper
limb
rehab.

No Poor
s. &
DDA

No No 26 healthy subjects Good usability tests,
immersive experience,
more tests needed.

[86] Upper
limb
rehab.

No Sup-
ported

No No 12 healthy subjects
& 6 patients

Good usability tests.

[88] Stroke Yes Sup-
ported

No No 1 post-stroke pa-
tient

No relevant results, other
tests are required.

[91] TBI No Part.
s.

No DTW 6 healthy subjects No relevant results.

[96] Elderly No No No DTW 21 subjects, 3
experts

Strong relationship
between DTW results
and expert opinions.

[97] Generic No No IDTW IDTW 2 users and an
expert

Their IDTW algorithm is
very fast, and almost as
reliable as DTW.

[100] Generic No No Rule
based

DTW NA Platform designed for
real-time monitoring and
feedback to the patient.
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[101] Generic Yes Sup-
ported

RNN RNN 5 PD patients and 5
therapists

Excellent results, both
in terms of usability and
effectiveness.

[102] Generic No No No Deep
learn-
ing

49 healthy sub-
jects to create the
dataset

Deep learning effective
in classifying the quality
of an exercise.

[103] Generic No No No Deep
learn-
ing

10 healthy sub-
jects to create the
dataset

Promising results that
demonstrate the applica-
bility of deep learning in
home rehabilitation.

[104] Low
back
pain

No No No Feat.
extr.

20 patients + 20
control group

High acceptability and
usability.

[106] Generic No No Yes, not
specified

Rule
based

3 physiotherapists,
4 adults, and 3
elderly

Good preliminary results
on the basic operation
of the system, positive
feedback on usability.

[107] Generic No Part.
s.

Rule
based

Rule
based

5 healthy subjects Results consistent with
the views of therapists.

[108] Stroke Yes No No No 10 healthy sub-
jects, 4 experts

High usability, fun,
probable difficulty of use
by real patients.

[109] Parkin-
son’s
disease

Yes Part.
s.

No No 9 PD patients High usability, fun,
other tests necessary for
evaluating efficacy.

[110] Motor
dysfunc-
tionali-
ties

Yes Fully
s.

No No Tests in progress Very well designed
exergames, tests on
patients in progress.
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CHAPTER3
Platform overview

At this point, the reader should now have a general idea of the require-
ments and problems that a home rehabilitation platform faces. Using
the same key points described in the previous chapter, we present here a
synopsis about our platform, its goals, and its architecture.

At the end of this chapter, the reader will have clear the general struc-
ture of the solution proposed, what problems have been addressed, and
how we have tried to solve them. The detailed explanations on each of
the points and problems mentioned will then be discussed in the follow-
ing chapters.

3.1 Requirements and goals

The work conducted here is part of the development of the HoRe (Home
Rehabilitation) project, carried out in collaboration with the Neurolog-
ical Institute “Carlo Besta”, in Milan. The goal of the project was to
develop a platform to allow patients with multiple sclerosis to perform
customized exercises autonomously at home. But as we will see, our
solution has been developed to be flexible and also adaptable to other
pathologies.
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Chapter 3. Platform overview

We started from the work carried out in the Rewire project, of which
we maintained a few concepts and the game design of the exer-games,
and further developed some features, including the motivational aspects
(not only using exer-games but also designing novel solutions based on
gamification and a new dynamic difficulty adjustment system) and the
tools for the therapist to manage and assess patients.

More specifically, the platform should meet the following require-
ments:

• Exercises customization: patients suffering from multiple sclero-
sis can have different levels of impairment. A high level of cus-
tomization of the exercises is, therefore, a fundamental requirement
to enable them to carry out rehabilitation safely and effectively.

• Safety: the required platform allows autonomous rehabilitation at
home, there is no real-time monitoring by the therapist, neither re-
motely nor in presence. It is then necessary to provide a set of tools
that automatically monitor the patient in real-time, minimizing the
likelihood of injury, falls, and posture errors.

• Patient assessment: therapists should have the ability to evaluate
patients remotely, without having to visit or summon a patient re-
peatedly to the hospital. For this purpose, to speed up their work,
two levels of granularity have been requested: a detailed visual-
ization, to be able to review each exercise performed, and a general
visualization, giving the possibility to analyze the patient’s progress
over time.

• Motivating: it should provide an environment as stimulating and
fun as possible. For this purpose, an approach through exer-games,
and other game design solutions, must be adopted to try to keep
motivation high even in the long run.

All tools available to the therapist should be usable remotely, without
having to go to the patient’s home and without the need to interact with
him/her. So that the therapist can comfortably manage the entire reha-
bilitation cycle remotely. We remark here that this does not rule out but
complements periodic clinical assessment visits and periodic rehabilita-
tion sessions carried out in the presence of the therapist.
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The platform described here is designed as a means to extend the reha-
bilitation at home, minimizing the social impact on one side and increas-
ing the intensity of exercising on the other, still enabling the clinicians
with asynchronous supervision.

In addition to these fundamental requirements, we can also add two
further secondary requirements:

• Inexpensiveness and usability: the platform should be cheap and
cost-effective and, above all, easy to use, to facilitate its diffusion
and proper use. Therefore, complex, expensive, or intrusive devices
(e.g., IMU sensors or motion capture systems) should be avoided.

• Flexibility: to facilitate the reuse of the system, each component in
the platform should be as stand-alone and customizable as possible,
so that it can also be used for the treatment of other diseases or in
other projects with minimal effort.

We will now see, for each of these objectives, a detailed explanation,
with eventually the approach used to achieve it.

3.2 Customization: exercises and exer-games design

In defining the exercises and corresponding parameters, we have fol-
lowed the guidelines identified in the Rewire project and presented in
[113].

The first phase consists of identifying, with the help of therapists, the
rehabilitation indexes considered interested for the disease to be treated.
These indexes are necessary both for the correct modeling of the diffi-
culty of the exercises, but also in a correct evaluation of the patient’s
performance. In our case, for multiple sclerosis, stability, amplitude,
speed, strength, and accuracy have been identified by clinicians as reli-
able indexes.

Starting from these indexes, a set of exercises can be defined. Each
exercise trains the patient on one or more of these indexes. This work
is carried out by therapists and experts and is essential to achieve safe
and effective rehabilitation: exercises should be carefully selected and
suitable for the patient’s condition. Each disease may have different re-
quirements. Therefore, indexes and exercises must be defined according
to the needs and types of patients.
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Then, always following the guidelines illustrated in [113], primary
and secondary objectives were identified for each exercise. Primary
goals describe what the patient is requested to do (e.g., move to the
right, ...), and they are closely related to the indexes; they are associ-
ated with a set of parameters called exercise parameters used to model
the difficulty of the exercise. While the secondary goals describe how the
exercise should be executed (e.g., constraints on the patient’s posture to
avoid maladaptation). Therapists can model aspects of secondary goals
through a set of parameters called monitor parameters, which ensure that
the exercise is performed correctly.

All the above-mentioned aspects are closely related to rehabilitation
and have been identified thanks to the support of therapists. Once this
basic knowledge has been defined, exercises can be integrated into a suite
of exer-games. We would like to remind the reader that an exer-game
should be a full-fledged game and should contain all the main elements
of a video-game. Careful game design has a significant impact on patient
motivation. The aspects related to games and their design are called
game parameters.

Three types of parameters are therefore available. The exercise and
monitor parameters are associated with the difficulty and quality of the
exercise, while game parameters are related to the game and mechanics.

To facilitate the reuse of exer-games and game scenarios, accelerating
development and giving more options to the patient, an exercise can be
associated with one or more video-games and vice versa. The couple
<e,v>, where e is an exercise and v a video-game, uniquely identifies an
activity.

Therapists use exercise, monitor, and game parameters to adapt the
exercise to the patient’s current characteristics. From this set of elements,
an activity is defined as follows:

Definition 1. An activity can be represented as a tuple 〈e, v, pe, pg, pm〉,
where:

• e is the rehabilitation exercise,

• v is the video-game that will be played,

• pe is the set representing the exercise parameters,
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• pg is the set representing the game parameters,

• pm is the set representing the monitor parameters.

An activity allows us to uniquely identify the exercise and the game
that will be performed, together with their parameters. From now on, we
will also use the generic term “exer-game” to refer to an activity. From
this definition, we can derive the concept of schedule: a schedule is a set
of custom activities assigned to a patient. It contains all the information
needed to complete a rehabilitation session.

For the sake of clarity, Fig. 3.1 illustrates a summary scheme of the
concepts just described.

Figure 3.1: Exercises modeling: starting from the indexes identified by therapists, a
set of exercises is defined. An exercise is then associated with one or more games
(and vice versa). Three types of parameters are available to therapists to adapt the
rehabilitation to the patient’s needs: exercise, monitor, and game parameters.

3.2.1 Exercises progression

The set of exercises considered should encompass the rehabilitation pro-
gram that moves from less challenging exercises to more challenging
ones. The need to find a framework that captures this progression was
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first identified by the group of de Bruin [114], who introduced Gentile’s
taxonomy [115] for this aim.

The taxonomy of Gentile is represented through a two-dimensional
table, containing tasks of increasing difficulty, with the aim of improv-
ing the acquisition of motor skills. Gentile, in particular, for the difficulty
classification of tasks defined two dimensions: the environmental con-
text and the action function. The first refers to the conditions in which
the exercise is performed (stationary or moving conditions, and pres-
ence/absence of intertrial variability). The second, instead, is character-
ized by the body orientation that indicates whether an action requires the
patient to move (body transport) or not (body stability), and the pres-
ence or absence of an object to manipulate. Sixteen different conditions
of increasing difficulty can be generated through the combination of the
two dimensions, to each condition can be associated with a particular
exercise, and consequently, in our case, a particular exer-game.

In this work, we preferred to use a simplified progression in the exer-
cises identifying exercises that gradually require a greater degree of mo-
bilization of the body segments. For postural rehabilitation, the domain
addressed in MS, this goes from standing still to steps in all directions.

3.2.2 Exercises

A set of exercises has been chosen with the help of therapists, each exer-
cise has particular characteristics that serve to train one or more primary
goals. Below is the list with a brief description of all available exercises.

• Stand Still: one of the first exercises that are performed, as well
as the simplest. The patient should stay as still as possible, trying
to keep the pressure center in the center, avoiding overloading the
unimpaired limb. It helps to improve stability.

• Weight Shift Lateral & Weight Shift Frontal & Weight Shift 360°:
the patient must move the center of pressure on the right or on
the left (Weight Shift Lateral), forward or backward (Weight Shift
Frontal), or along several directions (eight equally spaced direc-
tions in our case - Weight Shift 360°) to reach targets. The distance
reached by the patient represents the amplitude of movement, while
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oscillations perpendicular to the direction of movement reflect in-
stability.

• Lift Legs & Lift Legs Instantaneous: the patient must raise and
lower the legs, one at a time. In the first case, the patient has to
maintain the position for a prolonged time (e.g., a couple of sec-
onds), while in the latter, he/she has to reach a certain height, and
then the leg can be lowered immediately. Also, in this case, the am-
plitude of movement is measured by the height reached by the leg,
while the stability by the lateral oscillations made when the leg is
raised from the ground.

• Steps Lateral & Steps Frontal & Steps 360°: this exercise requires
the patient to perform steps laterally, forward and backward, or in
different directions to reach targets (in our implementation, we used
eight equally spaced directions). In a similar way to the Weight
Shift exercises, the amplitude of movement is represented by the
maximum extension of the step, while the estimation of the center
of mass is used to measure the oscillation during the movement.

• Sit to Stand: the patient must sit down and get up from a chair
located behind him/her. The main indexes of this exercise are the
stability (measured during the lift and descent phase) and the lift
speed.

3.3 Safety: real-time monitoring

The safety of the patient during home rehabilitation is one of the most
critical points. Unlike traditional rehabilitation, where patients are al-
ways closely followed by clinical staff, who correct them in case of errors
or hazards, preventing falls or incorrect postures, in our case, the patient
can be completely alone. In some home rehabilitation platforms, the
therapist can connect remotely and monitor the patient while performing
the exercises, as if it were a video call. This solution, although tech-
nically valid and functional, would require the therapist to monitor all
his/her patients, perhaps several times a week, requiring additional hours
of work, greatly reducing the benefits of home rehabilitation. Moreover,
it would require a fixed time to do a rehabilitation session that would
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greatly reduce the flexibility of this approach. Remote supervision by
the therapist, although it may be useful in some cases, should at least
be supported by automatic systems that help the patient in the correct
execution of the assigned exercises.

To ensure patient safety, the fuzzy system described in [113] has been
integrated. This system analyzes movement features (e.g., the center
of pressure, joints positions and rotations, ...) in real-time. Following
what has already been explained in the definition and modeling of the
exercises, the behaviors deemed dangerous have been identified by the
clinicians. These have been termed secondary goals [113], and from
here monitor parameters have been derived (Fig. 3.1). By changing
these parameters, the therapist can adapt the sensitivity of the monitoring
system.

While the patient is rehabilitating, the system provides real-time feed-
back: an avatar, inspired by the Wii-Fit Avatar, representing the player
is shown during the game, each body segment has a color representing
the posture quality of that segment, the color ranges from green (good
posture) to red (wrong posture), passing through the intermediate colors
(orange/yellow), according to the severity of the posture error. In case of
danger, the system can pause the exer-game and the virtual therapist pops
up to advise the patient on how to avoid hazards. In the most dangerous
cases, the system will close the game to avoid bad consequences. A
meticulous setting of all parameters by therapists is necessary to achieve
the best result and prevent the patient from posture problems.

3.4 Patient assessment

Particular attention has been given to the analysis of the results, a func-
tionality that had not been developed in the Rewire project, to allow ther-
apists to have the necessary means to better manage the rehabilitation
process. A rule-based approach has been adopted, thanks to the collabo-
ration with therapists, a set of rules have been defined for the extraction
of metrics that allow understanding the quality of the execution of each
exercise.

Compared to many other works in the literature, which provide only a
detailed report for a single exercise, we have taken a step forward. Since
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a therapist may have a large number of patients, and a large amount of
work, it is difficult to suppose that he/she can analyze each exercise per-
formed during the week, as there may be tens or hundreds of exercises.

For this reason, we were asked to develop two separate views:

• A detailed view: where the therapist can review every moment of
each executed exercise, analyzing all the detailed information on all
game performance, posture quality, and patient assessment.

• A global view: where through summary graphs, it is possible to see
the progress of the patient in the last weeks or months, showing
the variation in primary goals. Should the therapist notice anything
unusual from these charts, he/she may decide to review the session
in question for additional information.

The combination of these two views should ensure sufficient accu-
racy and amount of information, but at the same time avoid the therapist
having to manually control all the exercises performed.

In Fig. 3.2, it is possible to see an example of a detailed graph (on the
left) and an example of a global graph (on the right). The detailed graph
represents the front/back oscillation of the patient in a specific exercise,
in this case, Weight Shift Lateral (the lower the oscillation on the antero-
posterior axis, the better the quality of the exercise), while the global
graph shows the lateral oscillation of the patient over a long period in as
many as three exercises, allowing to group metrics common to several
exercises, making it easier for medical staff to understand.

The graphs are created using the raw data of all the connected devices.
In case both an RGB-D camera and a balance are present, we will be
able to carry out a complete evaluation; when one of the two devices
is missing, part of the information is lost, and some metrics cannot be
extracted. Patient evaluation will be discussed in detail in Chapter 5.

3.5 Motivation: exer-games and game design

We have repeatedly stressed the need to provide the patient with an en-
tertaining environment that can keep him/her motivated for as long as
possible. Intensive, daily rehabilitation can be tiring in the long run, es-
pecially if there is no visible improvement.
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Figure 3.2: On the left, the detailed view of the front/back oscillation in a Weight Shift
Lateral exercise. On the right, the global view of the lateral oscillation of the patient
in the last weeks in three different exercises.

For this reason, we have developed a series of solutions in an attempt
to stem the abandonment or reduction of adherence to therapy.

First of all, following the line initially dictated in the Rewire project,
the exer-games approach has been exploited. We have revamped and
modernized the games previously developed in Rewire to be more easily
manageable, which implement the previously mentioned exercises. We
have taken into account all the aspects of a video-game, not only the exer-
games themselves, but we have also taken care of all the “secondary” as-
pects, such as quality and complexity of the user interface, sound effects
and music, graphics and style, and simplicity of use, to provide a tool
that is easy to use even for those less accustomed to technology.

Unfortunately, exer-games alone, although more fun than traditional
exercises, usually due to the simplicity of their game mechanisms, could
bore the patient after a while. For this reason, we also implemented ad-
ditional game design solutions to try to further increase the engagement
of patients:

• Dynamic Difficulty Adjustment: the previous automatic adapta-
tion mechanism [116] featured in the Rewire project has been com-
pletely redesigned and improved. It is now based on three distinct
factors: the patient profile and abilities, his/her feelings, and real-
time game performance. Using this information, it automatically
adapts the parameters of exer-games, allowing you to adjust the dif-
ficulty according to different factors, better adapting it to the needs
of the patient.
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• Gamification: a “game above games” has been developed, used as
a glue among all activities. The patient manages a farm, by per-
forming an activity, he/she earns points that can be used to extend
the farm or by purchasing new items. This should stimulate patients
to play exer-games, thus increasing adherence to therapy.

• Empathic Virtual Therapist: to better support and motivate the pa-
tient, a new virtual therapist has been developed. Unlike the ther-
apist available in the Rewire project, whose functionality was lim-
ited, the new avatar is empathic, therefore able to express differ-
ent emotions, to try to establish an emotional connection with the
patient. With the possibility, in the future, to detect the patient’s
emotions and to automatically adapt the exer-games according to
them.

Given the great attention we decided to pay to all these motivational
elements, the entire Chapter 6 is dedicated to them, where all the details
of the proposed solutions can be found.

3.6 Other goals

In addition to the requirements just mentioned, particular attention has
been paid to many other aspects of the platform, in particular from the
point of view of usability and cost-effectiveness of the system, to achieve
good user-friendliness, and to ensure a possible widespread distribution
to those who need it. Not to mention flexibility and possible future de-
velopments in other areas.

3.6.1 Inexpensiveness and usability

To guarantee that technology can be used by a large number of people,
we were requested to use off-the-shelf (which can be easily found at a
relatively cheap price), not invasive, and easily usable devices, without
long and complex set-up phases. Usability, in a software of this type that
must be used for a long time and several times a week, is a fundamental
aspect, the system must be as minimally invasive as possible, and simple
and fast to use. It is clear that no one wants to use a platform that each
time requires 20 minutes of setup to be used.
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With these requirements, we ignored all wearable devices (too inva-
sive and uncomfortable to wear) and our attention fell on RGB-D sensors
and balances. Through these two types of devices, we have the possibil-
ity to detect the patient’s joint with good accuracy and his/her pressure
center, a fundamental parameter in the stability computation.

3.6.2 Flexibility

Although the platform has been developed for patients with multiple
sclerosis, from the beginning, it has been designed to be as generic as
possible so that it could also work with different types of rehabilitation.
This flexibility can also be denoted in the definition of the exercises and
their parameters, designed to be extended to generic exercises, not only
for the disorder we treat. As we will see later, also other components of
the platform, such as the analysis of the executed exercises, are highly
customizable and modifiable by therapists according to their needs, with
the ultimate goal of allowing the use of the platform also in other areas,
not strictly related to rehabilitation for patients with multiple sclerosis.

3.7 Platform architecture

As for the architecture of the platform, we have maintained an architec-
ture similar to that of the Rewire project, with a two-tier client/server
architecture, whose client is named Patient Station and the server Hospi-
tal Station.

Patient Station (PS) is the software used by the patients at their
homes. It is used in combination with a set of devices capable to record
patient’s motion information (e.g., balance boards or RGB-D cameras).
The PS includes all the exer-games and exercises needed to undergo the
rehabilitation program. It has been developed using the Unity game en-
gine.

While the Hospital Station (HS) is a web server, used by clinicians
through a web browser, providing all the requested features previously
described, such as exercise scheduling and patient assessment. HS stores
information about patients, their schedules, and all the exercises per-
formed by patients. In this way, a clinician can program a rehabilitation
session and review the results from any device supporting a browser.
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3.7. Platform architecture

Figure 3.3: High-level architecture of the system. The Patient Station, installed at the
patient’s home, guides the patient during the rehabilitation. The Hospital Station,
used by therapists, allows them to manage their patients’ rehabilitation programs.
Finally, Mirarts, which provides support to the therapist in one-on-one sessions.

In addition to HS and PS, also originally present in the Rewire project,
we have also added a third component: Mirarts (MIxed Reality Adap-
tive Rehabilitation Therapist Station), a mixed reality platform to support
the therapist in one-to-one rehabilitation sessions.

Fig. 3.3 shows the overview of the system architecture, with the main
modules also illustrated.

In this picture, on the right, it is possible to see the PS, used by the
patient at home, which receives the schedule containing the exercises
set by the therapist. At the end of the session, all the data related to the
executed exercises are sent to the HS, which will be processed, producing
the predefined assessment metrics. Through the HS, the hospital staff
can manage the entire rehabilitation cycle of patients (exercise planning,
therapy adherence monitoring, patient assessment).

This type of architecture, developed with modularity in mind, allows
the individual components to be reused in other rehabilitation areas. HS
does not contain any information about the games in the PS and, in a
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Chapter 3. Platform overview

very short time, it can be adapted to work with other games or other
rehabilitation exercises, guaranteeing the flexibility required. Also the
PS has been designed so that new games can be developed quickly.

At this point in the chapter, the reader should have understood the
basic architecture and operation of the proposed platform, with a high-
level view of the modules. Detailed information about PS and HS will
be respectively described in Chapters 4 and 5.

3.7.1 Hololens integration

In addition to Patient Station and Hospital Station, we decided to go one
step further: trying to take advantage of new mixed reality technologies,
exploring their possible use by the therapist to increase the quality of
rehabilitation in traditional one-to-one sessions with the patient. To this
end, we have developed Mirarts, a visualization software designed for
Microsoft’s new headset: Hololens.

Mirarts provides the view of the identified evaluation metrics on the
patient’s posture. It has been integrated into the HS - PS architecture, not
only it receives and processes data from connected devices, but thanks to
the tight integration with PS, it allows the game parameters to be mod-
ified at run time, while the HS can provide in real-time the comparison
between the quality of the current exercise with that of previously ex-
ecuted exercises. Mirarts has been designed to be used in the hospital,
with or without the support of the home rehabilitation platform.

The whole Chapter 7 will be dedicated to Mirarts, with also a short
introduction on augmented, virtual, and mixed reality.

3.8 Use cases

Before ending the chapter, let us see two typical use cases of the plat-
form. The protagonists of these two use cases are Alice and Bob, two
fictional characters with different backgrounds and needs.

Use case 1: Alice On one unfortunate day, Alice, a young woman, is diag-
nosed with multiple sclerosis. Alice has a job and does not have enough
time to go to the hospital every week, several times, to perform reha-
bilitation. Her doctor, therefore, offers her the opportunity to undergo
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autonomous rehabilitation at home, which would save her a consider-
able amount of time, avoiding the need to travel to and from the hospital.
Alice accepts, she is familiar with technology, she will have no problem
using it. All the traditional examinations are performed in the hospital to
verify Alice’s physical capabilities. A short training period is carried out
in the hospital, where the therapist teaches Alice how to use the Patient
Station and how to perform the exercises correctly. Alice understands
everything, and after a few training sessions, she is ready. During the
training, the therapist has already tested and verified the difficulty of the
exercises (also eventually using Mirarts), and, using the Hospital Station,
has prepared a schedule suitable for Alice. Alice is then provided with
a Microsoft Kinect and Nintendo Wii Balance Board, she already has a
TV and a computer, so nothing else is needed. Alice starts doing the
exercises, she understands how the platform works, follows the instruc-
tions of the virtual therapist, and performs the exercises correctly. The
therapist, from time to time, checks the exercises performed, to verify
the progress over time, Alice is stable, and there is no need to adapt the
therapy. Periodically Alice goes to the hospital to carry out the clinically
validated tests. The therapist, in this way, can verify her performance
and compare it with those suggested by the home rehabilitation system.
Eventually, he discusses with Alice problems or suggestions to help her
in case of problems.

Use case 2: Bob Bob is an old man; he has been going to the clinic for
a long time to carry out rehabilitation, but now for personal reasons,
he is no longer able to make the home-clinical journey with weekly at-
tendance. In order not to interrupt the rehabilitation path, his therapist
offered him the opportunity to use the Patient Station, to try to take ad-
vantage of home rehabilitation. Bob, with some hesitation due to age and
unfamiliarity with new technologies, decides to accept. Bob is taught
how to use the platform; Bob’s son is also taught how the system works,
so he can assist his father in case of technical problems. Once he learns
how it works, in addition to the two motion recording devices, Bob is
provided with a computer and a new TV, because Bob’s is old and can-
not be connected to the computer. As soon as he starts rehabilitation at
home, however, Bob is uncertain, he is afraid to perform fast or wide
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movements, he fears that without the therapist he might fall down; his
performance is not good, he often performs the exercises in the wrong
way, and the Patient Station often interrupts the game for safety reasons.
Bob, however, does not want to warn his son or doctor. The therapist,
after a couple of days, checks the condition of the patient, realizing that
his posture is often wrong and does not achieve the required goals. She,
therefore, decides to have an interview with Bob, who admits his difficul-
ties; the therapist then chooses to reduce the difficulty of the exercises,
at least in this first phase of acclimate. After a while, Bob has gained
confidence, and the therapist gradually corrects the schedule, increasing
the difficulty of the exercises, always monitoring Bob’s performance.

These are two possible use cases that take into account two very differ-
ent subjects: a young woman, accustomed to technology, and an elderly
man, with little knowledge of computers. In both cases, with more or
less difficulty, both users are able to carry out home rehabilitation safely.
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Patient Station

We want to begin to describe the platform from the Patient Station (PS).
PS is the software designed to guide patients during rehabilitation ses-
sions, and it is accompanied by a set of devices able to record and moni-
tor the movements of the patient.

Our PS is strongly based on the work done in the Rewire project, in
which an old version of the PS was already present [117]. Unfortunately,
due to the now deprecated technologies that were used in the develop-
ment of the old PS, we needed to develop the new platform from scratch.
We have, therefore, re-implemented almost all the previously developed
exer-games. Starting from this basis, we have then developed further
game-design solutions in an attempt to entertain patients for longer. In
this chapter, we describe the basic functioning of the new PS and its exer-
games, while in Chapter 6, we will deepen all the solutions proposed for
long-term motivation.

4.1 Requirements and goals

Although, as we have already seen in the previous chapter, HS and PS
are closely linked, they have been developed to be flexible and to be
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Chapter 4. Patient Station

used independently. For this reason, here we describe the requirements
and goals that PS, intended as stand-alone software, without the accom-
paniment of the HS, must satisfy.

The PS is designed to be used at home, in a completely autonomous
way (therefore, it does not provide a direct communication channel with
the therapist), to guide the patient during the daily execution of the reha-
bilitation program, trying to keep motivation high for a long time.

To this end, it must meet the following requirements:

• Safe: it should provide a system to reduce as much as possible po-
tential harmful consequences due to incorrect posture. We would
like to emphasize that the platform does not have the objective of
being accessible to all patients: patients who are too compromised
(e.g., severe or profound levels of impairment) or at high risk of
falling cannot and must not use the PS, because it would be too
dangerous and would put the patient’s health at risk. PS could be
able to detect falls, but not to foresee or to avoid them. For this rea-
son, assuming its use by relatively autonomous people, it will only
analyze the patient’s posture and, in case, suggest how to correct it.

• Highly customizable: the game and exercise experience provided
by the PS must be customized according to the patient’s needs and
abilities. This can greatly increase the effectiveness of rehabilita-
tion. Customization can be performed either directly from the pa-
tient or remotely from the therapist. In the HoRe project, given the
serious pathology from which patients suffer, only the remote con-
figuration is allowed by the therapist, and not by the patient; while
in MoveCare, the elderly can choose the difficulty of the exercises
from several predefined levels.

• Generates useful data: it is necessary to record and store the pa-
tient’s posture information obtained from the devices connected to
the PS. It is also fundamental to also include all information result-
ing from interactions with games. All these data should be saved
both locally and sent to the HS, where they will be stored persis-
tently on the server. No kind of data processing is required from
this point of view.
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• Entertaining: prolonged and daily rehabilitation can certainly bore
the patient in the long run. PS should provide an interactive and
fun environment, trying to limit monotony as much as possible. For
this reason, exer-games are used instead of traditional exercises,
together with other game design tools developed to entertain the
patient.

• Flexible: maybe this could be true of every software, but in our
case, in particular, where there can be a lot of different patients and
different clinicians with different ideas, having the possibility to
easily adjust exercises and parameters according to patients’ needs
could be useful for the goal of developing a platform that can be
applied to several rehabilitation areas.

• Easy to use: we are currently focusing our attention on rehabilita-
tion for patients suffering from MS, in reality, the platform, thanks
to its flexibility, is easily adaptable, and it has also been used by
the elderly in the European H2020 project MoveCare. Since, very
often, these are people with very low IT knowledge, not very accus-
tomed to the use of technological devices, the use of the platform
should be as simple as possible, with clear instructions allowing the
user to understand its use, to avoid frustration and possible prob-
lems arising from the poor knowledge of the system.

4.2 The Patient Station setup

The usual PS setup is illustrated in Fig. 4.1. With the term Patient Sta-
tion, we refer only to the software used to guide patients during rehabil-
itation, not to the entire set of devices installed at the patient’s home.

The setup includes a television (or any other monitor large enough to
read at a distance of 2/3 meters), a computer running the Patient Station
(a PC with a mid-range video card is enough), an RGB-D camera, and
a balance board. The setup used in our pilot is composed of a mid-
range desktop PC, the Microsoft Kinect 1, and a Nintendo Wii Balance
Board. Although Microsoft has canceled support for Kinect, this will not
affect the findings of this work. Kinect guarantees, under the appropriate
lighting conditions, good reliability in recognizing the patient’s joints
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Figure 4.1: Example of a typical Patient Station setup: television, computer, Microsoft
Kinect, and Balance Board. An internet connection is also required to download the
schedule prepared by the therapist and upload the data of the exercises performed.

[21], and together with the Balance Board, capable to calculate of the
pressure center (CoP), allow real-time monitoring of the position of each
joint and the patient’s balance. This information is used by the PS both
to guide the patient during the execution of the games and by the HS to
perform the patient assessment.

The Balance Board, in the case of the most compromised patients,
can be dangerous and even lead to falls. For this reason, it can also be
omitted, and the center of mass (CoM), used as an alternative to CoP,
will be estimated by Kinect data. Currently supported devices are: Mi-
crosoft Kinect 1 and 2, Nintendo Wii Balance Board and TYMO® bal-
ance1. Since Kinect is out of production, integration with the Orbbec
Astra camera is also underway to allow future use of the platform.

PS, although it can work independently, in our setup it also needs an
internet connection to synchronize with the HS to download the list of
personalized activities defined by the therapist and to upload the data
of all the exercises that are played. The HS will process these data to
provide therapists with the evaluation of the quality of the execution of
the exercises. In this way, the patient is guaranteed to use the correct
level of difficulty, and the therapist has the possibility to monitor the
activities performed.

1TYMO® - Tyromotion, https://tyromotion.com/en/products/tymo (visited on
11/30/2020)
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In this chapter, we will focus exclusively on the PS, HS will be de-
scribed in Chapter 5.

4.3 Architectural overview

The basic architecture that we have identified to satisfy all the previously
mentioned requirements is illustrated in Fig. 4.2. It is composed of
four independent components, connected through the fifth component,
the Global State Manager. The latter has the task of managing the entire
flow of the application and has access to all the information necessary
for correct operation: information on the patient, his/her schedule, and
on the connected devices. It is the first module to be initialized, and
which subsequently initializes the other components.

Below we will discuss briefly each of these modules, with the ex-
ception of Hannah, the Empathic Virtual Therapist (EVT), which will
be addressed in Chapter 6. Hannah is an empathic avatar, in addition
to guiding the patient in the correct execution of the exercises, it has
been developed to try to create an emotional connection with the patient,
with the aim of improving long-term engagement and motivation. For
completeness, we could also add another component: the Farm Game.
The Farm Game is an additional management game, external to the exer-
games, but strictly related to the physical activity of the patient, used to
increase patient engagement. All the details, also in this case, will be
described in Chapter 6.

Figure 4.2: Patient Station internal architecture: the Global State module is the main
component, which coordinates and initializes the other modules.
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4.3.1 Software used

The PS has been developed using the Unity game engine. Unity is one
of the most used game engines, definitely the most used in mobile and
indie games, thanks to its ease of use, cost (free, in case you do not
exceed a maximum threshold of earnings), the official asset store2 (with
a large amount of free or cheap assets), and a huge community, where it
is possible to find help and support.

For these reasons, our choice fell on it, which is more widespread and
simpler than its competitors, like Unreal3. Given the absence of modelers
and graphic designers in the development team, most of the 3D models
in the game have been downloaded from the store, while others are old
models created during the Rewire project.

The programming language currently supported by Unity is C#.

4.3.2 Game Hub

The Game Hub module is the initial module which welcomes the patient
and guides him/her through the various activities.

It mainly consists of two phases:

• Calibration: when starting the PS, all devices selected by the ther-
apist must be connected and calibrated before starting any activity.
To allow flexibility depending on environmental and lighting condi-
tions (and minimize problems with photosensitive devices such as
RGB-D cameras), it is possible to configure the distance to the TV
at which the patient should be positioned.

• Game selection: once the calibration of the devices is completed,
the patient is shown the screen with all the games available in his/her
program (Fig. 4.3), which is updated every time the PS is started, if
the internet connection is available. From this scene, it is also pos-
sible to access all possible additional features not included in the
exer-game, like the Farm Game.

2Unity Asset Store, https://assetstore.unity.com (visited on 11/30/2020)
3Unreal Engine, https://www.unrealengine.com (visited on 11/30/2020)
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Figure 4.3: Game selection menu: from this screen the patient can select the new
exer-game to play, play additional features like the Farm Game, or close the PS.

Interaction and UI design

The interaction between the patient and the PS (but in general with many
home rehabilitation platforms) does not take place via mouse and key-
board, because it would require the patient to move continuously from
the gaming position (generally positioned between two and three me-
ters from the TV, to ensure proper operation of the RGB-D camera) to
the position of the peripherals. The alternative solution that we adopted
consists of using the hand as a cursor (that we have called NUI Cursor -
Natural User Interface Cursor), the movement of the hand will command
the virtual cursor. It would also be possible, especially useful in the ab-
sence of an RGB-D camera, to use an air mouse, a type of device similar
to a TV remote control, which allows moving the cursor.

The absence of a mouse and keyboard, combined with the use of the
hand as input, requires some attention in the development of the user in-
terface. We have established some guidelines to follow during the design
and development of the platform:

• Interface: since patients are positioned far from the screen, bigger
cursor, texts, images, and all the user interface elements need to
be larger to ensure readability. It is necessary to develop a user
interface that is more similar to a tablet’s interface than a PC’s.
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• Input: the inputs are a critical part of the interaction with the plat-
form: RGB-D cameras tend to be unreliable in hand detection, es-
pecially in sub-optimal light conditions. For this reason, the but-
tons and, in general, all interacting elements must be large enough
to be pointed and selected in a simple way. They must also be dis-
tant from each other to avoid unintentionally selecting the wrong
element. Clearly, without a mouse, there are no traditional inputs
(left-click, right-click, ...). Modern RGB-D cameras are reliable
enough to detect hand gestures; however, some patients may have
problems with certain movements. For this reason, it was decided
to simplify the interaction as much as possible, limiting it to hand
movement. The click is then simulated by placing the virtual cur-
sor over a button and holding the position for a couple of seconds.
Furthermore, as soon as the patient’s hand becomes the primary in-
put device, there is a possibility that the patient may unintentionally
click a button, perhaps when he/she is distracted and is not looking
at the screen. To minimize this risk, the hand pointer is automati-
cally disabled if the patient’s hand is above his/her hip.

• Avoiding Gorilla arm syndrome: this can be a critical part of the
design. Playing for a prolonged time with the arm lifted without any
support can lead to the “Gorilla arm syndrome” [118], and players
start to report fatigue or pain. One of the possible solutions to avoid
it is to alternate phases in which patients use their arms to control
the game and phases where they can rest (in our case, this corre-
sponds to the execution of an exer-game). A good balance between
the two phases should significantly reduce pain.

These are the basic design rules that we believe are necessary to en-
sure an adequate experience. The interaction with the PS, although it
may seem a minor topic, plays an important role in the usability and ac-
ceptance of the platform. For this reason, great attention must also be
paid in the design of the game interface.

4.3.3 The Device Manager

The need for continuous patient monitoring requires the use of different
types of devices. Generally, the most common are RGB-D cameras, bal-
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ance boards, or wearable sensors. And since for each of the named cat-
egories, there can be several devices (e.g., for RGB-D cameras think of
Kinect 1, Kinect 2, Orbbec Astra, ...), it was decided to create a module
specifically designed for the management and interchangeability of these
devices, so that any replacement of an obsolete device with a more recent
one requires minimal effort, allowing better flexibility. This module, re-
sponsible for the entire life cycle of the devices, is the Device Manager.
It deals with the connection and disconnection of the devices, but also
with their calibration and the management of the recorded data, provid-
ing exer-games with a quick and easy way to access patient’s movement
data. In this way, if a new device is to be supported, it is sufficient to
implement all the features required for its management. Two kinds of
devices are available so far, depth cameras (Kinect 1, Kinect 2, ...) and
pressure sensors (e.g., Wii Balance Board, TYMO, ...).

The Device Manager is also responsible for the possible aggregation
or processing of data necessary for the correct functioning of the exer-
games, as for the calculation of, for example, the center of pressure and
center of mass, information that is not directly provided by the devices
but that can be calculated from raw data.

4.3.4 The communication module

The last of the fundamental modules of which the PS is composed is the
Communication Module (CM). The CM is responsible for managing all
communication with the HS (or in any case with any web server that has
features like the HS, and that meets the APIs of the PS). Its key features
are a) the patient login, b) the download of the updated schedule, and
c) the upload of all data recorded by the PS during the execution of the
exercises.

Login The first fundamental step in using the platform is the creation
of the patient’s account, which is performed by the therapist in the HS,
who then communicates the account data to the patient so that he/she can
configure the PS. In this way, at startup, the PS can authenticate and re-
ceive the correct patient schedule, ensuring privacy and security for each
patient; a key property, since we are also managing the transmission of
personal biometric data. If the login is unsuccessful because, for exam-
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ple, the internet connection is missing or incorrect data has been entered,
the last downloaded schedule will be used; if no schedule has ever been
downloaded previously, the default settings are used for each exercise.
The default settings guarantee correct functioning of the exercises at an
average level. For this reason, their use with people with walking prob-
lems or suffering from other diseases is highly discouraged. Whoever
takes care of the installation of the PS, should also verify that the first
login is successful, so as to have at least one schedule suitable for the
patient.

Schedule download Once logged in successfully, the last updated sched-
ule is automatically downloaded before running any exer-game. The
schedule is transferred in JSON format, and it includes all the exercises
with the respective parameters set by the therapist.

Exercises upload At the end of each exercise, the PS produces a zip file
containing all the information on the exercise performed. If the patient
has logged in correctly when starting the PS, this zip file will be sent
to the HS. This file is fundamental for therapists; from it, the HS can
generate results and graphs representing the quality of the execution.

This zip file includes:

• Patient username, date, and time: used to be able to identify who
perform the exercise and when (in case of no internet connection, it
may have been performed days before).

• Game and exercise performance: game score and monitor activa-
tion percentage (i.e., the quality of the patient’s posture).

• Exercise, exer-game, and monitor parameters: all activity parame-
ters are sent to the HS so that they can be used during the exercise
analysis.

• Devices raw data: each device creates a file containing the mea-
sured raw data, which will be processed by the HS, together with
activity parameters.

All this information and files are compressed and sent to the HS,
where they will then be uncompressed, analyzed, and stored in the HS
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database. The communication module also has the task of saving, locally
and persistently, any files that it has failed to load, for example, due to
the lack of connection. At the next startup, the PS, after checking the
internet connection and logging in, it will try to send them again.

4.4 Exer-game structure

After explaining the main modules, let us now see how the exer-games
are structured. As we will see, all exer-games have some parameters and
functions in common, which define a basic structure that will always be
followed.

4.4.1 Basic structure and requirements

In Paragraph 3.2.2, the available exercises have been illustrated, now
their mapping onto the corresponding video-games will be described.
Recall that there is no one-to-one relationship between an exercise and
a game: it is possible that a game allows the execution of multiple ex-
ercises, and vice versa, i.e., an exercise can be mapped onto multiple
games. In our case, for example, the Weight Shift Lateral and Steps Lat-
eral exercises are mapped onto the same game. In the first case, the
patient will have to move the center of pressure laterally; in the second
case, he/she will have to take a lateral step to reach the target. The game
is substantially identical, only the exercise changes.

Each game follows a basic structure, shared by all exer-games, also
useful for the patient to get used to the platforms quickly. Let us now see
the common points from which the exer-games are composed.

Trials and Repetitions When exercising (e.g., in the gym), a basic rule
is to perform a series consisting of a certain number of reiteration of a
movement, and, in the end, take a break and recover the energy, waiting
for the next series. Exer-games are structured in this way: each of them
is divided into Trials and Repetition.

A trial is the single execution of the movement required by the exer-
cise. For example, if the exercise requires to take a step in a direction,
the execution of the step is a single trial. A trial is connected to a partic-
ular goal, it can be reaching an object or a position, for example, we call
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this “target”. If the target is reached, the trial is completed successfully
(Hit); otherwise, it is failed (Miss).

A score is associated with each execution of an exer-game, reflecting
the patient’s performance: the score is raised (in case of hit) or lowered
(in case of a miss) at the end of each trial. A set of trials is called repeti-
tion; the therapist can set the number of trials for repetition. To allow the
patient a short rest, as already said, there is always a short break between
two repetitions, the duration of which can also be set by the therapist.
The latter can also set the number of trials per minute, to speed up or
slow down the game. These three parameters are always present in every
exer-game.

Monitoring system Another shared feature, configurable by the therapist,
is the real-time monitoring system. When activated, it monitors the pa-
tient in real-time, interrupting the game when necessary. In addition, a
score multiplier is associated with the patient’s posture, the higher the
quality of posture, the higher the multiplier. In this way, the patient is
stimulated to maintain the correct posture as possible.

Bonus and cognitive trials To further stimulate the patient, also from a
cognitive point of view, special trials are included. For example, the
Bonus trial, generally represented through a golden target, of greater
difficulty, guarantees double the points, and it is used to make gameplay
less monotonous. The Cognitive Trial is also available. This special type
of trial must be avoided by the patient (e.g., a rotten apple that should not
be taken). In this way, we can speak of Dual-task, because in addition
to the physical objective there is also the cognitive one to recognize and
avoid negative targets.

In general, each exer-game is designed to entertain the patient, so an-
other common thing is the presence of “variations”, surprise elements,
which aim to reduce boredom (e.g., animals running in the background).
The exer-game score, which is always shown both during and at the end
of the exercise, calculated based on the number of targets reached and
the quality of the patient’s posture, is also a stimulus for the patient to
overcome himself/herself.
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4.4. Exer-game structure

Figure 4.4: Architecture of an exer-game with the most important components. We have
tried to define a common structure shared by each game, to facilitate the learning
curve of the patient.

Attention was also paid to sounds and audio, for example, by adding
motivational effects (e.g., people applauding) played at positive events
(e.g., point records).

4.4.2 Components

Starting from the basic structure and design requirements just exposed,
we now briefly describe the structure and components of an exer-game.

In Fig. 4.4, it is possible to see the components related to an exer-
game. The main components will be analyzed individually in the follow-
ing paragraphs. The main module is the Game Manager, which controls
the execution of the game and keeps track of all the parameters necessary
for correct execution. It also deals with the creation of the scene and the
game itself, and to do this, a certain amount of assets is needed, which
can include images, 3D models, animations, particle effects.

In each game, the player is represented through an avatar, which can
be humanoid, in the presence of the RGB-D camera, or an object, if it is
not possible to detect the patient’s joints.

The patient’s joints and posture are constantly monitored thanks to
the third component: the monitoring system. The monitoring system is
present only inside an exer-game.
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Outside the exer-games, we do not know what the patient is doing,
and not having a global system capable of identifying postural problems
of a generic position, it is not possible to know what rules to apply.

In case of incorrect posture, Hannah, the EVT, intervenes by giving
advice. The accurate description of Hannah will be described in Chapter
6, dedicated to long-term motivation. As well as being a fundamental
part of the exer-games and ensuring patient safety, as we will see, it is
also an important element of motivation for the patient.

Finally, at the end of each exercise, a screen with the Summary Results
of the exer-game played is shown (Fig. 4.5).

NUI avatars

One of the most important elements is the patient’s avatar, called NUI
(Natural User Interface) avatar. The origin of this name is because it
is controlled by the connected NUI devices, RGB-D cameras, balance
boards, wearable sensors, and so on. The avatar is of particular impor-
tance because it allows the player to identify himself/herself within the
game, increasing the immersion and improving the experience.

When an RGB-D camera is present, a humanoid avatar is used. This
avatar is animated according to the patient’s movements, e.g., if the pa-
tient raises an arm, the avatar will also move congruently.

While, if it is not possible to access this information, and only the
information from the Balance Board is available, an avatar that can be
controlled via the center of pressure will be used. In this case, the avatar
changes according to the type of game, and can represent, for example,
a basket that moves sideways, or a stick that it moves horizontally and
vertically.

At the end of the chapter, all games with screenshots attached are
presented, where it is possible to see the different types of avatars.

The Monitoring System

The Monitoring system is the component responsible for ensuring the
safety of the patient.

We used the system previously developed in Rewire (see [113] for
details). This system includes a set of “monitors”. A monitor controls a
particular movement of the patient (e.g., the angle of the back) and warns
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the patient, also pausing the game in case of need, if he/she is performing
a wrong movement.

Each exercise can have different types of monitors, which have been
identified with the help of therapists, and they are tailored for patients
with multiple sclerosis. A monitor has as input the information coming
from the connected devices, this information is then processed through a
rule-based approach, defined ad hoc for each monitor.

The output of a monitor is a value that represents the quality of pos-
ture related to the specific movement for which the monitor has been
programmed. Each monitor has four threshold values with which the
output is compared:

• Green threshold: if the output is below this threshold, the patient’s
position is correct; no action will be taken.

• Yellow threshold: the posture is incorrect, but it is not harmful to
the patient, the exercise can continue.

• Red threshold: the game is interrupted; the virtual therapist appears,
giving instructions on how to correct your posture. When the pos-
ture is corrected, the game can restart.

• Danger threshold: the patient’s posture is so dangerous that the
game is completely stopped and is no longer restarted.

The output color will then be applied to the patient’s avatar, highlight-
ing the part of the body that is having an incorrect posture.

The Results Screen

At the end of each exercise, a graph representing the patient’s recent
performance in that particular exercise is shown (Fig. 4.5). The graph
shows the trend of the points earned. It has no rehabilitative value, nor
does it aim to show the patient a clinical measure of his/her progress. It
is designed as a self-assessment tool (although without clinical value) to
encourage and motivate the patient.

The results screen is divided into two parts:

• On the left, some basic posture information is shown, such as the
percentage of activation of the monitors, accompanied by a silhou-
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Figure 4.5: The Results screen shown at the end of the execution of each exer-game.
It shows a summary of the quality of the exercise just performed. It is possible to
see both the quality of the patient’s posture (left side of the interface) and the graph
showing the scores obtained in the last executions of the exer-games (right side).

ette whose color varies from green to red, to make it easier for the
patient to understand the quality of his/her posture.

• On the right, the graph representing the trend of the Hit percentage
for the exercise just played is drawn. For each day, the maximum
percentage of Hit is shown to encourage the patient. In this way,
negative performances will have no impact on the graph.

4.5 Developed games

The reader should now have a clear understanding of the application
flow, the structure of the exer-games, and their characteristic primary
elements. To conclude the chapter, let us now briefly see the list, with at-
tached images, of all available exer-games. All the games presented here
have been inherited from the Rewire project. The same game-design that
proved successful with post-stroke patients has been maintained.

All games can be played with both Kinect and Balance Board. A
subset of games has been adapted to work even only with the Balance
Board and implemented in the MoveCare project.
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4.5.1 Bubble

In Bubbles game (Fig. 4.6 on the left), the patient is personified by a
stick inside a cauldron. The goal is to burst the bubbles that are gener-
ated in the eight directions. This game is associated with Weight Shift
Lateral, Weight Shift Frontal, and Weight Shift 360° exercises. Due to
the absence of a human-looking avatar, the game is also playable using
only the Balance Board. In this case, the monitoring system, based on
the patient’s joints, cannot be used (this version of the game has been
used in MoveCare). In the case is the Balance Board to not be present,
CoM estimated using the data provided by Kinect is used to move the
stick.

4.5.2 Scarecrow

Scarecrow game (Fig. 4.6, on the right) is associated with the Stand Still
exercise, in which the patient is requested to stay as still as possible. Both
the movements of the joints recorded by the Kinect and the oscillations of
the CoP recorded by the balance board are used. Some Kinect unreliable
joints (e.g., the hands) are excluded to prevent inaccuracies of the device
from compromising the patient’s performance. Compared to the other
games, where a single trial is easily identifiable, here a trial is represented
through a period of time, ended this time if the sum of the movements
is less than a determined threshold set by the therapist, a Hit will be
obtained. The game can also be used with a single device; a version
playable only with Balance Board is included in MoveCare.

Figure 4.6: On the left, Bubbles: associated with Weight Shift exercises, the patient is
requested to move the CoP to reach the targets. On the right, Scarecrow: associated
with Stand Still exercise, the patient has to stay as still as possible to attract birds.
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4.5.3 Pump the Wheel

Pump the Wheel game (Fig. 4.7, on the left) is associated with Lift Legs
exercise. The goal of the game is to inflate the wheel of a tractor. To do
this, the patient uses a pump, activated with the movement of the legs.
By raising and lowering the legs, alternating right leg and left leg, once
the patient reaches a certain height threshold defined by the therapist, the
pump is activated, and a Hit is obtained. In doing so, patients must also
maintain a good level of balance, avoiding moving too much left and
right. This game is played only with Kinect, without Balance Board, for
safety reasons.

4.5.4 Animal Hurdler

In Animal Hurdler (Fig. 4.7, on the right), the patient must raise his/her
legs to avoid animals walking towards him/her. This game is associated
with the Lift Legs Instantaneous exercise. Also here, as in the previ-
ous exercise, the therapist defines the minimum height the patient has to
reach, which will reflect on the size of the animals: the larger the animal,
the greater the height required to enslave it. The difference with Pump
the Wheel is that here the patient must maintain the position with the leg
raised for a longer time, waiting for the animal to leave. As in the case
of the previous exer-games, also this game is played without the Balance
Board.

Figure 4.7: On the left, Pump the Wheel: associated with the Lift Legs exercise, the
patient must raise and lower the legs simulating the inflation of the tractor’s wheel
by means of a pump, activated with the movement of the leg. On the right, Animal
Hurdler: the patient must dodge some animals, to do so he/she must alternately
raise his/her right leg and left leg.
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4.5.5 Fruit Catcher

In Fruit Catcher game (Fig. 4.8, on the left), the player has to catch
apples that fall from the tree above him/her. To catch them, patients need
to move under the apple, which will be taken from the basket placed on
the avatar’s head representing the player. Two exercises are associated
with Fruit Catcher: Weight Shift Lateral and Steps Lateral. In the first
case, the patient, standing on the balance board, will have to move his/her
CoP to the right and left, while in the second case, the patient will have
to take a single step in the direction of the apple. A version playable only
with Balance Board is available to MoveCare users, where the player’s
avatar has been replaced with a basket. Also from the figure, it can be
seen that part of the player’s avatar is colored red. It means that at that
moment the patient was assuming an incorrect posture, presumably due
to excessive rotation of the back.

4.5.6 Firefighter

In Firefighter (Fig. 4.8, on the right), the patient has to extinguish the
flames that are generated around him/her in 8 directions. To do this
he/she must take a step, with one leg, and place his/her foot above the
flame, which after a certain period of time, set by the therapist, will be
extinguished. This game is playable only through Kinect and without
the Balance Board, which could cause the patient to fall. It is generally
associated with the Steps 360° exercise, but it can also be associated to
Steps Lateral or Steps Frontal.

Figure 4.8: On the left, Fruit Catcher: by moving the CoP sideways (Weight Shift
Lateral) or taking a step (Steps Lateral), the patient must catch some apples that fall
from the tree. On the right, Firefighter: the patient must extinguish the flames that
are generated around him/her by taking steps and placing a foot over the flame.
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4.5.7 Horse Runner

In Horse Runner (Fig. 4.9, on the left), the patient’s avatar is riding a
horse, which runs along a predetermined path. The path and world of the
game change with each execution of the game to increase variability. The
exercise associated with this game is Sit to Stand. Along the way many
trees and jars of honey are positioned, near a tree the patient must sit and
avoid it, while he/she must get up when he/she is about to approach a jar
of honey to take it. Also in this case, a version playable only with the
Balance Board is available in MoveCare; to compensate for the absence
of the camera, the player’s avatar automatically gets up and sits down
according to the weight loaded on the balance.

4.5.8 Hay Collect

Finally, Hay Collect (Fig. 4.9, on the right) game is associated with the
Weight Shift Lateral exercise. In this game, the patient must drive a trac-
tor to collect hay. He/she can move the tractor by turning right and left
by moving the CoP in the desired direction. There are also some rocks
in the hay field, positioned just before the hay, which must be avoided.
Playable only with Balance Board, it is only available in MoveCare be-
cause it is considered too dangerous for patients with multiple sclerosis.

Figure 4.9: On the left, Horse Runner: in the saddle of the horse, the patient must
collect honey and avoid the branches of the trees, getting up and sitting down when
required. On the right, Hay Collect: the patient controls a tractor by moving the
CoP to collect hay and dodge rocks.
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CHAPTER5
Hospital Station

The next topic we will address is the Hospital Station (HS), the system
designed to be used by clinicians and therapists to manage all the phases
of the rehabilitation cycle. In the hospital, clinicians work with patients
and can see and analyze their physical condition, making them perform
exercises suited to their abilities to make rehabilitation more effective
and safe. They can also evaluate the patient’s progress with their eyes and
possibly modify the exercises or their difficulty according to the patient’s
needs. In home rehabilitation, this does not happen.

The therapist may not see the patient for several weeks as the patient
exercises independently at home. For this reason, it is necessary to pro-
vide therapists with a tool that allows them to administer personalized
exercises and remotely monitor the patient’s progress. The software that
takes care of this task is the Hospital Station.

5.1 Requirements and goals

The HS tries to bridge the gap between traditional rehabilitation and
home rehabilitation, providing all those tools necessary for the thera-
pist to make decisions about the patient, both as regards the scheduling
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of the exercises and for the analysis of the progress. It also provides the
opportunity to verify adherence to therapy, which is a critical point in
home rehabilitation; the greater the intensity and frequency of rehabili-
tation, the greater will be its effectiveness [119]. Often, the absence of a
therapist and the total autonomy of the patient can lead to a decrease in
motivation that reduces adherence, and this should be avoided.

The HS has been designed to be used in different areas, not only in
postural rehabilitation. It can also be used with software other than PS.
The general requirements it should fulfill are the following:

• Patient’s management: therapists should be able to take charge of
new patients, their data (and any notes on their status), and their
discharge.

• Exercise scheduling: to increase the effectiveness and safety of re-
habilitation, it must be possible to program highly personalized ex-
ercises for each patient, to schedule exercises suited to the abilities
of each patient.

• Therapy adherence: the adherence of the patient must be con-
stantly monitored. The therapist must be able to easily verify that
the patient is carrying out the rehabilitation program and be notified
when this does not happen.

• Exercise analysis: therapists should be able to verify the quality
and correctness of the exercises performed by the patient, having
both a detailed tool for the analysis of each exercise and an overview
to quickly check the patient’s progress.

• Flexibility: flexibility is strongly needed. On the one hand, it should
be easily possible to use HS in areas other than postural rehabilita-
tion; on the other hand, regardless of the area of use, it should be
easy to modify both the parameters of each exercise, as well as the
graphs and the data that make up the patient’s evaluation.

The HS is designed to be used exclusively by medical personnel. It
is an instrument that can become relatively advanced and not easy to
interpret or use. Therefore, the same ease of use required by the PS is
not required.
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5.2 Architectural overview

In Fig. 5.1, a representation of the internal architecture of the HS is
shown. The main modules are three: a) the Patient Management module,
b) the Exercise Scheduling module, and c) the Results Analysis module.
These modules satisfy the requested features described above, providing
the possibility to manage patients, schedule their exercises, and analyze
their progress. We will then see each of these three modules in detail
in the following paragraphs. Each module can be added or removed
from the HS, depending on the therapists’ needs. Secondary modules,
not relevant from the scientific point of view, but necessary for proper
operation, such as, for example, the notification system, will be described
very briefly.

Figure 5.1: HS architecture. Through a set of APIs, it communicates with the PS, with
which it exchanges information concerning the schedule defined by the therapist
and the exercises performed by the patient. While the therapist, through the web
interface, accesses the HS services. Inside the HS, it is possible to see the main
components necessary to provide the required features.

5.2.1 Software used

Access to HS must be practical, easy, and fast. For this reason, it was
decided to develop a web server that would offer all the functionality via
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the browser. Given these premises, the choice of the technology to use
fell on the Django Project framework1.

Django has many advantages. It supports Python, one of the most
popular general-purpose languages, which allows integration with many
libraries widely used in scientific field (e.g., numpy, matplotlib, ...).
Django is also designed for fast prototyping, suitable in our case, where
requirements have changed often. It is also very popular with an active
community in case of need, and it lends itself well to modularization and
code reuse.

In Fig. 5.2, a screenshot of the HS homepage is shown.

Figure 5.2: HS homepage. From this page, the therapist can access all the main fea-
tures of the HS, i.e., Patient Management module, Exercises Scheduling module, and
Results Analysis module.

5.3 Patients Management module

Let us start the description of the modules starting from the simplest: the
Patient Management module (PMM). This module is used for the man-
agement of your patients, both for basic information such as biographical
data and some slightly more complex features.

The main critical aspect of this module is data management and pri-
vacy. For this reason, to ensure the privacy of each patient, a two-tier
authentication system is used. At the lowest level, there is the patient’s
account, which through the PS can only request its schedule and upload
the exercises performed but has no other type of access to the HS. At

1Django Project, https://www.djangoproject.com (visited on 11/30/2020)
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the upper level, there are the therapists accounts, which have access to
all the features of HS. A therapist only manages his/her own patients; it
is obviously not possible to see the information of patients in charge of
other clinicians.

Then, above this system, the three main functionalities of this module
have been developed, presented below.

• Add a new patient: when a new patient is taken care of by the
therapist, it is possible to add him/her through this form. The thera-
pist will fill in the patient’s data and create his/her account, through
which the patient can then connect using the PS. If necessary, in ad-
dition to personal data, the therapist can also change the password
of the patient’s account. Once the account is created, the therapist
can start scheduling the exercises.

• Discharge of a patient: when a patient no longer needs to perform
rehabilitation, he/she can be discharged; in which case his/her ac-
count will be hidden from the pages for scheduling the exercises
and analyzing the results. However, it will always be visible in the
PMM, in a separate section, ready to be reactivated if the patient
needs to be taken back into charge.

• Share a patient: sometimes, it may be necessary for a patient to be
followed by several therapists or for a therapist to ask a colleague
for a consultation. In these cases, it is possible to temporarily or
permanently share a patient with other doctors. New therapists will
have full access to patient information, such as the patient’s sched-
ule and exercises performed.

5.4 Exercise Scheduling module

The second module we are going to describe is the Exercise Scheduling
monitor (EMS). The EMS is mainly used for two functions: the schedul-
ing of customized exercises for each patient and the monitoring of ad-
herence to therapy.

The module is based on the concept of Schedule, which has already
been defined in Paragraph 3.2. Resuming that definition, a schedule is a
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set of activities, where each activity is a pair <exercise, game> with all
the related parameters.

Here we extend the definition of schedule, adding start and end dates,
and mode. Through the starting and ending dates, it is possible to pro-
gram multiple schedules in different periods, but only one schedule at
a time can be activated. In this way, therapists can program different
schedules for different periods and also have the assurance that a past
schedule, perhaps no longer suitable, is not performed by the patient.

The schedule mode can be Open, in which the patient can play all the
exercises as many times as he/she wishes, or Close, in which he/she can
play only once for each exercise.

5.4.1 Schedule editor

To allow the patient to benefit from personalized exercises, adapted to
his/her abilities, and that guarantee safety, the Scheduler Editor has been
implemented. It gives therapists the possibility to create a new schedule
or modify/delete an already existing schedule.

For each schedule, it is possible to define the set of activities that
should be performed and, for each activity, all the parameters necessary
for the correct definition of the difficulty.

In Fig. 5.3, it is possible to see the main page of the schedule editor.
On this page, all the available activities are shown. On the left side, it
is possible to see the games currently not included in the selected sched-
ule; on the right side, the activities currently present in the schedule are
shown. Therapists, through drag and drop actions, can add or remove
activities. The activities are configured manually by the therapist, who is
aware of the patient’s status and can set the parameters to maximize the
effectiveness of the rehabilitation.

The therapist, in the profile setting page, can decide whether to con-
figure the editor with an exercise-based approach or with the video-game
approach (as in the figure). In the latter, as shown in the figure, the ed-
itor, on the left, shows the set of video-games still available, and the
therapist is required, for each exer-game, to choose which exercise will
be associated (opposite behavior for the other approach).

In the box of each activity already scheduled (on the right side of Fig.
5.3), in the lower part, it is possible to see a set of shortcut buttons.
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Figure 5.3: The schedule editor. On the right panel, the activities currently contained
in the schedules are shown. The other available video-games are visible on the left
panel. Therapists can add or remove activities as they wish.

These buttons allow to:

• Change the difficulty: five predefined levels of difficulty are se-
lectable: each level of difficulty is associated with a set of parame-
ters. In case of need, the therapist can decide to use these levels to
speed up the scheduling. Each level is customizable: once chosen,
the therapist can proceed with the usual tuning of all parameters.

• Set the duration of the exercise.

• Enabling or disabling the monitors.

• Open advanced settings: clicking on this button opens the Advance
parameters configurator, through which it is possible to manually
modify every single parameter (Fig. 5.4).

On the right side, it is also possible to see the fields containing the
starting and ending dates, and, in the bottom, from left to right, the but-
tons to enable or disable the schedule and to save or load a schedule from
favorites.
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Figure 5.4: Parameter configuration dialog. In this window, it is possible to change
all the parameters (exercise, exer-game, and monitor) for a certain activity. For
some parameters, it is possible to select a continuous range of values. During the
execution of the exercise, the parameter will be automatically adapted, remaining
within the range defined by the therapist, to suit the patient’s condition.

This latter feature has been requested by therapists and can be useful
when two or more patients have similar abilities. The therapist can add a
schedule in the favorite list and load it in the profile of the other patient
who needs the same schedule. Each favorite schedule has a name and
description to assist the therapist in identifying the desired schedule.

The level shortcuts allow therapists to quickly select a set of prede-
fined parameters; however, sometimes they may need to manually mod-
ify some parameters and fine-tune the difficulty. This can be done using
the advanced parameter configuration (Fig. 5.4).

From this dialog, therapists can set all the parameters for a particular
activity. The parameters can be set via drop-down menus, checkboxes,
or sliders.
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Static and dynamic parameters

It is possible, for some parameters, to select a range instead of a single
value (e.g., Max mov. parameters, in Fig. 5.4). These parameters are
called “dynamic parameters”. Unlike the others, which are called “static
parameters”, the dynamic parameters may vary during the execution of
the exercise or between two consecutive executions. This allows auto-
matic modification of the difficulty in real-time. It is used to better adapt
the difficulty, and consequently the fun, of the patient. It is a mechanism
that involves both HS and PS, and which will be discussed in detail in
Chapter 6.

5.4.2 Tracking patients activities

The second important feature of this module concerns the monitoring of
the patient’s activity, which has a key role in the rehabilitation program.
The scheduling module provides two different views to control patient
adherence data: a calendar view and a list view.

Calendar view

Through the calendar view, therapists can see for each day of a month
if the patient has played, partially played, or not played the scheduled
activities, providing a clear picture of the rehabilitation adherence of the
patient. In Fig. 5.5, it is possible to see an example of the calendar
view. We can guess that the schedule was created on January 15 but
that it was downloaded by the patient only two days later when the status
went from ND (not downloaded) to P (played). From then on, the patient
played three days a week, as requested by the therapist.

Although not yet available, it is easily possible to integrate this cal-
endar with the notification system, alerting the therapist if the patient is
skipping too many sessions to allow timely intervention.

List view

The second monitoring view, the list view (Fig. 5.6), shows all the basic
information of the schedule, such as starting and ending dates as well
as the exer-games contained and the number of times an exer-game has
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Chapter 5. Hospital Station

Figure 5.5: Calendar view. It shows for each day if the patient follows the schedule,
helping the therapist to verify adherence to the therapy.

Figure 5.6: List view, with the list and the number of played games.

been played. It also shows the status of the schedule (played, partially
played, or not played) of the last week.

Under the current schedule, all the previously played schedules are
available. If necessary, clinicians can re-open an old schedule and reac-
tivate it. Future schedules are also shown in a dedicated tab.

5.5 Results analysis module

The last module we deal with is the Results analysis module, surely the
most complex and critical module. Designed for patient assessment, this
module allows therapists and clinicians to analyze the exercises played
by patients.
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5.5. Results analysis module

Since the rehabilitation sessions inside the hospital could be infre-
quent, a tool for remote patient assessment is needed to verify the pa-
tient’s progress. Rehabilitation therapy, the set of exercises and their
difficulty, is decided according to the patient’s ability. With proper ther-
apy, the chances of success and effectiveness of rehabilitation increase
significantly. For this reason, providing a reliable evaluation system is a
crucial point in a home rehabilitation platform.

For each exercise, it must therefore be possible to verify its quality in
detail, estimated using some evaluation indexes that have been defined
with the therapists.

But, clearly, a therapist could have dozens of patients, and there may
not be the possibility and the time to evaluate all their exercises. For
this reason, the platform must also provide the long-term trend of the
patient’s performance to allow a quick (but more approximate) analysis.

This module presents two main difficulties to face: finding the indexes
that best represent the patient’s state and how to show them.

We will first start by describing the basic architecture of the module,
and then we will see how these indexes are shown to therapists. The
module has been designed to be flexible and reusable. Particular atten-
tion has been paid to ensure that it can be used in different rehabilitation
fields. To achieve this, it is easily possible to add or modify new in-
dexes, allowing to extend the analysis of an exercise with new evaluation
metrics.

5.5.1 Module architecture

Due to the complexity and size of the module, it has been logically di-
vided into three components: the results generator, the results aggregator,
and the results visualizer. Architecture is illustrated in Fig. 5.7.

The Results Generator Module (RGM) It analyzes all the information (e.g.,
devices raw data, game events, monitors, ...) of a certain exercise to
produce graphs and tables representing its quality. This information will
then be used by the Results Visualizer Module to produce a page showing
the metrics which will be available to the therapist.
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Chapter 5. Hospital Station

Figure 5.7: Results analysis module: architectural overview. Results Aggregator and
Results Generator modules, using the information stored in the HS, generate a set of
charts and other data representing some metrics about the executed exercises. This
data will be used by the Results Visualizer Module to provide to the therapist with a
picture of the patient’s status.

The Results Aggregator Module (RAM) It analyzes all the exercises per-
formed so far by a patient (using also the results previously calculated
by the RGM) to produce aggregated metrics representing the patient’s
trend in the long-run.

The Results Visualizer Module (RVM) Finally, using the pre-calculated re-
sult created by RGM, it creates a web-page containing all the metrics
needed to understand the quality of an exercise.

Let us have a look at each of these three modules in detail now.

5.5.2 Results Generator module

In Chapter 2, we saw two possible approaches for patient evaluation:
template-based and rule-based. In our case, it was decided to use the lat-
ter approach. Thanks to the collaboration with therapists, a set of rules
for the extraction of metrics representing the most important features for
each exercise were defined. These metrics allow therapists to analyze
each exercise in detail. Generally, such a detailed view is rarely used,
mainly when the therapist notices that something is wrong, and then pro-
ceeds with a detailed check. But, precisely because it is used in impor-
tant and/or critical situations, it is essential that it is reliable and offers
the therapist all the information he/she needs.

RGM is activated upon receiving a new exercise, and it generates one
or more Result objects. A Result object can be a graph or a piece of
textual information that is used to represent the quality of the exercise.
Since an exercise can have several and different metrics to evaluate it,
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5.5. Results analysis module

there can be many results for every kind of exercise. The Result Objects
will be used later by the results visualizer module to create a page con-
taining all the information deemed useful by the therapists to obtain a
correct evaluation of the patient.

To generate the Result objects, our module uses a set of Output pa-
rameters (OPs) objects. An OP is used to extract a single metric from
the devices’ raw data. Every OP is associated with a Python method (i.e.,
our extraction rule) that will be executed having in input the raw data to
generate the desired results. An exercise can have one or more OPs (usu-
ally at least three or four), according to the therapists’ needs. Once a
new exercise is received by the HS, the methods associated with the cor-
responding OPs are executed, generating a set of results with associated
data (e.g., images representing the graphs).

In case of need, using OPs, it is easily and quickly possible to add
further metrics or modify existing ones. If and when the therapist needs
new information, a new OP will be defined and implemented by the de-
velopers.

Defining an OP For clarity purpose, let us see an example of OP. In the
Weight Shift Lateral exercise, one of the metrics deemed useful by clin-
icians is the so-called Maximum Excursion (MXE). MXE is represented
by a percentage describing how close is the patient to the goal set by the
therapist. In this exercise, the patient is required to move on the left and
on the right to reach pre-defined thresholds. The maximum amplitudes
reached by the patient in the two directions divided for their thresholds
are the desired MXEs (right MXE and left MXE). The patient’s CoP,
calculated on the data coming from the Nintendo Balance Board (or in
its absence the CoM estimated by the patient’s joints), is used to deter-
mine the MXE. To extract this metric, we must then define an OP and
write the corresponding Python code necessary for data analysis. Exam-
ple code for the extraction of this metric is represented in Algorithm 5.1.
In this code, we extract the minimum and the maximum values of the
CoP, which correspond to the maximum left and right shifts achieved.
We then divide them by the thresholds set in the schedule (MaxMove-
mentRight and MaxMovementLeft parameters), obtaining the MXE in
the two directions.
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1 @outputParameter
2 def Weight_Shift_Lateral_MXE(exercise_data, index_of, label=’TEXT’

, dictionary = None):
3 # Initialization of the dictionary representing the result
4 # type: type of output (Text, Image, Animation, ..)
5 # index_of: choosen between (Nothing, Amplitude, Stability,

..), used to aggregate data
6 # id: id of the output parameter
7 results = {’type’: type, ’index_of’: index_of, ’id’: ’WSL_MXE’

}
8

9 # Getting thresholds (using activity parameters)
10 # MaxMovementRight & MaxMovementLeft represent the amplitude

of the movements required
by the exercise

11 right_threshold = self.GetParameter("MaxMovementRight")
12 left_threshold = self.GetParameter("MaxMovementLeft")
13

14 # Computing MXEs as the maximum and minimum values of the CoP
along the y-axis.

15 copY = []
16 for frame in exercise_data.frames:
17 copY += [frame.wiibbdata.copY]
18 right_max = max(copY)
19 left_max = min(copY)
20

21 right_MXE = right_max / right_threshold * 100
22 left_MXE = left_max / left_threshold * 100
23

24 # Adding MXE information to results
25 results[’output’][’rightMXE’] = right_MXE
26 results[’output’][’leftMXE’] = left_MXE
27

28 return results

Code Listing 5.1: Example code for the extraction of the MXE in the Weight Shift
Lateral exercise.

This is a simplified example: calculating the minimum and the maxi-
mum values may not be reliable or representative of the patient’s status.
The OP currently in use, it first calculates all the maximum distances
temporally close to a trial (i.e., we are calculating the distance only when
we are sure the patient is moving to reach the target), and computes the
average between all the maximum distances, to obtain a more reliable
value. The example shown here is only for guidance, to let the reader
understand how fast and easy it is to add or modify an OP. Clearly, noth-
ing prevents the definition of methods much more complex than the one
just mentioned, even perhaps using information from other exercises per-
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formed recently or using advanced algorithms.
In this example, the result of the method is a dictionary containing

the information we want to show (textual information in this case). In
other cases, for example when the output parameters need to be shown
as a figure, the method will generate a picture that will be stored on the
HS, and it will return a dictionary containing the path to the generated
picture.

Emotions analysis Until now, we have exclusively talked and treated met-
rics related to the physical performance of the patient through the anal-
ysis of raw data of the connected devices. Which is logical because the
primary objective of the platform is to allow physical rehabilitation.

However, also the psychological aspect should not be underestimated.
In one of our preliminary experiments, using Microsoft’s Face API2, PS
monitored perceived facial expressions (e.g., happiness, sadness, anger,
...) and sent this information to HS at the end of the exercise. We then de-
fined a special OP to show the relevant emotions during the execution of
the exercise. This information can be useful both to monitor the patient
from a psychological point of view (to eventually try to detect patholo-
gies, such as depression) and to verify how emotions change during the
execution of the exercise. For this second purpose, facial expressions
were detected both periodically (e.g., every 10 seconds) and in conjunc-
tion with particular events, such as Hit, Miss, or other game events.

5.5.3 Results Visualizer module

At this point, we should have understood how the results are generated.
But how are they shown? Showing them to therapists is not a secondary
issue, and in our experience, there have been many discussions about
how to make it easier for therapists to understand the graphs.

We would like to emphasize that therapists can often evaluate their
patients’ performance only through HS (hospital or home visits may be
very sporadic), so they must have all the information they need, and it
must be presented as clearly as possible so as not to be misunderstood.

2Microsoft’s Face API, https://azure.microsoft.com/en-us/services/
cognitive-services/face (visited on 11/30/2020)
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We have just illustrated the example of the MXE calculation, which
is shown as textual information, but this is not the only possible visual-
ization type. There are four different categories that are associated with
four different visualizations:

• 2D-3D animations: mainly used to show the patient’s skeleton and
CoP (or CoM), they represent an animation which lasts for the en-
tire duration of the exercise, implemented using three.js3 (Fig. 5.8).
This information can be particularly useful, as it allows the thera-
pist to visualize all the movements performed by the patient during
the exercise through a 360° 3D visualization. Through a progress
bar, clinicians can move the time of the execution, allowing them
to analyze the corresponding information for that time. Play, pause,
stop, and speed features are also available to manage the animation.

Figure 5.8: On the left, the 3D animation widget showing the patient’s skeleton and
CoM estimated by the Kinect (red sphere); on the right, the 2D animation showing
the CoP calculated by the Balance Board.

• Textual information: this type of result is used to show precise in-
formation, such as averages, minimum and maximum values, i.e.,
anything that can be represented through a short text string. All tex-
tual information is grouped and shown in the form of a table, with
the corresponding name associated with the OP (Fig. 5.9). All exer-
cises always have at least two entries in the table: Hit and Monitor
percentages. Remember that the percentage of Hit represents the
number of successful targets, while the percentage of monitor rep-
resents the average quality of posture.

3Three.js, https://threejs.org/ (visited on 11/30/2020)
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Figure 5.9: Textual results of a Weight Shift 360° exercise. In addition to the Hit
and Monitor percentages (present in every exercise), it is possible to see the MXE
achieved in the four main directions. This type of information is also useful be-
cause it allows the therapist an easy comparison with other executions of the same
exercise.

• 2D charts: simple charts displaying a data series calculated for the
entire exercise duration (e.g., the stability of the patient). Useful be-
cause they allow understanding the trend of a certain metric during
the execution of the exercise. They are created using the flot.js4 li-
brary (Fig. 5.10). This type of graph is now obsolete and no longer
used, in favor of the next type of output: the Advanced images.

• Advanced images: previous 2D charts have some limitations: they
cannot be customized enough when advanced information is re-
quested (e.g., for calculating the convex hull of the CoP). In these
cases, high-customizable images (e.g., Fig. 5.11) showing all the
needed information are created using matplotlib5 library. In these
images, for example, it is possible to add lines or circles represent-
ing the objectives to be achieved. Another feature of this type of
results is that it also allows the overlap of multiple exercises. The
therapist can choose, through a drop-down menu, to superimpose
the same graph of one or more exercises, to check the patient’s
progress.

Each exercise has its own page containing all its metrics. Therapists
can browse through the various exercises, divided into game sessions
(i.e., the set of games played from the start of the PS to its shutdown).

4Flot.js, https://www.flotcharts.org/ (visited on 11/30/2020)
5Matplotlib, https://matplotlib.org/ (visited on 11/30/2020)
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Figure 5.10: Example of a chart showing the stability of the patient in a Weight Shift
Lateral exercise. In this case, the patient’s stability was good throughout the exer-
cise, with no significant oscillation noted.

Figure 5.11: Image generated for the Weight Shift 360° exercise: in every direction, the
point required to reach is shown as a red circle. The green convex hull represents the
area covered by the patient during the execution of the exercise. This type of results
can also be compared with previous executions of the same exercise.
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Multiple Sclerosis: calculated metrics

For each exercise, the metrics that best represent the quality of the ex-
ercise and the patient’s skills have been defined. These metrics aim to
evaluate the patient according to one or more of the following rehabilita-
tive dimensions: amplitude, stability, accuracy, force, and speed.

These indexes have been defined and studied for patients with multi-
ple sclerosis; before applying them to other diseases, validation by hos-
pital staff is required.

• Stand Still: evaluation is in terms of stability of the position (cal-
culated as the area covered by the CoP, the smaller is the area, the
greater the stability) and accuracy of the pose, computed as:

(5.1)A =
m∑
i=0

|Ji,j − Ji,j−1|

where Ji,n is the position of the i-th joint in the j-th frame.

• Weight Shift Lateral/Frontal/360°: the distance the patient is re-
quired to cover with his/her CoP in each direction determines the
movement amplitude. Accuracy is given by the average distance
between the patient CoP and the center of the target. The smaller
the distance, the greater the accuracy. Stability can also be evalu-
ated. It is calculated as the standard deviation from the ideal straight
line that should be followed.

• Lift Legs & Lift Legs Instantaneous: amplitude is associated with
the height of the raised foot. Speed is determined by the raised
leg speed during the movement, and stability is calculated through
antero-posterior oscillations when the leg is raised.

• Sit to Stand: here, too, the lateral stability during movements and
the speed at which the patient stands up is calculated.

• Steps Lateral/Frontal/360°: amplitude, speed, and accuracy are
evaluated. Amplitude and accuracy are calculated in the same way
as Weight Shift Lateral/Frontal/360° exercises but using the foot po-
sition instead of the CoP. While speed is determined by the average
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speeds required to move the foot from the center position to the
target position.

5.5.4 Results Aggregator module

So far, we have seen a series of graphs and information that accurately
describe in detail the quality of a single exercise performed by a patient.
But a therapist could have dozens of patients, if he/she had to supervise
every single exercise in such a detailed way, autonomous rehabilitation
would lose any advantage, requiring the therapist a comparable amount
of time to traditional rehabilitation.

The detailed view of a single exercise is certainly a useful feature in
some cases; for example, if the therapist wants to check if the patient
is performing an exercise correctly or if he/she suspects some kind of
problem. But often such a high level of detail may not be necessary.

For this reason, a module has been developed to aggregate the data of
a single patient into a limited number of graphs, containing only the most
representative information regarding the patient’s performance. These
graphs represent the trend over time (even weeks or months) of the pa-
tient’s physical capabilities.

It was not immediately clear which was the best method for the defi-
nition of these aggregated graphs. For this reason, the HS supports two
alternative views. The first approach developed is based on the use of
OPs, the same that produce the graphs in the detailed visualization: a
subset of OPs considered most representative has been selected, and if
an OP is shared by several exercises, they are combined into a single
graph. This approach has not turned out to be as useful as expected, at
least with patients with multiple sclerosis, so we moved to a second ap-
proach, where different exercises are no longer combined into one series,
but more series are produced for a single graph, so the therapist can more
easily get an idea of the exercises that are not being performed properly.

General approach to data aggregation in the HS

Initially, after a few meetings with therapists and after defining the de-
tailed evaluation metrics for each exercise, it was decided to use the re-
habilitation indexes (amplitude, accuracy, stability, strength, and speed)
as metrics to represent the patient’s performance over time.
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Each OP can be associated with one of these indexes. For example,
in the Weight Shift Lateral exercise, the movement amplitude can be as-
sociated with an OP that calculates the average between the right MXE
and the left MXE, which is a good representation of the patient’s over-
all amplitude. Similarly, in other exercises, such as Steps Lateral, it is
possible to calculate the amplitude of movement in completely different
ways (in this case, by measuring the amplitude of movement performed
by the patient’s feet).

So, the original idea is to calculate, for example, the amplitude of
movement of the patient, starting from the amplitude obtained from dif-
ferent exercises. Obviously, a problem immediately arises, different ex-
ercises have different scales: how can I combine the amplitude of move-
ment obtained in Weight Shift Lateral, where I cannot perform steps, with
the one estimated in the Steps Lateral exercise?

The solution we proposed was to calculate the trend of a specific OP
for a single type of exercise and normalize it. Taking into account a sin-
gle type of exercise, it was sufficient to calculate the value of the OP for
each day on which the exercise was played (possibly averaging if several
exercises were played on a given day). And finally, once the series for
all the different type of exercises including that particular OP has been
obtained, it is possible to perform the average between the series, now
feasible thanks to the normalization.

At this point, theoretically, it is possible to create a graph that repre-
sents the patient’s abilities with respect to a rehabilitation index. This
graph should at least give an indication of the patient’s trend, whether it
has improved or deteriorated over a given period. As we will see now,
however, there are some problems.

MS specific approach to data aggregation

It was immediately clear, after showing therapists a first version of the
aggregated graphs, that this type of visualization was too general and
did not allow a sufficiently clear evaluation of all rehabilitation aspects.
By combining the indexes of different exercises, it became impossible to
evaluate the patient in a particular exercise, and some problems inherent
to a specific exercise may not be identified. A trivial example: a patient
may have improved his/her amplitude of movement in Weight Shift Lat-
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eral and worsened it in Steps Lateral. From a single trend, it would be
impossible to get this information. For this reason, it was necessary to
find an alternative system for the calculation of global graphs, something
that would aggregate the information but still allow a clear, quick, and
simple evaluation of the patient’s status.

So, it was decided to create more trends that could better highlight
some individual aspects for each exercise. In addition to the global Hit
% graph, we were asked to group exercises in two categories: those for
static balance (i.e., exercises in which the patient does not have to take
steps) and those for dynamic balance training (i.e., exercises in which
the patient takes steps).

Three relevant aspects were chosen for each category, for static bal-
ance exercises we can estimate:

• CoP area: calculated from Stand Still, Weight Shift Lateral, Weight
Shift 360°.

• Lateral oscillation: from Stand Still, Sit to Stand, Weight Shift
360°.

• Front/Back oscillation: from Weight Shift Lateral, Weight Shift
360°, Stand Still.

While for dynamic balance exercises:

• Velocity: from Lift Legs, Lift Legs Instantaneous, Steps Lateral,
Steps 360°.

• Lateral oscillation: from Lift Legs, Lift Legs Instantaneous, Steps
360°.

• Front/Back oscillation: from Lift Legs, Lift Legs Instantaneous,
Steps Lateral, Steps 360°.

We then produce a time series for each exercise of the category, so that
the therapist is able to see which exercises the patient performs worse by
looking at these six graphs.

An example of lateral oscillation for static exercises is visible in Fig.
5.12. The graph shows the lateral oscillation in the three static exercises
available through the PS.
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Figure 5.12: Graph representing the global lateral oscillation. The graph shows the
trend of lateral oscillation in those exercises in which lateral oscillation is a repre-
sentative metric for the quality of the exercise.

With this visualization, it is easier for therapists to verify the patient’s
performance in every single exercise, measured through the most repre-
sentative rehabilitation indexes (amplitude, stability, ...), without falling
into excessive generalizations, which could prevent the evaluation of all
the parameters necessary to determine the patient’s progress. In case of
need, all detailed results for each exercise are always available.

5.6 Notification system

We conclude the chapter with a brief description of the last component
of secondary importance: the Notification System.

The notification system allows therapists to be notified when partic-
ular events occur. Currently, the notification is only visible within HS,
and the events that are notified are only when a new exercise has been
performed and when an invitation to share a patient is received.

However, we plan to enhance this system both to notify events in a
more immediate way (e.g., sms, e-mail, or push notifications) and to
alert of other more important events. In case, for example, of a fall,
or other problems detected by Hannah, the therapist should be notified
immediately.
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CHAPTER6
Patient engagement and motivation

Patient’s motivation plays a key role in the outcome of the rehabilitation
program: a motivated patient will be more inclined to follow the program
assigned by the therapist. Unfortunately, for some diseases, there is a
slow but steady decline. Rehabilitation, in these cases, aims to slow
down this decline as much as possible, to allow a better quality of life for
the patient.

Given this premise, it is clear that even the most motivated patient, af-
ter weeks or months of sessions, can lose motivation, given the apparent
lack of improvement. Providing a stimulating environment during the
execution of the exercises can certainly help. To this end, exer-games
can contribute, but only in the short term. Once the patient has fully un-
derstood the mechanisms, the novelty factor will slowly fade away, and
the patient will begin to get bored.

In this chapter, we will start with some simple theoretical notions
about motivation, and we will continue describing the features that have
been implemented to try to increase patients’ interest and, consequently,
motivate them during the execution of the exercises.
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6.1 Motivation

Before illustrating the game design solutions we developed to stimulate
the patient, we want to start this chapter with a first theoretical part on
motivation. Motivation is a crucial element for the patient; it can be de-
fined as “the psychic process that initiates, guides, and maintains human
behavior” [120]. Let us start with a couple of theories to make the reader
understand how it is related to video-games and consequently with the
effectiveness of rehabilitation.

6.1.1 Self-determination theory

The first key point we would like to mention is the Self-Determination
Theory (SDT) [121]. STD can help us to understand how human mo-
tivation and behaviors work: it tries to explain why some individuals
are highly determined and committed to fulfilling their duties (high self-
determination), while others have a passive, almost indifferent behavior
(low self-determination) [122].

It also introduces the concepts of intrinsic and extrinsic motivation.
In a self-determined person, the motivation comes from inside (intrinsic
motivation), in contrast with low self-determination, in which behaviors
are guided from the outside (extrinsic motivation). Probably every one
of us knows at least one person who immediately does what he/she has to
do, without any external incentive and, at the same time, we all know at
least one person who must be encouraged, motivated, before doing what
duty requires.

Self-determination theory is strictly related to motivation: when per-
forming an activity, both intrinsic and extrinsic motivation influence the
development and enjoyment of that activity.

Intrinsic motivation comes from internal desires, like a duty, a sense
of pleasure, the desire to learn, or any other internal satisfaction; in our
case, the wish of a better condition is a strong motivation to perform
rehabilitation. On the contrary, extrinsic motivation occurs when an in-
dividual acts mainly in response to external forces, influenced by others,
or rewards (e.g., money). There is also a further third type of motivation,
usually less known, the amotivation, which is basically the absence of
motivation [123]. The combination of these three types of motivation
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defines the interest in a particular activity. Understanding how these dif-
ferent types of motivation work in games and video-games and how they
are related to fun can help to develop better games with more entertain-
ment capabilities. In fact, although born as a theory for a generic activity,
SDT can also be applied to video-games (e.g., [122] [124]).

6.1.2 Short and long term motivation

Intrinsic and extrinsic motivation are also related to short and long-term
motivation. As stated by Ryan and Deci [125], people with strong in-
trinsic motivation tend to be motivated for longer and have better perfor-
mance and creativity.

Short-term motivation generally concerns a single game and is more
related to the fun and enjoyment experienced in that short period of time.
Instead, long-term motivation is related to keep high the player’s moti-
vation during multiple sessions spread over several days or even weeks
or months. The latter is more complex to achieve. In our case, the effort
required to produce a set of exer-games that allows keeping the patient
entertained and motivated over a long time is huge.

This problem is shared by every game. Every video-game has its own
life cycle: no video-game publisher expects their own game to be played
forever. Our goal is to try to extend the life cycle as much as possible:
if the patient gets bored after a few days, adherence to therapy may soon
begin to decrease, and our goal will not be achieved.

Popular and famous games present a large set of actions that can be
performed within the game: different levels, world exploration, multi-
player. These elements, if well designed, can entertain the player for a
long time. This obviously requires the work of tens or even hundreds of
people generally for months, an enormous amount of work.

The scenario is even more complex as far as exer-games are con-
cerned. Exer-games have several constraints to meet compared to tra-
ditional video-games, which limit their longevity. For example, they
have to be usually used with devices that are not compatible with mouse
and/or keyboard (e.g., Kinect or Balance Board); this requires the devel-
opment of user interfaces designed specifically for the type of devices
used, and the interaction between the user and the computer can be lim-
ited and complex. Furthermore, an exer-game is closely related to a reha-
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Chapter 6. Patient engagement and motivation

bilitation exercise, and the design of the games must be designed around
the exercises to be performed by the patient.

Fortunately, there is also a positive side: most patients are driven by
intrinsic motivation and the desire to improve their physical condition,
this can help to balance or reduce possible game-design deficiencies.
Starting from this primary need that motivates the patient, the use of
games and other attractive features, can also stimulate extrinsic motiva-
tion, for greater effectiveness.

6.1.3 Fun and Flow theories

The last theories we would like to present, well known by game de-
signers, are the theories of fun and flow. Currently, there is not a clear
definition of “fun”, although several studies had tried to define it [126]
[127] [128]. It is also hard to measure and to formalize: few heuristics
have been proposed, and there have been some attempts to vary some
game mechanics to increase the player’s engagement.

[129] represents one of the first works with the objective of measuring
fun in a quantitative way. Iida et al. introduced a metric to evaluate the
fun for the variants of the chess game, using the average length of the
game and the number of possible moves.

In [130], an attempt was made to measure the fun of Pac-Man games
in mathematical terms through some heuristics. To validate their esti-
mation, the authors have recruited several players who were asked an
estimate of the difficulty of the level played and how much they enjoy
playing. Results show that the mathematically estimated fun is not al-
ways consistent with what was expressed in questionnaires, and some
contradictions have emerged. Further tests are necessary.

A slightly different approach was used in [131]. Instead of mathemat-
ically estimating the fun, psychophysiological measurements (i.e., facial
electromyography, galvanic skin response, ...) were used to try to iden-
tify the player’s level of immersion in a first-person shooter video-game.
Again, questionnaires were used to measure the player’s subjective im-
mersion. A good correlation between objective and subjective measure-
ment was obtained, demonstrating the goodness of the work.

For readers who want to go deeper into the subject, an interesting
review is [132].

100



i
i

“output” — 2021/2/22 — 13:53 — page 101 — #119 i
i

i
i

i
i

6.2. Procedural Content Generation

These works are generally based on one of the most important theo-
ries in this field: the Flow Theory [133]. In this work, Csikszentmihalyi
administered questionnaires and interviewed thousands of people. His
work did not directly concern video-games; his study started from all
of those people who spend a large amount of time on difficult activities
that do not provide external rewards (e.g., money, status, ...), continu-
ing with “ordinary” people who do not perform this kind of activity. He
defined the concept of “flow”, which describes the optimal experience
as “so gratifying that people are willing to do it for its own sake, with
little concern for what they will get out of it, even when it is difficult or
dangerous” [133].

The state of flow is a state of mind in which the player is totally fo-
cused on the activity, losing control of time and self-identity, concen-
trating only on the current activity. To achieve this state of mind, some
elements are necessary (e.g., a challenging task to complete, clear goals,
immediate feedback). It has been shown that among the various benefits
of flow is also the reduction of pain [134]. It may be surprising to know
that also reading is one of the most enjoyable activities [133].

Csikszentmihalyi identified a series of elements that help people enter
the flow state; these elements are often exploited by video-games to try
to entertain players more. One of these key elements, for example, is
the challenge difficulty, which should be matched to the player’s skills
[135]. This is why a system for automatic adaptation of the difficulty has
been implemented.

In the next paragraphs, we will describe some features that have been
implemented in the PS to increase the motivation, both intrinsic and ex-
trinsic, of the patient, in an attempt to increase interest in the games and
enter the flow state. Some images and contents of this chapter have been
previously published in [136] [137] [138].

6.2 Procedural Content Generation

Game content is a crucial aspect of a video-game and greatly influences
its longevity. Having the possibility to, for example, explore a big world
or use a lot of different items or characters is an important factor in keep-
ing players engaged [139].
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Chapter 6. Patient engagement and motivation

Unfortunately, the work required by manual content production is
huge and unscalable [140] [141]. Since modern video-games are increas-
ing in complexity, the effort required by content generation is growing
more and more, and content production is becoming the bottleneck in
game budgets and product time-to-market [142]. For this reason, in the
latest years, automatic content generation, also called Procedural Con-
tent Generation (PCG) [143], has begun to spread. PCG can be applied
to several different elements in video-games, such as textures, sounds,
environment (rocks, trees, props, ...), story, level, and so on.

The first commercial games implementing PCG have appeared around
1980. At that time, PCG was a useful technique to reduce the size of the
game (e.g., The Sentinel [144] had 10,000 levels stored in a few kilo-
bytes or Elite [145], able to generate an entire universe with thousands
of planets in only 32 Kb). Examples of modern video-games that use
PCG include, but are not limited to: Diablo [146], Minecraft [147], and
No Man’s Sky [148], just to name a few.

PCG is not only used in modern commercial games but also in serious
games; a couple of examples are [149] and [150], in which PCG has been
used to generate levels for patients during the rehabilitation.

In the PS, currently, PCG has been mainly exploited for the dynamic
generation of the game world in “Horse Runner” and “Animal Hurdler”
exer-games. Here, the entire world (i.e., topology, environment elements,
and water) is generated at the beginning of the execution. The generation
process is made up of four distinct parts (Fig. 6.1).
1) Topology creation Starting from a completely flat ground, the topology
of the environment is generated. Perlin noise function [151] is used for
the generation of a procedural texture that is applied to the terrain, terrain
vertices heights are modified according to the texture pixels.
2) Base texturing Once the basic terrain topology has been generated, tex-
tures can be applied. First, a biome is randomly selected. The biome
defines the environmental characteristics (e.g., snowy mountains, desert,
meadow, ...), each environment has a predefined set of textures that will
be then applied to the terrain following some basic rules (e.g., rock tex-
ture on sloping walls, snow at high altitude, ...).
3) Path Generation The next step is the generation of the random cyclic
path that will be followed by the player’s character. We start by defining
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6.2. Procedural Content Generation

Figure 6.1: Starting from completely flat terrain, the Perlin noise function is applied to
generate the basic topology of the environment, to which textures are added based
on the characteristics of the terrain. In the end, environmental elements are added.

a center of the path, then a set of points around the center, at a random
distance, is generated. These points are used as control points of a B-
spline curve [152], which will represent the path.

4) Environmental elements The last step is the generation of environmen-
tal elements, such as trees, rocks, rivers, or lakes. These elements are
randomly generated and positioned on the terrain at a sufficient distance
from the path to prevent them from interfering with the gameplay.

This process allows us to procedurally generate a different world in
each game, allowing the gameplay to vary slightly. In the exer-games,
PCG was also used in other secondary areas (e.g., the automatic genera-
tion of the garden visible in the background).

The possibility to have a different experience each time can certainly
help motivate the patient, and it is worth the work, especially in exer-
games, where the mechanics are limited, and the game risks becoming
boring easily.

Currently, however, these solutions are not enough in the long term.
In the future, we aim to further improve PCG by including also story
generation. In this regard, a preliminary work is illustrated in [153].
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6.3 The Empathic Virtual Therapist

As we will see in Chapter 8, among the aspects that have been most
appreciated by patients, there is Hannah, the empathic virtual therapist
present in the PS. In the latest years, empathic avatars have been in-
creasingly spreading, especially in applications related to rehabilitation
or behavior-change therapies [154] [155] [156], showing to be able to
increase patient engagement [59]. They have also proved particularly
useful in interactions with patients with psychological disorders, such as
depression [157]. Patients who could dialogue with an empathic avatar,
who adapted the facial expression based on the user’s emotions, reported
a better attitude in talking with the avatar than filling out a classic ques-
tionnaire. Also in the area of exercise, Shaw et al. [158] developed a
virtual coach for exercise. In the case of a cooperative coach, adherence
to patient therapy increased compared to a competitive coach.

Hannah was already present in the Rewire project, with the task of
welcoming patients, following them in all the various phases of the game,
such as device synchronization or messages of encouragement or warn-
ing, in case of incorrect posture.

The old version of Hannah (Fig. 6.2, on the left) had no empathic
functionality and was also very limited from the point of view of facial
animations. For this reason, Hannah has now been recreated and im-
proved using Adobe Fuse1 to create the 3D model, which was animated
through Mixamo2. The new Hannah (Fig. 6.2, on the right), unlike the
old avatar, is now able to understand the patient’s emotions, adapting her
behavior according to them, trying to establish an empathic connection
with the patient to increase engagement and acceptance of rehabilitation
therapy.

Hannah is always present throughout the rehabilitation session. She
appears the first time during the connection of the devices and is always
present in every phase of the game. Her two most important features are:

• Exercise support mode: during the execution of the exercise, Han-
nah appears to make suggestions to the patient (e.g., how to correct
posture) or to encourage or congratulate him/her.

1Adobe Fuse, https://helpx.adobe.com/it/support/fuse.html (visited on
11/30/2020)

2Mixamo, https://www.mixamo.com (visited on 11/30/2020)
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6.3. The Empathic Virtual Therapist

Figure 6.2: On the left, Hannah used in the Rewire project; on the right, the new
model currently in use. The new model is much more detailed, with a much greater
number of vertices in the face, allowing her to express different emotions, which is
not possible with the old avatar.

• Direct mode: the patient can consult Hannah in her office. It is pos-
sible to have a conversation with her and express feelings about the
exercises, such as boredom or frustration. Hannah will try to under-
stand and help the patient, adjusting the difficulty of the exercises if
necessary.

To establish an emotional connection with the patient, Hannah has
available a set of input channels to try to deduce the patient’s emotions,
and a set of output channels to show empathy.

The input channels currently are the user’s performance during the
execution of a game (the score and posture quality) and the answers that
are given during the conversation in Hannah’s study. Based on this in-
formation, Hannah reacts by modifying the output channels, her facial
expression, and voice responses accordingly. Hannah can express the
following emotions: happiness, sadness, surprise, and anger. These emo-
tions are a subset of the emotions defined by Ekman [159], the remaining
emotions (fear, disgust, and contempt) have not been considered useful
in our case.
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Chapter 6. Patient engagement and motivation

Figure 6.3: A generalization of the Core Affect model proposed by Russell: the value
of valence and arousal determines the emotion experienced.

6.3.1 Interpretation of the patient’s emotions and reactions

We will now illustrate the basic operation of the new empathic avatar at
a high level.

The model presented by Russell [160] was used, with the concepts
of valence (i.e., the degree of pleasure of an event) and arousal (i.e., the
level of excitement of the individual). The combination of the values
of these two elements shapes the different emotions of an individual. A
generalization of the Core Affect model proposed by Russell is shown
in Fig. 6.3. In the case of Hannah, valence and arousal are updated
each time an event occurs. For each event e, we have defined an ie value
that represents its impact. The impact of an event can vary from -1 (very
negative event) to +1 (very positive event). To give a couple of examples,
a good performance in an exercise is a moderately positive event (e.g.,
+0.5), while if the patient complains of being frustrated because of exer-
games, it is a very negative event (e.g., -0.8).

Update of the emotional state

We have selected the algorithm proposed by Pontier [157] for the update
of the valence, based on a decay factor δ ∈ [0, 1] (i.e., the speed with
which the valance returns to the value of the initial state) and a change
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6.3. The Empathic Virtual Therapist

speed factor σ ∈ [0, 1] (i.e., the speed with which a new event impacts
on the valence). Every time a new event occurs, the new valence value is
calculated according to the following formula:

vt = vt−1 +Decay + Change

Decay = (v0 − vt−1) · δ
Change =

σ · i
1 + i(v0 − vt−1)

Where i is the impact of the new event, v0 is the initial value of the
valence, and vt−1 is the previous value of the valence.

We have further adapted this formula to update the arousal based on
the frequency of the event in the short term. We have provided the EVT
with a Q queue of a fixed size which remembers the last n events (if it is
full, the oldest event will be discarded). When a new event is received,
the relative frequency fr of this new event is calculated with respect to
the content of the queue, the higher that event occurred recently, the
higher the relative frequency will be. This value will then be used to
reduce the impact of frequent events. In particular, the impact of the new
event is multiplied by (1− fr).

We have also added two conditions useful especially in the early
stages, when the queue is not full. If sgn(v − 0.5) 6= sgn(ie), we re-
quire that ia ≥ 0.5, otherwise it must be ia ≤ 0.1. These values allow
avoiding exaggeratedly high impacts in the beginning when the queue
contains few elements. The complete procedure is illustrated in Algo-
rithm 1.

The new values of valence and arousal, at the end of the update after
receiving a new event, are the input to a fuzzy system, based on Mam-
dani’s model [161]. This system produces a vector e ∈ R4 whose com-
ponents are values in the range [0,1], each representing the intensity of
a specific emotion, calculated through a set of fuzzy rules (e.g., if both
valence and arousal are very low, then the sadness is very high). Their
output is defuzzyfied using the Center of Gravity defuzzyfication func-
tion.

Output channel: face and voice

Once the new emotion has been calculated, Hannah’s facial expression
is adapted to react to the emotion experienced. This is done by applying
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Algorithm 1 Update of valence and arousal.
Input: The interaction event, described by an id and an impact (ide, ie).
Parameters: The valence and arousal growth and decay factors σv, σa, δv, δa; the event
queue Q.
Output: Valence and arousal after the new event, vt and at.

enqueue(Q, ide)
if |Q|> n then

dequeue(Q)

Let iv = ie
if sgn(vt−1 − 0.5) 6= sgn(iv) then

Let ia = max((1− f(ide, Q)) · ie, 0.5)
else

Let ia = min((1− f(ide, Q)) · ie, 0.1)
Let decayv = (v0 − vt−1) · δv
Let updatev = σv ·iv

1+iv(v0−vt−1)

vt ← vt−1 + decayv + updatev
Let decaya = (a0 − at−1) · δa
Let updatea = σa·ia

1+ia(a0−at−1)

at ← at−1 + decaya + updatea
return vt, at

the Facial Action Coding System (FACS) [159] developed by Ekman.
This tool allows encoding facial expressions in a set of Facial Action
Units (FAU). A FAU is an action associated with a facial muscle (e.g.,
raising or lowering inner brows). Ekman has associated each human ex-
pression (e.g., happiness, sadness) with a set of FAUs to activate. For
example, to show happiness it is necessary to raise cheeks and pull lip
corners. Thanks to Adobe Fuse, the avatar is provided with a set of blend
shapes that roughly correspond to human facial muscles. We have there-
fore mapped each emotion with a set of blend shapes (as identified by
Ekman) and the corresponding activation value. This allows us to simu-
late the activation of facial muscles, as in an individual. In case Hannah
is experiencing two emotions with the same value (i.e., happiness and
surprise or sadness and anger), the blending between the key shapes of
the two emotions will be performed. In other cases, the blending is not
performed to avoid unpleasant or unrealistic effects.

The voice response also changes according to the emotions, support-
ing the patient when he/she is sad, for example.

108



i
i

“output” — 2021/2/22 — 13:53 — page 109 — #127 i
i

i
i

i
i

6.4. Dynamic Difficulty Adjustment

Currently, Hannah’s tone of voice does not express emotions, as the
Text To Speech (TTS) system in use does not support this feature. To
solve this gap, in the future, more advanced systems such as Acapela3 or
Google TTS4, which provide Emotional TTS, will be used.

This is the basic operation of EVT, which should give the reader the
minimum information to understand how it works. More information
can be found in [137].

6.4 Dynamic Difficulty Adjustment

As stated by Czikszentmihalyi in his theory of flow [133], a fundamental
requirement to achieve the flow state is the difficulty of the game, which
should match the ability of the player. A game should alternate more
excited moments when the difficulty is greater and the player is more
anxious, with other moments of calm (with lower difficulty), but without
ever getting bored (Fig. 6.4).

To find the Flow channel suitable for the players, it is necessary to
modify the difficulty so that it is adapted to their skills, which can change
over time (generally, they improve as the player learns the game mechan-
ics). One of the possible ways to find an adequate level of difficulty and
adapt it according to the player status is Dynamic Difficulty Adjustment
(DDA) [162].

A DDA system automatically adapts the difficulty of the game to bet-
ter suit the player’s abilities. DDA has been used in a large number of
video-games in the latest years. The two best known and studied exam-
ples are probably Half-Life [163] and Left 4 Dead [164].

In [165], tensor factorization has been exploited to create a model of
the player used to predict his/her performance over time. This prediction
is used to adapt the game parameters to align the player’s game perfor-
mance with that desired.

In [166], the game is adapted according to the emotional state of the
player. Authors analyzed physiological signals to infer the player’s anx-
iety, difficulty is then adjusted in function of the anxiety level.

The need to adapt the difficulty becomes more necessary in serious
3Acapela Group, https://www.acapela-group.com (visited on 11/30/2020)
4Google Cloud Text-to-Speech, https://cloud.google.com/text-to-speech (visited

on 11/30/2020)
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Figure 6.4: The game’s difficulty should be well balanced between anxiety and bore-
dom. Too anxiety or boredom could decrease the engagement.

games and exer-games. Patients could have different skills and learning
abilities [167]. A certain degree of difficulty could not be suitable for
some patients due to their limited physical or cognitive abilities.

In [168], a prediction of the player’s skills and how they will evolve
is made. Based on this prediction, the difficulty of some exer-games for
upper-limb rehabilitation of stroke patients is adapted. The experiments
show an improvement in the amplitude of movement by the patient in
sessions with DDA enabled. In [169], exer-games for Parkinson patients
have been presented. Each game has three parameters: speed, accuracy,
and range of motion, which reflect the patient’s hand control capability.
At the end of the game, the three parameters are adapted according to the
patient’s performance. For example, if the patient was unable to reach
the most distant targets, the range required by the game is lowered.

Given these premises, we decided to implement a DDA mechanism
in the PS (with also the support of HS). DDA in exer-games has a double
advantage. On the one hand, it better adapts the difficulty according to
the patient’s skills; on the other, it allows the therapist to save part of
the long and complex scheduling work. As we have seen, our exercises
and exer-games are characterized by various parameters. In the absence
of an automatic adaptation mechanism, the therapist should constantly
monitor the patient’s status and adjust the parameters accordingly. This
would take a great deal of time, which the therapist may not have.
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We started from the DDA-related part of the work described in [116],
where a Bayesian framework has been designed and implemented. This
framework takes into account the level of difficulty set by the therapist
and the current patient’s performance, modifying the difficulty to tend
to a predefined success rate. We extended the solution they proposed,
providing a system based on three different modules:

• an off-line adapter which runs on the HS, using the data of the pre-
viously executed exercises, it creates a model representing the pa-
tient’s physical capabilities.

• an emotional adapter, based on the outcome of the conversations
between the patient and Hannah. Hannah tries to retrieve informa-
tion about the patient’s feelings regarding the difficulty of the game
and, if necessary, can adapt it.

• an on-line adapter is finally used to adjust the difficulty according
to the current state of the player in a particular game in terms of
score and quality of posture.

These three modules, which can also work independently, are com-
bined, taking into consideration all the factors (both physical and psy-
chological) that, in our opinion, can influence the patient’s performance.

To ensure safety during rehabilitation, parameters adaptation is re-
stricted to constraints set by the therapists through the HS, who best
know the patients and are able to set boundaries that allow avoiding risks.

6.4.1 The proposed model

We will be as general as possible in the description of the model, which
can also be applied in other rehabilitation domains and other platforms.
We start by definingE, the set of exercises available through the platform
(e.g., Stand Still, Weight Shift Lateral, ...), and G, the set of games that
are associated to these exercises. We recall that every activity can be
uniquely identified by the couple 〈e ∈ E, g ∈ G〉.

The set of these devices needed to record the player’s performance
(e.g., Microsoft Kinect, Orbbec Astra, Wii Balance Board, ...) is D.
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To allow customization, as already described, each activity is charac-
terized by a series of parameters (exercise, game, and monitor parame-
ters) which can be defined as follows.

Definition 2. (Exer-game parameter) An activity parameter p can be
defined as a tuple 〈Dp, m, M, z〉, where:

• Dp ⊆ D are the devices necessary to measure the physical skill
related to the parameter.

• m and M , m ≤ M , are the minimum and maximum value that can
be assumed by the parameter, defined by the therapist inside the HS.

• z ∈ [m,M ], the current value of the parameter.

When m = M , the parameter is called static, and it cannot change
during the execution of an exercise. Otherwise it is called dynamic, and
it can vary between m and M . A parameter can be shared by different
exer-games.

While an exer-game can be defined as follows:

Definition 3. (Exer-game) An exer-game eg can be represented as a tuple
〈v, e, P, D′, C〉, where:

• v ∈ V is the video-game that will be played.

• e ∈ E is the rehabilitation exercise.

• P is an ordered list of parameters, as defined in Def. 2.

• D′ ⊆ D is a set of devices required to play, it is defined as the union
of the devices required by each parameter.

• C(.) is the set of functions which map patient’s current ability into
game parameters.

Note that this definition extends and differs slightly, but does not con-
tradict, the previous definition of Activity (i.e., exer-game) we gave in
Chapter 3. This change was necessary to allow a greater generalization
of the model and its correct operation in the DDA system.

According to Def. 3, it can be noted that the difficulty of an exer-game
depends exclusively on the values of the parameters associated with it.
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So, given a generic exer-game eg, its difficulty can be defined through
the weighted combination of the values assumed by its parameters:

(6.1)f(eg) =

n=|P |∑
i=1

wiPiz

wi ∈ R ∀i

where Piz is the value assumed by the i-th parameter of the exer-game,
while wi are patient-specific weights, and they depend on the patient’s
residual abilities. Finding the values of the variables wi, and conse-
quently, the objective value of the difficulty of an exer-game (given a
particular patient), is practically impossible, and even useless, consider-
ing that it could change over time. Our goal is, therefore, not to find the
value of the function f given a certain exer-game, but only find a set of
initial parameters that guarantee a good level of difficulty, which is then
dynamically adjusted at run-time.

To achieve this, the DDA system will be initialized with a set of pa-
rameters based on the patient’s profile and on the outcome of the dia-
logues with the EVT, then the system will adapt these starting values ac-
cording to the patient’s performance during the execution of the games.
This can be summarized in this way: if the game is too easy (i.e., low hit
percentage), increase the difficulty; if the game is too difficult (i.e., high
hit percentage), lower the difficulty. All the details about every phase of
this process will be described in the next paragraphs.

It is up to the therapist to define which parameters can vary and their
variation intervals. In this way, the DDA system will continue to work
with a set of parameters that has been approved by the therapist, guaran-
teeing a good level of safety.

6.4.2 Patient’s profile

As we have seen in Chapter 5, to assess patient progression, the ther-
apist, through the HS, has the access to a series of metrics that define
the quality of the patient’s exercise. These summarize the actual patient
capabilities in quantitative terms (e.g., maximum lateral movement am-
plitude, maximum speed, ...).

113



i
i

“output” — 2021/2/22 — 13:53 — page 114 — #132 i
i

i
i

i
i

Chapter 6. Patient engagement and motivation

These metrics are also exploited by the DDA system: we first mapped
the most important exercise parameters on the patient’s physical capabil-
ities, which will be estimated through the metrics calculated by the HS.
This association will allow us to find an initial set of values by analyzing
the performance of the patient in the previously executed exercises.

Let us take the Fruit Catcher game as an example, associated with the
Weight Shift Lateral exercise, whose goal is to move the CoP laterally.
It is easily understandable that the amplitude of movement required by
the game is directly related to the patient’s ability to move sideways,
therefore to the maximum extension of the CoP recorded by the Balance
Board. So, the minimum and maximum values reached by the CoP along
the X-axis will then be stored. This is an example of a parameter that
is strictly linked to physical ability, in some cases the correspondence
may not be so direct. Always in Fruit Catcher, the “Spawning time”
parameter represents the fraction of time elapsed from when the apple
is visible to when it falls; the lower this time, the greater the speed the
patient is requested to have to catch the apple. The metric linked to this
parameter can be the average or the maximum speed of movement of the
CoP. A physical parameter can be linked to different exercises. The CoP
amplitude, for example, is also required by Bubbles (Weight Shift 360°
exercise), which also requires the patient to move laterally.

The use of the physical parameter allows to abstract, avoiding a direct
association with an exer-game. Every time a new exercise is played,
all the physical metrics related to its parameters are updated. Since the
patient’s skills may change over time, only recently played exercises will
be considered. Physical values will be used by the off-line adapter to
determine the set of initial parameters suitable for the patient, to achieve
it, the C(.) functions (Def. 3) will be used.

6.4.3 Off-line adapter

The Off-line adapter is installed in the HS, and it is executed every time
a new exercise is received. Its fundamental task is to update the patient’s
profile analyzing the new exercises.

Each time the HS receives a new exercise, the Off-line adapter ex-
tracts the assessment metrics from the exercise received and updates the
patient’s profile. To do it, it analyzes all the exercises recently performed
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6.4. Dynamic Difficulty Adjustment

(e.g., in the last 10/15 days) to create a reliable profile based on recent
information. For each parameter, a function that takes as input the raw
data of the devices and estimates the patient’s physical capacities has
been defined. This function can also take into account outliers and safety
thresholds.

These values are then sent to the PS when the patient is preparing to
play. The information received by the PS is just the physical limits that
are necessary for the correct execution of a certain exercise.

Since the HS is game-agnostic, it is not aware of the concept of “exer-
game” and its mechanics; to be able to convert the real-world information
contained in the patient profile into game-world information, we use the
C(.) functions described in the exer-game definition (Def. 3).

Every parameter p has its own converting function cp. Always taking
the Fruit Catcher exer-game as an example, the avatar representing the
patient has a basket on the head, increasing the width of the basket will
help the patient to catch apples. It means that the maximum movement
suggested by the HS will be approximately increased by an amount equal
to the width of the basket divided by two. As can always be seen from
Def. 3, the parameters of an exer-game are an ordered list, the conversion
functions must be applied to preserve the order. This is necessary to
manage the dependency between parameters.

Let us clarify better with an example: in Fruit Catcher, we first calcu-
late the maximum distance that a patient can reach for both sides, then,
given the two distances and his/her speed, a suitable spawning time is
calculated. It is not always possible to perfectly define a converting func-
tion, but the off-line adapter is not interested in achieving that; since the
difficulty level will be further tuned by the online adapter, which can
remove this inaccuracy.

6.4.4 Emphatic Virtual Therapist

In commercial video-games, the difficulty level is changed manually or
automatically based on the player’s skills without worrying about his/her
physical or psychological condition. In home rehabilitation the situation
is different, the patient may, for example, experience pain even when
the difficulty is reasonable. In these cases, having an automatic tool that
understands the patient’s needs and mood can be useful.
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Chapter 6. Patient engagement and motivation

This could also be helpful in the presence of psychological disorders
such as depression. Also, any misconfiguration of exer-games could lead
to frustration and negative emotions; this should be identified and cor-
rected as fast as possible.

To this end, in the PS, it is possible to have a conversation with Han-
nah. She will try to understand the emotions experienced by the patient,
and eventually change the difficulty of the exercises and/or advise the
therapist that something is wrong. This can be done by visiting Han-
nah’s virtual office (Fig. 6.5): during these conversations, the EVT asks
questions to the patient, who can answer by selecting one of the pre-
defined sentences. EVT is implemented using Dialogflow5, a Google
Cloud Service for creating chat-bots.

Based on the patient’s answer, the EVT can provide different out-
comes. For example, if the patient is bored because exercises are too
easy, the EVT can propose to increase the difficulty of some exercises;
on the opposite, if the patient is feeling pain, the EVT can decrease the
difficulty and warn the therapist if necessary. Hannah has access to the
parameters of the exercises recently played, based on patient feedback,
she calculates the new values that will be suggested in subsequent games.

Hannah plays a key role in the patient’s motivation, as she tries to
understand the patient’s emotions, which are sometimes underestimated.
The level of difficulty of the games is subjective: some patients may
prefer a higher or lower level depending on their character. In addition to
fully automatic systems that rely exclusively on the analysis of objective
data from the devices, we believe that taking into consideration also the
patient’s emotion is also important to adapt the therapy.

6.4.5 On-line adapter

Off-line adapter and EVT are two different methods to resolve the same
problem: find the best starting value for each parameter. It is so neces-
sary a way to merge their outputs, giving each one the right importance.
Off-line adapter monitors only exercises played in the last days. As-
suming that the patient is following the schedule and playing at least a
couple of sessions every week, a good number of executed exercises will
be available. If the patient is playing for the first time or only a small

5Dialogflow, https://www.dialogflow.com (visited on 11/30/2020)

116

https://www.dialogflow.com


i
i

“output” — 2021/2/22 — 13:53 — page 117 — #135 i
i

i
i

i
i

6.4. Dynamic Difficulty Adjustment

Figure 6.5: In Hannah’s office, it is possible to have short conversations, through which
the patient can express his/her mood and thoughts about the exercises.

number of exercises is available, the adapter will not be able to suggest
the starting values, and it will be ignored.

EVT is quite different: it is not possible to assume that the patient
talks with her frequently, so the decisions made by the EVT should have
limited power in time; if several days have elapsed since the last time the
player spoke with her, her decision should have little importance.

The final value for each parameter pi will then be calculated as fol-
lows:

pi =


1
2(mpi +Mpi) if nEV T ≥ tEV T ∧ nHS < tHS

pHS
i if nEV T ≥ tEV T ∧ nHS ≥ tHS

pEV T
i if nEV T < tEV T ∧ nHS < tHS

nEV T

tEV T
pHS
i + (1− nEV T

tEV T
)pEV T

i otherwise

Where pHS
i is the value suggested by the off-line adapter and pEV T

i is
the value of the same parameter suggested by EVT. Their estimates are
weighted based on the reliability and recentness of their data: nEV T is
the number of days since the last time the patient spoke with the EVT,
and nHS is the number of rehabilitation sessions recently played. tEV T is
the threshold above which the input of the EVT is considered not reliable
(e.g., 10 days), and tHS the threshold under which the input from the HS
was considered not reliable.

When both the off-line adapter and the EVT suggest reliable values,
a weighted average between them is computed.
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Chapter 6. Patient engagement and motivation

If a reliable input is obtained only from one module, that input is re-
tained. In the case that both off-line adapter and EVT do not have enough
information, the mean between the minimum and maximum values (set
by the therapist in the HS) for each parameter will be used. This should
always ensure a minimum level of safety.

These initial values, suggested by the combination of the Off-line
adapter and the EVT, will then be further tuned in real-time, depending
on the quality of the patient’s exercise.

The goal of this adaptation is to remove errors produced by possible
inaccuracies of the off-line adapter and EVT, taking into consideration
the patient’s status on that particular day. For example, if the patient
is sad or feels pain, he/she could perform worse. The off-line adapter
cannot recognize it since it works analyzing a large set of previously
executed exercises, and EVT cannot help either if the patient has not
talked to her.

To avoid too frequent changes in the difficulty, the adaptation takes
place between two consecutive repetitions. The inputs of the online
adapter are the following:

• Rh: repetition hit rate,

• Rm: repetition monitors activation rate,

• Rt: repetition trials information,

• Gh: global hit rate,

• Gm: global monitors activation rate,

• Gt: global trials information,

• fa: evaluation function.

Hit rate and monitor rate are concepts already mentioned, they de-
scribe the patient’s performance based on the number of successfully
completed trials and the quality of posture.
fa is the evaluation function, using all the other parameters, it returns

an array d, where di represents the variation of the parameter pi. Poten-
tially, every dynamic parameter can be modified at the end of a repetition.
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6.4. Dynamic Difficulty Adjustment

The implementation of fa can vary greatly: it can depend on the exer-
game and how inputs parameters are used. The simplest algorithm could
be using only Rh and increase or decrease the difficulty of all parameters
according to a couple of thresholds. For example, if Rh is under the
lower threshold, the difficulty can be decreased; otherwise, if it is higher
than the upper threshold, it will be increased.

Finally, Rt and Gt are the information of the trials performed, they
include all the parameters used for their generation. The latter allows a
better adaptation of the parameters. Take, for example, Fruit Catcher.
Suppose that on a given Repetition the patient has successfully achieved
half of the objectives, with such a low percentage, it makes sense to lower
the difficulty level. But what if the patient had failed all the targets in a
certain direction? It means that we should decrease the required distance
for that side and probably increase the distance for the other side (since
he/she reached all the targets in that direction).

The monitors’ information can also be used to analyze the postural
quality of the patient: a high level of difficulty could force the patient
to worse his/her posture to reach targets. This is probably a behavior
we would like to avoid, fa can take this into consideration and balance
difficulty also according to this information.

To achieve it, one of the possible functions we suggest to use is the
following:

(6.2)pi = α FPA(Rh, Rm) + (1− α)FMA(Gh, Gm)

α ∈ [0, 1]

Where:

• FPA is the Fully performance adapter: it uses only the information
regarding the hit percentage, ignoring the monitors’ values.

• FMA is the Fully monitor adapter: safer from the rehabilitation
point of view, it completely ignores the hit rate, and it uses only
monitor information to adapt the difficulty.

Therapists can decide the α value to determine how much importance to
give to the patient’s posture for each exercise.
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Chapter 6. Patient engagement and motivation

We implemented two possible algorithms for FPA and FPS: a linear
adapter and a fuzzy adapter. The linear adapter adjusts difficulty increas-
ing or decreasing the parameters by a fixed quantity, regardless of the
percentage of hits or monitors: under the lower threshold, the difficulty
is decreased; above the upper threshold is increased. While the fuzzy
adapter uses a more complex algorithm to calculate the new percentage:
if the percentage is much lower than the lower threshold, the difficulty is
greatly increased; the same thing happens with the upper threshold. In
both of them, Rt has been used to discriminate the parameters to change.

This DDA system, thanks to the three different factors taken into con-
sideration (patient performance and ability in the last sessions, psycho-
logical aspects, and run-time performance), should be able to adapt the
difficulty better, compared to other systems that take into account in-
dividual aspects. In addition, these three components are completely
independent and optional, each of them can work independently or in
combination with the other components, facilitating the reuse of the sys-
tem even partially.

Unfortunately, due to timing problems, it was not possible to include
this system in the trial with patients or the elderly. Further trials will be
necessary to verify its effectiveness and usability.

6.5 The Farm Game

Until now, we have described a few solutions to increase the patient’s
engagement when playing the exer-games. In this last component, we
changed approach, aiming to add a common background and a connec-
tion between exer-games. We call it “the Farm Game”, it is a central
hub in which patients are required to play the exer-games if they want
to increase the value and productivity of their virtual farm. In this way,
exer-games are now a part of a bigger game, and they become sub-games,
which are played for an actual reward that can be appreciated inside the
Farm Game, not just for rehabilitative purposes. This should help to find
additional motivation, both intrinsic and extrinsic, which hopefully will
extend the longevity of the platform.

An important consideration: we added the Farm Game to entertain
the patient more, but since the goal of the platform is allowing to per-
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6.5. The Farm Game

form rehabilitation, playing exer-games must be a mandatory activity;
otherwise, the Farm Game could become a distraction from the original
purpose. This implies that Farm Game must be designed so that patients
are “forced” to play exer-games if they want to progress in it. In this way,
if they appreciate the Farm Game, they will not feel the burden of having
to perform the exercises because they will get other types of rewards.

On the other hand, the central hub should not be intrusive with respect
to the rehabilitation exercises: if the patient does not like to play and
he/she does not want to spend time playing the Farm, he/she should be
able to do it without negative rewards in the exer-games, so the exer-
games behavior must not change.

6.5.1 Gameplay

Let us now describe how the Farm Game works. In particular, we will
focus on the design issues necessary for its proper relationship with the
exer-games. During the development of the Farm Game, the guidelines
described in Chapter 4 have been followed for a correct design of the user
interface. Particular attention has been paid to “Gorilla arm syndrome”
[118], preventing the user from excessively long sessions in which the
use of the arm is required.

The Farm Game is in some ways similar to the famous FarmVille6

game: the patients can build their own farm by spending points that they
have gained playing exer-games. In this way, patients are encouraged to
exercise more if they want to progress in the Farm Game. In Fig. 6.6, it
is possible to see the main view of the game.

To balance the time spent in the Farm Game and the time spent prac-
ticing, a careful economic system has been developed. Two different
currencies are available: Farm Points (FPs) and Coins. FPs are gained
by playing exer-games, while coins are used to increase the farm’s value
and can be obtained only by selling resources (i.e., plants and farm ani-
mals), which can be purchased with FPs.

Let us start by describing the actions and features available through
the Farm Game:

• Create a new container for resources: players can buy a block of
6FarmVille, https://www.zynga.com/games/farmville (visited on 11/30/2020)
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Chapter 6. Patient engagement and motivation

Figure 6.6: Main view of the Farm Game. As it is possible to see, all the buttons are
large in size and are spaced apart for ease of selection. From this interface, the
player can perform all the main actions of the game.

land, where they can grow animals or plant fruit trees. From now
on, we will use the word “resource” to identify animals and plants.
Each block is called a container. Containers can only be purchased
using coins. Each container can only contain one type of resource,
up to 9 units. By paying coins, it is possible to convert a container
allowing it to contain a new kind of resource.

• Buy a new resource: once a container is available, by paying a cer-
tain amount of FPs, the player can buy a new resource, which will
be added to the selected container. Every plant and every animal has
a growth level, their level increases when the patient plays an exer-
game. From the moment the patient buys a new resource, he/she
needs to perform four exercises to make the animal or plant grow.

• Sell a resource: once the final stage of an asset is reached, the player
can sell it at the market, earning coins. The market has been pro-
grammed to simulate a real market: the number of coins earned
when selling a resource depends on the type of resources sold and
their demand. If a player always sells the same type of resource, the
earned coins will continue to decrease because the demand for that
resource decreases. This is intended to encourage the conversion
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and creation of new types of containers.

• Buy an enrichment: if the player wants to increase the beauty of
his/her farm, he/she can buy an “enrichment”, a purely decorative
object that allows to beautify and increase the value of the farm.
To buy an enrichment, a certain amount of coins is needed. It has
been shown that the possibility of customization in video-games
increases the enjoyment of the player [170].

• See the daily goals and the ranking: further information will be
provided in the following paragraphs.

FPs are the main core of the game. They can only be earned by play-
ing exer-games: the higher the quality in the execution of the exer-game,
the higher the FPs patient earns. Without them, it is not possible to buy
animals or plants, which are necessary to buy containers and decorations.
The logical flow and functioning of the two coins are shown in Fig. 6.7.
In this way, the two coins are well balanced, and the only way to con-
tinue is to play the exer-games. To prevent the players from ending up
completely without resources, they are initially provided with two empty
containers.

6.5.2 Exer-games and Farm Points

Since the only way to earn FPs is to exercise, patients need to play exer-
games if they want to advance their farm. To also stimulate good exercise
performance, the amount of points earned depends on their performance
and other factors, such as the duration of the game or the difficulty of the
exercise. In this way, we encourage proper execution of the exercise to
obtain more FPs.

At the end of each exer-game, the patient will earn a number of FPs
according to the following formula:

(6.3)r = rbase(1 +
t · b
10

(α phits + (1− α) pmonitors))

phits, pmonitors ∈ [0, 1]
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Figure 6.7: The game flow of the Farm Game. The game mechanics have been designed
to induce the patient to play the exer-games, the primary goal of the platform.

Where:

• rbase, called Base Reward, is an integer value that is proportional to
the level of difficulty set by the therapist through the HS.

• t is the duration of the exer-game, measured in seconds.

• phits is the percentage of correct trials (i.e., the Hit percentage).

• pmonitors is the fraction of time during which no monitors have been
triggered.

While the bonus value b is computed as follows:

(6.4)b =


rel · 0.5 if sratio < 0.5

rel · 1.5 if sratio > 1

rel · sratio otherwise
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sratio =
scurrent
sbest

rel ∈ [1, 5]

Where:

• rel is a parameter that is set by the therapist. It represents the rel-
evance of that exercise for a particular patient. Some patients may
need to perform certain types of exercises to improve their condi-
tion. As can be seen from the formula, the higher the value of rel,
the greater the number of points that are earned; in this way, we try
to encourage patients to play that set of exercises which are more
useful for them.

• scurrent is the score of the exercise that has just been played.

• sbest is the highest score that the player has ever obtained in that
exercise.

In other words, players receive a greater reward if they are able to beat
their high score, even better if this happens in a particularly relevant
exercise.

6.5.3 Gamification elements

To increase the extrinsic motivation of the players, we have also inte-
grated some well-known elements of gamification. Talking about “gam-
ification” in our field might be slightly inappropriate since it is defined
as “use of game design elements in non-game contexts” [171], but we
are applying it to a set of exer-games (i.e., in a game context). However,
the definition of gamification has several nuances: in our case, we do not
have a complete video-game, which is played just for the sake of being
played. We are always in the field of serious games, which by definition
is the application of video-games for non-entertainment purposes; with
this assumption becomes clearer the need to use all possible mechanisms
to entertain the user. For these reasons, we included:

• Daily goals: three random goals are generated every day (e.g., play
at least three games, play a specific game, buy an enrichment, ...).
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When the patient achieves a goal, he/she is rewarded with additional
Farm Points. This approach can be improved by customizing it ac-
cording to the needs of each patient. For example, we could encour-
age the player to play exer-games with greater relevance, generating
goals that target those particular games.

• Awards for particular events: the patient will be rewarded with ad-
ditional points upon reaching particular events (e.g., getting a new
high score, playing consecutive days, ...).

• Leaderboards: it has been shown that leaderboards and badges can
be used as extrinsic motivation strategies to enhance the player mo-
tivation both in traditional video-games and in educational/learning
contexts [172]. In the Farm Game, we developed a virtual leader-
board: whenever the patient buys something, he/she will gain a cer-
tain number of ranking points according to the value of the pur-
chased item: the more items are bought, the more ranking points
will be gained. The leaderboard includes 10 players: 9 virtual play-
ers and the real patient. Virtual players have been programmed in
such a way that the real patient is usually between the first and the
fourth position since players usually perceive themselves more au-
tonomous and competent if they are in the first positions [173].

6.5.4 Customization

Several studies proved that customization can help to increase the sense
of autonomy and control [170] [174], and improving the game experi-
ence [175]. 24 different decorations are available in the Farm Game, and
they can be added to the scenery. To give a greater sense of progress in
the game, only a small set of decorations is available at the beginning;
the others require to reach a certain ranking point, thus stimulating the
patient to play to unlock new items.

6.6 Discussion

We close the chapter with some final considerations. We have shown
here a few solutions, PCG, DDA, the EVT, and the Farm Game, that
can entertain the patient. The effectiveness of these techniques, which
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Figure 6.8: Example of decorations available in the game. Assets shown have been
downloaded from the Unity Asset Store.

can be improved, and eventually extended (maybe even improving the
mechanics of the exer-games themselves, for example), also depends a
lot on the type of patients being treated.

If we are talking about the elderly, people with usually a lot of free
time, they are more likely to be very effective. As the older person will
have more time available, and will not have to go to work. While if we
are treating patients of working age, and maybe with a family, it is more
logical to think that they will minimize the time spent in front of the
PS, maybe limiting themselves to the exercises planned by the therapist,
without doing additional activities. Furthermore, there may be patients
who do not like to play or who prefer traditional rehabilitation. In these
cases, clearly, the solutions we have proposed will not be effective at all.

Getting to the gist of it, there are no universal solutions that can enter-
tain the patient forever. What we have presented here are some solutions
that we believe can work with some types of patients, but still in a lim-
ited time. Even if their effect is limited, it may be worth exploiting them
because even a minimal increase in patient adherence can have important
results.
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CHAPTER7
Mirarts

The architecture seen so far, with the patient practicing at home and
the therapist controlling remotely, is quite common in literature. In this
chapter, we try to go one step further, applying the new technologies of
augmented reality and mixed reality to rehabilitation. The use of these
technologies, in the coming years, could transform rehabilitation, pro-
viding therapists with a range of quantitative information to which they
previously had no access.

To this end, exploiting Microsoft Hololens1, a recent mixed reality
headset, we developed Mirarts, a novel application to support the ther-
apist during traditional one-to-one rehabilitation sessions. Mirarts pro-
vides, in real-time, quantitative information similar to that provided by
the HS. It has also been integrated into the PS/HS architecture, allowing
the real-time adaptation of exercises, and the analysis of patient perfor-
mance in the long term.

Some images and contents of this chapter have been previously pub-
lished in [176].

1Microsoft HoloLens, https://www.microsoft.com/en-US/hololens (visited on
11/30/2020)
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Chapter 7. Mirarts

7.1 Virtual Reality, Augmented Reality, and Mixed Reality

In recent years, thanks to the continuous improvement of computational
capability and miniaturization, new types of devices have been created.
Among these, virtual, augmented, and mixed reality devices are increas-
ingly known and popular among the general public.

Although they all seem very recent concepts, Virtual Reality (VR)
and Augmented Reality (AR) have begun to spread since the 60s. At
the time, they were obviously primordial devices, very different from
what we mean today. The computational capability of the time (and
subsequent decades) was certainly not sufficient to develop marketable
devices. We need to get to the present day, from 2010 onward, to start
seeing the first diffusion of these technologies. However, at the time of
writing, although several devices of this type are available on the market,
they remain niche products, mainly due to a not particularly cheap price
and a reduced number of applications and games available. Nevertheless,
the trend is improving, and we hope for greater diffusion of these devices
in the coming years.

VR and AR, in a way, could almost be seen as opposite concepts. On
one hand, a complete immersion in the game world losing all contact
with the real world; on the other hand, the user continues to interact with
the real world, to which virtual elements are added. The concept of AR
has evolved over time compared to its original concept, and now very
often takes the name of Mixed Reality (MR). To unravel any confusion,
we now see a brief history of these technologies.

VR begins its real diffusion starting from about 2012, when Oculus
shows the first prototype of its visor: the Oculus Rift DK1. The first ver-
sion available to the public will be released only 4 years later, in 2016.
This type of technology aims to immerse the user in a completely vir-
tual world (hence the name - virtual reality), completely replacing the
visual and sound perceptions of the real world with those of the virtual
world. The user will therefore lose the conception of what is happening
around him/her (with potential safety issues if he/she is asked to move).
This type of devices is mainly designed for entertainment and gaming,
thanks to its immersive nature, much better than other gaming devices
that currently exist. However, it is beginning to spread to other areas.
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It is not difficult to find VR devices even in museums, aquariums, or
similar places, where they have the most educational purpose. Also in
literature, interesting works start to be found. Just to cite a couple of
examples: VR has been used to support post-stroke [85] and Parkinson’s
disease rehabilitation [177].

AR, on the other hand, does not replace the user’s visual and auditory
senses but can supplement them with additional information. This type
of technology lends itself less to video-game use, as the user remains
aware of the real world. Therefore, it becomes difficult to develop com-
plex video games; however, there are numerous small games, often for
smartphones, that use AR to entertain the user. This type of technology
can be useful in various areas, as it provides the user with a source of in-
formation to which he/she would normally not have access. Initially, the
AR was conceived as simple static information on the monitor (mainly
text or simple 3D models), with which the user could not interact.

For this reason, after the development and distribution of Microsoft
Hololens, the concept of Mixed Reality (MR) has been introduced. This
new term identifies a new category of devices that do not just show static
information on the screen, but information and objects (such as 3D mod-
els, for example) are placed within the real environment, and the user
can interact with them. MR can therefore be seen as a natural evolution
of AR, which is no longer limited to showing objects superimposed on
the real world, but these objects are truly part of the world.

7.1.1 Mixed Reality and Microsoft Hololens

To date, the only true Mixed Reality device is Microsoft Hololens. The
technology is still immature. Microsoft’s only competitor is (or maybe it
is better to say was) Magic Leap, which after 9 years of development and
3 billion investments turned out to be a colossal flop, and to be forced
to lay off half of its employees in 2020. Other devices, which define
themselves as MR devices (e.g., Samsung HDM Odyssey, Dell Visor,
Lenovo Explorer), are in fact VR devices, equipped with cameras that
can simulate the eyes, but their real MR applications are almost non-
existent.

Given this necessary premise and an environment everything but rosy,
we managed to get the first version of Microsoft Hololens (Fig 7.1), with
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Chapter 7. Mirarts

Figure 7.1: Hololens 1 headset, developed by Microsoft and sold from 2016. It has
now been replaced by the most recent model: Hololens 2.

the aim of applying it to the domain of rehabilitation. Developed in
2016, equipped with a depth camera, four “environment understanding”
sensors (gray-scale cameras), a color camera, and an ambient light sen-
sor, is able to perceive and reconstruct the environment around the user.
The depth camera also allows to detect obstacles, walls, or floors, and
developers can use this information in their applications. At the begin-
ning of 2019, the second generation of Hololens has been presented by
Microsoft, featuring new hand and eye tracking, allowing users to better
and more naturally interact with virtual elements.

Hololens is not a device designed for the general public. Its cost is
very high (over $3,000), and there are many limitations. The biggest is
the very narrow field of view, which greatly limits the experience. In the
case of Hololens 1, moreover, prolonged use is not recommended due
to the poor ergonomics of the device, and also the interaction with the
software is not particularly comfortable. Hololens 2 has partially solved
these problems, expanding the field of view, and improving ergonomics
and interaction. However, it remains a niche device designed for some
areas of the business world; before a few years will not be available to the
consumer world. This can certainly be seen as a partial failure, consid-
ering that Microsoft itself presented Hololens also focusing on gaming
and the consumer world. The hope is that the development will continue
and will not have the same end as Magic Leap.

Despite all these limitations and problems, the first works exploiting
Hololens are beginning to spread in the literature. The peculiar charac-
teristics of the mixed reality and the device make it inclined to be applied
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in different areas, such as engineering, education, tourism, or medical. In
[178], authors successfully used Hololens to provide assembly instruc-
tions; they integrated Vuforia2 to increase accuracy using marker-based
tracking.

In medical fields, Hololens has been used during autopsy [179], pro-
viding remote supervision, annotation, 3D image viewing, and manip-
ulation. Always remaining in the medical field, in [180], authors used
Hololens in endovascular interventions, showing the 3D view of the vas-
cular system without the need for radiation, avoiding X-ray exposure.
Other works in medical fields include [181] [182] [183].

These are just a few examples. Many of these works are very limited
to date, and lack real results. Surely even the prototype state of the device
does not contribute to large scale experiments. In the future, we hope that
new devices will spread on the market, more advanced than the current
models. In spite of everything, however, its application to so many dif-
ferent domains bodes well for its greater diffusion and applicability in
the coming years.

7.2 Mirarts: Mixed Reality applied to rehabilitation

After this brief introduction to these new technologies, let us now see
how Hololens has been integrated into the PS/HS architecture.

We have developed Mirarts (MIxed Reality Adaptive Rehabilitation
Therapist Station), an application for Hololens to support the therapist.
Mirarts has been developed with the aim of being used in the hospital by
the therapist, in traditional one-to-one sessions. To this end, it has two
main features:

• Provide quantitative data: it provides the therapist with a series
of objective metrics on the patient’s performance. Through these
metrics, the therapist can make more informed decisions to increase
the effectiveness of rehabilitation.

• Adapt exer-games difficulty: it can be used in combination with
the PS, allowing to adapt the difficulty of the games in real-time to
analyze how the patient reacts.

2Vuforia, https://developer.vuforia.com (visited on 11/30/2020)

133

https://developer.vuforia.com


i
i

“output” — 2021/2/22 — 13:53 — page 134 — #152 i
i

i
i

i
i

Chapter 7. Mirarts

The idea is to allow the therapist to have a series of additional infor-
mation such as stability or amplitude of movement, with which therapists
can base their choices in the definition of rehabilitation therapy.

As we already mentioned in the introductory chapter, currently, this
type of rehabilitation is based a lot on the experience and judgment of
the therapist, who must analyze both the physical condition of the pa-
tient and the psychological one. Having a tool that provides objective
metrics could be helpful in the decision-making process. It would mean
integrating the experience of the therapist with the objectivity of modern
devices. In this way, the human factor would not be ignored (a key factor
in rehabilitation) but enhanced.

Currently, there are already several validated tests that can provide
objective metrics (e.g., Smart Balance Master3 or GAITRite®4), but they
are long and complex tests that can be performed from time to time.
Having a less precise evaluation tool than clinically validated tests, but
usable on a daily basis could be an important step forward.

7.3 Application architecture

Let us start the description of Mirarts starting from the architecture and
how it has been integrated with HS and PS. The complete architecture is
shown in Fig. 7.2. Note that the operation and communication between
HS and PS are identical to those described in the previous chapters and
therefore are not shown in the figure.

In this configuration, Mirarts receives information from both PS and
HS:

• From the Patient Station, it receives the raw data of all the con-
nected devices, through which it can calculate metrics representing
the quality of the exercise. Through the PS, Mirarts also get all the
parameters of the current exer-game, with the possibility of modi-
fying them at will.

• From the Hospital Station, it receives the data of the previously
executed exercises, allowing to compare the performance of the ex-

3Smart Balance Master, https://www.mossrehab.com/smart-balance-master (vis-
ited on 11/30/2020)

4GAITRite, https://www.gaitrite.com (visited on 11/30/2020)
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7.3. Application architecture

Figure 7.2: Complete platform’s architecture: Mirarts is connected to both PS and
HS. All information relating to the activity currently in progress is exchanged with
the PS, while the HS provides advanced metrics to compare the performance of the
current activity with that of previous activities.

ercise that the patient is carrying out with one or more exercises of
the same type performed in the past. In general, the HS can also be
used to perform computationally intensive calculations that should
not be feasible using only Microsoft Hololens due to low computa-
tional power and limited battery power.

From this architecture, we could interpret Mirarts as a kind of portable
HS, which in real-time provides the metrics representing the quality of
the exercise that is being performed. These metrics are calculated thanks
to the data of the devices sent by the PS. The latter, moreover, having a
good computational capacity (compared to Hololens, which has a lim-
ited battery and CPU), can also already provide aggregated data to limit
Hololens tasks.

The architecture just described, allows Mirarts to interact with the
platform as completely as possible, also modifying the functioning of
the exer-games. Actually, Mirarts can also work without HS and/or PS.
Note, always from Fig. 7.2, that Mirarts is composed of 3 distinct mod-
ules. Each of the three modules can be present or absent, adding or
removing functionality to Mirarts. In the simplest configuration, in fact,
Mirarts can also be used almost alone. This configuration is designed to
be used in individual sessions and traditional rehabilitation (i.e., without
exer-games). However, since Hololens 1 does not have real-time body
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tracking, a desktop application that implements the PS’s Device Man-
ager module and interacts with Kinect and/or Wii Balance Board and
forwards the data to the Hololens is needed. If and when a mixed reality
device with an integrated RGB-D camera that offers real-time skeleton
tracking will be developed, it will be possible to avoid the use of other
external devices, improving the usability and ease of use of Mirarts.

7.4 Features

We now briefly describe the additional features made available through
Mirarts. Many of the calculated metrics are similar to those calculated
by HS and PS, so we will not dwell long.

Assuming that Mirarts has access to the raw data of Kinect and Wii
Balance Board that are sent by the PS, the following information is pro-
vided to the therapist:

• Basic game information: information strictly related to the game,
such as the hit percentage, the monitor activation percentage, or the
current duration of the exercise, is available.

• Monitor information: through the data coming from the PS, Mi-
rarts shows any posture errors through a skeleton that is displayed
in front of the patient so as not to overlap his/her, avoiding vision
problems. The same color system used in the PS monitoring system
is also used in Mirarts to indicate the error the patient is making.

• CoP and CoM visualization: along with the skeleton, we also pro-
vide therapists with the capability to see the CoP and CoM of the
patients. CoM is positioned on the skeleton to make it easier to
check, while the CoP is projected to the ground, near the patient’s
feet.

• Exercises metrics: Mirarts calculates some metrics that represent
the quality of the exercise (for example, stability, precision, ...) and
shows them at run-time. The metrics are the same as previously de-
scribed in Paragraph 5.5.3. Similar to the results shown by the HS,
these metrics can be shown as a graph or as simple text information
(for example, the maximum amplitude reached). Mirarts, compared
to HS, provide additional features:
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Figure 7.3: Mirarts main view. On the left, it is possible to see the graphs showing the
trend of the CoP during the execution of the exercise. On the right, in addition to a
series of summary metrics (top box), it is possible to change in real-time the main
parameters of the exercise (bottom box).

– The CoP amplitude is shown near the patient’s feet. It is repre-
sented by an n-gon, a polygon with n sides, and is calculated at
run-time from the CoP position in each frame. The CoP area is
also shown and calculated once per second.

– Load cells data of the Balance Board: Mirarts, through vertical
bars positioned around the patient (Fig. 7.3), shows the values
in kilograms recorded by the Balance Board. Aggregate data
are also available (e.g., left cells versus right cells or upper cells
versus lower cells), depending on the type of exercise.

• Parameters updating: through a dedicated panel always visible,
the therapist can view the current values of the game, exercise, and
monitor parameters, and modify them if necessary. Due to space
limitations, only the most representative parameters are present.
Some secondary parameters (e.g., the pause between two repeti-
tions or the number of tests per minute) are not available.
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To be able to see all this information correctly, when Mirarts starts, it
is necessary to calibrate the device, indicating the location of Kinect, so
that the correct position of the patient can be calculated.

The interface developed has been studied to be non-invasive and eas-
ily visible to the therapist. For this reason, all data is displayed around
the patient, without interfering between therapist and patient. In this
way, the therapist can continue to observe the patient without distracting
himself/herself by looking at other monitors. Information and graphics
are designed to be accessible at a distance of about 2 meters or less, and
they rotate autonomously towards the therapist to be always readable.
Automatic font size adjustment could be easily added to improve the
readability of the information even at longer distances.

7.4.1 Historical data

Sometimes the therapist may need to compare the current exercise with
a previous one to see if the patient has improved or worsened. As with
the HS, there is a similar mechanism here. During the execution of an
exercise, the therapist, using his/her credential, can connect to the HS to
retrieve historical data from the exercises performed previously.

This data is shown in the graphs together with the data for the current
exercise, so it is possible to compare the current execution with those
previously performed. Through a set of buttons, therapists can retrieve
the data of the exercises performed in the last N days or the last M
exercises. Since it is not possible to show a series of data for every
single exercise performed, the average trend is calculated by the HS.
It first selects the subset of exercises required by the therapists, then it
calculates (if not already stored and calculated) the required metric for all
selected exercises and normalizes the duration of these exercises so that
they can be compared. Finally, it computes the mean (or other functions,
like minimum or maximum) between the metrics. Once the data set has
been calculated, it will be sent to the Mirarts and drawn in the graph.

A current limitation of this method is that it can produce results that
are difficult to interpret in some cases, e.g., if the time of the trials of
the exercises under consideration differs. Think, for example, of two
executions in which at the same time the patient moves to the left, while
in the other one is still standing at the center.

138



i
i

“output” — 2021/2/22 — 13:53 — page 139 — #157 i
i

i
i

i
i

7.4. Features

Figure 7.4: Example of comparison between the lateral shift of Weight Shift Lateral
calculated in the current exercise (white line) with the average calculated in past
exercises (green line).

This problem is currently only partially solved through the use of
other aggregation functions such as maximum or minimum. In the ex-
ample of Weight Shift, in fact, the therapist might be more interested in
the maximum amplitude of movement obtained, to compare it with the
current amplitude. However, this solution is not always possible. Further
work will be needed, such as trial alignment, to provide more represen-
tative graphs.

7.4.2 Exercise results

At the end of the execution of an exercise, a summary is presented to the
therapist in a dedicated view. In this view, the therapist can see:

• Exercise and game basic information such as the duration, and hit
and miss percentage.

• All the graphs containing the metrics to evaluate the quality of the
exercise.

• A set of snapshots.
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Figure 7.5: Example of exercise results. For each snapshot, the basic game information
(% Hit,% Miss, ...) and summary parameters (e.g., maximum amplitude requested,
...) are shown. In this way, the therapist can evaluate how the patient’s performance
has changed when the parameters have been modified.

The last point, the snapshots, are a new important feature provided
by Mirarts. A snapshot can be defined as an “interval of time in which
the values assumed by the parameters do not change”. So, every time
the therapist changes a parameter, a new snapshot is created. For every
snapshot, we calculate the basic game information and other metrics. To
better understand the advantages of this approach, see Fig. 7.5, where an
example summary screen is shown.

This figure provides summary data at the end of the Weight Shift Lat-
eral exercise. In this exercise, the amplitude of movement requested
by the patient (laterally, to the right and to the left) represents the dif-
ficulty of the exercise. Thanks to the visualization through snapshots,
it is possible to understand the progression of the patient’s performance
according to the change in the difficulty of the exercise. For example,
initially, requiring a 11 cm lateral shift, the patient obtained 94% Hit,
which could mean that the difficulty of the exercise is too low. For this
reason, at a certain point, the therapist changes the difficulty, requiring
15 cm of shift, and the percentage of Hit collapses, reaching only 56%.
This change can be interpreted as excessive difficulty, compared to the
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patient’s ability. Therefore, the difficulty in the third snapshot is reduced,
leading to a better percentage of Hit. The adaptation of the parameters
is decided by the therapist, who both based on the performance of the
game and on his/her experience and knowledge, decides if and how to
adapt the difficulty.

The possibility of real-time adaptation of parameters and the display
of snapshots are intended to provide an additional tool for patient assess-
ment. From our experience, we have noticed that it is not always easy
to change the difficulty of an exercise in the correct way, and this may
take time and several attempts. Beyond this, Mirarts is also designed as
a stand-alone tool, even for traditional rehabilitation, to support the ther-
apist, who now has more information, previously difficult to access, on
which he can base his/her decisions.

7.5 Discussion

Before closing the chapter, we want to make some considerations about
the use of these technologies in rehabilitation.

Unfortunately, it has not yet been possible to test Mirarts with pa-
tients and therapists, so no usability data are yet available. Furthermore,
Mirarts is still in a prototype phase, and tests and meetings with clini-
cians will be necessary to understand which direction to go and how to
develop it. However, we can already make some observations regarding
the use and application of Hololens 1 and mixed reality in general, as a
support tool for the therapist. The feeling is that this technology is still
immature. Unfortunately, we could not try Hololens 2 yet, but as for
Hololens 1, there have been several problems. Already during the devel-
opment of Mirarts (e.g., poor documentation, little support, not working
features, ...). The device itself has many limitations, and it is not adapted
to prolonged use (it is very heavy and unbalanced); besides having a
very narrow field of view, which forces to rotate the head to see all the
information.

Unfortunately, even the absence of real-time skeleton tracking forces
the simultaneous use of an RGB-D camera (and consequently of a com-
puter to connect it, with attached software for data extraction), requiring
a not particularly comfortable setup.
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We hope that in the coming years, new better MR devices will be
developed (and Hololens 2 is probably already going in this direction),
from which we can benefit more, because, to date, there are still many
issues to be resolved before we can make the best use of this technology.
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CHAPTER8
Results

After having illustrated the functionality of the platform, we now see
some preliminary results from its use in two pilot projects. PS and HS
have been used to support patients with multiple sclerosis, while a sub-
set of PS games has been used to entertain and train the elderly in the
MoveCare project. Finally, we end by illustrating an ontology that tries
to summarize all the work done, starting from the definition of exercises
and related metrics up to the creation of exer-games. This ontology de-
scribes all the main components of home rehabilitation that we believe
are fundamental and wants to be a guide in the development of this type
of platforms. Unfortunately, also due to the COVID-19 pandemic, it has
not yet been possible to test the functionality and usability of Mirarts on
real patients. We hope to be able to test it as soon as possible.

8.1 HoRe project - Pilot

PS and HS were used for the first time within the HoRe project, in col-
laboration with the Neurological Institute “Carlo Besta”, in Milan. The
aim of the project was to verify the feasibility of using a home platform
for the care of patients with multiple sclerosis.
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8.1.1 Preliminary activities

In the initial phase of the project, it was planned to use the old Patient
Station developed in the Rewire project. But after the first series of meet-
ings, it was immediately clear that it would be difficult to maintain and
upgrade according to the clinicians’ guidelines. For this reason, it was
decided to develop the new version of the PS, described in this work, and
make it immediately compliant with the requirements.

Before the trial with patients began, there was a close collaboration
with clinicians for the validation of games and metrics for patient assess-
ment. An iterative work was required for the definition of the metrics for
patient evaluation and their visualization. Some meetings were necessary
before arriving at a result deemed satisfactory by the clinicians.

From the safety point of view, at the request of the therapists, for the
most compromised patients, we implemented the possibility of playing
without the Wii Balance Board, estimating the CoM from Kinect data,
to avoid possible falls due to the balance. Often, what seemed clear and
useful to us computer scientists were not particularly representative and
helpful to doctors. For this reason, it was decided to try to present metrics
in a similar way to others with which therapists are already comfortable
(e.g., like those produced by Smart Balance Master1).

8.1.2 Inclusion criteria

A list of inclusion criteria that patients must meet to participate in the
pilot is given below:

• No fall or near-fall in the last year.

• Absence of other neurological pathologies or pathologies that may
affect participation in the study.

• No corticosteroid drugs taken in the month prior to enrollment in
the study.

• Absence of seizures events.

• No pregnant or lactating women.
1Smart Balance Master, https://www.mossrehab.com/smart-balance-master (vis-

ited on 11/30/2020)
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These criteria are necessary to ensure patient safety. Any problems or
pathologies could lead to falls or unrepresentative results.

8.1.3 The pilot

13 patients participated in the trial. The entire recruitment process, in-
cluding assessment of the patient’s initial status, was performed by ther-
apists. For each patient, there were two distinct phases. Initially, each
patient is asked to go to the clinic a couple of times a week for training
for about a month. During this time, the clinical staff assesses the pa-
tient’s status, identifying the set of parameters that best suit the patient.
The patient is also taught how to use the supplied software and hardware
so that he/she can use it correctly and safely. Unfortunately, at the time
of patient training, the development of Mirarts was not yet finished, so it
was not possible to use it.

Once the training period is over, the workstation is installed at the
patient’s home, where he/she will be asked to perform the scheduled
exercises three times a week for at least 7 weeks. Therapists will monitor
patients’ activity remotely via HS, modifying therapy when necessary.

At any time during the test, patients could communicate with thera-
pists about any problems with the platform.

8.1.4 Patient Station: usability and acceptance

In Table 8.1, it is possible to see a summary of the use of the system
(i.e., the number of exercises performed) for each patient. Each exercise
lasts 2 minutes, so the total duration is above 100 hours. Patient 8 and 12
dropped out after less than a month for a variety of reasons (e.g., small
house and uncomfortable use of the platform, problems with the interac-
tion with the exer-games, insufficient time to dedicate, ...); this explains
the low number of exercises played (only 63 and 80 respectively).

Patients during the trial were asked to play each game at least once
in every session. Impressive is the number of exercises performed by
Patient 13, who, also probably facilitated by the lockdown that occurred
in Italy from March 2020 due to COVID-19, played almost every day
from the end of February until June, well beyond the minimum number
of sessions required per week.
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Table 8.1: Platform usage data. For each patient, the number of executed exercises is
shown.

Patient Exercises
P1 114
P2 106
P3 177
P4 398
P5 422
P6 119
P7 176
P8 63
P9 187
P10 221
P11 136
P12 80
P13 1019
TOTAL 3138

Table 8.2: Average score (from 0 to 4) with standard deviation of the six aspects of
the TSQ-WT questionnaire. 11 patients have completed the questionnaires (the two
patients who dropped out of the project have been excluded).

Aspect Average score ± SD
Benefit 3.51 ± 0.38
Usability 3.02 ± 0.35
Self-concept 3.33 ± 0.60
Privacy 3.16 ± 0.71
Quality of Life 2.69 ± 0.48
Wearing Comfort 2.22 ± 0.35

We also administered the Tele-healthcare Satisfaction Questionnaire -
Wearable Technology (TSQ-WT) questionnaire [184]. TSQ-WT evalu-
ates six different aspects of the platform: Benefit, Usability, Self-concept,
Privacy, Quality of Life, and Wearing Comfort. Results are shown in
Table 8.2. Patients recognize the Benefit of the platform (3.51 out of
4), which has the highest score, followed by Self-Concept (the emotions
felt by the use of the platform, such as feeling happy, sick, or old) and
Privacy. Good scores also in Usability. The lowest scores have been
in Wearing Comfort, probably due to the balance board, that has to be
moved at the beginning and at the end of each session, and Quality of
Life (the effects felt in the daily life, e.g., feeling better).
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Figure 8.1: HoRe questionnaires box plot.

In general, the scores are satisfactory and the platform has been appre-
ciated. The low score in wearing comfort will probably make us rethink
the use of the balance board, evaluating more comfortable alternatives.

Overall, therefore, patients have liked the exer-games and have main-
tained a good adherence to the therapy. Among the most positive things
that have been reported, a note of merit should be given to Hannah, the
virtual therapist. According to the patients, she was helpful during the
execution of the exercises, and they appreciated her advice.

Given that some questions on usability were already present within
the questionnaire, we did not consider it necessary to use other question-
naires such as the System Usability Scale [185].

Self-efficacy tests

Multiple sclerosis, which can cause a slow but continuous worsening
of patients’ physical and cognitive conditions, can also lead to disorders
such as anxiety [186] or depression [187]. Patients see their future uncer-
tain and often fear that they will not be able to overcome the challenges
that the disease poses to them. Some aspects of the patient’s personality
can help to better respond to challenges. One of these aspects is self-
efficacy. Self-efficacy represents the patient’s belief in overcoming the
problems they face. Individuals with a high level of self-efficacy will be
more capable of facing complex challenges and will be less likely to give
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Table 8.3: MS Self-Efficacy tests results.

Patient Pre-rehab score Post-rehab score Change
Patient 4 52 55 +3
Patient 5 52 54 +2
Patient 6 37 40 +3
Patient 7 35 37 +2
Patient 9 61 61 +0
Patient 10 41 46 +5
Patient 11 44 44 +0
Patient 13 38 37 -1
Average ± SD 45 ± 9.13 46.75 ± 9.00 +1.75 ± 1.58

in to obstacles and changes [188].
We, therefore, decided to try to measure the self-efficacy of patients,

before and after the use of PS, to try to understand if there could be
significant changes through the use of a home rehabilitation system.

The Self-Efficacy Scales are one of the most widely used tools to try
to estimate an individual’s self-efficacy. We decided to use the Multiple
Sclerosis Self-Efficacy Scales (MS-SES) [188]. The questionnaire pro-
posed by the authors has been carefully translated into Italian to allow
full understanding by patients. MS-SES consists of 14 questions. For
each question, the patient expresses his/her degree of agreement on a
6-point Likert scale (from “Strongly Disagree” to “Completely Agree”).

Table 8.3 shows the results of the questionnaires before and after us-
ing the PS. We decided to introduce the questionnaire starting from the
second group of patients, so the results of the first three patients are ab-
sent (in addition to the two patients who dropped the pilot before the
end). At a significance level α = 0.05, according to the Paired T-Test,
the difference between the two samples is statistically significant, with
an effect size d = 0.88. Nevertheless, given the small number of pa-
tients, we prefer to perform further tests on larger samples to be able to
confirm this result.

It can be noted that 5 out of 8 patients improved their score, two kept
the same score, and only one worsened slightly. The only one who had
a lower post-score than the pre-score as well as the lowest post-score of
all (on a par with Patient 7), is curiously Patient 13, who is the patient
who most enjoyed PS and performed a much higher number of exercises
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than all the others. It is, therefore, not clear the association between the
score with the effort put during rehabilitation. But, as mentioned earlier,
it is unrealistic to speculate on such a small sample of patients.

Patient Station: weaknesses

During the pilot, patients did not report any critical problems using the
PS, the associated devices, and during the execution of the exer-games.
The only serious problem that has been found sometimes is the uncom-
fortable use of the hand as a tool for interaction with the PS. In the wrong
lighting conditions (e.g., too much light), in fact, Kinect has difficulty
correctly identifying the position of the hands (and sometimes even the
feet, which can cause inaccuracies in the exercises that require the track-
ing of the feet). Several times patients reported difficulties in selecting
the buttons. This could be frustrating in the long run, reducing patient
motivation. Some minor issues were also identified during the pilot and
promptly corrected.

7 of the 13 patients had the Farm Game available as an optional game.
However, except in sporadic cases, it was not used. It is possible to in-
terpret this scarce use for a couple of reasons: 1) the patients recruited
consist of people of working age, who often have little time to dedicate to
the platform, and who prefer to use it exclusively for rehabilitation pur-
pose, 2) Farm Game is designed for long-term use, 7 weeks is probably
too short a period, and exer-games alone may be enough to motivate the
patient to play. Also, the problem previously reported about the difficult
interaction with the PS should not be underestimated. The Farm Game
is based exclusively on interaction; it could be assumed that in the face
of these problems some patients avoided playing it.

8.1.5 Hospital Station: usability

We gathered some feedback from the hospital staff who used HS, in par-
ticular on scheduling and patient assessment. The Patient Management
module, also due to its simplicity, was not taken into consideration.

Scheduling

No particular criticalities concerning the scheduling module have been
reported. The parameterization of exercises and games has been suf-
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ficient to customize every critical aspect of the game. After an initial
phase of parameter definition, the therapists did not consider it necessary
to make any further changes in the definition of the exercises or their
structure. The module is easy to use, although a couple of minor issues
have been reported in the interface and in the definition of some param-
eters, which could be confusing at first use. Therapists often changed
the difficulty of the exercises, approximately every two weeks, mainly to
meet the demands of patients who, after becoming familiar with the plat-
form, felt that the games were too simple (and sometimes too difficult,
after the changes made by the clinical staff). This confirms the need for
the automatic adaptation mechanism, which, unfortunately, could not be
tested in the pilot.

Patient assessment

Therapists found the detailed view of a single exercise particularly use-
ful. Although the time required to analyze each individual exercise per-
formed can be very long, the quality of this level of detail is required for
an accurate understanding of any problems or needs of the patient. Some
critical points about the global view, which is sometimes considered not
always representative of the critical aspects, not allowing the understand-
ing of the global trend at the moment. This is probably also due to an
insufficient pilot length: three sessions per week for seven weeks do not
seem to be sufficient to deduce a trend due to too many variations in per-
formance in the short term. Only with the last patient, who played every
day, considerably more than required, it is possible to see a trend over
time, showing that the global results become useful only in the long run
when the exercises played are numerous.

8.2 MoveCare project - Pilot

Exer-games have also been integrated into the MoveCare project, which
aimed to provide a system that allows the monitoring of the physical and
cognitive conditions of the elderly. The project, among other secondary
components, includes a Giraff2, an autonomous robot operable remotely
by the caregiver, and a platform containing a set of activities to be carried

2Giraff, http://www.giraff.org (visited on 11/30/2020)
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Table 8.4: Summary results of the exer-games questionnaires. Each question included
an answer from 1 to 5. N is the number of users who answered the question.

Question Mean ± SD N
1. I enjoyed playing the balance exer-games 4.52 ± 0.6 21
2. I found the balance exer-games easy to play 4.14 ± 0.85 21
3. I found the balance exer-games unnecessarily complex 1.95 ± 1.28 21
4. I felt I needed the support of a technical person to be able to
play the balance exer-games

2.05 ± 1.28 21

5. I felt comfortable when using the balance board 4.5 ± 0.76 20
6. It was clear how to use the balance board to play the balance
exer-games

4.38 ± 0.86 21

7. I would imagine that most people of my age would learn how
to play the balance exer-games very quickly.

4 ± 0.84 21

8. If I have the possibility, I would frequently play the balance
exer-games in the future

4.24 ± 1.04 21

out individually or with other elderly. Multiplayer activities include tra-
ditional games such as card games, pictionary, or puzzles. Single games,
instead, include the PS with a limited set of exer-games. The exer-games
that have been included are Fruit Catcher, Bubbles, Horse Runner, and
Hay Collect. The reason for this limited set is due to the absence of an
RGB-D camera; only a Balance Board has been made available for each
user. This implies the absence of the posture monitoring system. The
Farm Game and Hannah’s office have been disabled, also given the un-
familiarity with technology by the elderly would have been an excessive
complication and, in any case not, strictly related to the objective of the
project.

HS has not been used. At the start of the PS, the elderly could choose
the difficulty of the games, selecting a difficulty level among the five
that were available; each difficulty level was associated with a differ-
ent schedule. For this reason, the DDA system has also been disabled. It
could have been dangerous to change the difficulty in real-time and with-
out the support of HS and Hannah. Two pilots have been performed on
healthy elderly, without pathologies that compromise their physical abil-
ities. However, due to old age (average age around 76 years), although
healthy, their motor skills are still limited. Both pilot projects lasted 3
months.

The pilots were carried out both in Italy and in Spain.
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Figure 8.2: MoveCare questionnaires box plot.

A total of 24 elderly (14 from Spain and 10 from Italy) voluntarily
joined the project, participating more or less actively in all activities,
exer-games included. Five elders participated in both the first and the
second pilot. One of the elders from Spain dropped the pilot because did
not feel confident with the system.

Each elder was asked to complete a questionnaire, which includes
eight questions related to exer-games in a 1 to 5 Likert scale. The results
are summarized and available in Table 8.4.

To the first question, 95% of users answered positively (at least 4),
showing appreciation for the exer-games. The ease of understanding was
also good (4.14). Despite some of our concerns about the use of the
Balance Board (with the possibility of falling while going up, down, or
moving it), it seems that the elderly have felt safe in its use (4.5), its ease
of use is also good (4.38). A large percentage of users also reported they
were available to play exer-games in the future.

The elderly were also asked what they appreciated most, what they
appreciated least, and what they would change. A small part of the sub-
jects confirmed their objective difficulty in using the exer-games, as was
foreseeable. It was already clear that exer-games might not be suitable
for such elderly people, and with obvious problems of movement re-
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Figure 8.3: MoveCare pilot 1 usage data.

lated to age. If we exclude these subjects, the Fruit Catcher and Bubble
games were the most appreciated, discordant opinions on Horse Runner
instead (someone liked it very much, others struggled). A large part of
the elderly, on the other hand, named Hay Collect among the things they
liked least. Again, we were not surprised: this game had already been
discarded in the HoRe project precisely because of its difficulty and the
risk of falling. The elderly have confirmed this problem. Some of them
complained about the excessive difficulty of the exercises, although there
was the possibility to choose between five different levels, probably this
was not enough. This is a critical issue and confirms the need for HS and
a custom schedule set by a therapist or caregiver.

The questionnaires show that the platform has been well accepted.
Some elderly have also asked to further extend the set of games available
to reduce monotony. An understandable request, especially considering
that they only had half of the exer-games available. This also highlights
a problem that we were already aware of: the possible loss of motivation
in the long run.

As for the actual use of exer-games, the summary data are available
in Figs. 8.3 (Pilot 1) and 8.4 (Pilot 2). 12 of the 24 elderly have shown
that they enjoyed playing exer-games, each of them played more than 60
minutes (a couple of them have exceeded 200 minutes).
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Figure 8.4: MoveCare pilot 2 usage data.

On the other hand, confirming the answers to the questionnaires, 5
elderly played less than 10 minutes, showing that the exer-games in their
case sometimes for physical problems (too difficult games), other times
for other reasons (poor system acceptance) were not actually used. Al-
though the usability data may seem bad compared to the duration of the
pilot (3 months), it should also be considered that MoveCare includes a
large set of activities, and participants could choose if and when to play
independently, without any control or stimulus.

Unfortunately, having used only the Balance Board, we had only the
data of the CoP available, and, as we have already anticipated in the pre-
vious paragraph, the data make more sense only when the subject plays
repeatedly for an extended period. In our case, the most representative
data that can be extracted exclusively from the Balance Board are the
variations in the range of movement achieved (in the Weight Shift exer-
cises), stability (e.g., in the anteroposterior movements in Weight Shift
Lateral), and the force used to get up (thanks to the speed of weight
change in Sit to Stand). Obviously, having the elderly played for a lim-
ited period, there are no significant variations in the data collected. Fur-
ther pilots of significantly longer length (e.g., 6 months or more) are
necessary to have a reliable trend.
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8.3 Home rehabilitation ontology

We wish to close this chapter by including an ontology that describes all
the components needed for a home rehabilitation platform based on exer-
games. We have long thought about where to illustrate this ontology. We
decided to include it here, in the results, because it was defined at the end
of the whole design and development process and also after the two pilot
tests. We consider it a result of the knowledge and experience gained in
this project, and also inherited from the Rewire project.

The ontology is based on two key figures: the therapist and the pa-
tient. These two actors are respectively linked to HS and PS. We use
the terms HS and PS because the reader should be familiar with them by
now; actually, any other platform offering the features described in the
ontology can be used.

The first step in the design and development of a home rehabilitation
platform is to identify the rehabilitative dimensions (e.g., movement am-
plitude, accuracy, speed, ...) that need to be trained. They depend on
the diseases being treated and should be defined by the therapists. Once
these indexes have been settled, it is necessary to define the exercises
that will be performed by the patients. Each exercise will improve one
or more of the previously defined dimensions. To guarantee safety, ex-
ercises need to be carefully selected, and they have to be suitable and
customizable for the patient’s condition.

For each exercise, as proposed in [113], primary and secondary goals
need to be decided, which define what the patients have to do and how.
All these steps should be carried out by clinicians, who are the ones who
know the domain best.

Once exercises and goals have been defined, they need to be inte-
grated into a set of exer-games. The use of exer-games and other mo-
tivational aspects is not mandatory. However, as these aspects are con-
sidered fundamental to increase the effectiveness of rehabilitation in the
long term, they have been included in the ontology. The exer-games
must reflect the exercises proposed by therapists. To do so, always fol-
lowing the guidelines defined in Rewire, exercises, monitor, and game
parameters are used. A set of exercises, including all their parameters,
is then grouped within a schedule, defined by the therapist through the
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HS. Schedules will be download by the PS when the patient starts a new
rehabilitation session.

Referring to the central part, on the right, of the ontology, since re-
habilitation could be boring in the long run, additional features can be
added to the PS to try to improve the patient’s motivation. In our case,
we developed Hannah, the Empathic Virtual Therapist, the DDA sys-
tem, and the Farm Game. Many different solutions can be found in this
area. It is essential that these activities do not distract the patient from
the main objective: rehabilitation. Furthermore, they must not change
the dynamics of the exercises or their difficulty (or if they do, they must
remain within the limits dictated by the therapist, as in the case of our
DDA system).

The final part of the ontology (at the bottom) defines the patient’s
evaluation. HS analyzed the executed exercises using a set of “Output
parameters”, closely related to the set of “Evaluation indexes” defined by
therapists, which are based on the same rehabilitation dimensions used
to define the primary goals for an exercise, closing the loop between the
definition of an exercise and its evaluation. To facilitate the work of the
therapist, we suggest showing the results on two levels of granularity,
a very detailed view, where, in case of need, it is possible to review
every aspect in detail, and a global view, where it is possible to see the
performance trend over a long period.

This ontology represents our first attempt to develop a comprehensive
description of the elements necessary for at-home rehabilitation systems,
and it logically summarizes all the concepts that have been described in
this thesis. It has been developed based on our experience, especially
from its use by patients with multiple sclerosis and the elderly, but it
should be applicable also to other categories.
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8.3. Home rehabilitation ontology

Figure 8.5: Ontology describing the main elements of an exer-game based home reha-
bilitation platform.
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CHAPTER9
Conclusion

In this work, we have developed a new advanced platform for exer-game
based autonomous home rehabilitation, including all the necessary tools,
both for patient and therapist, to carry out an effective, safe, and fun
rehabilitation. The need for this type of platform arises from the fact
that in recent years the costs incurred by national health systems have
increased continuously, also due to the progressive aging of the popu-
lation. The resulting cut in expenditure has led to a reduction in some
essential services, including physical rehabilitation, reducing the dura-
tion (and consequently the effectiveness) of the health services offered
to patients.

In this context, home rehabilitation can be of fundamental benefit,
allowing patients to continue their therapy at home, saving money, and
avoiding frequent hospital visits. Also, in this particular historical pe-
riod, many patients have been unable to receive any form of hospital
treatment or care for prolonged periods of time due to mobility restric-
tions imposed to stem the COVID-19 pandemic, with possible negative
health consequences, emphasizing, even more, the need for this type of
technology.

Our platform has been developed to guarantee a high level of flex-
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ibility, which allows it to be used with different pathologies and dif-
ferent types of patients. Therapists can schedule personalized exercises
and monitor patients’ progress and the quality of the executed exercises;
while patients can perform rehabilitative exercises tailored to their level
in a safe and stimulating environment.

The preliminary results obtained in the two pilots performed demon-
strate a good degree of acceptance and usability of the system, good
feedback has been received. Unfortunately, it has not yet been possible
to verify and validate all the solutions proposed here, so more tests will
be necessary.

9.1 About results

Let us now see some final considerations on what emerged from the two
pilots carried out in the HoRe and MoveCare projects.

9.1.1 Hore project

The collaboration with therapists has been fruitful, both in the modeling
of the exercises and in the analysis and visualization of the patient eval-
uation. The exer-games have been highly appreciated, showing a greater
interest than traditional exercises. From the point of view of short-term
motivation and the acceptance and usability of the exer-games, therefore,
our goals have been achieved. No falls or other adverse events were re-
ported using the platform. A negative aspect has been the Farm Game,
which did not find the hoped-for success, perhaps also due to the too
limited duration of the tests. Other experiments have to be conducted
to understand how long exer-games alone can motivate patients and how
necessary the introduction of more structured solutions such as the Farm
Game is.

From the therapists’ point of view, the results have also been partially
achieved. As far as exercise scheduling and patient safety are concerned,
we can be satisfied. Thanks to the numerous parameters exposed by the
exer-games, it was possible to schedule their personalized exercises ac-
cording to their needs to guarantee the effectiveness and safety of the
rehabilitation. As for the analysis of the results, while the detailed analy-
sis of a single exercise was used, the overall analysis was probably a little
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less indicative of the patient’s status. Also in this case, our hypothesis is
that the number of exercises played and the duration of the pilot project
are not sufficient to identify a trend in the patient’s performance. For
this reason, the global graphs show a trend that is difficult to interpret,
consisting of numerous variations. Only in the last patient, who played a
higher number of exercises, was it possible to identify some trends.

It is, therefore, necessary to perform other tests, with a greater number
of patients, even of different age groups, to see how the exer-games act
on their motivation, and if it is possible to identify some trends, which
could lead to more targeted therapies.

9.1.2 MoveCare project

Although the target group of our platform is not the healthy elderly, we
can still draw some interesting conclusions from the MoveCare project
pilot. First of all, exer-games for the elderly are a current topic, and of
primary importance to allow the elderly to maintain a good motor capac-
ity over the years. The simplicity of games has allowed them to be used
without problems even by older people with little or no familiarity with
technology. Moreover, despite the presence of only four exer-games and
the use of the Balance Board alone, their use was still good, and seniors
generally did not get bored, although someone has highlighted the need
to increase the number of games. This shows that with people so un-
familiar with technology, even mini-games with few, clear and simple
mechanics can be used to entertain them effectively. The Balance Board,
as expected, has proved uncomfortable for the elderly with greater mo-
bility problems; for the more compromised people, it is necessary to find
an alternative to its use.

Unfortunately, it was not possible to verify the effectiveness of the
exer-games. They were not developed with the aim of being used by the
elderly, and, even in this case, we do not have enough data to be able to
determine an evaluation of their performance. The absence of an RGB-
D camera also greatly limits the possible metrics that we can extract; we
believe that the Balance Board alone does not produce enough data for
a complete evaluation. In any case, even the use of exer-games alone to
maintain a good physical condition and slow down the physical decline
of the elderly is an important feature worth exploring.
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9.2 Discussion

Before closing with future work, we want to have a brief discussion on
the work done, also illustrating the main current limitations.

Patient Station The use of exer-games by patients has been more than
satisfactory. Very good also the usability and ease of use of PS and exer-
games even by people not accustomed to technology. The small number
of patients, however, allows few conclusions on the effective effective-
ness of the platform from both a rehabilitative and motivational point of
view. Also due to the pandemic and mobility restrictions, it was not pos-
sible to properly test the solutions we proposed for long-term motivation.
The Farm Game has hardly ever been used, and even the automatic dif-
ficulty has only been tested on a small number of healthy subjects and
not on real patients. Further tests of longer duration are necessary to in-
vestigate how much and how the solutions proposed by us can motivate
the patient, because although the exer-games have been well accepted
and appreciated by patients, it is not possible to deduce patients’ behav-
ior and motivation in the long term, when, once the initial novelty is
over, boredom may occur. Unfortunately, therefore, our goal of provid-
ing a platform capable of motivating in the long term has not yet been
achieved, as the solutions we have proposed so far have not yet been used
and tested properly.

Hospital Station The basic functionalities of the HS have been success-
fully tested; they represent a good starting point towards the development
of more advanced features. The flexibility with which the HS has been
developed allows us to use it quickly and easily in other areas; qualities
that will certainly be useful in future projects and collaborations. The
biggest challenge is clearly the evaluation of the patient. From this point
of view, a lot can still be done to make the platform more usable and
effective. The metrics that are currently calculated and shown to ther-
apists still need to be compared with clinically validated tools to verify
that the results shown are consistent. Here, too, further work and testing
are needed to verify the patient’s long-term assessment, as the tests per-
formed so far do not seem long enough to notice significant changes in
the patient’s condition.
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Mirarts Mirarts represents a first attempt to apply the new mixed real-
ity technologies to rehabilitation. We believe that these new devices can
help therapists to have additional objective information in real-time. Al-
though still at an early stage, from the first feedback, it would appear
to be an interesting research direction, either applied to traditional re-
habilitation, or through the exer-game approach or integrated with other
PS-like software. Unfortunately, it has not yet been possible to do any
test with Mirarts, a gap that we want to fill as soon as possible. Tests
on patients will be needed to validate the usefulness of the information
provided by devices such as Hololens. However, to date, current mixed
reality devices can still be considered at a prototype state, mainly due
to the narrow field of view. In the coming years, hopefully, they are
expected to become increasingly reliable and affordable, and their appli-
cation could transform several fields.

As the reader will have understood, one of the major limitations of this
work has been the impossibility to test many of the solutions proposed
here. This has unfortunately been caused for several reasons, includ-
ing the COVID-19 pandemic, which, to date, has blocked every possible
form of collaboration in the medical field. However, we hope that what
we have illustrated here will help and inspire other researchers in this
area; in the meantime, we will continue to work to validate the effective-
ness of our solutions.

For researchers who want to approach the field of serious games for
rehabilitation, we recommend always work with hospital staff, who is
the only one who can guarantee the effectiveness and safety of the ex-
ercises. We also reiterate, once again, the importance of a studied and
careful game design that can motivate and entertain patients. This aspect,
often neglected, is fundamental for the effectiveness of the rehabilitation
program.

9.3 Future work

Considering the heterogeneity of the platform and its many potential fea-
tures, there are several directions and possibilities for future work.

About long-term motivation, we want to extend and apply our work
described in [153] to the exer-games, giving the patient the possibility to
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perform the exercises within a procedurally generated story. For greater
player immersion, the story would also affect the appearance of the exer-
games (e.g., environment, characters, ...). In this way, the exer-games
would become an integral part of the narrative. They could represent,
for example, a challenge that the player has to perform, or a movement
from one location to another (Horse Runner would be a perfect example
in this case).

Hannah, the EVT, will also be improved as part of the new H2020
Essence Project1. She will be able to automatically analyze the patient’s
emotions through facial analysis (and possibly also by the tone of voice)
and react according to the patient’s emotional state. In this way, the
emotional component in the DDA system should find more importance
compared to now, where it is the minority part.

From the rehabilitation point of view, instead, another long-term goal
could be to verify the effectiveness of the PS (e.g., through an RCT).
The number of subjects involved so far is too small, in this regard, in the
coming months, as a continuation of the HoRe project, another pilot with
patients suffering from multiple sclerosis could be carried out. In these
new tests, we also aim to integrate Mirarts so that it can be tested and
eventually improved.

Two new trials are also likely to be planned in which HS will be used
to display results related to hand rehabilitation performed through exer-
games and for the study of freezing events in Parkinson’s patients. Al-
ways referring to HS, another interesting direction would be the devel-
opment of a recommendation system to suggest to the therapist the best
values of the exercise parameters to maximize the effectiveness of reha-
bilitation.

As can be seen, there are numerous possible directions; the field of
home rehabilitation is relatively new, and there is still a lot of work to
be done before a comprehensive and clinically validated platform can be
developed.

1Essence Project, https://www.essence2020.eu (visited on 11/30/2020)
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