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Abstract

This thesis proposes a conceptual framework of rehabilitation under an innovative
paradigm of integration of robotic and automated systems into a holistic health
strategy. This framework considers the traditional rehabilitation cycle as a refer-
ence of design, analysing its components and current issues in order to develop
automated alternative systems that keep the clinical meaningful.

The research work primarily focused on developing one of the core compon-
ents of the framework, that is, the automated assessment systems (AAS). The
assessment stage is strongly influenced by “one-on-one” patient-therapist interac-
tions, difficult management of patient’s results, and time-consuming and labour-
intensive procedures due to the nature of manual administration. Therefore, the
AAS aims to face these limitations and to augment the clinicians’ capabilities by
providing them with automated tools. In this regard, this thesis presents the pro-
cess of automation of a traditional and well-known clinical test for the assessment
of upper extremity (UE) motor function. The Box and Blocks Test (BBT) of
manual dexterity was the primary outcome measure taken as a case of study. The
automation process considered different approaches (computer vision, proximity
sensors, VR) in order to provide the clinicians with an objective, reliable, and auto-
matic tool denoted as the automated box and blocks test (ABBT). Additionally,
this thesis reviewed the limitations of current robot-based interventions focusing
on devices for UE treatment. Thus, this analysis resulted in the identification of
a need for systems for complementing the task-oriented training performed for
rehabilitation robotics. In this line, this work also explored the use of virtual reality
for the rehabilitation of UE motor function. As a result, a set of video games were
implemented. These video game served as an intervention tool for a treatment pro-
tocol in hospital in order to improve UE functioning and, concurrently, evaluate
the feasibility of the ABBT.

Finally, the nature of hospital-oriented perspective requires testing the de-
veloped systems in clinical environments. Hence, part of the research consisted of
piloting of the ABBT in a hospital facility and correlating the metrics obtained
from the manual and automatic procedures. Besides, a treatment focused on
improving the UE functioning using the serious games developed in this thesis
was conducted in clinical settings. This way, this research work also provides a
methodology for the validation of systems with the ultimate purpose of hospital
applicability.
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Resumen

La presente tesis propone un marco conceptual de rehabilitacién bajo un paradigma
innovador de integrar sistemas robdticos y automdticos en una estrategia de sa-
lud holistica. Este marco considera el tradicional ciclo de rehabilitacién como
referencia de su disefio, analizando sus componentes y actuales limitaciones para
desarrollar alternativos sistemas automatizados pero que mantengan la significan-
cia clinica.

El trabajo de investigacién se enfocé principalmente en el desarrollo de uno
de los componentes centrales del marco propuesto, es decir, los sistemas automat-
izados de evaluacién. El proceso de evaluacién estd fuertemente marcado por la
interaccién uno-a-uno entre paciente y terapeuta, el dificil manejo de los resulta-
dos, y la demorosa y laboriosa administracién de este proceso manual. Por ello, los
sistemas automatizados de evaluacién buscan reducir estas limitaciones y aumentar
las capacidades del terapeuta dotdndole de herramientas automatizadas. Asi, esta
tesis presenta el proceso de automatizacién de una conocida prueba clinica para
medir la funcionalidad de la extremidad superior (ES). Dicha prueba de referencia
es el Box and Blocks Test (BBT) que mide la destreza manual. En su automat-
izacién se estudiaron diversas tecnologfas (visién por computador, sensores de
proximidad, realidad virtual) para provisionar al terapeuta con una herramienta
objetiva, fiable y automadtica, que se ha denominado el automatizado box and
blocks test (ABBT). Por otro lado, la presente tesis también revisa los principales
inconvenientes de las actuales terapias basadas en robot para el tratamiento de la
ES. As, este andlisis condujo a identificacién de la necesidad de complementar los
tratamientos orientados a la tarea que implementa la terapia basada en robots. En
esa linea, la tesis explord el uso de la realidad virtual como medio para mejor la
funcionalidad motora de la ES. Como resultado, se implementé un conjunto de
serious games que fueron probados como herramienta de intervencion en hospital
y, en paralelo, evaluar la fiabilidad del ABBT.

Finalmente, la naturaleza del considerado enfoque clinico requiri6 la valida-
cién de los sistemas en un entorno hospitalario. Por ello, parte de la investigacién
consistié en realizar estudios piloto del ABBT en un hospital y estudiar la cor-
relacién entre las métricas obtenidas con el método manual y automdtico. Estos
ensayos se sumaron a la validacién clinica de los serious games en una clinica. En
consecuencia, esta tesis también proporciona una metodologfa para la validacién
clinica de sistemas enfocados a un uso en hospital.
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Introduction

1.1 Preamble

The purpose of this section is to explain the motivation and objectives of the present doctoral
dissertation. Firstly, the significance of this research work is exposed, according to healthcare needs
and social impact. Secondly, the clinical and technological needs of current health strategies are
stated based on reviewing the clinical procedures and state-of-the-art in rehabilitation robotics. The
rationale of the above aspects led to the definition of a novel framework of rehabilitation, where
neuroscience and robotics form two sides of the same coin. Finally, the particular objectives of this

thesis are summarised.

1.2 Overview and research signiﬁcance

Globeally, neurological disorders are the leading cause of disability and the second cause of death
worldwide [1, 2]. Common neurological disorders include stroke, Parkinson’s Disease (PD), spinal
cord injuries, multiple sclerosis, among others. The global statistics show that the risk of neurological
diseases is high. As an example, approximately 500,000 people experience a stroke in the U.S. and
about 1.1 million in Europe, yearly [1]. Over 6.1 million individuals have PD around the globe [3].
Persons with restricted mobility, cognitive impairments and chronic diseases composes roughly 10%
of the present population of the European Union (EU). These data shows the relevance of such
diseases and their consequences. Besides, it is also essential to consider that the population aged 65
years, and over, is increasing dramatically worldwide [4]. One of the primary demands of elders is

the need for care or support from third-parties. Furthermore, the risk factors for major disabling

3
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neurological disorders increases with ageing, although the predisposition for a neurological deficit
does not depend on gender, race, or age.

As a result of the above, it produces a significant impact on society and healthcare systems. The
number of persons who need care from clinicians specialised in neurological conditions is very elevated.
The same happens in the case of assistance to the elderly population, having a very high degree of
dependence on family or third-party carers. Therefore, healthcare providers are facing a sustained
growth demand for treatment, rehabilitation, and support services for people with neurological
disorders, elders, or both [S]. This fact represents a tremendous public health problem. In this regard,
the application of robotic technologies can help persons with a disability to obtain a higher quality
of life by giving them more independence or optimising the process of recovery by technical aids
focused on rehabilitation.

For the latter, a variety of robot-based solutions has been investigated to support clinicians in their
daily activities [6, 7]. Thus, there are available robotic systems to directly (surgery, limb mobilisation,
bed transfer, etc.) or indirectly (logistic, data management, etc.) assist medical professionals. In the
case of neurological rehabilitation, the focus of attention has been the development of systems for
using in rehabilitation as intervention, namely, the execution of rehabilitative treatments. However,
it must be noted that the process of neurological rehabilitation is made up of several stages other than
the intervention one.

Overall, the final goal of robotic systems for rehabilitation is to improve treatment quality (max-
imising health gains), optimise the therapist’s productivity (reducing time spent, subjectivity, etc.),
and reduce the inpatient costs (burden for hospitals). However, the number of rehabilitation robotic
systems in clinical use is small, despite its large development and research effort. Even more, the design
of systems to assist clinicians in neurorehabilitation stages other than intervention is poor.

This thesis presents a novel framework for the physical rehabilitation of patients with a neurolo-
gical deficit based on the automation of the rehabilitation cycle and its stages. By automation, a more
objective and reliable rehabilitation process of the patient’s motor function can be achieved. The pro-
posed framework aims to merge, in the same paradigm, the clinical knowledge of traditional medical
procedures with the enhanced capabilities of robotic systems. Previously to review the fundamentals

of current systems for rehabilitation, the following section presents the scope of this work.

1.3 Scope of thesis

This thesis has been developed under the umbrella of the RoboHealth (DPI2013-47944-C4-1-
R) project funded by the Spanish Ministry of Economy and Competitiveness. This project is in
accordance with the challenge of Health of the State R&D Plan (Spain), which establishes Robotics
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as a field of interest. Furthermore, the euRobotics, an organisation created to set out the preferences
of the new European research funding plan Horizon2020, include into their lines of work topics
as 1) assistive robots in health-related settings and 2) rehabilitation robotics. Similarly, the plans
presented in 2013, 2014 or 2015 by the Information and Communication Technologies (ICT) Work
Programme defines in section Robotics the theme of Health.

The central aim of the RoboHealth project is the development of assistive and rehabilitation
systems in smart hospital places, aiming to contribute to the advancement of the Spanish National
Health System. The complexity of the tasks addressed in the project and the close relationship with
the medical application required composing an interdisciplinary consortium to ensure a successful
result. Thus, in addition to the technical research team, one of the partners is the team of the Motion
Analysis Laboratory, Biomechanics, Ergonomics and Motor Control (LAMBECOM). This clinical
group also belongs to the Fuenlabrada University Hospital, which provides a pragmatic and realistic
hospital-oriented point of view to the conducted research.

Hence, hospital-oriented usage is the principal requirement of design for the systems developed
in this thesis. Currently, one of the major limitations of robot-aided systems for rehabilitation is their
reduced adoption in hospital settings. The complexity in operation, maintenance, or adaptability are
some of the reasons that explain the concerns of clinicians to use this technology in their daily practice.
For that reason, it is necessary the research on novel strategies of rehabilitation towards increasing the
adoption of robot-based and automated systems in hospital environments. The following section
presents an overview of the issues of rehabilitation robotics and automated systems for its deployment

in clinical environments.

1.4 Background

Neurological rehabilitation or neurorehabilitation can be defined as a process focused on reducing
the functional limitations of people with a neurological deficit. This is a quite challenging and long-
term process since the limitations caused by a neurological disorder are usually multidimensional
(e.g., physical, cognitive, psychological) and very complicated (the same pathology may affectin a
different level to each person). Thus, the final goal of neurorehabilitation is to optimise the person’s
participation in society and sense of well-being [1, 8] and, ultimately, increase their autonomy in
performing activities of daily living (ADL).

Motor functionality is essential to perform the ADL autonomously. Therefore, one of the most
disabling deficits is the related to problems of motor control, which can produce motor impairments
of upper, lower or both extremities. This fact supports that a relevant objective of neurological

rehabilitation is to regain motor function. Traditionally, this process of recovery is based on extremities
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mobilisation and efforts for the patients, where the clinician manage the intensity and repetition of
movements during one-on-one sessions. Hence, considering the nature of manual procedures and
long-term treatments, in recent decades, it has been highlighted the sizeable need and opportunity
to deploy technologies such as robotics for healthcare applications in general, and particularly, for

rehabilitation.

Opverall, the use of robotic technology in healthcare can be grouped into three large domains:
medical, assitive and rehabilitation robotics [9]. Medical robotics domain includes devices that provide
support in medical processes of healing (surgery) and care (diagnosis). Assistive robotics domain
covers devices for assisting in task related with the healthcare process (delivery of medical supplies,
surveillance, bed transfers, etc.), either to carers or patients, in clinical facilities. Rehabilitation robotics
domain, being the application area of this thesis, covers a range of different forms of post-operative
or post-injury care where direct physical interaction with a robot system will either enhance recovery

or act as a replacement for lost function.

Rehabilitation robotics covers a varied range of devices, such as prostheses, orthoses, or therapeutic
aids (devices not covered in prostheses nor orthoses). Prostheses are devices to replace a physical body
structure. The development of prostheses has been strongly linked with the evolution of assistive
robotics and being currently one of the flagship products in biomedical engineering. Bebionic robotic
hand is an example [10], which in addition to the body structure replacement, it restores the user’s
hand functionality via electromechanical technology. Contrary to the macro-level of limb prostheses,
there is also research efforts towards developing micro prostheses, denoted as neuroprosthesis [11].
Opposite to brain-computer interfaces which connect the brain to a computer, they are similar to
cochlear implants. Neural prostheses aim to substitute a motor, sensory or cognitive modality, being

a promising alternative in neurological rehabilitation.

Ortheses are external (wearable) devices used to replace/augment a loss or deteriorated function-
ality, being robotic orthoses also denoted as exoskeletons. Robotic exoskeletons can provide active or
passive operation modes. In the case of active orthoses, the device applies forces to the user’s limb via
the actuators. In a passive orthosis, the user must apply force to the device for starting the movement.
According to the body structure to support, orthoses can assist to the upper or lower extremities or
both (full-body). Cutting-edge products in this category are the HAL series [12] having devices for
upper, lower and full-body assistance. Lokomat is a relevant example of lower limb therapy support,
currently used in Spanish hospitals. Armeo-Power is another device nowadays used in hospitals but

focused on assisting during upper limb rehabilitation.

Therapeutic aids category include devices not covered within prostheses’ and orthoses’ definitions.
That is, devices whose assistance strategy require moderate physical contact (neither fixed to the body

structure nor wearables). Examples of therapeutic aids are end-point systems such as the InMotion
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robot [13] that is partially in contact (usually hand-held) with the patient when training, or non-
wearable electromechanical devices that the user must grab when employing, such as Pressmatic [14].

Figure 1.1 illustrates the organisation of rehabilitation robotics domain.

TENOEXO.
Hand Support LA

ARMEO®POWER.

BEBIONIC & MICHELANGELO. Arm Exoskeleton

Body Structural Replacement

S

i
[Picture: Hocoma, Switzerland]

e
L B

[Source: Bionik]

PRESSMATIC. InMotion ARM™.,
Substitute Manual Dexterity End-point Trainer

S)
#1 Prostheses  Orthoses

Rehabilitation
Aids

Figure 1.1: Description of systems included in rehabilitation robotics domain.

However, regardless of the device morphology, it must be noted that the same device can serve
for different purposes. A clear example is the case of an orthosis (exoskeleton), which could serve
as a replacement of a loss of function, a means to recovery motor capability, or even to augment
functionality. In this way, a descriptive organisation is according to the role to play of the robotic
system, namely, for recovery or compensatory purposes. In the case of recovery purposes, the role
of the robotic device focuses on giving back the capability of the individual to perform a task using
natural movement mechanisms previously used. Contrary, in the case of compensatory purposes, the
role of the robotic device can be described as atypical approaches to meet the requirements of the
task using alternative mechanisms not typically used.

Hence, focusing on robotic systems (end-point or exoskeletons) for recovery, the most extended
approach taken in consideration by robotic aids is to reproduce the traditional procedures of physical
rehabilitation, such as single (passive, active) or mixed (passive-active) techniques of limb mobilisation.
Thus, robot-based interventions aim to ameliorate the capacity to move of patients through repetitive
limb mobilisations based on traditional techniques but powered by the robotic device. However,
robots can perform several modalities of physical human-robot interaction, such as assistive, path

guidance, active, active-assisted, resistive, among others [15].
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In this regard, robot-mediated therapy not only offers the possibility of a more efficient therapeutic
routine but also provide additional performance-based information about the user’s progress. This
extended data could help to enhance the diagnosis of impairments, the personalisation of treatments
according to the own user’s profile of recovery, and the automatic management of electronic health
records (EHR). Furthermore, comparing the outcomes from conventional and robot-based therapy,
the gains obtained from the only utilisation of robotic aids does not exceed the improvements obtained
by using traditional therapy. However, robot-mediated therapy allows for conducting additional
training sessions with minimal supervision of the therapist and, in this case, the results are better than
those obtained with conventional therapy. Besides, robots provide an ideal platform for objective,

reproducible, continuous measurement and control of therapy.

Despite the above advantages and the extensive development of rehabilitation robotics in recent
decades, the adoption of these systems in clinical practise remains limited. The scientific literature
demonstrates the effectiveness of robot-mediated treatments [16, 17, 18, 19]. Additionally, human-
robot interaction provides a safe, predictable and trusty environment where the complexity level of
interplay can be controlled or progressively modified [20]. Consequently, it seems the most significant
hurdle faced in new therapeutic robotics is not the technology per se but its clinical validation and

best usage towards optimal and sustained over time outcomes.

In this sense, there is evidence about the motor gains obtained from robot-based training are often
not transferred to the performance of the ADL [21], which is a relevant concern. Thus, it is essential
to identify if the current robot-based health strategies promote the achievement of functional gains
transferable to the ADL properly, according to the health procedures with proven efficacy. Due
to functional recovery is a continuously evolving process depending on the patient’s response, the
customisation of robot-based therapy utilising self-adaptive strategies seems to be practical and might

be a crucial element for achieving optimal assistance.

Additionally, it is also important to analyse if other clinical demands of the rehabilitation process
are not covered by current assistance. It is clear that modern robot-aided systems primarily focuses on
the therapeutic intervention. However, since the complexity and long-term condition of rehabilitation
processes, there are stages other than intervention that requires support to the clinician. One of them
is the assessment stage, which is essential to determine the effectiveness of treatments. The inclusion of
robotic systems in this stage of the recovery cycle has been poorly addressed in the scientific literature,

even for commercial available systems [22]. This fact motivates the main research line of this thesis.

At present, considering robots as advanced therapy tools under a therapist’s guidance is a well-
received approach in clinical settings. However, the proper integration in robot-based assistance of
advances in technology and clinically significant approaches could lead to more autonomous and

smart processes in neurorehabilitation.
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1.5 Research purpose

From the above, it can be appreciated some issues in the robot-based assistance for rehabilitation,
which can be studied from the perspectives of the process or the device (tool).

On one side, the traditional process of neurological rehabilitation present opportunities for
automation by nature. Firstly, a typical characteristic of the practice of clinical neurology is one-on-
oneinterplay during therapy. This evidence implies manual and labour-intensive procedures. Secondly,
neurological rehabilitation is not a process limited in time. Recovery of functionality, in general,
depends on the level of affectation and the response of each individual to treatment. Consequently,
the following of improvements is a fundamental phase, and it must be performed throughout the
treatment. Nevertheless, performing several tests to assess longitudinal changes in functional gains can
be difficult in terms of patient burden and cost, even for healthcare providers. This fact also highlights
the importance of assisting in most of the phases of the rehabilitation process towards improving its
quality and efhiciency. Considering adequate therapy relies on outcome measurement, the assessment
stage might be a particular focus of attention for research. Finally, providing objective metrics and
more descriptive than traditional ones is another challenge for systems focused on monitoring the
evolution of patient health status.

On the other side, robot-based aids for rehabilitation usually works under the principle of high-
intensity (movement repetitions) during treatment, a purpose for what robots are especially suitable.
However, considering the complexity of the internal processes of the central nervous system (CNS),
a single intensity-based principle must not be the golden standard. On this basis, one concern about
robot-based interventions is that improvements are often not transferred to the performance of
activities of daily living. A possible reason for this issue could be that the exercising paradigm of
robot-aids, mainly focused on mobilisations, is overlooking factors other than task-related, which
also intervene in proper movement generation. These other factors are those related to the patient
(cognition, perception, action) and the context of performing the task (environment), which should
be integrated into the same paradigm. Another concern of robot-aided strategies is the complexity of
the devices and their configuration. This condition reduces the usability of these strategies, making
difficult its adoption in clinical settings. In this sense, provide the clinicians with a tool different from

the one they are used to employ daily seems does not a proper approach.

1.5.1 Objectives of thesis

The primary motivation of this research is to develop a framework for a more autonomous process
of neurological rehabilitation, aiming to be feasible in clinical environments. In this manner, this

framework aims to support clinicians in their regular practice through automated and robotic systems.
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Mainly, the research of this thesis focuses on treatments related to the upper extremity. Therefore,

the general objectives of this thesis are:

* to analyse the traditional process of rehabilitation searching for the best approach that robotic
systems can interact as a holistic health strategy. The clear dual-perspective (clinically-significant
and technically-viable) of the topic of the thesis requires analysing the needs of healthcare
providers and studying the limitations of current robot-based applications, in order to design

an optimal solution.

* to define a conceptual framework of rehabilitation based on automated and robotic systems

for enhancing the traditional rehabilitative process.

After defining the conceptual framework and its components, the thesis focuses on identifying
the technical requirements for the development of the proposed framework. As a result, it has been
identified a gap in the state-of-the-art for the case of automated systems for assessment. Thereby, the

focus of research primarily points to the following goals:

* to develop an objective, more descriptive, and automatic assessment system based on a tradi-

tional clinical test for measuring upper extremity functionality.

* to investigate robot-based strategies and related-technology for the development of rehabilita-

tion (intervention) systems for recovery of upper extremity motor function.

* to evaluate the feasibility of proposed systems in real hospital scenarios with patients with a

neurological disorder.

Note that the intervention strategies addressed in this thesis has two purposes: (1) serve as a
deployable tool in a hospital environment, and (2) produce changes in upper extremity functionality

in order to evaluate the feasibility of the automated assessment system.

1.6 Organisation of document

The research conducted in this thesis produced a total of seven journal articles. Hence, this thesis uses
the format of a compendium of publications for its submission. Figure 1.2 associates the publications
with the topics of research, according to the framework proposed in this thesis. A yellow star marks
the topics resulting in a journal publication.

The structure of the document establishes ten chapters grouped into three parts: (1) introduction,

(2) results, and (3) conclusions. The organisation of the chapters is the following:
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Figure 1.2: Outline of publication milestones according to research topics.

* The current Chapter 1 presented the research significance from the technical and clinical
perspectives, the scope of the thesis, a brief overview of the relevant issues of state-of-the-art

rehabilitation robotics and, ultimately, the goals of this doctoral dissertation.

* Chapter 2 presents an overview of the conceptual framework for autonomous rehabilitation
using automated and robotic systems that are proposed in this thesis. Three components
compose the novel framework: (1) automated assessment systems (AAS), (2) rehabilitation

robotic systems (RRS), and (3) decision support systems (DSS). These elements are strongly



12

PART I | RESEARCH WORK

linked with the rehabilitation cycle followed in clinical practice. This chapter also describes the

systems developed according to the proposed framework of rehabilitation.

Chapter 3 presents the journal publication that describes in detail the components and func-

tionality of the conceptual framework for autonomous rehabilitation.

Chapter 4 presents the journal publication that describes in detail the fundamentals, technical
requirements and taxonomy of automated assessment systems, that is the main focus of research

of this thesis.

Chapter 5 includes the journal publication that details the fundamentals, technical require-

ments and perspectives of robotic rehabilitation systems for its extended use in clinical practice.

Chapter 6 includes the journal publication that detail the fundamentals, design considerations,
functionality and clinical validation of a system for automatic assessment of manual dexterity,

denoted as the Automated Box and Blocks Test (ABBT).

Chapter 7 presents the journal publication that summarises the fundamentals, design con-
siderations, functionality description and feasibility study of the gaming-based system for

improving the functionality of upper extremity.

Chapter 8 presents the journal publication that supports the clinical validity of the video
game-based system. The chapter presents the results from a pilot trial in a hospital with a

moderate sample of patients with Parkinson’s Disease (PD).

Chapter 9 presents the journal publication that describes the design and development of an

assistive device that helps the user in task required of manual dexterity.

Chapter 10 includes the research conclusions and outcomes, future research opportunities

and challenges, and potential directions for the project.
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Novel framework for neurorehabilitation

2.1 Introduction

The purpose of this chapter is to describe the fundamentals and components of the proposed con-
ceptual framework of rehabilitation, which aims to cover any rehabilitative process; for instance,
functional rehabilitation of upper extremities. The remainder of this chapter is as follows: Section 2.2
summarises the description of the rehabilitation cycle as a general process and the fundamentals of
motion generation. The components of the rehab cycle serve as a design reference for the framework
presented in this thesis. Section 2.3 presents the definition of the conceptual framework and its com-
ponents. This framework aims to implementa more autonomous, reliable, and objective rehabilitation
process but keeping the clinical meaning of the traditional rehabilitation cycle. Section 2.4 describes
the systems developed for automatic assessment of hand motor function. Section 2.5 presents the
strategies implemented as intervention tools with hospital application. Finally, Section 2.6 describes

the general model for clinical validation of the developed systems.

2.2 Overview and fundamentals

The previous Chapter 1 exposed the needs and limitations that are facing the healthcare systems to
provide assistance and rehabilitation support to patients with a neurological deficit. Also, the high
prevalence of neurological diseases brings increased problems to healthcare providers worldwide. In
order to enhance the current methods of rehabilitation, this thesis proposes a novel framework to
become as autonomous as possible the stages of the rehabilitation process. In this way, problems
such as limited available equipment, long-time treatments, or the period of inpatient attention

can be reduced. Additionally, the health strategy of this framework may serve as a link between
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medical professionals and researches towards jointing efforts to optimise the process of neurological
rehabilitation. Thus, the systems implemented under the umbrella of this framework could be more
feasible to be adopted in clinical settings, since the ambiguity between clinical usefulness and technical
viability will be reduced. Since the fundamentals and components of the traditional rehabilitation
cycle are the design reference, before presenting the proposed framework, the following section

describes the components and principles of the rehabilitation cycle.

2.2.1 The Rehabilitation Cycle

Rehabilitation is a term difficult to define but, very briefly, it denotes a package of measures or health
strategies designed to lessen the impact of disabling conditions [1, 8]. Despite the strategies could be
different, they can share a series of stages throughout the rehabilitation process. These stages involves
the identification of a person’s problems and needs, relating the problems to relevant factors of the
person and the environment, defining rehabilitation goals, planning and implementing the measures,
and assessing the effects [23]. This problem-solving approach is named the Rehabilitation Cycle [1,
23, 24]. Figure 2.1 depicts the Rehabilitation Cycle and all its stages. However, in a simplified manner,

the process includes four essential stages: assessment, assignment, intervention, and evaluation [25].

Assessment

Identify problems
; and needs

Relate problems to
Assess effects modifiable and
limiting factors

T \

Define target

uawudissy

=
2
-
©
=
©
>
L

Plan, implement, and

1 problems and target
coordinate % mediators, select

appropriate measures

interventions

Intervention

Figure 2.1: The Rehabilitation Cycle [1].

The assessment stage includes the identification of the problems, the review and potential modi-
fication of the service or goals of the intervention program, the definition of the first goals of the
rehabilitation cycle, and the objectives of the intervention. The assignment stage refers to the alloca-
tion of professionals and health interventions necessary to achieve the intervention objectives. The
intervention stage consists in the specification of the techniques, measures, and the definition of

target values that must be achieved within a predetermined period of time. Finally, the evaluation
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step determines the achievements of the objectives with respect to the specific indicators, the goals of
the rehabilitation cycle, and, ultimately, the goals of the intervention program. It also includes the
decision regarding the need for another intervention cycle based on a new assessment.

It must be noted that the starting and ending steps of this cycle are assessment and evaluation,
respectively. In both stages, a series of standard tools (tests) are employed for measuring the physical
condition of patients. These measurements help to make a diagnosis and determine the effectiveness
of treatments (goal achievement), at the beginning and the end of the cycle, respectively.

The rehabilitation cycle can be considered as a general model for any rehabilitative process. How-
ever, in the case of neurological rehabilitation, particular aspects must be considered. The following

section provides an overview of the main aspects and fundamentals of neurological rehabilitation.

2.2.2 Factors involved in motion generation

Neurologic rehabilitation is “an active and dynamic process through which a disabled person is
helped to acquire knowledge and skills in order to maximise their physical, psychological, and social
functioning” [8]. In this context, the concepts of neural plasticity, motor control, and motor learning
are gaining relevance as essential principles underlying such a process. There are several theories of
motor control (aiming to explain the manner that the brain governs movement) and motor learning
(aiming to describe the nature and control of the acquisition/modification of movement). An in-
depth study of such theories is out of the scope of this thesis. However, due to the high relevance
of movement recovery in the design of robot-mediated therapies, this section describes the essential
concepts and factors that participate in motion generation.

Neuroplasticity is the brain’s ability to create new connections and pathways or change how
its circuits are wired. Thus, proper interactions may produce neuroplastic changes which reflect
into functional consequences. This approach is the basis of motor recovery and, consequently, the
keystone of therapeutic interventions under the assumption of neural connections rewires in response
to training.

Motor control can be defined as the ability of brain to regulate the mechanisms essential to
movement [26]. Namely, this science try to describe how the brain controls the movement and which
factors are involved in the process. There are many theories related to motor control; for instance,
the hierarchical, reflex, systems, motor programming, among others. The assumptions about how
movement is controlled from these theories are the basis of specific practices used to examine and
treat the patient with functional impairments.

Motor learning is a change in motor behaviour associated with practice or experience, being such
a change ‘relatively permanent’ [26]. This interpretation highlights the contrast between learning and

performance. An improvement of performance can result from practice being a temporary change in
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motor capability, while learning implies a permanent change in behaviour. This fact explains that
certain practice effects in robot-mediated therapy can improve performance initially but are not
necessarily retained, which is a condition of learning.

Due to the association with experience, learning results from an interaction of the individual
with the task and environment. Figure 2.2 depicts the factors concurring in movement organisation.
Furthermore, focusing on the individual’s characteristics, motor learning involves more than ‘motor’
factors, but rather it emerges from a complex set of processes that includes perception (integration
of sensory information), cognition (organisation to achieve intentions), and action (the context of

motion performing) [26].

C

Cognition

Perception

Individual

Figure 2.2: Factors involved in organisation of movement. Adapted from [26].

Currently, it is not clear whether modern robot-mediated treatments can stimulate all the factors
(individual, task, and environment) that compose the nature of the movement correctly. Under-
standing the influence of these factors in clinical practice towards the consolidation and retention of
skills has potential implications in robot-based rehabilitation, as this knowledge may translate into
improved training-based neurorehabilitative interventions. Hence, a complete rehabilitation strategy
must address (1) the processes within the individual to generate proper stimuli, (2) the attributes of
the exercise (task), and (3) the context (environment) in which motion is performed. This approach
implies the correct stimulation of the individual’s capacity to meet interacting tasks and environ-
mental demands. As a result, the final goal of robot-based treatments must not be only practice
but promoting learning of skilled actions. This way, the functional achievements are translated into

long-term gains, which are likely more transferable to the ADL.
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2.3 Conceptual framework of automated rehabilitation

This thesis proposes a conceptual framework of rehabilitation that combines in the same paradigm the
principles of the rehabilitation cycle and the advances of robotics and automation. On one side, the
traditional process of rehabilitation lack of any degree of automation (as a holistic process). However,
there is a huge potential for automation in several stages of the process. On the other side, robotics
and automation are mature sciences with a large development for healthcare purposes in recent
years. However, the adoption of this technology in hospital settings is still limited. The conceptual
framework proposed in this thesis aim to make as autonomous as possible the process of rehabilitation,

while analysing the main limitations and barriers for its adoption in clinical environments.
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Figure 2.3: Conceptual framework of automated rehabilitation.

In order to automate as much as possible the rehabilitation process, it is first necessary to identify
how the process is developed and identify which are the most susceptible elements to be automated,
as well as the requirements and limitations to achieve this purpose. For that purpose, a systematic
literature review on robotic systems for rehabilitation was conducted [27]. Thus, three phases of
the rehabilitation process were labelled as susceptible for automation. These phases are (1) the evalu-
ation of treatment’s effectiveness, (2) the implementation of interventions, and (3) the planning of

treatment protocols.
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It can be appreciated that these phases are strongly linked with the components of the simplified
cycle of rehabilitation. Thereby, by using the simplified version of the rehab cycle as a design reference,
the traditional rehabilitation process is transformed into a more autonomous process that represents
the novel framework. This transformation is depicted in Figure 2.3. Consequently, the proposed
framework of rehabilitation is composed of three automated components that are directly correl-
ated with the blocks of the original rehab cycle. These automated components are denoted as: (1)
automated assessment systems, (2) rehabilitation robotic systems, and (3) decision support systems.
This transformation does not alter the rehabilitation cycle, but adds to the process the benefits of
automation. It also maintains the philosophy centred on the user and the clinical meaningfulness of

procedures.

According to this novel strategy, three main actors interact during the rehabilitation process:
patient, clinician, and automated systems. In this conceptual framework, the main actors (patient
and clinician) are supported by several automated systems. The interaction between these three
participants during the course of an automated neurological rehabilitation process is described in
Figure 2.4.

Firstly, an initial evaluation (interview and exploration-based) is carried out by the clinician to
identify the patient’s problems and needs, resulting in the selection of most appropriate treatment
measures. Also, the suitable scales for functional assessment are chosen to quantify the level of

impairments to treat.

Secondly, the functional assessment is conducted using the scales chosen by the clinician. In this
stage is where the first automatic system acts, the automated assessment system (AAS), to perform the
functional evaluation using strategies based on clinically accepted scales and, consequently, providing
similar metrics. The results of evaluation using the AAS are automatically updated in the patient’s
clinical history or electronic health record (EHR). In addition, these results serve as input parameters

to the second automatic system, the decision support system (DSS).

The DSS aims to design optimal treatment protocols for the patient, generating the specific
intervention plans that fits the particular patient’s needs. Since neurological rehabilitation actively
considers the patient’s goals, the therapist discusses with the patient to review and adjust the objectives,
deciding which treatment plans proposed by the DSS will be adopted. This treatment plan includes
the selection of the intervention resources that best fit the treatment goals. Research has demonstrated
a link between shared decision-making and positive patient outcomes, and indicates that patient-
therapist collaboration on intervention goals results in both shorter hospital stays and better goal

attainment [28].

Then, the selected rehabilitation robotic systems (RRS) perform the intervention. After the

intervention with the RRS, an assessment of functionality similar to the initial one is carried out
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Figure 2.4: Framework for the automation of the rehabilitation cycle: activity diagram.

again, in order to quantify the effectiveness of the therapeutic measures. For that purpose, the AAS
is used again. Finally, if all the problems identified are considered resolved or accepted by both the
clinician and the patient, the rehab cycle is concluded. Otherwise, the necessary iterations will be
made to try to solve the remaining problems.

It can be deduced that the proposed automated systems operate separately and independently but
that they are intrinsically connected and depend on each other for efficient operation, in coordination
with the clinician and the patient. Thus, the proposed framework can be considered as a distrib-
uted strategy. A complete description of the conceptual framework of rehabilitation is available in
Chapter 3. Nevertheless, the following section briefly describes the functionality of each component

of this distributed and automated framework.
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2.3.1 Automated assessment systems

The conceptual framework defines as automated assessment systems (AAS) those that can automatic-
ally measure outcomes and determine the treatment effectiveness, under the paradigm of taking as
a design reference the traditional and golden-standard clinical scales used in clinical practice. The
main motivation for this approach is described as follows; however, a complete description of the
fundamentals and technical requirements for developing the AAS is available in Chapter 4.

The final aim of clinical tests is to estimate the functioning level of a patient objectively. However,
clinicians perform the assessment procedures manually and usually based on observation. This
condition suggests drawbacks as labour-intensive administration, variable reliability (intra-operator)
or reduced objective (inter-operator) in measurements. Besides, the nature of visual inspection implies
errors that may come from a variety of sources (e.g., movement variability, observer appreciation).
Furthermore, the neurologic rehabilitation process usually implies long-term treatments since the
effectiveness depends on the response of the patient and the disease’ characteristics.

The above drawbacks could be reduced via automation of traditional assessment tools and
procedures. Most of the evaluation tests are composed of well-defined exercises or tasks (e.g., point-
to-point movements, reaching tasks, object displacement) that are rated by numerical scales, which
may be susceptible to automation. By automation, an objective evaluation of the patient’s motor
functionality could be achieved. Furthermore, the clinician could be provided with more time to
assess the results and, based on this, to correct the therapy protocol, modifying the level of difficulty
or adding other tasks. Thereby, three main aspects were identified as essential to implement the AAS,
namely, the administration of the test, a reliable data acquisition, and automatic rating of performance.

Figure 2.5 depicts the main requirements for implementing the AAS.

Administration
ePatient centered

eFriendly interfaces
eClear instrucctions

automated

Data acquisition
eAccurate
eAdaptive
eEasy setup

eObjective and reliable
oNo inter-operator error
eMore analytical

Figure 2.5: Main requirements for fully-automated assessment systems [22].
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Contrary to the traditional manual procedure, the use of AAS could provide some advantages
when measuring impairments. It is undeniable that automatic data acquisition systems can gather
a more considerable amount of biomechanical data (measurements) related to the patient’s per-
formance. Additionally, an automatic assessment method must be able to transform the raw data
(performance-based variables) into clinical metrics that can be taken as an objective clinical evaluation
(impairment indicators). Consequently, objectivity in measurement would be improved by the AAS,

even providing results in high-resolution metrics.

According to the rehabilitation cycle [1], the assessment and evaluation stages are the initial
and final steps of the rehabilitation process, respectively. Firstly, the assessment stage serves for the
identification of impairments and helps to establish a baseline in treatment planning. Secondly, the
evaluation stage (or re-assessment) serves for measuring the effectiveness of rehabilitative treatment
and helps to define the next steps in the recovery process. Therefore, functional assessment is a doubly
important stage in the process of neurological rehabilitation. This fact is the major motivation to

develop the AAS in this thesis.

2.3.2 Rehabilitation robotic systems

This component of the conceptual framework of rehabilitation includes systems based on robotics and
automation technology for its usage as an intervention tool. The intervention step of rehabilitation
cycle is inherently a labour-intensive process and has historically been heavily reliant on one-on-one
manual interactions during several sessions. Thereby, the use of the rehabilitation robotic systems
(RRS) is a promising paradigm to face the demands and budget restrictions of neurorehabilitation.
The complete description, purpose, and technical requirements for the development of the RRS is
available in Chapter 5. Nevertheless, the principal design considerations are presented as follows.

At present, most of robot-aided systems are based on intensive movement repetitions. This
approach is referred to as task-specific training, and it is likely the most popular approach when
developing robot-based systems for neurological rehabilitation. However, the reduced adoption of
these systems in clinical settings generates some concerns about the suitability of this single paradigm.
Evidence suggests that effective rehabilitation treatments require the practice of activities in the most
relevant possible environments, rather than undertaking analytical exercises aimed at changing motor
capability. Hence, according to the fundamentals of movement generation are described in section
2.2.2, suitable addressing of such factors could help to increase the effectiveness of robot-based
treatments.

The understanding of the above led to the design of a novel model for robot-assisted therapy, which

is presented in Figure 2.6. This model highlight the importance of aspects as human-robotinteractions
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(patient-robot and therapist-robot) and proper exercise elaboration (task and environment) in order

to optimise motor learning and promote the transference of gains to the ADL performing [29].
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Figure 2.6: Model for optimal robot-aided therapy in clinical practice.

Thus, the development of RRS advocates the integration of novel strategies that promote learning
instead of performance improvement. For that purpose, learning principles must underlay in the
training strategies towards a suitable integration of perceptual (sensory information) and cognitive

(e.g., attention, motivation, problem-solving) agents into the task-oriented approach.

2.3.3 Decision support systems

This component of the conceptual framework is linked with the assignment stage of the rehabilitation
cycle and includes smart systems focused on supporting medical professionals in decision-making.
Clinical decisions are an essential component of the rehabilitation cycle since they involve the goals
definition and treatment protocol design. Thereby, the decision support systems (DDS) can be
useful in tasks like the management of a large amount of data and the design of optimal (goals and
equipment) treatment protocols. Currently, the support provided by modern robotic systems in
decision-making is via making available for the clinician further reliable and objective information
about the motor performance of the user or allowing the execution of several types of intervention
procedures that can be configured by the clinician. Consequently, two manual steps of the assignment
stage could be automated or empowered, for instance, by using artificial intelligence (AI) techniques:

the planning of intervention treatments and the assignment of the appropriate RRS for intervention.
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The generation of proper protocols must consider difterent factors as the type of lesion or how it
affects the development of the patient’s daily living activities. Many of the intervention strategies are
systematised in order to deal with a particular effect (concrete measures for specific problems), but
there is no reason to believe that a “one-size-fits-all” optimal treatment exists. Instead, therapy should
be tailored (intensity, number of repetitions and duration of the intervention) to each patient’s needs
and abilities [30]. Besides, the protocol planning should consider the available tools (RRS) to execute
such a protocol in order to the optimal assignment of resources.

Therefore, the development of suitable DSS must address some requirements as (1) coherence
between technological and traditional outcome measures towards therapeutic interventions based on
technology and the problem-solving approach; (2) differentiate these measures according to the level
of the effect (mild, moderate, severe); (3) holistic models to identify the parameters that define an
adequate physical condition according to the demographics of the patient and healthy profiles; (4)
capability of estimating the physical condition of the user to compare it with the welfare reference
model; (5) generation of feasible protocols that can be executed by the available intervention systems.

These requirements imply that the integration of an Al-powered DSS in the automated cycle
requires as input parameters the results of the evaluation systems (AAS) and, based on them, generates
an optimised treatment protocol that can be executed by the systems of automatic intervention (RRS).
The development of strategies for allowing the integration and collaborative execution of the above

automated systems require special attention.

2.4 Development of automated assessment systems

The first challenge to develop systems for automatic assessment is the proper selection of the clinical
test for reference. The use of a well-known clinical test would make easy the integration of technology
in the daily activities of clinicians. However, there is available a broad set of clinical tests; each one
focused on assessing specific impairments of functional limitations caused by a neurological deficit.
Following the International Classification of Functioning, Disability and Health (ICF), clinical
tests can be sorted in body structure, activity or participation levels. Examples of tests classically
encompassed at the level of body functions are the Fugl-Meyer Assessment (FMA) of Motor Recovery
after Stroke, or the Modified Ashworth Scale (MAS). For evaluating activity limitations, the therapist
can choose among tools as the Box and Blocks Test (BBT)), the Nine-hole Peg Test (NHPG), the
Action Research Arm Test (AR AT), or the Wolf Motor Function Test (WMFT). More tools are
available. Finally,common scales used for evaluating participation level are the Canadian Occupational
Performance Measure (COMP), the EuroQol Quality of Life Scale (EQ), the Reintegration to Normal
Living Index (RNLI), the Stroke Impact Scale (SIS) and the Stroke Specific Quality of Life Scale

(SQL). Detailed descriptions of the features of the above tests and more are available in [31, 32].
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2.4.1 Rationale of clinical tests

Considering the variety of outcome measures, the first step to automate an assessment procedure was
to identify which are the most suitable ones for that purpose. In this regard, three main features of
clinical tests were studied: (1) the method used, (2) the metric provided, and (3) the frequency of use.
Regarding the method, those tests that are administered without direct contact of the professional
are more susceptible to be automated. But it requires a proper patient performance, so a previous
explanation of the procedure or a wizard to assist them is needed. Concerning metrics, it is essential
to assess which ones give relevant information and are less invasive for the subject to be evaluated.
In regard of frequency of use of outcome measures, a recent systematic literature review conducted
by Santisteban ez 4/. established which upper limb outcome measures are most commonly used in

stroke studies [33]. The frequency of use of outcome measures obtained from that study is presented

in Figure 2.7.
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Figure 2.7: Frequency of use of different upper limb outcome measures. Adapted from [33].

On account of the above, the Box and Blocks test (BBT) of manual dexterity was chosen as a
suitable clinical test for automating. The outcome of the BBT is simple (total cubes transferred),
the test administration (rules and instructions) is systematic and clear, and the mechanics and stages
of test are well defined. Besides, it is frequently used in clinical settings as an evaluation system in
rehabilitation processes of people who have suffered a stroke. Additionally, the Fugl-Meyer Assessment
(FMA) was considered for automation considering it is the most frequently test used in intervention
studies. Besides, the FMA is one of the most laborious intensive test to administer due to the large
set of items (or tasks) of which is composed. Other limitation of the FMA is the rating of user’s
performance based on visual inspection. This fact could lead to an inaccurate evaluation.

The following section describes the main characteristics of the BBT and FMA, including the
equipment used for evaluating, the administration procedure, and the way of rating the performance

of patients. Finally, the identified drawbacks of each test are summarised.
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2.4.1.1 The Box and Blocks Test (ABBT)

The Box and Blocks Test (BBT) is a clinically validated tool for measuring the gross manual dexterity
and coordination [34]. This outcome measure is widely used in clinical practice with patients with
a neurological deficit, primarily stroke. The physical components of the BBT are shown in Figure
2.8-(a). The set includes a wooden box with two 290mm wide square compartments, 150 wooden
25mm cubes in colour (red, green, yellow, and blue), and a 100mm high partition. The partition is

positioned between the two compartments as a central barrier.

(a) Components (b) Mechanics

Figure 2.8: The Box and Block Test (BBT).

The mechanics of the test (see Figure 2.8-(b)) is to transfer as many cubes as possible, one at a
time, from one compartment to the opposite in one minute. The higher displaced cubes, the better
motor performance. The rules of the BBT include that the patient’s hand must overcome the central
barrier to an attempt being valid; if the subject transports two or more blocks at the same time, this
has to be noted and the number subtracted from the total; the blocks that are thrown from one
compartment to the other must be penalised.

For the administration, the therapist face the patient to read the test’s instructions before the
test begins. The BBT box with all the blocks must be placed lengthwise along the edge of a table and
the patient must be seated facing the box. While the test is performing, the clinician must observe
the user’s movements to check if each attempt of displace a cube accomplish the rules of the test.
Finally, to estimate the level of manual dexterity, the clinician must manually count the total amount
of transferred cubes at the end of each test’s stage. The non valid attempts must be discounted from
the total for obtaining the final score.

On account of the above, some drawbacks about the traditional BBT-based assessment procedure
can be identified. Firstly, the test administration is time-consuming and labour intensive. Secondly,
the outcome is obtained by manual counting of the transferred cubes and observation-based rating

of valid attempts, which could lead to an error in the measurement. Finally, the obtained information
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is limited, since it does not provide additional information about the user performance. There is

evidence supporting that motion analysis (quality) is feasible based on the BBT mechanics [35].

2.4.1.2 The Fugl-Meyer Assessment (FMA)

The FMA is a stroke-specific, performance-based index to assess the sensorimotor impairments in
individuals with a neurological deficit, and primarily, who have had a stroke [36]. The FMA is made
up of five domains, each one composed of a set of single movements or tasks, denoted as items,
being 155 items in total. The FMA’s domains covers: Motor functioning (in the upper and lower
extremities), Sensory functioning, Balance, Joint range of motion, and Joint pain. Considering the
broad scope of the FMA, there is a simplified version that focuses on the upper extremity functioning,
denoted as the Fugl-Meyer Upper Extremity (FMA-UE) [37]. This subset is made up of 33 items
distributed among sensation, passive joint motion, joint pain, and motor functionality. The latter
domain includes items for assessing movement, coordination, and reflex action of the shoulder, elbow,

forearm, wrist, hand.

(a) Demonstration stage (therapist) (b) Imitation stage (patient)

Figure 2.9: Mechanics when administering the FMA.

Opverall, the mechanics of the test consists of the therapist showing an item (movement) and
verbally asking the patient to perform it. Then, the subject must imitate such an item. Figure 2.9
depicts the mechanics of FMA’s administration.

The therapist must directly observe the patient’s performance for scoring each item. The outcome
is given on the basis of ability to complete the item using a 3-point ordinal scale (0 = unable to perform,
1 = partially performed, 2 = fully performed). The total possible scale score is 226 points for the FMA
and 66 points for the upper extremities subsection (FMA-UE).
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On this basis, it can identified some limitations of the traditional FMA procedure. Firstly, the
FMA is a very lengthy and labour intensive test to administer, because of the large number of items
[38]. Secondly, the assessment process is based on the visual inspection of user’s movements or
performance, being susceptible to the effect of motion variability and inter-operator appreciation.
Finally, other criticism of the FMA is the reduced resolution in movement’s rating due to the three
levels of performance. Hence, increasing the resolution of the scale could be beneficial for measuring

the quality of items.

2.4.2 The Automated Box and Blocks Test (ABBT)

The automated version of the BBT implemented in this thesis is referred to as the Automated Box
and Blocks Test (ABBT). This system has three main goals: (1) automatic scoring of displaced cubes,
(2) autonomous as possible administration of the test, and (3) gathering of additional metrics about
the user’s performance.

For that purpose, three different approaches were considered: (1) not including changes in the
traditional physical setup [39], (2) including the minimal changes in the traditional physical setup
[40], (3) exploring the feasibility of gaming technology for developing a new tool [41]. Following

section describe each automating approach.

2.4.2.1 System based on computer vision

The design principle of the first strategy used for the automation of the BBT considered not altering
its physical composition. This fact implies that not including sensors in the BBT box and the cubes
was a design requirement. Since the classical process of evaluation is based on directly observing the
patient’s movements, the ABBT was implemented using an approach based on computer vision for
monitoring the cubes’ displacement and hand motion. For this application, the chosen sensor was an
out-of-the-shelf camera, such as the Kinect sensor. Hence, the data acquisition method of the ABBT
is similar to the visual inspection performed by the therapist.

The physical setup of the ABBT is depicted in Figure 2.10. It is made up of a portable and
lightweight cube-shaped structure placed on a standard desk. At the top of the structure, a Kinect for
Windows V2 sensor is fixed. Thus, the structure serves as a portable physical support for the sensor.
The classical BBT box is located on the desk and in the centre of the structure. This setup is perfectly
transportable, allowing an outpatient evaluation.

According to the previously mentioned requirements for proper automation of the test, the data
acquisition of the ABBT is based on an accurate and reliable sensor as Kinect. Initially, this sensor

was developed as a gaming accessory for the Xbox 360 console. However, it has been widely used in
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Figure 2.10: The Automated Box and Blocks Test (ABBT) [39].

applications related to healthcare, body tracking, image processing, video games, etc. In particular,
one of the main advantages of this sensor is the reliability for tracking of human body joints without
the need to attach markers to the user. Besides, the high portability and low cost of Kinect makes this
device adequate for our application.

Concerning the administration, a graphical user interface (GUI) was implemented for helping
the patient throughout the development of the test. The main functionalities of the GUI are to
provide the instructions to the patient via text and audio messages, show to the therapist information
of cubes’ detection, and store all the treated raw data automatically. The latter feature helps in the
management of an electronic health record (EHR) of the patient by centralising the data obtained
into the patient’s profile.

About automatic scoring, the outcome (number of cubes) is automatically rated through an
in-home-developed algorithm. This algorithm was implemented in Matlab software that provides
hardware support packages, includes a set of toolboxes and libraries for image processing, and offers
the development environment GUIDE to create graphical interfaces. The algorithm for automatic
cube counting is made up of three phases: detection of compartments, colour segmentation, and
score validation.

Firstly, both the left and right compartments of the BBT box are identified by seeking the edge
of the box. For that purpose, the depth information from the Kinect sensor is useful. Once the

compartments are identified, the empty compartment is chosen as a region of interest (ROI) for
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the cubes counting. This ROl is cropped frame-by-frame from the whole scene captured by the
camera. Subsequently, the ROI is segmented in the CIELab colour space for detecting the cubes
according to colour. For that purpose, it is necessary to quantify the features of the cubes. Thus,
several experiments were performed to define some colour markers to identify the colour of the cubes
inside the compartment. The average size of a single cube was also measured during experiments.
Finally, it is necessary to check if the rules were accomplished for scoring a cube as a valid attempt. To
this end, a time vector to compare very close events is used during the performance of the test. On
the basis that a healthy individual takes about a second to move a cube, it is detected whether two or
more cubes have appeared in very close time instants and within a period of less than a second. In
that case, the additional cubes are discarded, and the global counter is only incremented by one unit.

Itis necessary to highlight the capability of extracting additional objective and performance-based
metrics using the ABBT. Firstly, not only the total amount of displaced cubes is given, but also the
time instants in which they were detected. By analysing such information, different trends in the
displacement of cubes can be appreciated, which are linked with the hand speed and grasping ability.
Hence, the richer information generated by the ABBT can extent the traditional clinical indicators
of patient’s health status. On one side, for example, the slopes represents the average speed of cubes
displacement and they can be obtained for each hand. Comparing the performance of both hands can
estimate the effectiveness of treatment, and thereby, an improvement in motor functionality. This
fact is important because the goals of therapy must be personalised for each patient. The comparison
of the performance of their own arms could be a good strategy to reduce the effect of heterogeneous
procedures. On the other side, the instantaneous speeds, that depends on the time periods elapsed to
transfer a block and the next one, are also useful to compare the level of functionality. This partial
times could be used as an indicator of coordination in the arm movements, related to the dispersion
of the samples.

The complete description of the ABBT and the study of the hypothesis previously stated regard-
ing the novel metrics of motor functionality can be found in the papers that supports this thesis.
For facilitating the review, the publications related with this part of the thesis are summarised in

Appendix A.2.

2.4.2.2 System based on proximity sensing

The second approach was to develop a sensor-based strategy with the minimal modifications of the
physical setup. As previously described, at the beginning of the test, all the cubes are placed in one
compartment while the opposite one is empty. In the evaluation process, the user must transfer as
many cubes as possible to the empty compartment, overcoming the central barrier in all the attempts.

By analysing the development of the BBT, it can be observed that the mechanics of test keeps similar
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in all the stages (training, affected hand, or non-affected hand). Hence, considering that the main
goal is to automate the test’s outcome, it is necessary to detect the instant time when the cubes are
falling in the empty compartment.

For this purpose, it is necessary to define the best approach to place sensors in the BBT box and
chose the best technology. The final idea is to obtain an affordable, reliable, and optimal (minimal
number of sensors) solution for not increasing the cost of the BBT. Therefore, the first step was to
compare the current solutions for small object detection having in mind the above requirements.

On account of the above, a system based on proximity sensing was chosen for this application.
The chosen proximity sensors are based on the SI1143 chip, which includes photo-diodes and driver

circuitry for three LEDs [42]. Figure 2.11 depicts the proximity sensor board.

e
& e . e
(a) SI1143 sensor (b) Detection area for one LED (c) Detection area for three LEDs

Figure 2.11: Proximity sensors employed for detecting cubes.

The technical specifications for the SI1143 proximity sensor are available in [42]. However, several
empirical trials were conducted for more complete characterisation of detection area. As a result, the

following features and limitations were identified:

* Maximum detection distance: The sensing range is reduced with moving objects, also depending
on the size, material and shape. Hence, the effective detection distance was empirically identified

as 20 cm for small cubes.

* Sensing area: it can be approximated by a solid of revolution given by a cone, having one
photo-diode at the vertex (see Figure 2.11-b). The radius of the base of such a detection cone is
110 cm. Since three photo-diodes are available on the board, the area of detection is three times

wider (see Figure 2.11-c).

* Dead angle: there is a blind spot on the sides of the photo-diode due to the sensing area is

estimated by a solid of the revolution.
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* Positioning restrictions: A sensor located nearby the walls of compartments or corners receive
interference of surrounding. Lifting the sensor’s position from the bottom reduces the effects

of the surrounding.

* Susceptibility to crosstalk-like effect: When having two sensors, if they are located facing each
other, the possibility of signal interference is high. It is recommended that the sensors are

located in a shared plane.

According to the above specifications, the central barrier was determined as the best location for
a sensing bar. The central barrier is at a high position, it provides a common plane for sensors, and it
is far from the compartments’ walls. A total of three proximity sensors were employed to compose

the sensing bar. The position of sensors is depicted in Figure 2.12-a.
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Figure 2.12: Bar of proximity sensors employed for detecting cubes.

Figure 2.12-b depicts the effective sensing area of the proximity sensors in the proposed setup.
It can be noted that the useful sensing area covered by the sensor bar is a bit lesser than the size of
a compartment. However, the typical trajectories of cubes are nearby the central barrier since the
release point is when the user has overcome it (see Figure 2.12-c). On this basis, it is expected that
most of the cubes pass through the useful sensing area when they fall inside the compartment.

For this system, the principle of cube detection is simple, and it is based on detecting the flags
in the sensing bar. The triangular arrangement of photo-diodes is helpful to recognise both the
rinsing and falling edges of the signal produced when a cube cross the sensing bar. Thus, the typical
downward trajectory of cubes can be identified. This fact is useful to reject undesirable events. For
example, if a cube rebounded off the bottom, this event will be recognised and discarded as a new
cube.

To evaluate the feasibility of this approach, a 3D printed replica of the central barrier was built

and three proximity sensors were placed on the sides. An Arduino Mega board was used to control
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and process the signal received from proximity sensors. The effectiveness of cube counting was tested
in the laboratory with healthy users. As a result, the success rate in cube detection was stated as 98.22%

in average up to 150 cubes. A detailed description of experiments and results is available in [40].

2.4.2.3 System based on virtual reality

With the evolution of video game industry in the last years, game controllers have evolved into reliable
human body tracking sensors, such as Kinect, Leap motion controller (LM C), Nintendo Wii or Sony
Play Station Move. The typical applications of video games for healthcare has been to promote the
physical exercise in a virtual environment. These type of video games are referred to exergames, and
it feasibility to enhance the motor function has been proved. However, the advantages of gaming
technology for the assessment of motor function have been not yet fully explored. Hence, considering
the potential of gaming technology in health care, in this thesis it was studied a new paradigm for the

assessment of motor function using virtual reality (VR).

On this basis, a game-like system focused on the automatic assessment of manual dexterity based
on the BBT was built. The implemented system was denoted as the virtual-reality-based box and
blocks test (VR-BBT), since the fully immersive experience. This VR-based system includes a reliable
data acquisition of hand movements by using the LMC sensor. The therapist-patient interaction
during the performance of the test is embedded in the gameplay for an automatic administration.
Finally, an automatic outcome generation according to the traditional test mechanics is implemented
by sensing the interplay into virtual environment. Additionally, a higher level of immersion with a
3D workspace in VR is obtained via using a VR headset. The integration of such aspects makes this
system potentially useful in a clinical setting as it combines clinical knowledge with more refined

capabilities of biomechanical capture systems.

Figure 2.13 shows the setup of the VR-BBT and the process for automatic test administration.
Two scenarios were implemented: standby and assessment. The standby scenario (Figure 2.13-b) is
an outdoor space represented by a forest where 2-inch size cubes are moving around the user for
interacting. The goal of this scenario is to help the user to become familiar with grasping virtual
cubes and ofter the user the possibility of exploring the actions that they can perform. This stage is
similar to the training stage of the traditional BBT. The assessment scenario (Figure 2.13-c) is oriented
to measure the manual dexterity as the BBT mechanics demands. This environment is made up of
the BBT box, a black button to control when the test starts, various panels to display information
(time, score, instructions, etc.), and a clear-grey table as a reference plane to support the previous

COIIlpOl’lel’ltS.
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(c) Assessment scenario

(d) Interactive menu (e) Navigation clues (f) Evaluation mode

Figure 2.13: The virtual-reality-based box and blocks test (VR-BBT).

Assessment-oriented gameplay One of the relevant features of virtual reality is the capability to
model easily the user-game interaction. This characteristic is specially useful in the VR-based BBT in
order to administer the evaluation step-by-step in a friendly and automatic manner. This automatic
administration of the test is obtained via pre-programmed gameplay and reinforced for an interactive

navigation menu and informative panels.

The process of evaluation is described as follows. From the standby scenario, the user might
launch the assessment stage when she/he feels comfortable with the nature of VR and virtual grasping
action. There is no a time limit to stay in the standby environment. To launch the assessment scenario,
a gesture similar to looking at the palm of the left hand will deploy the navigation panel and the user
must use the right hand to activate the assessment button. The gameplay of the system is designed to
automatically lead the user to the proper assessment phases, that is, dominant and non-dominant
hand, respectively. This automatic sequence of execution takes as reference the user’s profile where

the therapist must define which is the affected side. If not stated, the system will evaluate firstly the
left hand by default.

In each assessment phase (dominant and non-dominant hand), the system provides the user the
corresponding instructions through text and audio messages prior the execution of test. The user

must confirm he/she is ready to start by pressing a virtual black button. After pushing the button, a
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regressive counting (Ready, Steady, Go) is activated and displayed on a frontal panel. According to
the dominant hand, the virtual cubes will appear at the corresponding left or right compartment.
The previous procedure is repeated by the non-dominant hand. When both stages were completed,
a farewell message is displayed, and the video game closes the assessment level and goes back to the
standby scenario.

It must be highlighted that the grasping action of virtual cubes can be performed naturally. That
is, the user can use a pinching grasp (thumb and index fingers), three fingers (thumb, index and
middle fingers), or a fist action. Besides, the hand movements are automatically stored, the same as
with the number of transported cubes. Tracking of hand movements make possible a post-session
analysis of the paths performed by the patient, allowing to assess the quality of motion. This feature
is quite relevant since it offers a cost-effective alternative to expensive and complex motion capture
(MoCap) systems like Vicon or OptiTrack. Finally, the flexible modelling of VR-based systems allows
for implementing new or adapted assessment strategies. The presented VR-BBT system ofter four
assessment levels which are slight variants of the native assessment mode where all the cubes appears.

A complete description of the VR-BBT system and a feasibility study can be found in part of the
papers that supports this thesis. For facilitating the review, the publications related with this part of

the thesis are summarised in Appendix A.3.

2.4.3 The Automated Fugl-Meyer Assessment (AFMA)

As previously mentioned, the FMA process presents some inconveniences, such as labour intensive
administration, low-resolution information of motor impairment, and observation-based rating. In
order to reduce such limitations, in this thesis it was explored the feasibility of using virtual reality for
the automation of the FMA, focusing on the upper extremity subsection.

The implemented system was denoted as the Automated Fugl-Meyer Assessment (AFMA). The
principle of working of the AFMA is to replicate the therapist-patient interaction (administration)
and to measure the patient-environment interaction (rating) by utilising a virtual environment. A
Kinect sensor capture the user’s movements (data acquisition), which are replicated in the virtual
scenario by an avatar. In this way, the user can see a virtual representation of his/her movements.
The virtual environment is designed to detect the user’s motion and, ultimately, to categorised
the performance of movements according to a criterion based on the FMA scale. The assessment
mechanics of the AFMA is detailed as follows, separately describing the administration and rating
processes.

On one side, the virtual scenario gives the chance of guiding the patient to perform specific
movements through visual and audio messages (see Figure 2.14-a). This interplay is similar to the

one delivered by the therapist when demonstrating the movements the patient must try to imitate.
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Figure 2.14: The Automated Fugl-Meyer Assessment (AFMA) setup.

Since the FMA is divided into several items (or movements), a video recording for each item is played.
The video recording represents the clinician demonstrating the required movement. Additionally, a
description of the item is given to the patient via text and audio messages, concurrently with the video
playing. After the demonstration, the system asks the patient to imitate the movement displayed in the
video recording. Then, the user must repeat the movement as similar as possible to the demo. Here,

the administration is completed and the next stage is focused on measuring the user’s performance.

On the other side, the virtual environment can be modelled to detect the trajectories of the
arms. For that purpose, virtual objects denoted as colliders are employed in the AFMA. Colliders are
invisible objects available in several geometric shapes which can detect physical collisions. In this way,
itis possible to register the trajectories of the arm by placing colliders into motion pathway. Detection
of motion based on colliders is a simple approach but useful to measure the motor impairments in

terms of the 3-points ordinal scale of the FMA.

Considering the FMA scale, a motor deficit can be classified in three levels of performance by
identifying if an item is not completed (0 points), partially completed (1 point), or fully completed (2
points). Thus, in the case of the AFMA is only needed to place colliders along the path of the required
item to rate the degree of completion, similarly as the FMA scale. The implemented system use three
plane-shape colliders: one at the beginning to detect the motion starts, one at the middle to detect
partially completed movements, and one at the end to detect fully completed actions. Thus, the
correspondent points are given when the arm reaches these planes. Note that the partially completed
motion is understood as reaching the middle of the required path. Additionally, it was established a
workspace to detect trajectories different from the optimal (minimum distance) paths. This workspace

is a cube-shape collider that envelops the starting point and endpoint of the demanded movement.
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Thus, trajectories fully completed but different from the optimal omes can be penalised in the final
score, giving an extra degree-of-freedom to classify impairments. Figure 2.14-b illustrates the location

of colliders and workspace volume to measure the elevation movement of the right shoulder.

For better explanation of scoring process, the AFMA rating for the elevation movement of right
shoulder (Figure 2.14-b) is described as follows. If the user’s arm is not able to reach the intermediate
plane, zero points are given. In the case of the user’s arm reaches the intermediate plane, the movement
is established as partially completed and 1-point is given. In the case of the user’s arm reaches the goal
plane, the movement is identified as fully completed and 2-points are given. However, if the goal
plane is reached but the user’s arm got out of the workspace volume, the attempt is penalised and the

movement is classified as not properly completed.

The proposed strategy is to divide the expected arm trajectory into areas of performance and
delimit an optimal volume of motion given by the path of minimum distance. The AFMA consider
two areas of item performance in order to score likewise to the FMA scale. However, the strategy
implemented by the AFMA not only allows to obtain a numerical impairment indicator but also to

analyse the quality of motion or increase the resolution of the measurement.

Firstly, the actions required in the FMA test can be considered as discrete point-to-point move-
ments. The scientific literature suggests that point-to-point reaching movements are good candidates
to assess movement smoothness of upper limbs. Besides, the reliable tracking of arm motion with the
Kinect sensor makes it possible to store the joint trajectories for post-processing data with moderate
accuracy (depending on the body plane of tracking). An analysis of movement smoothness of kin-
ematic data gathered with Kinect can provide the therapist with richer information about the user’s

performance.

Secondly, a big drawback of the 3-point scale of the FMA is the low-resolution of the measure-
ment [43]. For that reason, it is difficult to quantify a minor improvement in the patient’s motor
function. To address this issue, in the AFMA, the expected road of movements can be divided into
several areas of performance. This approach, in addition to the smoothness analysis, seems to be a
feasible strategy towards a more objective, higher resolution, and automatic process of assessing the

upper limb motor function.

A complete description of the AFMA system and a feasibility study can be found in part of the
papers that supports this thesis. For facilitating the review, the publications related with this part of

the thesis are summarised in Appendix A.4.
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2.5 Development of rehabilitation robotic systems

The RRS presented in this thesis have been designed in accordance with the requirements summarised
in Section 2.3.2 and wholly described in Chapter 5. The following section presents the resulting RRS

and the technology employed to implement them.

2.5.1 System based on an assistive robotic arm

The first system describes a novel robot-based strategy for the training of the upper limbs that includes
additional factors to promote the assimilation of motor gains. This strategy encourages the active
mobilisation (without assistance) of the arm using a general-purpose robotic arm, but also adding
some cognitive load to the physical tasks. For that purpose, the systems must address the human-robot
interactions (patient- and therapist-robot), the better elaboration of exercises (task and environment),
and the improvement of analytic capability.

A strategy denoted as reach-and-show was implemented to accomplish with the above require-
ments. The methodology of this strategy is to require the user to grab and object and show it to
the robot. Figure 2.15 illustrates the setup for the proposed strategy. The main components of this
approach are a general-purpose robotic arm, a set of coloured small-size objects, a webcam placed at

the robot gripper, a graphical user interface, and a Kinect sensor.
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Figure 2.15: Setup for the reach-and-show task.

The sequence during the task performing is described as follows. Firstly, the user is asked to
show to the robot an object displayed in the graphical user interface. The user must choose the

required object from a set of different articles that are available in front of him. Then, the user must
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present the object to the robot to check if correct. For each item, the robot will place its gripper in a
different spacial location inside the user’s space of reaching. The robot recognises the object through a
webcam located at the robot gripper (eye-in-hand configuration). Object recognition by the user adds
a cognitive load to the physical tasks of grasping and reaching. Note that during all the patient-robot
interaction the Kinect sensor is tracking and storing the user’s movements.

In this way, this system includes a module for marker-less tracking of motion towards strengthen-
ing analytical capacity. The tracking module gathers kinematic data of user’s actions, which serves to
estimate the ranges of motion (ROM), trajectories, and it also provides information about the time
spent to complete the task (reaction times). All the above data allows the system to adapt the task
difficulty to the user’s needs and, more importantly, these adjustments can be made autonomously. A
detailed description of the strategy and modules (object recognition, robot control, motion tracking)
is available in [44].

2.5.2 System based on Serious Games

Since a few decades ago, there is a general enhanced interest in serious games as a complement to
rehabilitation treatments. This burgeoning interest in gaming technology for fitness and healthcare
have promoted the development of several applications to improve the health status of elders, people
with neurological deficits, among others. Gaming technology ofters several advantages for a viable
application in clinical settings. From the design perspective, video games are a friendly, intuitive, and
safe approach to model the interplay between patient and system. Besides, the interaction into virtual
reality is measurable. Thus, kinematic data and events of interest could be gathered automatically
and transparently for the user. From the required setup perspective, the components (oft-the-shelf
game controllers, laptop, VR displays) for this type of systems are portable, compact, and affordable.
This fact provides a great opportunity to its use in healthcare facilities.

On this basis, a set of video games aimed at motor rehabilitation of upper extremities was developed
on this thesis. These video games combine the relevant factors of motion generation into a play-centric
approach to promote motor gains. The Leap Motion Controller (LMC) device was employed to
detect the hand movements of users. The virtual scenarios were created using the Unity3D Game
Engine software.

Figure 2.16 illustrates the set of video games developed for improving the UE motor function.
Each video game can be launched easily by the therapist from a main chosen menu (see Figure 2.16-
a). A total of six training environments are available, each one focused on exercising a specific arm
functionality. Recovery of fingers dissociation is promoted by means of a piano-like scenario (see
Figure 2.16-b). Reaching capability, that comprises movements of shoulder, elbow and hand in

synergy, is addressed through placing reaching targets at several locations within the user’s workspace
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Figure 2.16: Serious games developed for the recovery of UE functionality.

(see Figure 2.16-c). Note that this environment does not require the user to grab the target but only
touching. In this sense, another scenario focuses on improving the combined motion of reaching
and grabbing capability (see Figure 2.16-d). For that purpose, the user must reach the required target,
grab it, and finally drag and drop the target in a specific location. The mechanics of the Grab Game
increases the difficulty of task performance in a similar scenario to the Reach Game. Even more, in
order to training fine motor capability, the Pinch Game presents a mechanics that, in addition to reach
the target, where the user must perform pinching movements (touching index and thumb fingers)
to explode the targets (see Figure 2.16-¢). Finally, other essential arm capability is prono-supination,
which is promoted by the Flip Game (see Figure 2.16-f). The mechanics of this game invite the user to
hold a tray and flip-flop objects to get points. A complete description of the video games is available
in [45].

Two significant features of these video games are the adaptability and flexibility of operation. On
the one hand, the video games ofter several customisation options to adapt the level of difhiculty to
the patient needs or the purpose of rehabilitation. These settings can be tuned by the therapist at any
moment of the training session. On the other hand, they can be executed in unilateral (each hand
separately) or bilateral (using both hands) modes. Thus, each game has a double-purpose functioning

mode that expands the benefits of this method as a complementary tool in neurological rehabilitation.

The video games have been piloted with participants with Parkinson’s Disease. The effectiveness
of video games-based treatment was measured using various well-known clinical tests such as Jamar

Handgrip, BBT, or Purdue Pegboard. All the outcome measures showed an improvement in the health
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condition of participants. This fact, in addition to the favourable user’s experience, supports the
strategy proposed in this thesis and demonstrate the feasibility of using serious games as a deployable
tool in clinical settings. A complete description of the pilot trials and results can be found in the
papers that supports this thesis. For facilitating the review, the publications related with this part of

the thesis are summarised in Appendix A.S.

2.5.3 System based on end-point electromechanical device

The previously presented systems cover the need for functional rehabilitation of people with impair-
ments caused by a neurological deficit. This approach is based on the assumption that the target
population has no permanent disabilities, existing a margin for recovery. However, some neurological
deficits can cause permanent damage that leads to a disability. This one is the case of people after
suffering a spinal cord injury.

In this population, the remaining motor capabilities may vary according to the level of damage.
A particular case is of those who retain the mobility of the upper limbs, but they have difficulties to
accomplish tasks that require fine dexterity of hands. Therefore, using little utensils (such as scissors,
tweezers, nail clippers, etc.) to perform autonomously daily activities is challenging for people with

this type of impairment.
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(lateral handle)

Tool head Scissors Nail

Tweezers clippers

it
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(central handle) Station for automatic exchange
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Figure 2.17: Pressmatic and the components of the system.

On account of the above, a novel device was implemented to face the need for assistance in tasks

requiring manual dexterity, oriented to people with reduced hand mobility. The operation principle
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of this device consists of the automatic generation of opening and closing movements through
electromechanical elements. The artificial motion is transferred to the actuator located at the device’s
tip to perform a task. Using a multi-tool approach, the actuator is exchangeable with other ones
depending on the job to accomplish.

Figure 2.17 presents the assistive device and all the components of the system. Three models
with different ergonomics were implemented to enhance the usability of the system. It also can be
appreciated the set of tools designed to help the user when cutting, fine/gross grasping or nail cutting.
This device is denoted as Pressmatic.

The main body of Pressmatic houses the electromechanical components for motion generation
and a touchscreen to command the device. The touchscreen is the principal commanding channel.
However, an APP for smartphone is available to control the device remotely, elevating the device’s
accessibility. Regardless of the communication channel, the automatic motion generation takes into
account a tool-oriented methodology. Namely, the user must choose the actuator to employ, and then
the device produces automatically pre-programmed movements suitable for the task corresponding
to such an actuator.

Finally, the autonomy level of target users when performing tasks with and without the device
was piloted. Thus, the contribution of the system to improve the user’s independence was estimated.
The complete description of the assistive device and the (usability and acceptance) results of clinical
trials can be found in the papers that support this thesis. For facilitating the review, the publications

related to this part of the thesis are summarised in Appendix A.6.

2.6 Clinical validation

According to the strongly hospital-oriented context of this thesis, it was necessary to conduct the
clinical validation of the developed systems. Thus, in order to determine the effectiveness of imple-
mented systems, many pilot trials with patients with a neurological disease were carried out. All the
trials were conducted in public hospitals or private clinics.

For that reason, the process of clinical validation was designed as a generic model to test the
performance of systems in an objective and reproducible manner. Figure 2.18 illustrates the general
model of system testing. This model consist of a protocol of intervention combined with three
functional assessment stages focuses on measuring the therapeutic effectiveness of the intervention
strategy. Thus, the outcomes provided are in terms of functional gains following the traditional
metrics. Regarding the functional assessment stages, they are conducted at three specific phases of
treatment: (1) at the beginning in order to determine the baseline level of impairments, (2) at the end

of treatment to measure the final functional gains (if any) and, (3) at a proper time period after the
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Figure 2.18: General model for clinical validation of systems.

finish of treatment to estimate the sustainment of functional gains.

On each functional assessment stage, several clinical scales directly related to the purpose of
treatment are employed; for instance, treatment for improving the UE functionality requires of
clinical test to measure the UE functioning. This model aims to standardise the process of system
testing to allow future comparison of results from clinical trials.

The following sections present the particular adaptions of the general model in order to test the

performance of the developed automated systems for functional assessment and intervention.

2.6.1 Evaluating the automated assessment system

The first system evaluated was the Automated Box and Blocks Test (ABBT). For that purpose, this
automated tool was included as part of the set of clinical scales used for the functional assessment. Note
that the same tools were employed in the three assessment phases. The primary goal of system testing
was to measure the correlation level between the manual and automated systems when measuring
the same variable (manual dexterity) with the same users. Therefore, the functional assessment tools
chosen for this procedure were: the box and blocks test (BBT), the ABBT (the automated version of
the BBT), the Jamar handgrip dynamometer and the Purdue Pegboard test.

A secondary objective of this procedure was to measure the correlation agreement between
the automated system and the rest of the clinical scales used in the functional assessment. In this
way, the reliability of the outcome provided by the ABBT can be studied with respect from other
similar indicators of the user’s performance. This approach could be useful to explore the viability
of providing, in addition to the classical metric, predicted metrics based on the correlation of scales.
This approach is currently only addressed by a commercial device as InMotion [13].

Results from the application of the general model of system testing for the particular case of

the ABBT are available in Chapter 6, including the characteristics of the sample of patients and
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Figure 2.19: Model for clinical validation of the Automated Box and Blocks (ABBT).

statistic analysis for outcome correlation. Additionally, a preliminary study with patients with motor

problems caused by a stroke is available in [46].

2.6.2 Evaluating the effects of serious games in health status

The second automated system for testing was the serious games-based system in a real intervention
protocol. The main objective to evaluate the effectiveness of the intervention method in the improve-
ment of upper limb functioning. This particular protocol of feasibility testing, depicted in green
colour in Figure 2.20, was made up of twelve rehabilitative sessions. This protocol of treatment
was conducted in a sample of participants with Parkinson Disease, according to the clinical team
suggestion. The intensity and difficulty of treatment were progressively increased according to the

treatment’s progress.

Baseline Final Follow-up
assessment assessment assessment

Follow up

Session 1 Session 2 Session 12

Figure 2.20: Model for clinical validation of serious games-based treatment.

Note that a secondary goal was to estimate the viability of the serious games-based system as an

intervention tool aiming to intuitive use mode, personalisable functions, and deployable capability in
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clinical settings. Results from the application of the general model of system testing for the particular
case of the intervention strategy are available in Chapter 7, including the description of the participants
and statistic analysis for outcome correlation. Chapter 8 details the statistical analysis of outcomes

from the clinical point of view and the therapist’s acceptation.
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CHAPTER 3 -

Conceptual Framework of Rehabilitation

3.1 Overview

This chapter presents in detail the conceptual framework of autonomous rehabilitation proposed in
this thesis. A systematic review of scientific literature helped to understand the relationship between
modern robotic systems for rehabilitation and the process of rehabilitation. The comprehension of the
above led to the conceptual framework definition, including the technical requirements, components

and intrinsic interplay.
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Robot-mediated neurorehabilitation is a growing field that seeks to incorporate advances in robotics combined with neuroscience
and rehabilitation to define new methods for treating problems related with neurological diseases. In this paper, a systematic literature
review is conducted to identify the contribution of robotics for upper limb neurorehabilitation, highlighting its relation with the
rehabilitation cycle, and to clarify the prospective research directions in the development of more autonomous rehabilitation
processes. With this aim, first, a study and definition of a general rehabilitation process are made, and then, it is particularized
for the case of neurorehabilitation, identifying the components involved in the cycle and their degree of interaction between
them. Next, this generic process is compared with the current literature in robotics focused on upper limb treatment, analyzing
which components of this rehabilitation cycle are being investigated. Finally, the challenges and opportunities to obtain more
autonomous rehabilitation processes are discussed. In addition, based on this study, a series of technical requirements that should
be taken into account when designing and implementing autonomous robotic systems for rehabilitation is presented and discussed.

1. Introduction

According to the findings obtained in the context of a Global
Initiative on Neurology and Public Health carried out by the
World Health Organization (WHO), many of the neurologi-
cal disorders are chronic and progressive, constitute a global
public health problem [1], and affect especially the elderly
people. In addition, a higher life expectancy makes the popu-
lation of people over 60 increasingly higher [2]. The main
patient groups served by the rehabilitation service in the
United Kingdom are for neurological pathologies, as a survey
reported [3]. 70% of respondents provided neurological reha-
bilitation services for people with stroke, multiple sclerosis,
traumatic brain injury, degenerative neurological diseases,
and other neuromuscular conditions. Other services that
were represented were those that provided rehabilitation to
people with severe single-incident brain injury (10%), spinal

injury (9%), amputees (5%), musculoskeletal disability (4%),
learning disabilities (1%), and pain (1%). In Spain, a similar
situation is detected where musculoskeletal and articular
disability (50%), neurological diseases (15%), traumatic inju-
ries (29%), and others (6%) were treated in the rehabilitation
services [4].

This situation, together with the need for rehabilitation
and assistance for people with disabilities, means that robotic
care and rehabilitation may play an important role in the
years ahead.

Nowadays, research on the use of robotic systems in
different fields related to healthcare is widespread [5-7].
In the field of rehabilitation, scientific literature shows vari-
ous classifications of such systems according to their level
of interaction [8], the extremities that are treated [9-12],
the modularity of the rehabilitation robots [13, 14], con-
trol strategies [15, 16], and the effectiveness of treatment
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[17-20]. However, no analysis has been done of the rehabil-
itation process as such, and the contribution of robotics in
the different stages of the rehabilitation cycle or process has
not been studied.

In this paper, a systematic literature review is conducted
to identify the contribution of robotics for upper limb neu-
rorehabilitation highlighting its relation with the rehabilita-
tion cycle and to clarify the prospective research directions
in the development of an autonomous rehabilitation process.

2. The Rehabilitation Process

The World Report on Disability by the WHO and World
Bank [21] provides a definition of rehabilitation: “a set of
measures that assist individuals who experience, or are likely
to experience, disability to achieve and maintain optimal
functioning in interaction with their environments.”
Despite this, the term rehabilitation covers a wide field of
applications, being a subject to different connotations in a
world characterized by a profound cultural diversity. Meyer
etal. [22] provided a conceptual description of rehabilitation:
“it is the health strategy which is based on the WHO’s inte-
grative model of functioning, disability, and health, with the
goal to enable persons with health conditions experiencing
or likely to experience disability to achieve and to maintain
optimal functioning in interaction with the environment.”
The health strategies can be different, but they can
share a series of steps to improve the patient’s health status
throughout the rehabilitation process. This process involves
the identification of a person’s problems and needs, relating
the problems to relevant factors of the person and the envi-
ronment, defining rehabilitation goals, planning and imple-
menting the measures, and assessing the effects [21]. This
approach is named the rehabilitation cycle (see Figure 1),
which is taken from the World Report on Disability [21],

and it was previously stated by Stucki and Sangha [23] and
modified by Steiner et al. [24].

In a simplified way, the rehabilitation cycle includes four
steps: assessment, assignment, intervention, and evaluation.
The process takes place on two levels: the first corresponds
to the guidance provided along the continuum of care and
the second refers to the provision of a specific service [25].

From the point of view of the care guide, the assessment
consists of the identification of the problems and needs of the
person, the analysis of rehabilitation potential and prognosis,
the definition of the long-term service, and the goals of
the intervention program. Assignment refers to the inclu-
sion of the person in a program of intervention in the most
appropriate service for the treatment of their needs. For the
guidance perspective, no specifications appear in the inter-
vention. Evaluation refers to the service and the achievement
of the intervention goal.

From the perspective of providing a specific service, the
assessment includes the identification of the problems, the
review and potential modification of the service or goals of
the intervention program, the definition of the first goals of
the rehabilitation cycle, and the objectives of the interven-
tion. The assignment step refers to the allocation of profes-
sionals and health interventions necessary to achieve the
intervention objectives. The intervention consists in the spec-
ification of the techniques, measures, and the definition of
target values that must be achieved within a predetermined
period of time. Finally, the evaluation determines the
achievements of the objectives with respect to the specific
indicators, the goals of the rehabilitation cycle, and, ulti-
mately, the goals of the intervention program. It also includes
the decision regarding the need for another intervention
cycle based on a new assessment.

2.1. The Rehabilitation Team. Rehabilitation requires the
services of multiple healthcare providers who possess unique
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skills, training, and expertise that are employed for the full res-
toration of the patients’ function and their optimal reintegra-
tion into all aspects of life [26]. Rehabilitation professionals
have recently favoured the concept of “patient-centred
therapy.” This is not meant to trivialize the patient’s needs
but rather to emphasize the patient as the director and arbiter
oftheinterventionsaccording to the patient’s own desires [27].

The integration of the different medical means can be
done through three working models [26, 28]: (a) multidisci-
plinary team model—in which team members interact and
communicate among themselves, knowing the work of all
the components and offering an evaluation and parallel but
independent work; (b) interdisciplinary team model—where
the team members share a formal space in which information
is exposed (designed to facilitate the flow of lateral communi-
cation) and decisions are made around one or several com-
mon objectives (in this way, the treatments performed by
the different professionals are not independent); and (c)
transdisciplinary team model—which not only promotes
communication among group members but also acquires
knowledge from other related disciplines and incorporates
them into the practice [29].

Because the interdisciplinary model is designed to facili-
tate lateral communication, it is theoretically better suited
for rehabilitation teams [28].

2.2. Rehabilitation Measures and Outcomes. Rehabilitation
measures are a set of recovery actions that target body func-
tions and structures, activities and participation, environ-
mental factors, and personal factors.

Rehabilitation outcomes are the benefits and changes
in the functioning of an individual over time that are attrib-
utable to a single measure or set of measures [30]. These out-
comes can be evaluated by the three main dimensions of the
International Classification of Functioning, Disability and
Health (ICF) [31]: body functions and structures, activities,
and participation.

3. Neurological Rehabilitation

A particular case of rehabilitation is aimed at treating the
problems caused by disorders affecting the nervous and neu-
romuscular system, known as neurorehabilitation. These
types of disorders can produce mental or physical disabilities
or both and are chronic and/or progressive.

Neurological rehabilitation can be defined as a process
that aims to optimize a person’s participation in society
and sense of well-being. This definition highlights several
important features: rehabilitation is not a particular type of
intervention; the focus is on the patient as a person; the goals
relate to social functioning, as well as health or well-being;
and it is not a process restricted to patients who may recover,
partially or completely, but applies to all patients left with
long-term problems [32]. This will act on the deficiency,
the limitation of activity, and the restriction of participation,
constituting a holistic therapeutic approach [33].

The complexity of the problems caused by a neurolog-
ical damage highlights even more the need for a team to
work on its treatment, the interdisciplinary model being the

most used [34]. The composition of the interdisciplinary
team in neurorehabilitation is not completely defined, but
there is a consensus on the basic members who should
constitute the team. According to the Union of European
Medical Specialists (UEMS), the interdisciplinary team must
include the following medical professionals: physical thera-
pist, rehabilitation nurses, rehabilitation physicians, occupa-
tional therapists, speech-language pathologist, psychologists,
social workers, orthopaedics, and nutritionists [35].

The rehabilitation cycle shown in Figure 1 applies to the
case of neurological rehabilitation with some nuances that
are discussed below.

3.1. Assessment. The rehabilitation process starts with collect-
ing data from the patient and others to establish: the prob-
lems; the causes of, and factors influencing, each problem;
and the wishes and expectations of all interested parties. It
is also important to consider the prognosis based on the diag-
nosis, natural history, distribution, and severity and type of
the impairment, as well as other personal, social, and envi-
ronmental factors [36].

To this end, a series of objective scales have been devel-
oped to assess the level of independence of patients. The
three main domains of the ICF can be used with this aim as
a clinical tool [37, 38]:

(i) Impairments: the typical body functions that need
to be assessed in the neurological patient are those
related to the functions of the joints, muscles,
movements, and sensation and cognitive functions.
Thus, some constructs of relevance are muscle,
ranges of movement, attention, memory, and bal-
ance. There are scales classically encompassed at this
level such as Beck Depression Inventory, Behavioral
Inattention Test, Canadian Neurological Scale,
Clock Drawing Test, Frenchay Aphasia Screening
Test, Fugl-Meyer Assessment of Motor Recovery
after Stroke, General Health Questionnaire-28,
Geriatric Depression Scale, Hospital Anxiety and
Depression Scale, Mini-Mental State Examination,
Modified Ashworth Scale, Montreal Cognitive
Assessment, Motor-Free Visual Perception Test,
National Institutes of Health Stroke Scale, and
Orpington Prognostic Scale.

(ii) Activity: when examining a patient’s activities, the
therapist will examine whether they can do not only
the tasks but also the quality with which the task is
performed. According to Lennon’s study [39], one
of the most used scales for measuring the indepen-
dence in stroke rehabilitation was the Barthel Index,
followed by the Rivermead Motor Assessment and
Functional Independence Measuring. More than a
quarter of therapists (28%) were using outcome tools
that they had devised themselves, which had not
been tested for reliability or validity. Other examples
of scales at this level are the following: Action
Research Arm Test, Berg Balance Scale, Box and
Blocks Test, Chedoke-McMaster Stroke Assessment



Scale, Clinical Outcome Variables, Functional
Ambulation Categories, National Rehabilitation
Reporting System, Frenchay Activities Index, Modi-
fied Rankin Handicap Scale, Motor Assessment
Scale, Nine-Hole Peg Test, Rivermead Mobility
Index, Timed “Up and Go” Test, and Wolf Motor
Function Test.

(iii) Participation: this a more complex concept than
impairments and activities, but it is fundamental
to understand the patients and their life and help
with planning treatment. Physiotherapy assessment
of participation therefore focuses on those activities
or roles in which patients take part in, patients
are hindered in, and patients wish to work on
and which could be improved and will inevitably
deteriorate. Common scales used are the follow-
ing: Canadian Occupational Performance Measure,
EuroQol Quality of Life Scale, London Handicap
Scale, Medical Outcomes Study Short Form 36,
Nottingham Health Profile, Reintegration to Normal
Living Index, Stroke-Adapted Sickness Impact Pro-
file, Stroke Impact Scale, and Stroke Specific Quality
of Life Scale.

3.2. Planning of Treatment. According to the pathology, the
rehabilitation team designs a specific plan based on the diag-
nosis (problems identification) and disability of the patient. It
is necessary to identify clear objectives related to the func-
tional problems. Rehabilitation objectives normally follow
the SMART rule because they must be specific, measurable,
achievable, relevant, and time-limited [32].

There are three key areas that the rehabilitation process is
broken down: (1) approaches that reduce disability; (2)
approaches designed to acquire new skills and strategies,
which will maximize activity; and (3) approaches that help
to alter the environment, both physical and social, so that a
given disability carries with it minimal consequent handicap.
The planning of a neurological rehabilitation program
should consider the previous three approaches, in addition
to the SMART rule.

3.3. Intervention: Specific Methods. Specific rehabilitation
interventions include those related to physical medicine,
occupational therapy, speech and language therapy, dyspha-
gia management, neurophysiological interventions, psycho-
logical assessment and interventions, nutritional therapy,
and other interventions [25]. A wide range of specific tech-
niques is used in the practice of rehabilitation [40]. These
techniques used to treat different patients vary considerably
across different geographical locations.

At present, the evidence suggests that to be effective,
rehabilitation requires the practice of activities in the most
relevant possible environments, rather than undertaking
analytical exercises aimed at changing impairments [41].
This is sometimes referred to as task-specific training.
However, other approaches are known such as facilitation
techniques (such as Bobath concept, Brunnstrom technique,
Kabat method, or Rood method), modern techniques (such
as treadmill training with body weight support, constraint-
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induced movement therapy, or functional electrical stimula-
tion), or compensation techniques.

3.4. Evaluation. In this phase, the physical condition of the
patient is reevaluated in order to determine the effectiveness
of the treatment, based on the SMART objectives [32] ini-
tially raised. The considerations for discharge in the case of
the neurological patient are very varied, since the clinician
must determine whether the improvement achieved is suffi-
cient from the medical point of view of the patient (patient-
centred practice).

Previous quantitative investigations and case studies have
shown that the use of patient-centred goal planning with
adults undergoing neurological rehabilitation can improve
self-perceived and observed goal performance and satisfac-
tion [42]. A patient-centred approach involves goals that
are set by the patient on the basis of his or her own definition
of the problems. This approach enables greater self-
determination and control and enhances the person’s poten-
tial for active participation.

In addition, one must take into account the underlying
pathological process, the chronic nature of certain patholo-
gies, the need for supervision and/or the continuity in the
absence of an expressive face-to-face rehabilitation treat-
ment, or the degenerative and progressive character of some
neurological pathologies, such as Parkinson’s disease, multi-
ple sclerosis, or Alzheimer’s disease.

4. Robotics in Healthcare:
Neurorehabilitation of Upper Limb

In this section, this review will highlight the particular
aspects of the rehabilitation cycle applied to upper limb neu-
rorehabilitation performed with the assistance of any kind of
robotic system.

4.1. Material and Method

4.1.1. Search Methods. The authors undertook a literature
search in October 2017 about robot-assisted upper limb
rehabilitation in neurological diseases, using keywords such
as robot, neurological, rehabilitation, upper, limb, extremity,
arm, hand, neurorehabilitation, intervention, assisted ther-
apy, treatment design, and various combinations. The data-
bases were Brain, Science Direct, PubMed/Medline, and
IEEE. Only papers written in English were considered, and
the search was extended to the whole database. Studies were
included when (1) systems for upper limb training (uni- and
bilateral) were used; (2) systems are based on end-effector
and exoskeleton devices (commercially available or not); (3)
the clinical intervention was conducted; and (4) the effects
of the robot-assisted therapy were investigated.

4.2. Robotics in Neurorehabilitation of Upper Limb. Accord-
ing to the Strategic Research Agenda for Robotics in
Europe (SPARC) [43], healthcare is seen as a combination
of three subdomains: (1) clinical robotics—systems that
support care (diagnosis) and cure (surgery) processes; (2)
rehabilitation—covering postoperative or postinjury care
where direct physical interaction with a robot system will
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either enhance recovery or act as a replacement for lost func-
tion; and (3) assistive robotics—covering other aspects of
robotics within the healthcare process where the primary
function of the robotic system is to provide assistive help
either to carers or directly to patients either in hospital or
in a specialist care facility.

Thus, devices to train (robot-aided therapies), support
(exoskeletons), or replace (prosthesis) impaired activities
or impaired body functions and structures are covered in
rehabilitation robotics. In this way, robots are presented as
a useful tool in the recovery process in neurological treat-
ment. Such systems participate actively and help the therapist
to perform a better rehabilitation process. However, it is not
clear in what way and to what extent robotic systems provide
this help during the rehabilitation cycle. To improve the
quality of help provided, it must be identified how and when
the aid is administered.

The summary presented in Table 1 collects the informa-
tion obtained from the study of several robot-aided neuror-
ehabilitation systems for the upper extremities. The systems
selected have been used in clinical trials with patients suffer-
ing motor function problems derived from different neuro-
logical disorders. A comprehensive reading has been made
to identify how robotic assistance has been used, how it has
contributed and in which phases of the rehabilitation pro-
cess. Thus, the present review identifies what the robotic sys-
tem contributes to the rehabilitation cycle in a quantitative
way (measurements), the way it does it (automatic or not),
and the phase in which it participates (assessment, assign-
ment, or intervention). Notice that the same robotic systems
could cover several phases of the rehabilitation cycle. The
more phases are covered, the more automated will be the
rehabilitation process.

Rehabilitation, like many aspects of human behaviour,
can be thought of as a purposive problem-solving activity
[44]. The following review draws upon the problem-
solving process from a patient-centred perspective in
neurorehabilitation.

4.2.1. Assessment Approaches. As previously indicated, the
starting and ending component of the rehabilitation cycle
is the functional assessment. It is important to take into
account that most of the assessments performed by
robotic systems are not functional assessments (carried
out in baseline and follow-up stages of treatment), and
its provided outcomes are indicators of a patient’s perfor-
mance. Currently, functional assessment is still carried out
by traditional tests and scales provided by therapists. The
main features of the robot-aided systems reviewed related
to the assessment phase of the rehabilitation cycle are
described as follows:

(1) Assessment Mode. Assessment of the patient’s perfor-
mance can be carried out in two modes: automatic or non-
automatic. The automatic mode corresponds with the
online data analysis, that is, during the development or at
the end of the session. On the contrary, the nonautomatic
mode corresponds with the offline data analysis (after of
the end of the session).

(2) Assessment Method. Robotic rehabilitation systems pres-
ent evaluation methods that are based on the biomechanical
data they are able to acquire. Based on such data, a rapid
report that could be performed in an online or offline mode
is provided to the therapist. 74% of the reviewed systems have
not specified assessment methods, but propose an evaluation
method based on the offline analysis of the biomechanical
data acquired during therapy. In these studies, a later analysis
of the stored information is done, applying algorithms to
obtain information on the patient’s performance. However,
besides having an automatic record of information, only
26% of the systems perform online processing of these
parameters by using specific software (e.g., INMOTION,
IPAM, AMADEO, ARMEO, and T-WREX).

(3) Provided Outcome. Robot-assisted systems have the
advantage of providing a reliable and objective quantitative
rapid assessment, based on the comparison of the metrics
acquired during therapy. However, this assessment is at
the level of impairment but does not provide information
on how such impairment influences the activities of the
patient’s daily life. The most automated are commercially
available systems like INMOTION ROBOTS, ARMEO-
SPRING, AMADEO, REOGO, and DIEGO. They have an
online processing that generates a report at the end of the
therapy session. However, the reliability of these automatic
assessments, although they are based on objective measures,
has not been validated with respect to determining, on their
own, whether the rehabilitation has been adequate or not.
Also, robot-mediated measurements have even smaller dis-
semination. For this reason, most of the systems reviewed
carry out additional clinical evaluation, using functionality
scales that are of standardized use at the clinical level, such
as those mentioned in Section 3.1, which are still the “gold
standard” for measuring outcomes. The interpretation of
these scales allows the therapist to determine in an objective
way the health condition of the patient and the effectiveness
of the treatment.

(4) Functional Assessment. Given the importance of making a
correct evaluation, it is necessary to highlight the need to use
standardized tools and procedures. The classification of the
ICF is very useful for this functional assessment. The use
of these standard functional scales as the main output of
the rehabilitation systems would provide a better and
more collaborative way to determine the effectiveness of the
therapy based on the metrics obtained by the rehabilitation
systems themselves. Currently, this issue is addressed by
INMOTION software (INMOTION EVAL) that, based on
multiple regression models, calculates Fugl-Meyer Assess-
ment (FMA), Motor Status Score (MSS), Motor Power
(MP), and Modified Ashworth Scale (MAS) from the robot-
based metrics. These measurements of motor control are
highly correlated with the traditional scales [45].

4.2.2. Clinical Decision Support. As previously mentioned, it
is important to emphasize that the complexity of a neuroreh-
abilitation treatment usually requires the participation of a
work team. Therefore, it is important that the patient’s
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progress information is available to the entire work team,
according to the interdisciplinary model. The management
of information is one of the more time-consuming tasks that
facilitate the decision-making of the therapist. Currently,
there are several electronic medical record (EMR) software
for the management of the patient’s data [46], including
based on artificial intelligence [47]. Thus, one of the impor-
tant aids incorporated in robot-assisted systems is the admin-
istration and storage of data automatically, which allows the
generation of updated monitoring reports.

The results of the review show that 45% of the systems (the
commercial ones) also provide some kind of help in the elab-
oration of the therapy. The most common assistance is
through offering a set of exercises, games (REOGO, DIEGO,
and ARMEO), or therapy protocols (INMOTION system)
that can be configured or combined by the therapist. One of
the systems (REHAROB) also allows the option of selecting
exercises that are based on the intervention methods most
used in physical rehabilitation, such as the Bobath or Kabat
method. On the other hand, in-depth analysis of the data
recorded robot-aided therapy, as well as allowing rapid func-
tional assessment, serves as a tool for decision support to
determine the patient’s discharge. The INMOTION system
allows discharge plots to be generated based on the perfor-
mance of 5 tests that register kinematics and kinetics data.
To the authors’ knowledge, there are no commercial systems
able to automatically generate a complete rehabilitation strat-
egy from the initial functional assessment data and thus the
therapist still has to properly identify the patient’s problems
by means of a reliable diagnosis and the right choice of clin-
ical measures to evaluate the effectiveness of the treatment.

4.2.3. Rehabilitation Approaches and Outcomes. Typically,
rehabilitation occurs for a specific period of time but can
involve single or multiple interventions delivered by an indi-
vidual or a team of rehabilitation workers and can be needed
from the acute or initial phase immediately following recog-
nition of a health condition through postacute and mainte-
nance phases. Rehabilitation reduces the impact of a broad
range of health conditions. Further, neurorehabilitation is
often still based on therapists’ expertise, with competition
among different schools of thought, generating substantial
uncertainty about what exactly a neurorehabilitation robot
should do [48].

Robot-aided systems allow the training of an impaired
limb in multiple sessions and in a systematic way, without
loss of efficiency. With respect to the target region of
treatment, the number of joints that the same system is
capable of treating has been identified. No devices cover-
ing the movement of all joints of the upper limb have
been found, that is, the shoulder, elbow, wrist, and hand
(including fingers joints). The ARMEOSPRING, INMO-
TION, and ARMEOPOWER systems manage to cover the
shoulder and elbow joints and also to train the flexoextension
of the wrist and the manual grip, excepting finger joints.

The effectiveness of treatments based on task-specific
training in robot-assisted interventions is demonstrated. So
it is understandable that 86% of the review systems consider
this approach. It is observed that the systems have more than
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one operating mode (passive, active, active-assisted, or active
resistance). This represents a great advantage when consid-
ering treatment measures in a flexible way and better
adapted to the type of injury. Some systems describe the
mechanisms of action of the robots, which can offer assis-
tance to the movement or gravity compensation through
cable-based transmissions or pneumatic actuator systems.
The pneumatic actuator systems offer the advantage of pro-
ducing large forces with low weight added to the device, while
cable transmission systems have greater shock absorption,
smoothness in movement, and greater versatility in their
passage through the joints.

Finally, all the robotics rehabilitation systems reviewed
are able to acquire and automatically store biomechanical
metrics during the therapy. Depending on each robotic sys-
tem, it can measure the workspace, joint movement ranges,
and force exerted, as well as the quality in terms of the preci-
sion and smoothness of the trajectories. Other measures
derived from the previous ones for a certain interval of time
are the speed of execution and completion of the tasks, as well
as the reaction times. The acquisition and storage of these
parameters are immediate due to the inherent sensorization
of the robotic systems (encoders, force sensors, current sen-
sors, etc.). These are objective records due to the robotic
intrinsic sensory systems.

5. Towards Autonomous
Rehabilitation Processes?

The development of autonomous systems is an active line in
robotics in general, and with increasing presence in health-
care applications, it is already generating beneficial results
as it has done in industry [49]. That is the case of surgical
robots in minimally invasive procedures for executing auton-
omously simple surgical tasks, based on the accuracy of robot
movements, image processing algorithms, and cognitive sys-
tems. There are many other examples than surgical robotics
of translational research applied to healthcare.

The common understanding in the robotic community is
that the goal of robotic rehabilitation devices should be to
assist therapists in performing the types of activities and
exercises they believe give their patients the best chance of a
functional recovery. But several barriers have been identified,
for the particular case of rehabilitation robotics. The first
identified barrier is the lack of effective communication in
the planning stage of designing robotics aids, between engi-
neers and therapists. Second, many of the devices are incred-
ibly complicated, from both an engineering and a usability
point of view. In fact, “simple-to-use” devices are more likely
to be adopted by the clinical community than those that have
long set-up times or require multiple therapists and/or
aids to use [50]. Another well-known barrier relates to
the cost and availability, its relation to the effectiveness
of the treatment, and how long the robotic treatment must
be applied. Many works discuss these issues. Recent examples
are those by Acosta et al., who show that while video games
can provide a motivational interface, they are the most effec-
tive if designed to target specific impairments [51]. Burgar
et al. highlight the importance of providing higher therapy
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intensities (hours of therapy per day) in an acute stroke study
using the MIME robot [52]. Telemedicine and telerehabilita-
tion are promising topics for building remote monitoring
and easy to use rehabilitation systems that could allow the
work of therapist with patients at home. Serious games and
low-cost sensory devices are arising as very promising tools
for breaking this barrier. The last barrier, but not the least
from the authors” point of view, is the lack of automation,
which greatly increases the total cost of the treatments. There
is a huge potential to automate the treatment process.

To apply this automation approach to the rehabilitation
process, it is first necessary to identify how the process is
developed and identify which are the most susceptible ele-
ments to be automated, as well as the requirements and lim-
itations to achieve this purpose.

Based on the review presented in this article, we have
identified three main areas within the rehabilitation cycle
where robotics is contributing to automation: planning treat-
ment protocols, implementing interventions, and evaluating
the treatment’s effectiveness. This rehabilitation cycle, shown
in the previous Figure 1, is being transformed into a more
automated cycle as shown in Figure 2. This transformation
adds more detail but does not alter the rehabilitation cycle,
thus maintaining the philosophy centred on the user. In this
figure, the main actors (patient and therapist) are supported
by several automated tools, as it will be explained below.

5.1. The Automated Rehabilitation Cycle. This paper pro-
poses a framework for the development of the rehabilitation

cycle that clearly identifies which parts of the process are
more likely to be automated, as well as the actors and ele-
ments involved. The autonomous rehabilitation cycle would
be composed in this way by five elements that are directly
correlated with the blocks of the original cycle. According
to this approach, three main actors have been identified:
user, clinician (understood as the team), and automated
systems. Although several automated systems could be avail-
able, as denoted in Figure 2, to simplify, we assume that the
one used is the best fitted to each case. The appropriate
collaboration between the therapy work team and the auto-
mated systems is essential to obtain an effective patient-
centred rehabilitation process.

The interaction between these three participants during
the course of an automated neurological rehabilitation pro-
cess will be described in Figure 3. First, an initial evaluation
(interview and exploration-based) is carried out by the clini-
cian to identify the patient’s problems and needs and select
the most appropriate treatment measures. Also, the appro-
priate scales for functional assessment are chosen to quantify
the level of functionality impairment caused by the neurolog-
ical injury. Here, where the first automated system is, the
automatic assessment system (AAS) performs the functional-
ity assessment using the same clinically accepted scales. The
results obtained with the AAS are automatically updated in
the patient’s clinical history. In addition, these results serve
as input parameters to the second automatic system, the deci-
sion support system (DSS). The DSS aims at designing the
most optimal treatment protocol for the patient, generating
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repeated for n iterations.

the specific intervention plans. This figure is based on the
lacks identified in the literature review previously presented.

The therapist discusses with the patient to review and
adjust the objectives, deciding which treatment plans pro-
posed by the DSS will be adopted. Then, the selected robotic
rehabilitation systems (RRS) perform the intervention. After
the intervention with the RRS, an assessment of functionality
similar to the initial one is carried out again, in order to quan-
tify the effectiveness of the therapeutic measures. For this, the
AAS is used again. Finally, if all the problems identified are
considered resolved or accepted by both the clinician and the
patient, the rehab cycle is concluded. Otherwise, the necessary
iterations will be made to try to solve the remaining problems.

It can be deduced that the proposed automated systems
operate separately and independently but that they are
intrinsically connected and depend on each other for efficient
operation, in coordination with the clinician and the patient.

The methods to extract metrics and share them and their
degree of acceptance by both users and health professionals
should be rationalized and assessed, as a prerogative to
achieve the automation. To design assistance rehabilitation
systems, although the focus is on the subject to be treated,
it is important to systematize the understanding of the
requirements demanded by therapists in order to enable an
easier integration of technology in their daily activities [53].

By providing low-cost and easy to access tools for imple-
menting this automated rehabilitation cycle, the viability of
extending the rehabilitation cycle can be increased, not only
as a temporary activity but also as a lifelong rehabilitation,
as needed, for example, for affordable robotic therapy in
maintaining function in degenerative disorders.

Thus, in the opinion of the authors, the requirements that
the components of a rehabilitation cycle must meet to be
more autonomous are described below.
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5.1.1. Automated Assessment Systems (AAS). As revealed by
the analysis of assessment methods in neurorehabilitation,
the use of traditional motor and functional scales is the main
approach to determine the effectiveness of the rehabilitation
process. For this reason, the development of methods based
on traditional assessment scales that are widely used and
known by specialists in rehabilitation is one of the lines of
research that have been highlighted to achieve a more auton-
omous rehabilitation cycle.

There are already oriented studies in this line of work,
taking into account two premises: the method and metrics.
Regarding the method, tests that are administered without
direct contact of the professional are more suitable to be
automated. Concerning metrics, it is essential to assess which
ones give relevant information and are less invasive for the
subject to be evaluated [54].

It can be seen that the FMA is one of the most used scales
employed for the motor assessment in the clinical trials that
this review included. So it appears reasonable that the poten-
tial for the automation of these kinds of assessment methods
is being studied. The application of RGB-D sensors, inertial
measurement sensors, and other sensors has allowed the
scoring of a part of the FMA to be automated [55]. However,
one of the biggest problems with the evaluation using tradi-
tional tests is the time they take the therapist to administer.
Other works address automatic administration of assessment
procedures, such as the case of BBT [56]. Even so, a large
number of scales and the variety of methods (sensor-based,
tracking systems, computer-based, etc.) make the topic of
automating the assessment a very promising line of research.

In this respect, the literature also presents several projects
that are focused on the automation of the traditional and still
“gold standard” scales. As traditional scales are widely used
in clinical trials in rehabilitation, as seen in this article, and
because the administration of the evaluation is time-consum-
ing, it appears reasonable that the automation of these kinds
of assessment methods is being studied. There is an impor-
tant difference in emphasis between clinical assessment and
measurement. Traditional scales comprise several items.
However, measurement concerns the quantification of an
attribute and some studies [57] demonstrate that multi-
item measures need only a few carefully chosen items to gen-
erate reliable and valid estimates.

Following the model of the rehabilitation process, most of
the systems reviewed (based on end-effector or exoskeletons)
are clearly located within the intervention stages of the reha-
bilitation cycle. However, a percentage of them (46% end-
effector and 43% exoskeletons) addresses the assessment
stage, based on the metrics that are obtained from the use
of systems in therapy. This assessment serves as a method
of “rapid assessment” to support the therapist and inform
the patient of the effectiveness of the rehabilitation process,
but there are few works that report comparative studies or
clinical trials to validate nonclinical metrics.

5.1.2. Decision Support System (DSS). Decision support sys-
tems based on artificial intelligence (AI-powered DSS) are
one of the most active fields in recent years, and it is expected
that they will soon contribute to the decision-making
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process. In healthcare, a variety of software for EMR manage-
ment is already available (see Section 4.2.2) to help the ther-
apist in decision-making. However, the diagnosis of diseases
still presents serious limitations. We can find numerous
smartphone apps that allow an online diagnosis, yet the
reliability of the diagnosis is not yet consistent with that
of a doctor [58]. Besides, researchers in the artificial intel-
ligence community have started to design robot-assisted
rehabilitation devices that implement artificial intelligence
methods to improve upon the active assistance techniques
found in Section 4.2.3.

Clinical decisions are an important component of the
rehabilitation cycle, since they involve the determination of
the objectives and design of the rehabilitation treatment. As
can be seen in this review, the support provided by auto-
mated systems for this kind of task is by providing more reli-
able and objective information about the motor performance
of the user during the intervention, as well as allowing the
execution of different types of intervention procedures that
can be configured by the clinician.

Regarding the assignment stage of the rehabilitation
cycle, there are two steps that could be automated by using
artificial intelligence techniques: the planning of interven-
tion treatments and the assignment of the appropriate RRS
for intervention.

Related to the planning of intervention treatments, the
generation of these protocols is based on different factors that
depend on the type of lesion and on how it affects the devel-
opment of the patient’s daily living activities. Many of the
intervention measures are systematized in order to deal with
a particular effect (concrete measures for specific problems),
but there is no reason to believe that a “one-size-fits-all”
optimal treatment exists. Instead, therapy should be tai-
lored (intensity, number of repetitions, and duration of
the intervention) to each patient’s needs and abilities [59].
In addition, the protocol planning should consider the
available tools (RRS) to execute such protocol in order to
assign the appropriate RRS to the type of lesion (e.g., a
hand injury cannot be trained by a device designed for
elbow training).

Thus, we have identified some requirements that must be
met to develop intelligent systems for treatment planning: (1)
coherence between technological and traditional outcome
measures, for the purpose of a therapeutic intervention based
on technology and the problem-solving approach; (2) differ-
entiating these measures according to the level of the effect
(mild, moderate, and severe); (3), based on models, to iden-
tify the parameters that define an adequate physical condi-
tion according to the demographics of the patient and
healthy profiles; (4) to be able to estimate the physical condi-
tion of the user to compare it with the welfare reference
model; and (5) to generate a protocol that can be executed
by the available intervention systems.

These requirements imply that the integration of an
Al-powered DSS in the automated cycle requires as input
parameters the results of the evaluation systems (AAS) and,
based on them, generates an optimized treatment protocol
that can be executed by the systems of automatic intervention
(RRS). This is why special attention is needed to the
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development of strategies that allow the integration and col-
laborative execution of these automated systems.

5.1.3. Robotic Rehabilitation Systems (RRS). The develop-
ments in medical robotics systems and RRS are fields that
have awakened most interest for research in robotics. Due
to the direct participation in the intervention phase, the
different methods used in rehabilitation (task-oriented, con-
straint-induced, etc.), and the understanding of what consti-
tutes the most, appropriate therapy has the potential to
become an intensively active topic of research [59].

Two main issues have been highlighted: the ability of the
RRS to acquire multiple information on patient performance
during the development and the fact that from these data an
assessment of patient functionality is obtained, even in the
same type of score as the traditional scales.

However, the type and amount of information that is
obtained depend a lot on the type of robotic system (end-
effector or exoskeleton) and the intrinsic sensory system.
Also, the parameters derived from the measurements, as
indicators of quality (accuracy, smoothness, etc.), can be very
heterogeneous. Therefore, a critical issue is to unify the met-
rics acquired by the RRS, so that they provide as much infor-
mation as possible for a rapid assessment by the therapist and
not just raw data. Thus, among this type of metrics we have
the following: range of movement, speed, precision, effi-
ciency, percentage of work of the patient and percentage of
work of the robot, and degree of attention in the task. All
the works reviewed coincide in capturing the kinematic data;
however, they do not address high-level indicators such as
the percentages of robot and patient work (excepting NeRe-
Bot that gives it as a percentage) nor the degree of attention.

Another important issue is to promote the adherence of
the user to therapy. It is necessary to provide an adequate
feedback that motivates the patient. Using virtual reality sys-
tems is the most widely used solution for this purpose. How-
ever, it is important not only the way in which the feedback is
given but also the information provided to the user. In this
sense, therapists agree that a visual feedback that tells the user
if he has improved his score during the execution of the ther-
apy would be beneficial. Other high-level indicators such as
the percentages of robot and patient work, control signal,
or kinematic data could be helpful to the user only if they
help to show the relevance of the patient’s progress.

RRS-type systems are already integrated into the rehabil-
itation cycle, due to their imminent nature in the interven-
tion; however, addressing the aforementioned questions
would allow the rest of the automated components indicated
in this paper (AAS and DSS) to take advantage of the objec-
tive information that is acquired with the RRS.

6. Conclusions

A new automated rehabilitation framework has been pro-
posed based on a literature review of robotic rehabilitation
systems (RRS) for the upper limb treatment, highlighting
its relation with the rehabilitation cycle. This framework
has been presented regarding the implementation of more
autonomous rehabilitation procedures. Three automated
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elements were described to make up the proposed frame-
work: automated assessment systems (AAS), decision sup-
port systems (DSS), and robotic rehabilitation systems (RRS).

The development of AAS should be based on the tra-
ditional assessment methods, since the traditional scales
are still the “gold standard” for measuring outcomes and
determine the effectiveness of treatment. In addition, the
outcome provided by the AAS is obtained in an objective
way, generating additional information about the user’s
performance.

Those systems must be complemented with a novel DSS
to help in clinical decision-making and treatment planning.
The management of the patient’s data (EMR) is currently
addressed by using specific software based on high-level
algorithms and also on artificial intelligence (AI). Opti-
mized treatment protocols customized to the patient’s con-
dition are expected to be automatically generated by these
DSS. For this purpose, Al is a promising tool. Dealing with
multiple objectives in decision-theoretic planning and rein-
forcement learning algorithms [60] could contribute to
allow the optimal protocols to be generated. Thus, the treat-
ment protocols could require only approval or adjustment by
the clinician.

To conclude, the implementation of the proposed
framework should consider some issues that are summa-
rized as follows:

(i) The development of strategies for allowing the inte-
gration and collaborative execution of these auto-
mated systems is needed. It must be considered a
proper data management in order to allow the AAS
and DSS to use the objective information that is
acquired with the RRS. In this way, a communica-
tion channel similar to the interdisciplinary team
model will be enabled for the automated elements.

(ii) In the case of the AAS development, the auto-
matic administration of the assessment must be
considered and not only the automation of the
outcome. Knowledge of the user is as important
as system functionality, since without the user’s
cooperation and acceptance, the system’s function-
ality may be ineffective.

(iii) The complexity of neurological disorders and its
effect normally presents additional diseases concur-
rent with the primary disorder (comorbidity) that
could limit the patient recovery.

(iv) The feasibility of using Al to generate optimal treat-
ment protocols is still unclear, but considering that
Al is a mature science at present, the potential to
contribute to the implementation of the proposed
DSS is encouraging.

(v) Clinical protocols are validated through randomized
control trials (RCT) where a large number of
patients undergo the same treatment. In this regard,
the most homogeneous samples must be recruited
for RCTs that is challenging because of the inherent
nature of neurological disorders.
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Robots are currently viewed as advanced therapy tools
under a therapist’s guidance. However, the implementation
of the above-mentioned systems could lead to more autono-
mous and intelligent processes in neurorehabilitation.
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Automated Assessment Systems

4,1 Overview

This chapter presents the main technical requirements, guidelines and challenges that face the devel-
opment of automated assessment systems (AAS), focusing on the functional evaluation of upper
extremity. It also provides analysis and classification of current systems in this field, according to the
level of automation, the employed systems to gather performance-based data and the type of output

metric.

Impact factor: JCR-2018: 4.098;
Q1 (52/265) in Engineering, Electrical & Electronic; Q1 (23/155) in Computer Science, Information

Systems; QI (19/88) in Telecommunications.

69



IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received January 23, 2019, accepted February 21, 2019. Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000.

Digital Object Identifier 10.1109/ACCESS.2019.2901814

Review of Automated Systems for Upper Limbs
Functional Assessment in Neurorehabilitation

EDWIN DANIEL ONA SIMBANA ', (Member, IEEE), PATRICIA SANCHEZ-HERRERA BAEZAZ,

ALBERTO JARDON HUETE"!, (Senior Member, IEEE),
AND CARLOS BALAGUER', (Member, IEEE)

IRobotics Lab, Department of Systems Engineering and Automation, University Carlos III of Madrid, 28911 Leganés, Spain
2Department of Physical Therapy, Occupational Therapy, Rehabilitation and Physical Medicine, Rey Juan Carlos University, 28922 Alcorcén, Spain

Corresponding author: Edwin Daniel Ofia Simbafia (eona@ing.uc3m.es)

This work was supported in part by the Spanish Ministry of Economy and Competitiveness via the ROBOHEALTH
(DPI2013-47944-C4-1-R) and ROBOESPAS (DP12017-87562-C2-1-R) Projects, and in part by the RoboCity2030-III-CM project
(S2013/MIT-2748) which is funded by the Programas de Actividades I+D Comunidad de Madrid and cofunded by the Structural

Funds of the EU.

ABSTRACT Traditionally, the assessment of upper limb (UL) motor function in neurorehabilitation is
carried out by clinicians using standard clinical tests for objective evaluation, but which could be influenced
by the clinician’s subjectivity or expertise. The automation of such traditional outcome measures (tests) is an
interesting and emerging field in neurorehabilitation. In this paper, a systematic review of systems focused
on automation of traditional tests for assessment of UL motor function used in neurological rehabilitation is
presented. A systematic search and review of related articles in the literature were conducted. The chosen
works were analyzed according to the automation level, the data acquisition systems, the outcome generation
method, and the focus of assessment. Finally, a series of technical requirements, guidelines, and challenges
that must be considered when designing and implementing fully-automated systems for upper extremity
functional assessment are summarized. This paper advocates the use of automated assessment systems (AAS)
to build a rehabilitation framework that is more autonomous and objective.

INDEX TERMS Automatic assessment, biomedical engineering, motor function, neurorehabilitation,
rehabilitation robotics, robotics and automation, upper extremity.

TERMINOLOGY

To reduce the ambiguity in the clinical terminology, the def-
inition of the terms that will be used along the text are given
as follows.

« Test or clinical tool: this is understood as the procedure
that the patients must perform in order to assess the
functionality of the upper extremities. It encompasses a
series of steps and rules for its proper administration.
It can be single or multi-item.

« Item: the movement or single task that the patient must
perform.

« Outcome measure: the result of a test that is used to
objectively determine the UE function.

I. INTRODUCTION
A particular case of rehabilitation is aimed at treating the
problems caused by disorders affecting the nervous and neu-

The associate editor coordinating the review of this manuscript and
approving it for publication was Zheng H. Zhu.
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romuscular systems, known as neurorehabilitation. In this
case, patient needs are usually multi-dimensional, including
physical, cognitive, psychological, and medical, and may be
very complex. Neurological rehabilitation can be defined as
a process or cycle that aims to optimize a person’s partici-
pation in society and sense of well-being [1]. The starting
and ending steps of this rehabilitation cycle are assessment
and evaluation, respectively [2]. At the beginning of the
rehabilitation process, the assessment step is focused on
collecting data about the patient to identify the problems,
the causes of functional limitations, and the wishes and goals
of the rehabilitation. At the end, the evaluation step refers
to assessing the achievement of the goals of the intervention
programme [3], [4]. These goals are measured as changes in
the functioning or autonomy.

Additionally, a proper evaluation of the therapeutic effec-
tiveness of rehabilitation is also important due to it being
a laborious process of expensive interventions [5]. Because
of the complexity of neurological diseases, rehabilitation

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ 1
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processes mostly are long-term treatments. This fact high-
lights the importance of the assessment step to provide proper
economic management in healthcare facilities, and even more
importantly, in public institutions. Assessment requires spe-
cialized workers and adequate space and material [1]. Thus,
factors such as the optimal administration of clinical proce-
dures (optimizing clinicians’ time), the appropriate manage-
ment of resources (workspace and equipment), and proper
management of results (patient record) are quite important.

Regarding the procedure’s administration, the assessment
process is commonly performed by health professionals
themselves using standardized clinical tests in order to have
objectivity in the evaluation. For the assessment of upper
extremity (UE) motor function, such clinical tests are made
up of a set of items or procedures that aims to objectively
determine the patient’s functioning level. However, the eval-
uation of motor functionality is a manually performed proce-
dure, and it has some drawbacks.

First, current diagnosis of UE motor impairment is based
on the observation of select movements (or tasks) by a trained
clinical specialist. This estimation aims to be reliable (intra-
operator) and objective (inter-operator). However, the nature
of visual inspection includes some degree of uncertainty
(subjectivity) that may come from a variety of sources (move-
ment variability [6], [7], observer appreciation [8], etc.).
Second, neurological rehabilitation is not a process bounded
in time. Recovery of motor function in general, and for UE in
particular, depends on the characteristics of each individual
and the kind of disease (stroke, Parkinson’s disease, etc.).
Thus, performing several tests to assess longitudinal changes
in motor performance can be difficult in terms of patient
burden and cost [9], even for healthcare providers.

On this basis, previously mentioned drawbacks could be
reduced via automation of traditional assessment tools. Most
of the evaluation tests are composed of well-defined exer-
cises or tasks (e.g., point-to-point movements, reaching tasks,
object displacement) that are rated by numerical scales, which
may be susceptible to automation. By automation, an objec-
tive evaluation of the patient’s motor functionality could
be achieved. Furthermore, the clinician could be provided
with more time to assess the results and, based on this,
to correct the therapy protocol, modifying the level of dif-
ficulty or adding other tasks.

This automation approach in the assessment of motor func-
tion has been considered by the research community in recent
years. Different methodologies have been used to automat-
ically measure motor function, but the clinical knowledge
provided by traditional examination tests has been retained.

In this paper, a systematic review of systems that address
the automation of traditional tests for the assessment of UE
motor function, used in neurological rehabilitation, is pre-
sented. To the best knowledge of the authors, this is the
first review to classify the automated methods for upper
limbs functional assessment in general, and in terms of motor
function in particular. This review presents an analysis of
the literature in this field according to the automation level,
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the employed technology, the focus of assessment, and the
method for automatic outcome generation. The remainder
of this paper is organized as follows: Section II provides
an overview of UE functional assessment and its fundamen-
tals. A description of the traditional tests and procedures is
included. In Section III, the results of the literature review
are summarized. These results are presented under different
scopes. In Section IV, a series of requirements, guidelines,
and challenges that must be considered when designing and
implementing automated systems for upper limbs functional
assessment are presented. Also, the findings and perspectives
are discussed. To conclude, some final remarks are presented
in Section V.

Il. UPPER LIMBS FUNCTIONAL ASSESSMENT:
TRADITIONAL METHOD

Overall, the rehabilitation cycle (shown in Figure 1) involves
the identification of a person’s problems and needs, relating
the problems to relevant factors of the person and the environ-
ment, defining rehabilitation goals, planning and implement-
ing the measures, and assessing the effects [1]. In a simplified
way, it is made up of four steps: assessment, assignment,
intervention, and evaluation.

Assessment

Identify problems and

needs. Relate problems

to modifiable and
limiting factors

A
g

wawusissy

Define target mediators.
Assignment to
appropriate measures
and interventions

Evaluation of effects
(achievement of goals)

Evaluation

Plan, coordinate, and
implement intervention

a

.

Intervention
FIGURE 1. The Rehabilitation Cycle [1].

Regarding the assessment stage, functional assessment
refers to the determination of a person’s ability to perform
everyday tasks and requirements of living. Functional assess-
ment is used to establish a baseline, to predict rehabilita-
tion results, and to evaluate therapeutic interventions [10].
Fundamentally, the evaluation process will utilize a num-
ber of variables to act as indicators (outcome measures),
and these can be compiled to form a clinical assess-
ment to provide a clinically meaningful deduction from the
measurement [11].

An outcome measure is the result of a test that is used
to objectively determine the functioning level of a patient
throughout rehabilitation treatment. Traditionally, outcome
measures have focused on the individual’s impairment level.
However, this provided a limited description of disability.
In 2001, the World Health Organization (WHO) adopted
the International Classification of Functioning, Disability
and Health, commonly known as ICF [12], which provides
a common framework for describing the consequences of
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health conditions and an international standard to describe
and measure health and disability. In clinical settings, ICF is
used for the evaluation of functional status, goal setting, treat-
ment planning and monitoring, as well as outcome measure-
ments. The ICF model of disability involves three levels: body
functions and structure (impairment), activity limitations, and
participation.

In the scope of this paper, evaluation of the upper extrem-
ities (UE) covers two key factors related to the ICF model:
1) identification of the impairments limiting normal move-
ment, and 2) the initial level of activity limitations and partic-
ipation restrictions arising from these impairments [13]. For
that purpose, standard clinical tests are used to determine the
baseline function limitations of a patient at the beginning of
treatment. Once treatment has been initiated, the same test(s)
can be used to determine progress and treatment efficacy
[1], [4]. Nevertheless, the tests for outcome measure gather-
ing are greatly varied with respect to the number, type, and
scoring of the tasks used to determine performance levels,
their degree of standardization, and their predictive valid-
ity [14], [15]. The following section aims to show an overview
of the variety of the traditional tests commonly used in neu-
rorehabilitation, including their method of administration and
fundamentals for outcome generation.

A. A VARIETY OF AVAILABLE ASSESSMENT TOOLS
Numerous assessment tools are readily available to clini-
cians to measure disability and function limitations in the
neurorehabilitation process. The use of appropriate, valid,
and reliable tests can improve the understanding of how
disease progresses, the level of structural impairment, and
how this impacts on the individual in terms of function and
participation [11]. These assessment tools can be categorized
according to the functioning levels (ICF model) that we aim
to evaluate.

On the one hand, the typical body functions that need to
be assessed in the neurological patient are those related to the
functions of the joints, muscles, movements, cognitive func-
tions, and sensations. Thus, some constructs of relevance are
muscle strength, ranges of movement, attention, memory, and
balance. Examples of tests classically encompassed at this
level are the Fugl-Meyer Assessment (FMA) of Motor Recov-
ery after Stroke, or the Modified Ashworth Scale (MAS).
FMA [16] is a stroke-specific, multi-item, and performance-
based impairment index. Test items are scored on the basis
of the patient‘s ability to complete the item using a 3-point
ordinal scale (0: unable to perform, 1: performs partially,
and 2: performs fully). The total possible scale score is
226 for the FMA and 66 for the upper extremities subsection
(FMA-UE). Similarly, MAS for measuring spasticity com-
prises six ordered categories of increasing spasticity that are
assigned sequentially in a 5-point scale.

On the other hand, when examining a patient’s activities,
the therapist will examine not only whether they can do
the tasks but also the quality with which the tasks are per-
formed. Example of tools at this level are the Box and Blocks
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Test (BBT), the Nine-hole Peg Test (NHPG), the Action
Research Arm Test (ARAT), or the Wolf Motor Function
Test (WMFT). BBT and NHPG are tools for the individual
measure of manual dexterity and coordination. For the score,
the therapist must manual count the total amount of objects
(cubes and pegs for the BBT and NHPG, respectively) trans-
ported. WMFT and ARAT quantify upper extremity motor
ability through timed and functional tasks (lift objects, reach-
ing, etc). The items are rated on a 6-point scale in the case of
WMFT, and a 4-point scale for the ARAT.

Furthermore, participation is a more complex concept than
impairments and activities, but it is fundamental to under-
stand the patients and their life and to help with planning
treatment. Common scales used are the Canadian Occupa-
tional Performance Measure (COMP), the EuroQol Quality
of Life Scale (EQ), the Reintegration to Normal Living Index
(RNLI), the Stroke Impact Scale (SIS) and the Stroke Spe-
cific Quality of Life Scale (SQL). These scales are written
questionnaires in which the person has to answer a series of
questions that are asked. Detailed descriptions of the features
of the tests that are available for functional assessment in
neurological rehabilitation are summarized in [15] and [17],
according to the ICF model.

Despite the variety of available tests, all of them should
accomplish some requirement for clinical acceptance. The
outcome measures should evaluate the particular aspect of
function that they are reported to assess (validity), and the
results should be the same (or similar) regardless of who
administers the test or when it is administered (reliability).
Additionally, they should actually be able to assess change
whatever is being evaluated over time (responsiveness).

B. A PRAGMATIC POINT-OF-VIEW

Classifying the tests within the ICF framework can be diffi-
cult and is often controversial [18]. Many of them include
items considered an activity within the ICF (e.g., a task
performed by an individual), as well as items related to
participation (e.g., the societal level of functioning).

In this sense, assessment tools can be also divided into two
categories: (1) performance measures, where the clinician
rates or times a series of UE actions that are performed by
the patient, or (2) self-report measures, where the clinician
asks a series of questions about UE actions that are answered
verbally by the patient [13]. The traditional tests most com-
monly used in neurological rehabilitation, according to per-
formance or self-report measures, are listed in Table 1. The
tests that fully or partially cover the assessment of UE func-
tionality are marked with * or ** symbols, respectively.

1) PERFORMANCE MEASURES
Performance measures do not measure individual perfor-
mance but rather analyze the person’s process and evolution
in activities. These tests shares some characteristics consid-
ering two distinctions: some tests analyze the body functions
and the others evaluate the activity.

On one side, within the body function domain, we can
divide it into three types of tests: the ones that evaluate

3
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TABLE 1. Abbreviations of traditional tests commonly used in
neurological rehabilitation, sorted according to Performance and
Self-report measures. ICF domains are also indicated (MT: Motor
components; CO: Cognitive components; VS: Vital signs; FN: Functional
components).

Abbr. Test name ICF
ARAT Action Research Arm Test* MT
BBT Box and Block Test* MT
BI Barthel Index FN
BIT Behavioural Inattention Test CcO
CDT Clock Drawing Test CO
CMSA Chedoke McMaster Stroke Assessment* A
CNS Canadian Neurological Scale** VS
& FAST Frenchay Aphasia Screening Test Cco
% FIM Functional Independence Measure FN
ﬁ FMA Fugl-Meyer Assessment™* MT
» GHQ-28 General Health Questionnaire-28 A
% MAS Modified Ashworth Scale** MT
£ MoAS Motor Assessment Scale** MT
S MIHFT Modified Jebsen Hand Function Test* MT
E MMSE Mini-Mental State Examination CcO
MOCA Montreal Cognitive Assessment CO
NHPG Nine-Hole Peg Test* MT
PPT Purdue Pegboard Test* MT
RMA Rivermead Motor Assessment** FN
RPS Reaching Performance Scale* FN
UPDRS Unified Parkinson’s Disease Rating Scale** MT
WMFT ‘Wolf Motor Function Test* MT
BDI Beck Depression Inventory CO
8 COPM Canadian Occupational Performance Measures ~ FN
2 EQ-5D EuroQol Quality of Life Scale VS
§ GDS Geriatric Depression Scale CO
% HADS Hospital Anxiety and Depression Scale CO
§_ LHS London Handicap Scale FN
2 NHP Nottingham Health Profile AN
«.  RNLI Reintegration to Normal Living Index FN
&  SA-SIP30  Stroke-Adapted Sickness Impact Profile VS
SIS Stroke Impact Scale* VS

*Focused on upper extremity (UE); **Includes UE section.

cognitive components, the ones that assess motor compo-
nents, and the ones that assess clinical states or vital signs.

In the tests that evaluate the cognitive components, a final
score and a cut-off point are obtained with which we can
compare normality. Most of them are a battery of questions
in which the examiner asks the person to perform a series
of tasks. In some tests, there may be a time limit, that is to
say that the person has to do the activity within a specific
time standardized by the test itself; in others, it is not nec-
essary. The type of instruction used in these tests is verbal,
that is, the therapist explains what he/she has to do in each
activity.

The tests that evaluate the motor components are standard-
ized procedures in which a final score and a cut-off point are
obtained with which to compare normality. They are based
on a set of items in which the examiner explores different
movements of the person. That is, the therapist asks the
patient to perform different movements, motor tasks, or adopt
different positions with his body to explore whether the
person is able or not to perform them. These tests can be
controlled by time, as is the case for the BBT in which
the patient is asked to move all the necessary cubes for a
minute, or they can be simply observational by the therapist
in which the action is analyzed and the score is written down.

4

The type of instruction that is used in these tests is verbal in
most cases (the therapist explains to the person what he/she
has to do).

The scales that assess vital signs are those in which a series
of examinations are performed by the examiner to make a
clinical judgment, usually derived from the patient’s symp-
toms. They do not have a time limit, and it is the examiner
who, based on the evaluations and questions asked in the tests,
rates the different scores.

On the other side, the tests in the activity domain are of
the so-called functional type, where the individuals are asked
to perform different activities or answer questions about how
they carry out the activities. Most of them have a set of ques-
tions with several response options that range from normality
to functional impossibility. It is the examiner who asks the
person and records the score based on the scale instructions.
The most remarkable thing about these scales is that they
evaluate the function, and many of them are linked to the
performance of the activities of daily life, so they give the
perspective of whether the person can become independent
in their day-to-day life.

2) SELF-REPORT MEASURES

These self-report measures are usually a series of ques-
tionnaires in which the respondents read the question and
select a response for themselves without the researcher’s
interference. Those questionnaires serve to inquire about the
feelings or attitudes of the person, being more often used
in observational studies. Because of these measures or self-
reports are subjective, problems related to validity could
occur, since the patient can be confused by reporting less
of the severity of the pathology or, on the contrary, increas-
ing it. In these measures, the intervention of the examiner is
not mandatory. Thus, the person can take the questionnaire
to his/her home and complete it in a quiet way. Usually
the instructions come at the beginning, which explain how
to complete the questionnaire. Some of these have a final
score, but most are based on the subjective perceptions of the
patient. Normally, it is estimated mental states and partici-
pation in the environment that give the examiner an idea of
the patient’s emotional status and the degree of autonomy in
different daily activities.

In summary, a wide variety of assessment tools are avail-
able for the estimation of functional status by clinicians.
Despite the variety, not all of them are (fully or partially)
focused on the UE functional assessment. However, it can
be appreciated that the dynamics of the assessment of UE
functioning, in most of the tests, are susceptible to automa-
tion (performance of single movements or tasks, instruc-
tions given verbally, observation-based ratings). This fact
has been considered by the research community in recent
years regarding the development of automated assessment
systems. Thus, the following section presents the results of
a systematic review focused on analyzing automated systems
for assessment of UE functional status where the traditional
clinical tests are taken as a design reference.
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lIl. LITERATURE REVIEW SUMMARY

In this section, we highlight the particular aspects of the
automated systems for functional assessment of upper limbs
in neurorehabilitation. This paper does not intend to be a com-
prehensive analysis of the utility of the automated assessment
systems; rather, it aims to compile the information published
in peer-reviewed articles. On this basis, different aspects of
automated systems, such as focus of measurements, relia-
bility of data provided, approaches for rating, or clinical
feasibility can be discussed.

A. SEARCH METHODS

The authors undertook a literature search in August 2018
about the use of automated systems for the assessment of
upper limb motor function in neurological rehabilitation,
using keywords such as automated, robot, neurological, reha-
bilitation, upper, limb, extremity, neurorehabilitation, motor,
function, and various combinations of these. The databases
were Science Direct, PubMed/Medline, and IEEE. Only
papers written in English were considered, and the search was
extended to the whole database. Studies were included when:
1) systems for assessment of upper limbs motor function
(uni- and bilateral) were addressed; 2) systems were based on
traditional tests used in neurorehabilitation, including those
that only address the outcome automation; 3) the measure to
be automated was a performance measure; 4) the automation
of at least one test item was included; 5) clinical trials with
real patients were conducted.

B. AUTOMATED APPROACHES FOR FUNCTIONAL
ASSESSMENT OF UPPER LIMBS

The results of the systematic review of systems that address
the automation of traditional assessment tests used in neuro-
logical rehabilitation are summarized in Table 2. The chosen
studies were allocated different identification numbers (ID) to
better explain them throughout the text. Studies were sorted
according to the method used for obtaining the test outcome.
To the best knowledge of the authors, this is the first review
to classify the automated methods for upper limbs functional
assessment.

Next, this paper presents an analysis of the literature review
results according to the frequency of use in the automation
of the traditional tests, the automation level of the chosen
systems, the employed technology, the method for automatic
outcome generation, and the focus of the assessment.

1) MOST COMMON AUTOMATED TESTS

A total of 24 automated systems were found in this review.
It should be noted that all studies were focused on the automa-
tion of a performance-based test for assessment of upper limb
functionality.

The frequency of use of each test was calculated based on
how many times a specific clinical tool appeared in the third
column of Table 2 across the total studies (n = 24). The FMA
test is clearly the most frequent (46% of studies) test that is
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considered to be automated. The ARAT, BBT, and WMFT
tests are in second place with a frequency of use of 12.5%
for each one. Finally, the MJHFT, NHPG, RPS, and UPDRS
tests were the third most frequently chosen tests (4% for each
one) for automation.

Most of the systems were focused on the automation (par-
tially or completely) of a single test. However, some studies
have chosen different items from two tests (ID: 12), or they
were able to provide the score of more than one test (ID: 22).

The results of this review are consistent with the Santiste-
ban [55] findings, which showed that the FMA is the most
commonly used upper limb outcome measure in intervention
studies in stroke rehabilitation. The Santisteban [55] study
also concluded that the frequency of use of the tests varies
widely, between 36% and 1%. Only 15 measures were used
in more than 5% of studies. The WMFT, ARAT, and BBT are
included in this range.

The above mentioned tests are able to measure several
aspects of motor function, and also can provide a clear
perspective about the patient’s health status. In this sense,
it could be reasonable to develop automated systems based on
the most frequently used tests, and therefore, the ones most
appropriate to measure functionality.

2) LEVEL OF AUTOMATION

As was previously described in Section II, the assessment
process involves test administration and the rating of the test’s
tasks. That is, a system must address both approaches for full
automation. In Table 2, studies that have considered auto-
matic administration of the test are marked via the v symbol.
Additionally, the percentage of automated items is indicated.

On the one hand, only six of the reviewed studies dealt
with the administration of the assessment in an automatic
manner. For this purpose, the most common approach is to
give the test’s instructions to the patients via a Graphical User
Interface (GUI). Different channels can be used for giving
the instructions, and it depends on the technology used for
automation. In all the systems the instructions are given by
audio messages that explain and describe the task. However,
most of these also include a visual channel, which displays
a video recording in the GUI for demonstration of how the
movement (or task) must be performed. The video can show
a clinician or an avatar performing the movement.

On the other hand, most of the functional assessment tests
are not focused on evaluating specific cognitive or motor
functions. That way, the tests can be composed of subsec-
tions or domains focused on the assessment of a specific
extremity (upper and/or lower) and can evaluate different
sensorimotor functions. An example is the FMA test [16],
which is made up of five domains, and there are 155 items in
total: motor functioning (in the upper and lower extremities);
sensory functioning (evaluates light touch on two surfaces of
the arm and leg, and position sense for eight joints); balance
(contains seven items, three seated and four standing); joint
range of motion (eight joints); and joint pain. Hence, 33% of
the studies in this review were able to automatically evaluate
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TABLE 2. Automated assessment systems based on traditional tests for functional evaluation of upper limbs.
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TABLE 2. (Continued.) Automated assessment systems based on traditional tests for functional evaluation of upper limbs.
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TABLE 2. (Continued.) Automated assessment systems based on traditional tests for functional evaluation of upper limbs.
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all of the items (IDs: 7, 8, 16) or the tasks (IDs: 1, 2, 4, 5, 6)
of the reference test. Seventeen percent of studies had greater
than 70% automated items (IDs: 9, 10, 11, 17).

Regarding the automation level of automated systems, all
the test items and their automatic administration must be
considered for fully automation. Therefore, only three studies
(IDs: 5, 9, 10) can be treated as fully-automatic (or almost)
systems.

3) TECHNOLOGIES UTILIZED FOR AUTOMATION

It can be seen that all of the reviewed studies can be
considered as performance-based measures (see previous
Section II-B.1). Therefore, the test score is based on how the
movements are performed by the patient or how long they
take.

Consequently, capturing the patient’s movements is essen-
tial for rating test items. This process of recording human
movement is referred as human motion capture, and the sys-
tems designed for that purpose as known as MoCap (motion
capture) systems.

Several MoCap technologies can be integrated for the
automation of traditional tests. In general, five working
principles can be distinguished in human motion capture
[56]: optoelectronic measurement systems (OMSs), elec-
tromagnetic measurement systems (EMSs), image process-
ing systems (IMSs), ultrasonic localization systems (UMSs)
and inertial sensory systems (IMUs). Additionally, a dif-
ferent family of techniques can be included: mechan-
ical measurement systems (MMSs) [57]. By means of
direct physical interaction, they are able to detect motion
(end-effector robot or flex sensors) or can even measure
ranges of motion (exoskeletons with angular encoders) of the
user.

Four such techniques (OMS, IMS, IMU, MMS) have
been identified as commonly used in automatic assessment
approaches. The frequency of use (number of studies/total
studies) of each technique and different combinations are
presented in Figure 2. Details of the employed sensors in each
study are included in Table 2.

A total of 33.3% of studies only used vision-based sen-
sors (IMS) for movement tracking, 25% of studies only used
inertial sensors (IMU), 12% of studies only used mechanical
systems (MMS), and 4.16% only used optoelectronics sys-
tems (OMS). The most common combinations were IMS +
MMS, IMU + MMS, IMS + IMU, and IMS + IMU + MMS,
with frequencies of use in studies of 8.3%, 8.3%, 4.16%, and
4.16%, respectively.

Nevertheless, some clinical tests not only consider the
capability of properly performing a task, but also another
related feature, such as strength, which is directly related to
the ability to interact with the environment. This is the case for
the FMA test, which includes an item to specifically gather
a resistance measurement when tugging at an object that the
user holds. Automatic systems can objectively measure the
exerted force during task performance using force sensors
(IDs: 9, 10). Other studies (IDs: 6, 22) provide the force
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FIGURE 2. Frequency of use and main features of motion capture
technologies in automatic assessment approaches.

measurement as an additional outcome, even though it is not
considered in the traditional test.

Moreover, the methodologies for using sensors in test
automation are varied. Systems that monitor the user-
environment interactions by means of computer vision tech-
niques (IDs:1, 4, 5, 11) were identified. Another approach is
to adapt the environment (IDs: 2, 3, 6) or the tools (IDs: 13)
to sense the user interaction. In addition, a novel approach is
to use an end-effector robot that, via its embedded sensors,
is able to measure the interaction (IDs: 22, 24). A more
extended approach is the analysis of movements based on the
registered performance-based data that is considered by the
remaining systems.

These methodologies offer some relevant features in regard
to automation, such as accuracy, portability, and adaptability
to the user’s body complexion. First, the accuracy in the
data acquisition is high in most of the approaches. Optical
sensors allow non-intrusive motion capture. However their
accuracy depends on the lighting conditions and a line of
sight is required. Wearable sensors give better accuracy at
the expense of patient comfort. However, nonetheless, they
are not incompatible given an intermediate solution. Further-
more, systems based on these kinds of sensors are portable,
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being adequate for use outside of clinical settings. This is a
drawback for the more accurate motion capture systems like
OMS-based or robot-based systems. Finally, due to the nature
of neurological disorders, the degree of motor limitations is
wide. The target population can vary from elders and children
to wheelchair-bound persons. This condition requires that
systems can easily adapt to the patient’s characteristics. Thus,
adaptability is a clear requirement of automated systems
to increase their usability. Systems based on non-intrusive
sensors seem adequate for fitting to the physical condition
of the patients with an easy setup. Proper combination of
the sensors and the automation method is a big challenge to
obtain the best solution in terms of accuracy, portability, and
adaptability.

4) OUTCOME GENERATION

The most relevant advantage of automated systems is the pos-
sibility of generating objective outcomes. The general process
for automatic generation of outcome measurement is depicted
in Figure 3. Different procedures can be applied to obtain a
measurement of function based on kinematic data of patients.
As a starting point, the goal is to automatically achieve the
traditional score. However, novel scores or extended versions
of traditional ones can be achieved, considering the richer
information that it is obtained by automatic data acquisition
systems.

There are two common steps prior to the scoring process,
that is, the data acquisition process and signal processing.
Different indicators of user performance can be gathered
according to the data acquisition method (e.g., IMS: tra-
jectories, range of motion; IMU: kinematic data; MMS:
exerted force, etc.). However, these native measurements can
be affected by noise. Therefore, a signal processing step is
almost mandatory for proper data analysis. Then, different
features can be extracted from the enhanced dataset. Such
features can feed algorithms for outcome generation.

Regarding the scoring process, three approaches have been
identified for automatic generation of clinical outcomes:
Direct Scoring (DS), Classification-based Scoring (CS), and
Indirect Scoring (IS).

Direct Scoring (DS) systems are those whose outcome is
obtained by sensing and analyzing the interactions between
the user and the environment. The output is directly calculated
from the measurements, and it does not require a trained
dataset. A clear example of this approach is when the outcome
is given by a measurable variable, such as a time period (IDs:
1, 6). Additionally, countable variables, such as the number of
blocks (IDs: 2, 4, 5) can be obtained by direct scoring. Virtual
reality can be also useful for the detection and measurement
of user-system interactions, providing scores, such as the
number of displaced objects (IDs: 2, 6) or a performance-
based impairment index (ID: 3).

Classification-based Scoring (CS) is denoted for those
systems based on algorithms (with or without learning pro-
cedures) that best map input features to an output variable.
In this case, a specific dataset is used as a reference for rating
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Predictor

the movements of the test. That is, during the evaluation
procedure, each movement is compared with its reference
model (features) and it is mapped to determine the best fit.
A reference model for each movement (or task) of the test
is used. Classic classification algorithms, such as Decision
Tree (IDs: 7, 13), Support Vector Machine (ID: 10), Random
Forest (ID: 17), and Neural Network (IDs: 10, 15) can be
employed. However, in-house-developed algorithms (IDs: 8,
16, 18) were also identified.

Indirect Scoring (IS) is denoted for those systems that
use a single reference model for the item rating proce-
dure. Note that a generic/comprehensive reference model
is used instead of a model for each movement or task.
In ID:19 study, this approach was applied for the pre-
diction of the total score of the FMA test, using sensor
data of a single task. However, in this study it also was
demonstrated that the prediction performance of single task
models was enhanced by building a comprehensive model.
In ID:20 study, seven weak regression models for each exer-
cise were established first and then combined to build a
comprehensive quantitative FMA (short version) assessment
model.

One step beyond, indirect scoring systems are able to esti-
mate another related outcome score. That means, the generic
reference model can be used for the prediction of the score of
other related outcome measures, without the need to admin-
ister the specific tests to measure them. Outcome prediction
is based on comparative studies of metrics that are differ-
ent among them, but keep some correlation. An example
is ID:21 study, where the FMA score was estimated using
a reference model built based on the data recorded during
the performance of a single item (lifting a can) of WMFT.
In ID:22 study, different clinical scores (FMA, MSS, MP, and
MAS) were estimated from unconstrained reaching move-
ments (point-to-point) and a circle drawing task, using an
end-effector robot.
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5) EXTENDED OUTCOMES

On the one hand, the main outcome provided by all of the
automated systems is the traditional score. In Table 2, the tra-
ditional outcomes are labelled by the { symbol. It must be
highlighted that, the generated results are more objective than
the ones obtained by the clinician observation due to reduced
inter-operator variability.

On the other hand, due to the nature of the sensorized
systems, additional information about the user performance
is directly gathered. In some cases, such extra data can be
used for the generation of a modified outcome that gives
a better description of impairment than the basic outcome
(IDs: 16, 23). Besides, even novel measurements that do not
depend on human judgment can be achieved, such as in the
method proposed in [53] (ID: 24), and could be an auto-
mated alternative to the ARAT or FMA. However, the main
drawback of novel outcome measures is the need for clinical
validation, as opposed to traditional outcome measures that
are already well accepted and widely used by clinicians.

6) FOCUS OF REHABILITATION METHODS
Neurological assessment includes the exploration of cogni-
tive function, language and speech, motor function, reflexes,
and sensitive exploration. It can be seen that the automatic
systems summarized in this review are based on outcome
measures mainly focused on motor function assessment.
The reaching and grasping ability are the motor functions
most commonly evaluated by automated systems. The assess-
ment procedure, in more detail, involves the tracking of vari-
ous joints in order to assess representative motor capabilities
such as range of motion, coordination, grasping force, or fine
manual dexterity.

IV. TOWARDS AUTOMATED ASSESSMENT SYSTEMS
According to the WHO, the rehabilitation cycle, in a simpli-
fied way, is made up of four steps: assessment, assignment,
intervention, and evaluation [1]. This rehabilitation cycle,
shown in the previous Figure 1, is being transformed into
a more automated cycle [58], as shown in Figure 4. This
transformation adds more detail but does not alter the reha-
bilitation cycle, thus maintaining the philosophy centered on
the user.

In the past few decades, robotics research has been mainly
focused on developing systems in the field of rehabilitation as
interventions (systems for recovery/support/training of motor
function) [58]. A low percentage of such systems address the
assessment stage using the metrics that are obtained during
therapy development. Nevertheless, it is important to dis-
tinguish that most of the assessments performed by robotic
rehabilitation systems (RRS) are not functional assessments,
conventionally carried out at baseline and follow-up stages
of treatment using standard outcome measures. On the con-
trary, this type of assessment serves as a method of ‘“‘rapid
evaluation” to inform the therapist about the treatment evolu-
tion, by comparing biomechanical data among rehabilitative
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sessions. However, these outcomes (in terms of trajectories,
kinematic data, etc.), despite being indicators of the patient’s
performance, are nonclinical metrics requiring comparative
studies or clinical trials to be validated.

FIGURE 4. The Automated Rehabilitation Cycle [58].

On the one hand, one of the biggest problems with evalu-
ation using traditional tests is the time taken by the therapist
to administer them (e.g., FMA [59]). In this way, the report
provided by RRS as a rapid evaluation method may be use-
ful. However, the need for clinical validation of results is
a drawback. For that reason, the development of automated
methods based on traditional assessment scales, that already
are clinically validated, widely used, and well-known by
specialists in rehabilitation, is certainly desirable. As a result
of using automated assessment methods based on traditional
tests, the time it takes clinicians to get results will decrease
and additional validation will not be required.

On the other hand, the major concern during the evalu-
ation procedure is reducing the subjectivity in assessment.
Procedures based on clinician observation could be affected
by inter-operator errors. That is, the rating of the same
impairment can vary among different clinical profession-
als. Automation could contribute to reducing inter-operator
errors, and could even generate extended performance-based
metrics.

In this way, as revealed by the review presented in this
paper, the use of traditional clinical tests as a reference for the
design of automatic assessment systems (AAS) is a feasible
approach. However, there is still room for improvements.
Most of the systems are mainly focused on automatic out-
come generation. Nevertheless, the assessment process also
involves human factors in the test administration that have not
yet been completely solved. In the following section, the main
challenges, technical requirements, and guidelines that must
be considered when designing and implementing the AAS for
upper limbs are discussed in order to obtain fully-automated
assessment systems.

A. CHALLENGES FOR FULL AUTOMATION
Figure 5 depicts the three main aspects that were identified
as mandatory for considering assessment systems to be fully-
automated: administration, data acquisition, and rating.

The three components are strongly linked, and they depend
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Administration
ePatient centered
eFriendly interfaces
eClear instrucctions

automated

Data acquisition
eAccurate
eAdaptive
eEasy setup

Rating
eObjective and reliable
eNo inter-operator error
eMore analytical

FIGURE 5. Basis for fully-automated assessment systems (AAS).

upon each other for adequate performance. Namely, good
data acquisition not only depends on the reliability of the sen-
sors, but also the method of administering the test. An incor-
rect way of giving the instructions to the patient could lead
to incorrect movement execution, caused by trouble under-
standing the instructions instead of a real impairment. This
incorrect data registration will produce an incorrect item
rating and thereby an incorrect assessment.

Therefore, proper integration of these aspects could lead to
fully-automated assessment systems, based on the combina-
tion of clinical knowledge provided by traditional examina-
tion tests with the more refined capabilities of biomechanical
capture systems. Next, the issues related to the automatic
processes of administration, data acquisition, and rating are
addressed separately.

1) AUTOMATIC DATA ACQUISITION

The body is characterized by a high number of muscles and
joints, all of which must be controlled during the execution
of coordinated functional movement [60]. Despite the fact
that not all variables involved in movement execution can be
measured, some variables related with muscles (activation,
strength) or joints (angles, trajectories, velocity, etc.) can be
measured by state-of-the-art sensors.

On the one hand, one of the major concerns in the
assessment process is obtaining accurate outcome measure-
ments [61]. Additionally, the person being monitored would
not even notice the existence of the sensing device or proce-
dure. Unobtrusive sensing technologies, which can be imple-
mented in the form of optical motion tracking or small wear-
ables and Internet of Things (IoT) devices may be a good
solution. However, there is a difficulty in deriving useful
information from low quality signals. Thus, improving the
quality of signals must be the focus of research for future
development. So, one of the key requirements for AAS is to
detect as many movement indicators as possible, accurately
and sustainably in various scenarios.

On the other hand, the assessment scenario can vary
according to the patients’ characteristics (adults, children,
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stature, or even clothes) and their mobility restrictions (stand-
ing or wheelchair). This fact highlight the acquisition systems
must be able to easily adapt to changes in the physical char-
acteristics of the patients, allowing a quick setup. A variety
of technologies are currently used to track a person’s health
and wellness status. They include electrodes, optical sensors,
strain gauges, and ultrasound devices, each of which has
some drawbacks in terms of user experience such as comfort
and convenience. In this way, although the challenges with
accuracy and robustness must be still improved, markerless
motion capture systems are likely to have a stronger impact on
AAS development regarding comfort, adaptability, and easy
setup.

Data acquisition systems should be selected according to
their accuracy, portability, adaptability, and comfort. Thus,
the best solution may be obtained by combination of different
types of sensors to increase the accuracy. Proper sensor selec-
tion will provide clinicians with useful metrics, and increase
the speed and repeatability of the analysis by removing sub-
jective components.

2) AUTOMATED ADMINISTRATION

The main concern about the feasibility of automatic test
administration is considering the best way to address the
human factors. It should be taken into consideration that the
assessment is focused on the patient (patient-centered eval-
uation). In certain stages of the recovery process, especially
in the early stages, the role of the therapist is irreplaceable.
Consequently, the usability of AAS will have a niche bounded
by the level of affectation of the patients. It seems barely
feasible to use for individuals with severe impairments.

Furthermore, the level of interaction between a patient
and an automatic system would be not comparable with the
clinician-patient interaction level in either case. The ther-
apist’s role is not limited to evaluation but also to offer
some social skills to encourage the patient throughout the
test development, or simply to have a dialog. In this regard,
advances in interactive systems (virtual or augmented reality
based) or social assistive robots (SAR) are promising in
order to implement more reliable dialog systems. Currently,
the SARs offer enhanced interaction features, intelligence
capabilities, and good acceptance by the users. Thus, includ-
ing a SAR to monitor the assessment process seems a feasible
approach to provide a friendly interaction method, even for
telerehabilitation.

In any case, independently of the used interaction method,
the test instructions must be provided in a clear manner. This
issue is highly important for accuracy in data acquisition, and
thereby, in the impairment rating. The more communication
channels (audio, text, visual) used, the better.

3) AUTO-RATING

There is an important difference in emphasis between
clinical assessment and measurement. It can be seen
that automatic data acquisition systems make a greater
amount of biomechanical data (measurements) available for
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the therapist. Some variables (e.g., time and strength) can
be measured directly. Other variables (e.g., disability, motor
function, or quality of life) are measured indirectly by how
they manifest. Interpretation of impairment manifestations
is carried out by clinicians using the appropriated outcome
measures. Therefore, an automatic assessment method must
be able to transform the raw data (performance-based vari-
ables) into clinical metrics that can be taken as an objective
clinical evaluation (impairment indicators). This is the auto-
rating process. As identified in this review, current automated
systems use three auto-rating methods (Direct, Classification-
based, and Indirect) for the automatic generation of objective
clinical outcomes. In addition, the use of auto-rating methods
could reduce the inter-operator variability towards reliable
measurements by nature.

One step beyond, a more analytic rating procedure is pos-
sible by using the AAS. On the one hand, data obtained
by traditional outcome measures, both item scores and total
scores, are ordinal level, which means that the values are rank
ordered [61]. Consequently, these measurements are not pre-
cise measurements of an individual. For example, the FMA
scale has three categories that are ordered in terms of increas-
ing mobility. Since the main goal of AAS is providing the
traditional score, the obtained outcome could have the same
drawbacks, despite such methods using richer information
gathered by accurate data acquisition systems.

In this way, the sensor data gathered by automated sys-
tems could enable the generation of metrics with increased
resolution. An example is the ID:23 study, which was able
to provide a high resolution outcome for the FMA test while
maintaining the classical dynamic in the assessment proce-
dure. This could be a research line to be considered by future
works in order to better use sensor data.

On the other hand, automatic rating can be tackled by
applying several algorithms (Extreme Learning Machines,
Principal Components Analysis, Support Vector Machines,
etc). Most of them use a reference model (single or compre-
hensive) for the classification/prediction of clinical outcomes.
Using a comprehensive model appears to be adequate since
some studies have demonstrated that multi-item measures
need only a few carefully chosen items to generate reliable
and valid estimations. Besides, AAS not only must be able to
detect the evolution of individuals but must also try to identify
whether such changes are clinically significant.

However, most of the studies have considered small sam-
ples and they are only suitable for group-level comparisons.
Therefore, one of the major challenges in obtaining automatic
outcome measures that detect clinically significant changes
at the level of the individual is building appropriate reference
models including large samples and different populations.

In this regard, based on the capability of AAS for the
automatic acquisition and storage of biomechanical data, it is
possible to build healthy kinematic models that better fit
healthy ranges or patterns. To this purpose, it is necessary
to produce a joint effort by researchers and practitioners.
Currently, Artificial Intelligence (AI) is a mature science, and
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digital health (eHealth) transformation using the information
and communication technologies (ICT) is a stronger trend
in healthcare. Benefits of including such technology in auto-
rating in particular, and in AAS development in general, is a
research line which is yet to be fully discovered.

B. LIMITATIONS

This review is not without its limitations. Our study was
limited to the functional assessment of upper extremities in
general, and motor function evaluation in particular. Besides,
only automatic systems based on traditional tests were
considered. However, there are several developments of auto-
matic assessment systems that propose different method-
ologies than the traditional ones, even for the lower limbs.
Thereby, novel clinical outcomes are obtained that need to be
validated. Future works could extend the literature analysis
to cover novel automatic systems, including their validity,
reliability, and responsiveness.

V. CONCLUSIONS

The objective and automatic measurement of rehabilitation
outcomes is a new and developing field. In this paper,
a total of 24 works focused on the automatic assessment of
UE function in neurorehabilitation were reviewed. On this
basis, some remarkable findings in understanding the bene-
fits and challenges when developing automated assessment
systems (AAS) were identified.

The development of the AAS should be based on the
traditional assessment methods, since the traditional scales
are still the “golden standard” for measuring outcomes and
determine the effectiveness of treatment. The combination
of clinical knowledge provided by traditional examination
tests with the more refined capabilities of biomechanical
sensors can enhance the outcome measures. Consequently,
the outcomes provided by the AAS will be objective, reliable,
and will generate additional information about the user’s
performance.

In addition, we found that the automatic outcome gener-
ation of the AAS is based on three methods: Direct Scor-
ing (DS), Classification-based Scoring (CS), and Indirect
Scoring (IS). With the exception of the DS case, all of the
methods need a (single or comprehensive) healthy reference
model to compare the tested movements with the normal
ones. Thus, an important issue to solve is the creation of a
framework by clinicians and researchers to build appropriate
healthy reference models.

Automatic administration of the tests must be also con-
sidered, not only the automation of the outcome, to develop
fully-automated assessment systems. Knowledge of the user
is as important as system functionality, since without the
user’s cooperation and acceptance, the system’s functionality
may be ineffective.

In conclusion, it is our opinion that the benefits offered
by the AAS can enhance the rehabilitation process, and that
these kind of systems will become a complementary tool for
common clinical practice.
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CHAPTER 5 -

Rehabilitation Robotic Systems

5.1 Overview

This chapter describes technical requirements and proposed training paradigm for the implementa-
tion of rehabilitation robotic systems (RRS). The fundamentals of this approach come from reviewing
the scientific literature in the field of robot-aided systems for upper limb rehabilitation. Several aspects
of current robot-based strategies, such as analytic capability, human-robot interactions, safety or

adaptation capability, were analysed in this study.
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Abstract: Robot-aided systems to support the physical rehabilitation of individuals with neurological
impairment is one of the fields that has been widely developed in the last few decades. However,
the adoption of these systems in clinical practice remains limited. In order to better understanding
the causes of this limitation, a systematic review of robot-based systems focused on upper extremity
rehabilitation is presented in this paper. A systematic search and review of related articles in the
literature were conducted. The chosen works were analyzed according to the type of device, the data
analysis capability, the therapy method, the human-robot interaction, the safety strategies, and the
focus of treatment. As a conclusion, self-adaptation for personalizing the treatments, safeguarding and
enhancing of patient-robot interaction towards training essential factors of movement generation into
the same paradigm, or the use of lifelike environments in fully-immersive virtual reality for increasing
the assimilation of motor gains could be relevant factors to develop more accepted robot-aided
systems in clinical practice.

Keywords: robotics; neurological; rehabilitation; motor function; upper extremity

1. Introduction

Neurological disorders are the leading cause of disability and the second cause of death worldwide,
representing a huge public health problem [1,2]. Common neurological disorders include multiple
sclerosis, Parkinson’s disease (PD), stroke, and brain injuries, among others. Each year, approximately
500,000 people experience a stroke in the U.S. and about 1.1 million in Europe [1]. In 2016, roughly
6.1 million individuals had PD around the globe, and statistics pointed out the growth in disease
prevalence [3]. Hence, the number of patients who need care from clinicians with expertise in
neurological conditions is very elevated. Since populations are growing and aging [4] and the
prevalence of major disabling neurological disorders steeply increases with age, healthcare providers
will face increasing demand for treatment, rehabilitation, and support services for neurological
disorders [5].

The needs of patients with a neurological disorder are usually multi-dimensional, including
physical, cognitive, psychological, and medical, and they may be very complex. The typical
consequences are related to the impairment of upper, lower, or both limb motions. Traditionally,
recovery procedures include extremities mobilization and efforts for the patients. Hence, one of the
goals of neurorehabilitation is to regain motor function, which is essential to perform activities of daily
living (ADL) autonomously.

In this regard, a variety of robot-based devices has been investigated to support clinicians in
neurorehabilitation [6,7]. Consequently, there are several studies available that aim to categorize
the contribution of this type of system from global or specific perspectives. The global perspective
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studies the effect of robot-based treatments [8-11] or the relationship with the rehabilitation cycle as a
holistic approach [12]. The specific perspectives analyze different intervention-related aspects of the
systems. Thus, scientific literature shows various classifications according to the type of feedback [13],
the focus of treatment [14-17], the mechanical modularity of devices [18], the control strategies [19,20],
the intervention techniques [21], or the user interfaces (EEG/EMG based) [22-24].

On that basis, robotic rehabilitation systems (RRS) have been proven to reduce costs, improve
treatment quality, and increase therapist productivity. However, the number of robotic rehabilitation
systems in clinical use is small. Besides, it is not clear which ones are the more useful strategies for
transferring the motor gains to the performance of ADL.

In this paper, a systematic review of robot-based systems focused on the rehabilitation of upper
extremity (UE) motor function was conducted. This review presents, from the specific perspective
of intervention, an analysis of the literature of the RRS in order to identify the treatment strategies,
the analytic capability of performance-based metrics, and the gaps in human-robot (patient- and
therapist-robot) interaction channels. The way that the RRS address the patient’s safety and the
stimulation factors (individual, task, and environment) involved in motion generation are also analyzed.
A better understanding of all the above aspects could help to develop new strategies or promote the
most effective ones in order to overcome limitations for the use of robot-aided systems in clinical practice.
The reminder of this paper is organized as follows: Section 2 provides an overview of neurological
rehabilitation and its fundamentals. Essential factors in movement generation are highlighted. Section 3
describes the advances of robotics in the rehabilitation domain. In Section 4, the different strategies in
robot-based training are described. In Section 5, the results of the literature review are summarized.
These results are presented under different scopes. In Section 6, perspectives and challenges that must
be considered when implementing autonomous systems for the rehabilitation of UE motor function
are discussed. To conclude, some final remarks are presented in Section 7.

2. Neurological Rehabilitation

Neurological rehabilitation or neurorehabilitation can be defined as a process that aims to
reduce the functional limitations of a patient. These limitations come from motor control problems,
and the final idea is to optimize the person’s participation in society and sense of well-being [1,25].
Therapeutic interventions in neurological rehabilitation are often oriented toward changing movement
or increasing the capacity to move of patients who have functional movement disorders due to motor
control problems.

Understanding the nature of movement and motor control is critical in clinical practice. Therefore,
it is also important to consider the development of robotic rehabilitation systems (RRS) that have the
goal of being adopted in clinical settings. Due to the complex nature of the movement, there are several
theories of motor control. These theories try to interpret how the brain controls the movement and
which factors are involved in the process. According to Shumway-Cook et al. [26], movement is a
result of combining three factors: the individual, the task, and the environment.

Despite the variety of motor control theories, motor learning is the principle behind therapeutic
intervention techniques. Motor learning is based on the ability to adapt to the central nervous system
(CNS) due to changes in the environment or lesions (neural plasticity). Motor learning is defined as
a set of internal processes associated with practice or experience. The idea is to produce changes in
motor activity that were relatively permanent. Regarding motor function, therapeutic treatments aim
to keep the remaining skills, relearn the lost skills, and learn new skills.

Overall, there is not enough convincing evidence to support that any therapeutic approach is
more effective in recovery than any other approach. At present, the evidence suggests that effective
rehabilitation treatments require the practice of activities in the most relevant possible environments,
rather than undertaking analytical exercises aimed at changing impairments [27]. Essential aspects of
training include functional exercises, with high intensity and with the active contribution of the patient
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in a motivating environment [21]. Sometimes, this is referred to as task-specific training [28], and it is
the most considered approach in developing a robot-based system for neurorehabilitation.

Additionally, focusing on the internal processes of individuals, movement emerges via the
cooperative effort of many brain structures and processes [26]. The term “motor” control in itself is
somewhat misleading since movement arises from the interaction of multiple processes, including
those that are related to perception (integration of sensory information), cognition (organization to
achieve intentions), and action (the context of motion performing).

On account of the above, it is not clear whether the current robot-mediated treatments are
able to stimulate all the factors (individual, task, and environment) that compose the nature of
the movement properly. Hence, a complete rehabilitation framework might consider the processes
within the individual to generate proper stimuli, the attributes of the exercise (task), and the context
(environment) in which motion is performed. Proper addressing of such factors (correct stimulation
of an individual’s capacity to meet the interacting task and environmental demands) could help to
increase the effectiveness of robot-based treatments, making the adoption of this technology in clinical
settings closer. The following section presents an overview of the robotic application in healthcare in
general, and for rehabilitation purposes in particular.

3. Robotics in Healthcare: Rehabilitation Domain

Development of robotic technology for healthcare purposes can be sorted into three domains:
medical, assistive, and rehabilitation robotics. [29]. The medical robotics domain includes robotic
systems that provide support in medical processes of healing (surgery) and care (diagnosis). Likely,
medical robots for surgery are the most adopted systems in clinical settings. The domain associated
with assistive robotics covers systems that provide assistance in task-related healthcare processes,
either to carers or to patients, in care facilities. This assistance involves logistic tasks, surveillance,
bed transfers, etc. Finally, the rehabilitation robotics domain covers a range of different forms of
post-operative or post-injury care where direct physical interaction with a robot system will either
enhance recovery or act as a replacement for lost function.

Figure 1 depicts systems related to the rehabilitation robotics domain, which are numerous
and different. They can be organized from into two perspectives: the level of physical contact
(morphology) or the role of the device (recovery or compensatory). On one side, the rehabilitation
robotics domain according to physical contact can be divided into distinct sub-sectors: prostheses,
orthoses, and rehabilitation aids.

TENOEXO.
Hand Support w

ARMEO®POWER.

BEBIONIC & MICHELANGELO. Arm Exoskeleton

Body Structural Replacement

o

3

[Picture: Hocoma, Switzerland]

P 4
1w .
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Figure 1. Rehabilitation robotics domain according to device morphology and expected role it plays.
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Prostheses are defined as external devices that partially or totally replace a limb. This definition
includes any device placed within the body for structural or functional purposes [30]. In general,
this definition includes classical external devices that are intended to substitute amputations. In the
case of upper limbs, modern alternatives are robotic hands such as the Bebionic robotic hand or
the Michelangelo prostheses hand manufactured by Ottobock [31]. In addition to the amputation
replacement, robotic hand technology allows the patient to control with great dexterity some hand
functions like grasping. Additionally, the development of internal body devices (artificial organs)
clearly applies to this subsection. This type of device that has been inspired by biological systems is
referred to as a bio-robotics system [32]. Another example is a neuronal prosthesis that aims to restore
the damage from neurological injuries. Neuronal prostheses are brain—-machine interfaces that register
the neuronal activity of the brain and decode the cellular activity in control signals. Then, these control
signals can be used to operate a device [33-35]. The development of implantable neural prosthesis is a
proposal to treat conditions such as stroke, traumatic brain injury, or neurodegenerative diseases [36].

Orthoses are the external devices that are used to modify the structural and functional
characteristics of the neuromuscular and skeletal system [30]. They do not replace a body part
or an organ, but replace or reinforce its functionality. The presence of robotics in the development of
orthoses is through the so-called active orthoses or exoskeletons. An active orthosis applies forces to
the limb of a person through the actuators of the device. Contrarily, a passive orthosis is defined as a
device for which the patient is required to apply force to move. There are some potential applications
for active orthoses in healthcare. One of these is a therapeutic and diagnostic device for physiotherapy
or an assistive device for physical human capacity augmentation (therapist or patient). An example is
the Tenoexo hand exoskeleton [37] to assist patients in grasping tasks during physiotherapy and in
ADL such as eating or grooming. Another example is the rehabilitation suite for upper limb developed
by Hocoma [38]. Overall, there is a variety of actuation mechanisms for upper limb exoskeletons,
such as electric engines [39,40], springs [41], electro-pneumatic actuators [42], hydraulic actuators
(4-DOF) [43], or shape memory alloy (SMA) fibers [44,45].

Rehabilitation aids include systems or devices that not are covered within prostheses” and orthoses’
definitions; namely, systems with a moderate level of physical contact (neither fixed to the body
structure nor wearables). An example of rehabilitation aids is end-point robots that are partially
in contact (usually hand-held) with the patient when training, such as the InMotion system [46].
Another example is a non-wearable electromechanical device that the user must grab to employ, such
as Pressmatic [47].

On the other side, devices included in the rehabilitation robotics domain could also be categorized
from the perspective of the expected role they play. That is, the same robotic device could be used
for different purposes in healthcare, depending on the patient’s prognosis. An example is a device
for giving support to a person with reduced hand functionality, specifically problems when grasping.
In the case that such a limitation of grasping functionality is due to the effects of a stroke, the purpose
of the device is helping to functional recovery. Contrarily, if the limitation is an effect of a spinal cord
injury, the purpose of the device is to compensate for the permanent lack of hand function. Hence,
from the perspective of the role they play, the rehabilitation robotics domain could be divided into
devices for recovery or compensatory purposes.

In the case of recovery purposes, the role of the robotic device is defined as giving back the capability
of the individual to perform a task using mechanisms previously used. This is the case for some
exoskeletons (orthoses) and end-point robots (rehabilitation aids). Examples are the ARMEO®POWER
and InMotion ARM™ gsystems, respectively. They are used to support extremity mobilization for
motor training.

In the case of compensatory purposes, the role of the robotic device can be described as atypical
approaches to meet the requirements of the task using alternative mechanisms not typically used.
For example, the restoration of fine grasping function can be addressed via a wearable device (orthosis)
or an electromechanical device (rehabilitation aid) that the user must hold. In both cases, the robotic
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system is compensating the lack of grasping ability by assisting the fingers’ movement [48,49] or
automatically generating the movement [47], respectively. Compensatory strategies can also reflect
modifications to the environment that simplify the demands of the task itself.

On account of the above, this paper focuses on reviewing robotic systems developed for upper limbs
with the target role of motor function recovery. This field includes end-point robots and exoskeletons
for supporting the clinicians in therapeutic interventions. For recovery, different modalities of physical
human-robot interaction can be used in motor training [21]. The following section presents an overview
of the interaction methods between the patient and the robotic system in robot-mediated training of
upper extremities.

4. Robot-Aided Modalities for Upper Limb Training

Most of the robotic devices oriented toward clinical practice for UE recovery offer the possibility of
choosing among different training modalities. Three main blocks for physical human-robot interaction
(pHRI) in robot-aided interventions have been defined: assistive, active, and passive. These terms
relate to conventional therapy modes used in clinical practice and refer to the subject’s status during
the interaction. In the assistive block, the voluntary activity of the patient is required throughout the
movement in therapy at all times, while the robot can provide help to complete the task, either through
weight or forces. In this case, both subject and robot work together in the movement performance.
In the active block, the robot is used as a device to measure movement. The performance arises
only from the patient’s contribution. Finally, in the passive block, the robot executes all the work
independently of the patient’s response.

In the assistive block, two modalities can be defined: the basic “assistive” and the “gravity
compensation” methods. In the basic assistive method, the robot can be helping constantly or not.
This help will depend on the strategy of the therapy. The tremor suppression system is an example.
The gravity compensation method only cancels the gravity force, so that the patient is focused on
the purpose of the movement. In this case, the forces are oriented towards weight support when the
movement is against gravity.

In the active block, three modalities can be defined: the basic “active”, the “active-assisted”,
and the “resistive” method. The basic active method only measures the evolution of the movement.
The system never provides power to the patient’s limb. In the active-assisted method, assistance
to complete the task is provided only when the patient is not capable of performing actively. It is
like triggered assistance. The robot observes continuous performance. If the task is not completed,
the robot intervenes, taking full control. In this stage, the subject experiences a passive movement of
the limb. In the resistance method, the robot provides opposing force to the movement. The device
opposes movements through an elastic or damped force that attempts to return to the initial position.

In the passive block, also three modalities can be defined: the basic “passive”, the “bilateral”,
and the “guided” method. In the basic passive method, the system takes care of all movements
independently of the patient’s activity. The bilateral method (also called passive-mirrored) is applied to
bimanual robots when the unimpaired limb is used as an input to control the passive movement of the
affected side. Finally, in the guided method, the robot aims to lead the subject when he/she deviates from
the predefined path. In this method, tunnels are usually used. These devices produce haptic feedback
only if the error exceeds a threshold. This error indicator device is related to corrective strategies.

In summary, eight modalities for physical human-robot interaction in rehabilitation of upper limb
motor function have been defined. These modalities are: assistive (AS), gravity compensation (GC),
active (A), active-assisted (AA), resistive (R), passive (P), bilateral (B), and guided (G). This classification
is sufficient to describe the type of pHRI of all the systems that are evaluated in this article. However,
a more specific categorization of methods of robot-mediated therapy was presented in a recent literature
review [21]. These abbreviations will help to simplify and understand better the table shown in the
next section. Besides, it is important to consider that the different robotics systems can be focused on
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one or more modalities and even have a combination of these modalities. This feature depends on the
purpose of the system, the kind of therapy, its morphology, etc.

5. Literature Review Summary

Robots have emerged as a useful tool to enhance the recovery process of motor function in
neurological treatments. Robot-based systems participate actively in training and help the therapist to
perform a better rehabilitation process. However, it is not clear to what extent robotic systems provide
this help according to the rehabilitation principles. The most important is to improve the quality of
help provided and to make the adoption of this technology in clinical settings easier. Therefore, the
technical barriers and clinical limitations to be overcome must be identified.

In the following section, this review will highlight the particular aspects of the robot-aided
approaches focused on recovering the upper extremity motor function with the assistance of a
robotic system.

5.1. Materials and Methods

Search methods: The authors undertook a literature search in February 2019 for robot-assisted
systems for dealing with motor function problems of upper limbs caused by neurological deficits,
using as keywords: robot, neurological, rehabilitation, motor, function, upper, limb, extremity, arm,
hand, neurorehabilitation, intervention, assisted therapy, treatment design, and various combinations.
The databases were Brain, Science Direct, PubMed/Medline, and IEEE. Only papers written in English
were considered, and the search was extended to the whole database.

Studies were included when: (1) systems for upper limb training (uni- and bilateral) were used;
(2) systems were based on end-point or exoskeleton devices (commercially available or not); (3) the
clinical intervention with real patients was conducted; and (4) the effects of robot-aided therapy on
health outcomes were formally analyzed. Additionally, in the case of systems for which two versions
of the same device were available, the newest version only was included in this study.

Limitations: This review is not without its limitations. Our study was limited to robotic
rehabilitation systems for upper extremities in general, and motor function treatment in particular.
Formal appraisal of the literature using quality-scoring tools was not carried out; instead, more practical
aspects of the robot-based systems in neurological rehabilitation have been considered. This was
intended to enhance the usability of the report for clinicians.

5.2. Robot-Aided Rehabilitation of Upper Limb Motor Function

Table 1 summarizes the collected information from several studies of 28 robot-aided systems for
the motor training of upper extremities. The selected studies were organized according to the system
used for the intervention. All of the systems selected have been used in clinical trials with various
patients with motor deficits derived from different neurological disorders. The effect of robot-mediated
treatment on UE motor function was explored through traditional outcome measures, such as the
Action Research Arm Test (ARAT), Fugl-Meyer Assessment (FMA), etc. A comprehensive reading
was done to identify how the robotic systems support the clinician during therapy in terms of data
analysis capability, level of patient— and therapist-robot interaction, safety strategies, and options for
treatment personalization.

According to the classification of the rehabilitation robotics domain presented in the previous
Section 3, all of the systems included in Table 1 aimed to recover motor functionality. Systems are listed
by end-point and exoskeletons. Furthermore, some information about the actuators and degrees of
freedom (DoF) of the devices are included.
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Note that the newest version of some systems is listed in the table. That is the case for systems,
such as GENTLE/A (GENTLE/S (2003) [118,119]), InMotion ARM™ (MIT-MANUS (1998) [120,121]),
IPAM MKII (IPAM (2007) [122]), REHAROB V2 (REHAROB (2005) [123,124]), ARMEO®SPRING
(T-WREX (2004) [125,126]), ARMEO®POWER (ARMin (2006) [127-129]), and ReoGo™-] (ReoGo™
(2008) [130]).

5.2.1. Data Analysis Capability

One of the most significant advantages of using robot-based devices is the data acquisition
capability, which is objective, reliable, and automatically stored. In agreement with that, the reviewed
systems offered the possibility of analyzing the user’s performance based on the metrics gathered by
the robotic devices themselves. This data analysis can be performed during the therapy session or
when it is finished (post analysis). In other words, it can be in an online or offline mode, respectively.
In this way, we identify the data analysis capability of the robotic systems themselves rather than
the post analysis using stored data. In this regard, three levels of data analysis capability of robotic
systems have been defined: low, moderate, and high. Systems with a low level of analysis capability
are those that only stored the patient scores and sensors measurements. In this category, we have
included end-point systems such as ACT-3D, MIME, and BI-MANU-TRACK and exoskeleton systems
such as L-EXOS, MYOPRO, WREX, Mentor Pro™, HEXORR, SUPINATOR-EXTENDER, WOTAS,
and RUPERT. A moderate level of analysis capability is denoted for those systems that provided
the therapist with a rapid report about the user’s performance. Thus, it we obtain an overview of
the patient’s evolution. This report is generated in online mode, and it is based on the outcome
comparison between the current therapy session and the previous one. End-point systems such as
MEMOS, NEREBOT, REHAROB, or HWARD and exoskeleton systems such as RUTGERS MASTER
or GENTLE/G are included in this category. Finally, a high level of analysis capability is defined for
those systems that can provide extended metrics. Besides, they can provide additional information by
online analysis of the raw data of the sensors. A total of ten systems (eight end-point: ARM-GUIDE,
BRACCIO DI FERRO, GENTLE/A, InMotion ARM™, AMADEO®, ReoGo™, DIEGO®, and ADLER;
and two exoskeletons: ARMEO®SPRING and ARMEO®POWER) were classified as high level.

The storage and sharing of big data from patients, and in an efficient way, comprise two of the
most important issues for the ongoing digital healthcare era. In this way, the properties of robotic
rehabilitation systems could contribute to enhancing the management of a large amount of information.
This fact could make the integration of robotic technology into a digital healthcare framework easier.

5.2.2. Adaptability of Treatments

The systems included in this review make available to the therapist different methods for adapting
the treatment to the patient necessities. A wide variety of options for therapy customization are
available for therapists. According to this adaptability, two categories of systems were identified.
These systems are manually adapted and self-adaptive. The first category denotes for those systems
that offer the clinician options to customize the therapy. For personalizing, the options are the
selection among operation modes, exercises, or games (InMotion ARMTM, MIME, AMADEO®,
BI-MANU TRACK, HWARD, ReoGo™, ADLER, L-EXOS, HEXORR, RUTGERS MASTER, WOTAS,
ARMEO®POWER, GENTLE/G, MYOPRO, Mentor Pro™), tuning of robot parameters to modify the
workspace (ARM-GUIDE), or the training intensity (ACT-3D, MEMOS, NEREBOT, RUPERT, WREX),
and even creating new exercises (REHAROB). The second category denotes for those systems that
automatically set the therapy parameters or the tasks, based on the user’s performance. This one
requires more advanced control and data analysis capabilities. This approach is covered by systems
such as BRACCIO DI FERRO to fit the loading force, GENTLE/A to modify the task duration, DIEGO®
and ARMEO®SPRING to adapt the support level, and iPAM to vary the movement range.

A well-known feature of robotic systems, in general, is the capability to perform repetitive and
controlled movements, keeping a high level of accuracy. Such a feature is also beneficial in the
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particular case of robot-aided systems for rehabilitation. Nevertheless, control strategies regarding
the automatic modeling of the patient-robot interaction or the autonomy of therapy have not been
fully explored. Note that in the manually-adapted systems, the customization depends on the clinician
criteria, and thereby, an autonomous and unsupervised therapy would be not possible. In this regard,
cutting-edge systems are considering new strategies for allowing cooperative treatments (DIEGO®) or
even self-directed therapies (ARMEO®SPRING). N oteworthy as well is the RECUPERA system [131],
a lightweight dual-arm exoskeleton with a high level of modularity (the system can be used as a wheel
chair-mounted system or as a full-body system) and multi-therapy options. This system is promising
for enabling mobile support, as well as for self-training during a hospital stay or at home. Overall, it
can be seen that a trend towards more autonomous robot-based recovery procedures is arising.

5.2.3. Intervention and Safety Strategies

Therapists use a variety of techniques to help the upper extremity to gain better motor functionality.
Some of these techniques involve physical contact between the therapist’s hands and the patient’s
body, and they are referred to as hands-on treatments [132]. These types of treatments primarily use
manual techniques for limb mobilization. The idea is to increase the range of motion (ROM), facilitating
movement, and improving function. Therefore, this type of therapy is such that robot-aided systems
aim to support or complement it. Besides, the close physical interplay between the patient and the
robotic device require that safety must be granted.

On one side, the interaction in robot-aided interventions involves partial or full contact between
the patient’s extremity and the links of the robotic device. Usually, this kind of interaction is denoted
as physical human-robot interaction (pHRI). As described in the previous Section 4, we considered
eight types of pHRI strategies in robot-aided interventions. In Table 1, the abbreviations of the pHRI
strategy that the selected robotic systems can implement are summarized. Note that the same robotic
system could be able to perform various pHRI strategies.

It can be seen that seven systems (ACT-3D, NEREBOT, REHAROB, MYOPRO, Mentor Pro™,
SUPINATOR-EXTENDER, and WOTAS) used a single pHRI strategy. On the opposite side, only
two systems were able to perform up to five pHRI strategies. This is the case of both the DIEGO®
(passive, bilateral, assisted, active, gravity compensation) and ARMEO®POWER systems (active,
passive, active-assisted, resistive, and gravity compensation). The remaining systems implemented a
number of pHRI strategies between two and four, both inclusive.

On the other side, the inherent physical contact in the mobilization of the patient’s extremities
implies that the robotic rehabilitation systems must implement safety strategies to ensure patient
well-being. In this regard, unlike with human beings, the interaction with a robot could provide
a safest, predictive, and reliable environment. This is possible because such an interaction can be
controlled and progressively modified.

Hence, the patient’s safety may be ensured via different strategies, primarily hardware or software
related. In the mechanical part, there are three different strategies. The easiest strategy to implement is
the emergency stop button (emergency push button). This type of system helps to block the robotic
system. Usually, the therapist is in charge of the activation of this button in case the robot fails
or the rehabilitation task is out of control. There are some cases like the robotic systems MIME or
HWARD, which adjust the intensity of the control or the task when the button is pushed. This kind of
strategy is typical of end-point robots (BRACCIO DI FERRO, IPAM MKII, MEMOS, MIME, REHAROB,
BI-MANU-TRACK, HWARD, or ADLER). The second system is back-stops. These systems are based
on the mechanical limitation of the range of motion of the robotic system to avoid damage to the patient.
A curious example is the AMADEO® or NEREBOT system, which have a magnetic attachment system.
This strategy allows the patient to be released quickly from the end-effector robot if critical forces
are reached. A mechanical limitation is one of the most common strategies, and we have included
end-point systems such as ARM GUIDE, MIME, BRACCIO DI FERRO, NEREBOT, or AMADEO®
and exoskeleton systems such as L-EXOS, Mentor Pro™, HEXORR, RUTGERS MASTER, or WOTAS.



Appl. Sci. 2019, 9, 2586 13 0f 27

The third system is called mechanical compliance. This system is related to the form of mechanical
design. In this case, the implementation of the robot is associated with soft and light characteristics,
providing impedance movements. Patient safety is assured because the robot will absorb excessive
movements of the patient and return to the task. Systems that use backdrivable actuators are included
in this group. Because it is more difficult to implement, only the systems InMotion ARM™ NEREBOT,
HWARD, DIEGO®, ADLER, ARMEO®POWER, and RUPERT had this strategy.

In the software part, there are also three different strategies. The easiest strategy to implement is
the shutdown button. This type of system deactivates the robotic system. These systems are used in
extreme cases because the therapist has not pressed the emergency button in time for the therapist’s slip
or malfunction of the robot. We only have included the HWARD system in this category. The second
system is the software limits. These systems are based on limiting system properties to avoid damage to
the patient. The most typical parameters that are handled are the forces, speeds, or loads. An unusual
example is the B-MANU-TRACK system, which controls the maximum force by activating mechanical
brakes. This is the most used strategy via software for both types of robotics systems. We have
included end-point systems such as ACT-3D, ARM GUIDE, GENTLE/A, InMotion ARM™ TPAM
MKII, REHAROB, AMADEO®, HWARD, or ADLER and exoskeleton systems such as MYOPRO,
ARMEO®SPRING, HEXORR, RUTGERS MASTER, WOTAS, ARMEO®POWER, or GENTLE/G. The
third system is the control compliance. This system is related to the way of controlling the robotic
system. In this case, the implementation of the controller is associated with the dynamics of the
movements, allowing smoother movements for the patient (without sudden movements). This kind of
controller is easier to implement in a system with pneumatic engines or a cable drive, and also, this
kind of strategy is typical of exoskeleton robots (L-EXOS, WREX, Mentor Pro™, RUTGERS MASTER,
SUPINATOR-EXTENDER, GENTLE/G, RUPERT).

5.2.4. Focus of Treatment

The human arm is a complex chain of bones and muscles. It can be divided into the upper arm,
which extends from the shoulder to the elbow, the forearm, which extends from the elbow to the hand,
and the hand. The arm model can be simplified into a model of two links (upper arm and forearm) or
seven DoF. In this definition, the fingers’ joints are not considered.

It can be seen that regardless of the type of robot, a common approach is focused on the
rehabilitation of the shoulder and elbow joints. Forty percent of the reviewed systems (primarily
end-point systems) covered the training of such joints. However, 27% of systems extended its
primary use for shoulder and elbow training to cover other arm parts such as forearm, wrist, or hand.
Besides, another portion is focused on specific movements of forearm and wrist (BI-MANU-TRACK,
SUPINATOR-EXTENDER, WOTAS, ADLER), only elbow (MYOPRO), or hand and fingers. It must
be noted that regarding hand training, it can be with (AMADEO®, RUTGERS MASTER) or without
(HWARD, Mentor Pro™, HEXORR) fingers’ dissociation.

Different advantages and drawbacks could arise depending on the morphology of the robotic
device. For example, due to the condition of exoskeletons as a wearable device, it allows for aligning
the joints of the patient with the exoskeletons’. In this case, the therapist has better control of the
patient’s movements. However, one of the main drawbacks of exoskeleton-type systems is the risk of
joint misalignment in arm mobilization. Modern developments are promising to obtain exoskeletons
with a natural and wide range of motions [133].

In the case of end-point robots, the mobilization is performed with the user’s arm partially
attached to the device. This feature implies a good trajectory control for the joints attached to the
robotic device. However, there is a loss of control on the non-attached joints. Hence, compensatory
movements can be performed, reducing the effectiveness of the treatment. The use of external systems
for monitoring the user’s movements could help to detect these abnormal actions.
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5.2.5. Interaction Channel and Feedback for the User

Regarding the interaction channel, virtual reality (VR) is used for a vast portion (67%) of the systems
included in this paper. Within systems that use VR, 55% of systems (ACT-3D, ARM-GUIDE, BRACCIO
DI FERRO, InMotion ARM™, IPAM, MEMOS, AMADEO®, HWARD, ReoGo™, ADLER, HEXORR)
implement a two-dimensional environment, and 45% of systems (GENTLE/A, DIEGO®, L-EXOS,
ARMEO®SPRING, RUTGERS MASTERS, ARMEO®POWER, GENTLE/G, RUPERT) implement a
three-dimensional environment. All these systems (except for DIEGO®) display their environments
on a flat screen. It must be highlighted that the DIEGO® system uses a VR headset for running the
game-like interface. This VR headset allows a fully-immersive experience for the user.

Opposite, the remaining systems (23%) have not implemented a graphical interface. This is the
case of the NEREBOT and REHAROB systems, for which it is the therapist who must interact with
the patient in the traditional way, but having support in limb mobilization. Besides, other systems
were identified (MIME, MYOPRO, WREX, Mentor Pro™, WOTAS) with a lack of graphical interface
to interact, but they promoted training with real (physical) objects. This approach is focused on
optimizing the assimilation of motor gains. In the exercise, the patient is in a scenario closer to a daily
living one. Note that portability seems essential for such an approach considering the predominance
of exoskeleton-type devices.

It can be seen that VR technology serves as a means of encouraging the patient and promoting
task development in a friendly environment. Besides, gaming technology is useful for modeling more
attractive (environment other than a hospital room) or challenging scenarios (with digital games) to
perform the tasks.

Regarding the feedback given to the patient, it can be appreciated that the most used ways for
stimulating the patient’s senses are by visual and audio feedback. This contactless stimulation could
be empowered with the use of virtual reality. However, tactile feedback is also vital in motor function
recovery. Therefore, another common source of stimuli is haptic feedback. The reviewed systems
provide direct haptic stimuli via control techniques (software) or in an indirect manner via strategies
that imply the manipulation of physical objects.

6. Framework for Robot-Aided Systems in Clinical Practice

The research review carried out in this article shows that in spite of the great progress achieved,
robotic rehabilitation systems (RRS) will confront important challenges in order to be successfully
integrated into routine practice. Cost reduction is one of the most known concerns about the use of
robot-aided systems. Nevertheless, at present, health providers are realizing that robotic technology
could provide benefits in terms of shorter in-patient treatments, enhanced data administration,
improved decision-making, and easier management of electronic health record (EHR). Thus, a clear
example is the increasing use of surgical robots in hospitals to perform minimally-invasive procedures.
These systems based on the accuracy of robot movements, image processing algorithms, and cognitive
systems are able to execute autonomously simple surgical tasks. Thereby, automation of procedures
seems to be a key point towards reducing expenses and enhancing traditional rehabilitation treatments.

This review has shown that the development of more autonomous systems is a rising trend in
the field of rehabilitation robotics for the upper extremity. The increasing of automation and better
exploiting of data analysis capabilities are aligned with the current digital health concepts. Therefore, it
is expected to be progressively accepted in healthcare processes within the ongoing e-health framework.
However, it is necessary to highlight the main technical requirements that should be addressed in the
near future, in order to facilitate the adoption of robot-aided systems in healthcare.

In that sense, Figure 2 presents a framework for robot-aided rehabilitation, taking into account
aspects such as the human-robot interactions (patient-robot and therapist-robot), proper exercise
elaboration (task and environment) in order to optimize motor gains, and data analysis capabilities
to increase the treatment autonomy. The following section aims to describe what, in the opinion
of authors, are the needs that robotic rehabilitation systems must address towards increasing their
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usability and autonomy in clinical practice. Strategies for improving the human-robot interaction,
boosting and assimilation of motor gains, and obtaining more autonomous devices are presented.

Therapist
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Figure 2. Framework for robot-aided therapy in clinical practice. T, therapist; R, robot; P, patient.
6.1. Efficient Human—Robot Interactions

In the above-presented robot-aided framework, the three participants of the process can be
appreciated: therapist, patient, and robotic device. Thereby, human-robot interaction can be considered
from two perspectives: between therapist and robot (T-R) and between patient and robot (P-R). Enabling
proper channels for such interactions is essential for increasing the effectiveness of therapy.

From the point of view of the patient, proper stimulation of factors such as cognition, perception,
and action is quite important to promote movement recovery. These factors comprise the patient’s
capacity to meet interacting tasks and environmental demands [26]. Therefore, it is strongly related to
the patient’s autonomy in ADL performance.

Firstly, at the cognitive level, current robot-aided treatments include methods (usually video games)
for capturing the user’s attention and promoting his/her motivation during therapy. The game-based
methods offer also the possibility of training the planning and problem-solving capabilities of
individuals by means of reaching goals in challenging scenarios. Indirectly, stimulus at this level is
likely the most developed strategy of the RRS.

Secondly, at the perception level, the most commonly-used methods focus on stimulating the
senses of vision, audio, and touch. Regarding visual and audio stimulus, digital games are also useful
tools. However, the lack of tangible feedback is a clear limitation for gaming technology. Here, the use
of haptic feedback covers such a limitation. In this way, the optimal solution in order to generate more
effective stimulation at the perception level could combine the digital games with haptic feedback.

Finally, the action level is related to the context within the movement performed. Considering the
degrees of freedom of the human arm, there are multiple ways a movement can be carried out. This is
similar to finding the inverse kinematic solution for a robotic arm. This problem of choosing among
equivalent solutions and then coordinating the many muscles and joints involved in a movement has
been referred to as the “degrees of freedom problem” [26,134]. Most of the robot-based systems focus
on repetition of tasks, but it is also relevant to provide the patient with several options of accomplishing
a particular action. In the case of approaches based on end-point devices, the freedom to chose a
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“solution” to perform a particular action is greater than in the case of exoskeleton-based approaches.
Consequently, the control of patients” movements is reduced in systems based on end-point devices,
and compensatory movements can be used by the patient. Balancing of the benefits and drawbacks
of systems based on end-point and exoskeleton devices is a big challenge. In the case of end-point
systems, one solution could be the use of external systems to monitor the patient during the execution
of tasks and detecting compensatory movements. Thus, compensatory movements are not prevented,
but detected, leaving the interpretation of this being clinically meaningful to the therapist. Regarding
exoskeleton-based systems, the high number of DoF that are necessary to get closer to the human arm
motion is a big issue to solve. Hence, more redundant devices are required for allowing the user as
many as possible joint configurations corresponding with reaching the same target position, which is
fundamental in a rehabilitation context.

From the point of view of the interaction with the clinician, the common understanding in the
robotics community is that the goal of robotic rehabilitation devices should be to assist therapists in
performing the types of activities and exercises they believe give their patients the best chance of
functional recovery. This fact implies that the robotic devices must implement proper methods for
enabling the therapist to customize the intervention to the patient’s needs. As presented in Table 1,
robot-based systems offer options such as the selection of exercises (game-based or not), the selection
of operation modes (to perform different physical interactions with the patient), and also hands-on
collaborative treatment (using physical objects). Additionally, tuning of robot parameters (to regulate
the number of repetitions, the intensity, the workspace, the assistive or resistive loading, among others)
and selection of training options are commonly available for the therapist via graphical user interfaces.

However, beyond the customization of interventions via a GUI, future developments may stress
implementing friendly strategies for allowing the therapist to create new robot-based exercises or
tasks. This issue was addressed by the REHAROB system, where the therapist can program new
exercises and simulate them before execution. Note that this approach is also used by industrial robots.
However, it must be considered that simple-to-use devices are more likely to be adopted by clinicians
than those that have long setup times [135]. One way of enabling flexible and intuitive strategies to
create new exercises could be robot programming by demonstration [136]. This way, therapist-robot
interaction is moving from purely preprogrammed robots to very flexible user-based interfaces for
training robots to perform a task.

On account of the above, it can be seen that it is not only important to empower the patient-robot
interaction, but also the therapist-robot interaction. On one side, integration of movement and
proprioception training in the same experimental paradigm is beneficial for motor learning. On the
other side, the development of intuitive methods for adapting the therapy elements and, more
importantly, for creating new robot-based exercises is required to increase the usability of the RRS.

6.2. Safety in Physical Human—Robot Interaction

Safety is one of the biggest concerns about the extended use of the RRS in clinical practice. The fear
of an accident or injuries produced by a robotic device is understandable, considering that robots
can be dangerous to humans if used without care. This concern is not only applied to rehabilitation
robots, but also the ones used in the industry (likely its origins). However, the growth of robots in the
industry has led to the development of effective methods to increase the protection of workers, even
allowing them to work sharing the same workspace for the case of collaborative robots. The same
result is expected for the rehabilitation robots, save the differences.

One of the unique aspects of the RRS is that they must enforce the safety of the patient as an object
within the workspace, while also being able to treat the patient. This dichotomy creates the need for
specific safety strategies that can allow the robot to interact with the patient, while also enforcing all
necessary safety precautions [137]. The common hazards in robot-aided treatments include collisions
(when a robot link hits the user), pinch injury (when a robot traps a body part), and interior factors
(such as sudden spasms or twitches). It must be noted that the probability of a specific risk depends on
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the type of robotic device. For example, it is more likely that a collision will happen when interacting
with an end-point-type robot. Conversely, spasms or twitches may be more dangerous in the case of
an exoskeleton, since the patients are basically encapsulated in the device.

As presented in the previous Section 5.2.3, safety strategies of the RRS may consider the hardware
and software points of view. The security strategies mainly involve compliance control, backdrivable
mechanisms, pneumatic actuators, stroke limits (hard stops or software-based), emergency stop
button/handle, or force/speed limits. It is relevant to realize that safety is not an absolute concept.
A system can only be built to reduce the risk of an accident to an acceptable level [137].

Notwithstanding all of the strategies aimed to reduce the risks of patient’s damage in human-robot
interactions, the broad variety of safety strategies requires measures to control reliability and
safeguarding. Such a standardization could facilitate the use of the RRS in clinical settings. As an
example, in the case of industrial robots, safety has been regulated by several standards to overcome
technical barriers in international commerce and foster market growth. Unfortunately, there is no
available industry-standard approach to design safety-critical robot systems for rehabilitation.

In this sense, considering the great amount of research in robots for healthcare-related applications,
there are many standardization bodies currently dealing with the safety of human interaction with
rehabilitation robots. The most influential ones are the International Organisation for Standardisation
(ISO) and the American National Standards Institute (ANSI). As a result, dedicated standards for
rehabilitation robotics devices are under development, such as the standard IEC/DIS 80601-2-78. It can
be appreciated from the different standards that the most relevant functional requirements for safe
robotic applications are related to limiting the forces, speed, and power of the robot [138]. This ongoing
effort of standardization in rehabilitation robotics is promising in order to contribute to the acceptance
of robot-aided procedures in clinical settings.

6.3. Scenarios for Boosting Motor Gain Assimilation

As presented in the previous Section 2, movement generation depends on the individual, the task,
and the environment within which the motion is performed. It can be appreciated that the research
community has been focused on developing intervention strategies [12]. This is primarily associated
with task-related factors in movement generation. Complementary to this, VR technology has been
used for modeling the patient-robot interaction in a friendly scenario (environment), in addition to
motivational purposes.

The effects of robot-assisted therapy on the motor and functional recovery have been evaluated by
different studies [9]. This demonstrates that robot-aided treatment improves motor function. Besides,
the benefits of gaming technology for enhancing the mood of patients have also been proven. In spite
of this, there is evidence that motor function improvements are often not transferred from robot-based
therapy to the performance of ADL [8,139]. A possible reason for the limited transferring of motor
gains to ADL could be that factors other than task-related ones that intervene in movement generation
have not been addressed enough.

In this sense, it is clear that gaming technology could contribute more to transfer motor gains from
therapy to ADL. On one side, tasks are performed in a variety of environments in daily life. Functionality
depends on consideration of environment attributes when planning task-specific movements [26].
On the other side, the literature shows that motor preparation is affected by the meaning of the action,
even when the action is only virtual [140]. This fact suggests that performing of movements into a
virtual scenario similar to a real one could be beneficial.

On this basis, VR technology could be a useful tool for creating environments as similar as possible
to daily life ones and modeling the attributes of such environments towards increasing motor gains of
patients. Current robot-aided systems are not tapping the full potential of VR. It can be seen that a
high percentage of the systems included in this review used a VR-based environment running on a flat
screen, even when a three-dimensional scenario was built. Despite the more realistic environment,
the perception of the tasks was reduced due to lack of depth information. This limitation is currently
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addressed by cutting-edge systems such as DIEGO®. This system used a three-dimensional therapeutic
area with a fully-immersive VR-based environment. This aimed to enable the ideal transfer of what it
has learned during therapy into everyday life.

Currently, serious games and VR technology are increasingly used for rehabilitation purposes
and have been shown to be an effective alternative to traditional rehabilitation therapies [141,142].
However, methods purely based on gaming technology lack the feedback possibilities that robots can
provide. Hence, the proper integration of both technologies could lead to more effective treatments.
More immersive exercises that include biofeedback and gaming technology might be considered as
deployable solutions for clinical settings. As previously argued, gaming technology is widely used as a
channel for motivating the user and asking to perform specific tasks. However, flexibility for modeling
life-like scenarios and the capability of measuring interaction have not been fully exploited.

6.4. Towards More Autonomous Interventions: Self-Adaptive Versus Sizeable Systems

Therapeutic strategies that help the patient to relearn how to perform functional tasks, taking
into consideration underlying impairments, are essential to optimize the recovery of functional
independence. However, the selection of the more suitable tasks, the order, or even the moment for the
intervention is an aspect that depends on the patient needs. When treating neurological disorders,
patient needs are usually multi-dimensional and may be very complex. This fact highlights the
importance of making adaptive systems available for neurological rehabilitation.

A good example of the necessity to adapt the intervention systems could be as follows. A patient
who has just started the rehabilitation of a limb should start with passive exercises. In these exercises,
the robot would perform all the movement to recover the mobility of the patient. Afterwards, a guided
intervention system could be applied. At this point, the therapist wants exercises in which several
joints collaborate with more complex tasks at the same time. The idea is to remember how the muscles
should move. Then, the robotic system could assist with simple tasks, in such a way that the patient
begins to be more active. Then, through more active methods, the patient would recover part of or all
of his/her motor function. Finally, a method of resistive intervention could be applied to increase and
consolidate everything learned. Obviously, if the robotic system is more adaptable to the needs of the
patient and the therapist’s suggestions, rehabilitation will be better.

A recent review o physical rehabilitation approaches for the recovery of function and mobility
after stroke [143] suggested that the selection of treatment components is a key implication in practice.
This customization-based approach has been considered by most of the robot-based systems included
in this review. In this case, it is the clinician who manually adapts the parameters of the robot towards
training a specific motor problem. Therefore, this type of system is denoted as manually adapted.

Beyond, the present review has shown that various robot-aided systems include high data analysis
capabilities for interpreting the performance-based information. This information about the user’s
performance is automatically gathered by the robotic device itself. In the case of manually-adapted
systems, the treatment selection is based on the assessment of the individual and the clinician’s
interpretation. Contrarily, more autonomous robot-based systems can tune the parameters of treatment
based on the measurements from sensors about the user progress. Therefore, this type of robotic device
is denoted as self-adaptive.

Personalizing robot therapy by means of self-adaptive interaction strategies seems to be practical
and might be a crucial element for achieving optimal assistance [56]. Artificial intelligence (Al) could
be a key component in order to obtain a better interpretation of performance-based data. Al also may
play an important role in building appropriate healthy reference models. The benefits of self-adaptive
robot-aided treatments is a research line line that is yet to be fully discovered.

In summary, this study highlights that key factors for adoption of robot-aided systems in clinical
practice are the capability of customization to the patient needs and the flexibility to administer different
treatment techniques. Additionally, it was identified that robot-aided systems could include high data
analysis capability in order to self-adapt the treatment to the patient needs. Self-adaptation of robot
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assistance could be a relevant factor for overcoming the barrier between improvements in the control
parameters and functional achievements in ADL.

7. Conclusions

Robotic rehabilitation systems comprises one of the fields that has been widely developed in
recent decades. However, the adoption of these systems in clinical practice is less than expected. Aside
from the well-known affordability issues, this review focused on identifying the technical requirements
of robot-aided systems for facilitating their adoption in clinical practice.

One concern about robot-based interventions is that improvements are often not transferred to
the performance of activities of daily living. A possible reason for this limited transference of motor
gains to ADL is that the robot-aided systems have been mainly focused on developing mobilization
techniques (task-related), but factors other than task-related and that also intervene in movement
generation have not been sufficiently addressed. These other factors are those related to the patient
(cognition, perception, action) and the context of the task (environment).

In regard to patient stimulation, gaming technology has been widely used in robot-aided systems.
The primary purpose is to encourage the patient and modeling the interaction with the robotic device
in a friendly way. In order to extend the cognitive and perceptual stimulation, challenging tasks
using more sensorial channels are required. Combined exercises that include biofeedback and gaming
technology might be considered for deployable solutions for clinical settings.

Regarding the context of tasks, better use of VR technology is required in order to promote a
long-term recovery of motor function in terms of ADL performance. The principle is that aspects of
motor preparation are affected by the meaning of the action, even when the action is only virtual. Based
on that assumption, building fully-immersive VR-based environments as similar as possible to lifelike
scenarios could promote the transference of motor achievements in robot-aided interventions to ADL.

Additionally, high adaptability of robotic systems to the patient needs would be beneficial in
terms of the effectiveness of treatments. Adaptability can come from the mechanical level (hardware)
or the software level (control).

At the hardware level, systems with a high level of compliance are necessary in order to provide the
patient with several options of accomplishing a specific task. This is related to the “degrees-of-freedom”
problem in neurological rehabilitation. However, it is also important to make available strategies
(embedded or external) for detecting the compensatory movements and security. Since robot-aided
therapy implies a high degree of physical human-robot interaction, it is very important to implement
security systems that ensure patient well-being. For that purpose, the use of collaborative robots that
are considered intrinsically safe systems could be a feasible alternative.

At the software level, an investment in better use of performance-based data for enhancing the
therapy adaptability is necessary. Thus, more efficient treatments could be obtained via self-adaptation
of robot parameters according to the rehabilitation needs. In this regard, integration of artificial
intelligent agents into the software of robotic devices could lead to more intelligent interventions.

Finally, another significant issue to address is the development of reliable and effective strategies
for guaranteeing the patient’s safety during robot-aided therapy. Thereby, international safety standards
form part of the primary basis to facilitate the adoption of rehabilitation robots in clinical practice,
paving the way toward the market for reliable and secure robotic products.

The framework presented in this paper suggest an ecosystem in which therapist can organize the
rehabilitation session with a more effective support of robotic devices. This approach could be obtained
via increasing the adaptability of robots, enhancing the human-robot interactions, and empowering
the decision-making capability. Proper addressing of such aspects could lead to the sustainable
transference of motor gains and better acceptance of robot-aided systems in clinical practice.
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CHAPTER 6 -

Automated Box and Blocks Test

6.1 Overview

This chapter presents the development and validation of the automated version of the Box and
blocks test (BBT). The implemented system uses image segmentation in CIELab colour space and
the Nearest Neighbour (NN) rule to detect and count the number of transferred cubes automatically.
This automatic system was piloted in order to determine the reliability in measuring the level of

manual dexterity in participants with Parkinson’s disease (PD).
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Abstract: Objective assessment of motor function is an important component to evaluating the
effectiveness of a rehabilitation process. Such assessments are carried out by clinicians using
traditional tests and scales. The Box and Blocks Test (BBT) is one such scale, focusing on manual
dexterity evaluation. The score is the maximum number of cubes that a person is able to displace
during a time window. In a previous paper, an automated version of the Box and Blocks Test
using a Microsoft Kinect sensor was presented, and referred to as the Automated Box and Blocks
Test (ABBT). In this paper, the feasibility of ABBT as an automated tool for manual dexterity
assessment is discussed. An algorithm, based on image segmentation in CIELab colour space and the
Nearest Neighbour (NN) rule, was developed to improve the reliability of automatic cube counting.
A pilot study was conducted to assess the hand motor function in people with Parkinson’s disease
(PD). Three functional assessments were carried out. The success rate in automatic cube counting
was studied by comparing the manual (BBT) and the automatic (ABBT) methods. The additional
information provided by the ABBT was analysed to discuss its clinical significance. The results show a
high correlation between manual (BBT) and automatic (ABBT) scoring. The lowest average success
rate in cube counting for ABBT was 92%. Additionally, the ABBT acquires extra information from the
cubes’ displacement, such as the average velocity and the time instants in which the cube was detected.
The analysis of this information can be related to indicators of health status (coordination and dexterity).
The results showed that the ABBT is a useful tool for automating the assessment of unilateral gross
manual dexterity, and provides additional information about the user’s performance.

Keywords: colour segmentation; CIELab; automatic counting; NN-based classifier; manual dexterity;
assessment; neurological rehabilitation

1. Introduction

Neurological disorders are diseases of the central and peripheral nervous system [1]. It involves
damage of the brain, spinal cord, cranial nerves, peripheral nerves, nerve roots, autonomic nervous
system, neuromuscular junction, and muscles. These disorders include epilepsy, Alzheimer disease,
cerebrovascular diseases including stroke, multiple sclerosis, Parkinson’s disease, among others.
The measurement of motor function is critical to the assessment and management of neurological
diseases. This assessment has the potential to provide a glimpse of the patient’s clinical state beyond
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the consultation [2]. Clinical measures that quantify upper limb (UL) function are needed for the
accurate evaluation of patients and to plan intervention strategies [3].

The functional assessment is commonly performed by health professionals themselves, using
standardized scales for the sake of an objective evaluation. One of the most commonly used scales in
clinical trials is the Fugl Meyer Assessment (FMA) test [4]. FMA is designed to assess motor functioning,
balance, sensation and joint functioning of both upper and lower extremities [5]. Focusing on the upper
limbs assessment, the Wolf Motor Function Test (WMFT) or the Action Research Arm Test (ARAT)
can be found as the most common performance-based outcomes measures in stroke rehabilitation [4].
The Box and Blocks Test (BBT) [6] or the Nine Hole Peg Test (NHPT) are categorized as appropriate
outcome measures in manual dexterity assessment.

Despite the previously mentioned scales intending to be objective, they could be influenced by
the subjectivity of the observer [7]. In this regard, advances in technology could allow for the objective
assessment of motor performance and may be used to explore motor impairments in neurological
rehabilitation [8,9]. The development of objective and quantitative rehabilitation treatment assessment
methods to address that issue is a non-trivial problem [10].

On this basis, several works can be found focusing on automation of the previously presented
scales for upper limb functional assessment. For example, a framework for automating upper-limb
motor assessments that uses low-cost sensors to collect movement data is presented in [11].
This framework is used to automate the 73% of the upper limb portion of the FMA. A recent study
for FMA automation is presented in [12] that uses Kinect v2 (Microsoft Corp., Redmond, WA, USA)
and force sensing resistor sensors owing to their convenient installation as compared with body-worn
sensors. An automated system based on the WMFT is proposed in [13], using wearable sensors to
measure the time spent in completion on 7 of the 17 test items. The sub-set 4 of ARAT is considered
for automation in [14], using a sensorized cube of 7.5-cm size. Additionally, a study to automate the
Timed Up and Go (TUG) test in order to discriminate low vs. high risk of fall individuals as objectively
as possible using several quantitative parameters is presented in [15].

Regarding manual dexterity assessment, a digital version of the Box and Blocks Test (DBBT) is
presented in [16]. Such work proposes an algorithm for automatic cube counting by using a Kinect V1
sensor. The success rate in cube counting is of 100% until 20 cubes. In addition, the hand movements
are tracked. In one of the most recent works [17], using the Kinect V2 and computer vision is presented.
In this case, the success rate in cube counting is 100% until 30 cubes. In addition, the automatic test
administration was addressed by means of a graphical interface. These kinect-based systems offer
a non-invasive method to hand motion tracking and data acquisition, in contrast with the use of
systems based on wearable sensors such as a glove [18] or inertial measurement units [10,19]. It can be
noted that a common goal is to obtain automatic evaluation platforms that are objective, that have
repeatability, and can provide additional information than the one obtained with the traditional scales.

In this paper, a feasibility study of a Kinect-based system to automatically obtain the score
of the BBT for gross manual dexterity assessment is presented. The remainder of this paper is
organized as follows: Section 2 presents the material used and the design considerations for system
implementation. Section 3 explains the process to automatically obtain the number of cubes, based
on image segmentation in the CIELab colour space and the pixels classification using the Nearest
Neighbour (NN) rule. Section 4 describes the pilot trial conducted to evaluate the proposed system
with real users. Three sessions for assessing the motor function of the hand, with nine participants
with Parkinson’s disease, were carried out. The methods used for usability and statistical analysis are
also shown. Section 5 summarizes the results of the pilot trial. The objective data obtained with the
proposed system are presented, including the effectiveness in cube counting. The reliability of the
ABBT is studied, by analysing the correlation between the manual counting (BBT) versus the automatic
one (ABBT). Section 6 discusses the performance and feasibility of the proposed system as a clinical
tool. Finally, concluding remarks are presented in Section 7.
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2. Material and Methods

2.1. The Box and Blocks Test (BBT)

The BBT is a clinically validated system for the individual measure of gross manual dexterity
and coordination. The BBT can be used with a wide range of patients, including those with hand
function deficits from neurological diseases. The test consists of a wooden box with two 290 mm side
length square compartments, and 150 wooden cube-shaped blocks of 25 mm. A 100-mm high partition
located between the two compartments must be overcome with the user’s hand to count the block as
valid. In Figure 1a, the structure of the box used for the test is shown.

Figure 1. Box and Blocks Test. (a) Components: wooden box, coloured cubes and stopwatch; (b) user
during test development.

The goal of the test is to transport the maximum number of cubes from one compartment to the
other in one minute, as it is shown in Figure 1b. For the score, the therapist must manually count the
number of cubes transported. The development of the test includes three stages: a 15-s trial prior to
testing, the procedure done with the dominant hand in one minute, and the procedure executed with
the non-dominant hand in one minute. When testing begins, the subject should grasp one block at
a time, transport the block over the partition, and release it into the opposite compartment to score.
The blocks that are thrown from one compartment to the other must be penalized. If the subject
transports two or more blocks at the same time, this has to be noted and the number subtracted from
the total.

For the test administration, the wooden box with 150 blocks should be placed lengthwise along
the edge of a table of standard height and the subject should be seated on a standard height chair
facing the box, with the patient’s hands on the sides of the box. The examiner faces the subject and
reads the instructions before the test begins. The rules and the instructions for the examiner and the
subject are available in [6,20].

2.2. The Automated Box and Blocks Test (ABBT)

In a previous work [17], an automated system for evaluating gross manual dexterity, based on the
BBT, was presented. It was referred to as the Automated Box and Blocks Test (ABBT). The automation
of the test scoring was implemented by means of a counting algorithm based on colour segmentation
in the RGB colour space. Additionally, the automatic administration of the test was addressed by using
a graphical interface to guide the user during the performance of the test. The instructions for the test
were given to the user by voice messages, in the same way as they would be provided by a clinician.

The components of the ABBT are shown in Figure 2a. The system is made up by: (a) a portable
and lightweight cube-shaped structure; (b) a Kinect for Windows V2 sensor; (c) a graphical interface
(display) running on a laptop where the system also executes the counting algorithm; and (d) a
traditional BBT box. The hardware architecture is depicted in Figure 2b.
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Figure 2. The Automated Box and Blocks Test. (a) Components: Kinect sensor (at the top of the
portable structure), the BBT box, and the graphical Interface to allow the automatic test administration;
(b) hardware connection.

To perform the test, the support structure is placed on a standard desk. At the top of the structure,
the Kinect sensor is fixed with the z-axis of the sensor pointing to the desk. This is used for detecting
the number of cubes displaced, as well as the hand movements while the subject performs the test.
The BBT box is located on the desk and in the centre of the structure. In addition, a display is placed
on the desk to guide the user and to show the results. The user must be seated in front of the BBT box,
in the same manner as when conducting the test in the traditional way.

Problem Statement

The BBT is a clinically validated tool for assessing the unilateral gross manual dexterity and
coordination, commonly used in neurological rehabilitation. However, the test administration is
time-consuming and labour intensive. In addition, the outcome is obtained by manual counting of the
transferred cubes, which could lead to an error in the measurement and it does not provide additional
information about the user performance.

The ABBT, an automated version of the BBT, was previously used in a pilot study to measure the
gross manual dexterity in people after a stroke [17]. This study showed that the effectiveness of the
cube counting by using colour segmentation in RGB colour space was decreased by the influence of
the ambient light conditions and the higher displacement speed of the cubes when they are transferred
with the dominant hand.

For that reason, in the present paper, the need to improve the effectiveness of the algorithm for
cube counting is addressed. Taking into account the high contrast between the colours of the cubes
(red, green, blue and yellow) and also with the background of the box (beech colour), the CIE L*a*b*
colour space [21], also referred to as CIELab, is employed so as to improve the success rate in automatic
cube counting.

Furthermore, one of the design principles for the proposed system was to not alter the physical
structure of the BBT box and the cubes. That is, using a white background or changing illumination
conditions are not allowed. Thus, the effects of the reflective surfaces must be reduced, taking into
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account that the finish of the BBT box and the cubes is lacquered and glossy, respectively. The properties
of the CIELab colour space are also appropriated to solve that issue, since the lightness channel is
independent of the colour channels. This property also helps by nature to reduce the sensitivity to
changes in ambient light.

3. Automatic Process for Cube Counting

The automatic procedure for cube counting is developed in three steps. The first step is a
procedure to identify the empty compartment of the BBT box. It should be noted that it must always be
an empty compartment at the beginning of the test. The cubes will be transferred to this compartment.
This compartment could be the right or the left one, according to the hand to be evaluated (dominant or
non-dominant hand). In order to start the test, the algorithm looks for the edges of the box, using the
depth data of the Kinect sensor. Consequently, both the left and the right compartments of the box are
identified. Based on this, a region of interest (ROI) in the colour image is extracted to be processed.

The second step is to run the algorithm for cube counting. This algorithm is based on colour
segmentation in the CIELab colour space and the Nearest Neighbour (NN) rule. Until the period of
time for the test is over, the counting process is executed.

For the third step, the validity in cubes displacement is checked since it is only allowed to displace
one cube at a time. When the period of time of the test is over, the results are displayed through the
graphical interface.

This three-step sequence is used for each test stage. This method, combined with voice and text
messages to give the instructions to the patient, allows the ABBT to be administered automatically.
The following sections detail the steps for the automatic cube counting.

3.1. Compartments Identification

The procedure to detect the edge of the box and to identify the empty compartment is described
in the following. The Kinect sensor is placed on the top of a structure at a vertical distance of 80-cm
from the desk surface. This position remains unchanged. First, the user is asked to remove their hands
from the box compartments, through a message in the graphical interface. A colour image of the scene
is shown in Figure 3a. Then, depth data of the scene is captured (see Figure 3b) and a height threshold
is applied. This height threshold was empirically obtained by several trials in laboratory. The distance
from the Kinect sensor to the compartment edges remains unchanged, since the sensor is fixed to
the structure.

It can be noted that the size of the colour image and the depth image are not the same. Thus, prior
to the thresholding process, the depth and the colour images must be aligned (see Figure 3c). Since the
Kinect depth camera has limited range, some pixels in the depth image do not have corresponding 3D
coordinates in the colour image. However, this fact is not relevant due to the whole user workspace
being covered by the camera placement.

The depth data under the threshold level are discarded, including the values corresponding to
the desk and the bottom of the BBT box. Thus, the remaining image offers a clear view of both the
empty and the full compartments (see Figure 3d). Morphological operations to reduce noise and to
label the detected areas are applied to the thresholdized image.

Extracting features from the processed image makes it possible to detect the location of the
empty compartment. A matrix with the size (M x N pixels) and the position of centroid and vertices
(3D coordinates) of the rectangles containing the detected areas is obtained. Based on such features,
it is possible to identify the empty compartment, and if it is the right (see Figure 3e) or the left
(see Figure 3f) compartment.
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Figure 3. Procedure for automatic compartment identification. (a) Colour image (1920 x 1080 pixels);
(b) depth image (512 x 424 pixels); (c) colour and depth images aligned (1920 x 1080 pixels); (d) image
after the threshold of height is applied; (e) left compartment detected with the position of centroid

(red line); and (f) right compartment detected with the position of centroid (blue line).

The compartments’ identification is quite important because it is the basis to find the ROl in the
colour image to be processed by the counting algorithm. Note that, due to the depth image’s alignment
to the colour image, their pixels have corresponding 3D coordinates. That is, the coordinates of the
vertices and centroid of the empty compartment in the colour and depth image are the same.

Furthermore, before the counting process starts, the system checks if the compartment is empty
by means of the depth sensor. If it is not empty, the graphical interface prompts for the remaining
cubes to be removed and does not start the counting process.

3.2. Colour Segmentation and Nearest Neighbour Classifier

The colour of an object can be described by several colour coordinate systems, and some of the
most popular systems is the CIELab colour space [22]. Unlike other colour models (RGB, HSV, CMYK),
the CIELab colour space correctly approximates human vision [21,23]. Similar to the RGB model,
the CIELab colour space has three channels: L*, a*, and b*.

The CIELab colour axes are designed based on the fact that a colour can not be both red and
green, or both blue and yellow, because these colours oppose each other. On each axis, the values run
from positive to negative. On the a-a’ axis, positive values indicate the amounts of red while negative
values indicate the amount of green. On the b-b” axis, yellow is positive and blue is negative. For both
axes, zero is neutral grey. The L* component represents the luminosity of the colour.

Thus, the use of the CIELab colour space is suitable for the identification of the cubes, since
their colours are the same ones on which this colour space is based. Therefore, the identification
of a cube’s colour only needs two colour axes (a* b*) and the separate lightness axis (L*) is not
mandatory (unlike in RGB, CMYK or HSV, where lightness depends on the relative amounts of three
colour channels). This is advantageous, in that it significantly reduces the effect of changes in the
environmental lighting conditions and reflective surfaces.

3.2.1. Colour Markers

In automated object counting, the count is generated by capturing an image and then applying
step by step image processing operations. The object counting can be done either by using a single
feature or multiple features and then, by using cut-off values for those features, the final count is
calculated [24]. To that end, the main features used in the present application to count the cubes are
their colour, size, and shape.
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First of all, it is necessary to quantify the features of the cubes in the scene. For that purpose,
several experiments were performed to define some colour markers to identify the colour of the cubes
inside the compartment. The average size of a single cube was also measured during experiments.

In Figure 4, the process to define the colour markers is described. The left side column shows
the reference colour images taken for the calibration process. It can be noted that the colour tone
is not homogeneous and it depends on the compartment zone where the cube is located, as well as
environmental lighting.

L 100 Pixels’ dispersion in CIELab
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Figure 4. Description of the procedure to define the colour markers. The first column shows the
image used for colour calibration (cubes are placed on the corners and the centre of the compartment).
Columns 2 to 4 depict the a*, b*, and L* values of the scene, according to the pixel’s location (x,y).
The last column describes the colour markers location and the dispersion of the CIELab colour space
for each scene.

For that reason, five cubes were placed in different compartment zones to define the values
of colour markers. The chosen zones were the corners and the centre of the empty compartment.
The three central columns in Figure 4 shows that the values of a* and b* channels of each colour are
clearly different with respect to the background and other colours. In addition, the intensity levels of
brightness in the L* channel is displayed.

A Canny-based edge detection is used to define the cubes’ boundaries, and to extract the colour
regions. The region inside the cube frontiers is converted to CIELab colour space and its values are
averaged. This procedure is repeated for each cube colour. In the case of the background, the sample
positions were manually chosen from the image.

A total of 5 colour markers were defined, since the colour background of the box was included.
Each colour marker has an average L*, a* and b* values. The right side column in Figure 4 depicts
the location of each colour marker in the CIELab colour space, including the scatter plot of the colour
pixels (denoted in magenta) for each sample image. It can be noted that the pixels are dispersed
between the colour markers of the background and the corresponding colour. Thus, each pixel in the
scene tends to be close to their corresponding colour marker.
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3.2.2. Nearest Neighbour Classifier

In Figure 5, the procedure for automatic cube counting is presented. The size of the colour image
captured by the Kinect sensor is 1080 x 1920 pixels in the RGB colour space.

Compartment identification

v

Selection of a ROI (empty
compartment)

Y

Conversion of the ROI to CIELab
colour space

h 4

Pixels classitication according to
the NN rule and colour markers

h A

Quantification of area detected for
each colour

h 4

Counting of total cubes identified
by each colour

Figure 5. Procedure for automatic cube counting: (a) ROI extracted; (b) histogram of ROI in RGB
colour space; (c) ROI in CIELab colour space; (d) histogram of ROI in CIELab colour space; (e) ROI
labelled based on colour markers; (f) histogram of ROI labelled; (g) detected region for red colour;
(h) detected region for blue colour; (i) detected region for yellow colour; (j) detected region for green
colour; (k) total cube scoring for the ROI (Red: 17; Green: 22; Blue: 24; Yellow: 21).

Based on the compartment identification procedure, an ROI is extracted from the whole colour
image (Figure 5a). This region corresponds to the empty side of the box (where the cubes will be
transferred), and it depends on whether the test is performed for the non-dominant or dominant hand
of the subject. The colour ROI is considered as an M x N matrix (see Figure 3e), where M X N is the
image size in pixels. Since the compartments’ identification procedure is automated, the ROI size
could be slightly different. However, the common size of this ROI is 330 x 330 pixels. The ROI is



Sensors 2018, 18, 2876 9 of 23

converted to the CIELab colour space so as to be processed (see Figure 5c). Then, all the pixels are
classified by using the pre-calibrated values of the a* and b* channels.

The Nearest Neighbour (NN) rule is used to classify the colour pixels according to the colour
markers. This algorithm assigns to a test sample the class label of its closest neighbour, based on the
Euclidean distance between the sample and the class reference [25]. This technique is simple, efficient,
and does not require a learning or training phase [26]. Thus, considering the colour pixels as the test
sample and the colour markers as the class reference, the appropriate class label (red, green, blue,
yellow or background) is assigned to each pixel in the colour image.

Euclidean distance d between the pixels and each colour marker is calculated by Equation (1):

d= \/(a*pixel — @* marker )2 + (b*pixel — b* marker)?- 1

Each colour pixel is labelled according to the minimum distance to the colour markers.
For example, if the distance between a pixel and the red colour marker is the smallest, then the
pixel would be labelled as a red pixel. Figure 5e depicts the colour map after the classification process,
where background, red, blue, yellow and green colours are labelled as 0, 1, 2, 3 and 4, respectively.

Thus, after the previous procedure, the regions of each colour (red, green, blue, yellow,
and background) can be distinguished. Such regions are well defined and can be differentiated
by colour labels, as is shown in Figure 5g—j. Using their colour labels, the segregated cubes are easy to
detect, while in the case of cubes that are grouped, the area of each group is divided by the average
area of a single cube. This average area was empirically calculated per each colour. In this way;,
the total amount of transferred cubes can be counted (see Figure 5k), by processing the Kinect data
frame-by-frame and incrementing a global counter during the execution of the test. The classification
procedure can be observed by means of the histogram of the scene. The histogram of the original scene
in RGB colour space, the scene in CIELab colour space, and finally the scene after NN classification are
shown in Figure 5b,d,f, respectively.

3.3. Score Validation

Neurological disorders cause pathophysiology of grasping due to the inability to efficiently
regulate the coordination of grip and load force during object manipulation [27]. The most common
deficits are paresis, ataxia, spasticity or tremor, including lack of sensitivity.

Considering such motor problems, it is possible that some individuals have trouble grabbing only
a single cube, and take two at a time. In such cases, and according to the test rules [6], the additional
cubes must be discarded and must be counted as one. Bearing this regulation in mind, a time vector
to compare very close events is used during the performance of the test. On the basis that a healthy
individual takes about a second to move a cube, it is detected whether two or more cubes have appeared
in very close time instants and within a period of less than a second. In that case, the additional cubes
are discarded and the global counter is only incremented by one unit.

3.4. Method for Automatic Test Administration

The flowchart for the administration of the automated test is shown in Figure 6. The three stages
of the test are administered automatically and sequentially by means of a graphical interface. First, the
patient or the therapist must select the user profile, where the results of the test will be stored. In the
case of a new patient, a new user profile can be created that includes the demographic data of the
patient (e.g., name, age, gender, pathology, most affected side).

Once the user profile has been chosen, the test sequence is executed automatically: training,
dominant hand, and non-dominant hand. At the beginning of each stage, the instructions for the test
are given to the patient. Such instructions are provided by both text and voice messages through the
graphical interface. Before the test starts, a dialogue box is displayed to check whether the user has
understood the instructions. If not, the instructions will be given again.
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Test performin
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Figure 6. Flowchart for the test administration. The ABBT executes the appropriate sequence according
to the traditional test’s rules: training, dominant hand and non-dominant hand.

At each stage of the test, the automatic procedure for counting the transferred cubes is executed.
Data acquired is automatically stored in the local PC at the end of each stage.

Graphical Interface

The implemented graphical interface is shown in Figure 7. This is the visible part of the algorithm
of cube counting and it has been designed to assist the patient during the test.

4] Box_and Block Test - o X

ueBim @poecic AUTOMATED BOX AND BLOCK TEST Exi

Ul 04-Sep-2017 Current session
Cubes [uds]

| ﬁ Instructions i
‘ ’:;7;: . STO P! “ S &33’ @ -
b( - Time is over ) ]

re)

Results o -
Test performing screen @ gpf}fé o DH
ReD: 9 o NBF
0 10 20 30 40 50 60
GREEN: 1 2 Time [s]
Test results
BLUE: 8 o ; i
Historical report of previus sessions
.Cubes [uds]
YELLOW: 8
sf T TTTTTTTTTTTTT T
Total 60
I R e
) I H H H
37 :
1 2 3
Sessions ™ Dominante
O . 60 ) Non-dominant
. Historical report

Figure 7. ABBT graphical interface.

The graphical interface allows for observation of the results of the test during its execution. A full
view of the Kinect colour sensor is presented in a small window (see the upper left-hand corner of
Figure 7). The scoring of the cubes obtained, by colour, is also shown in the middle of the image.
Furthermore, in addition to the count of the cubes by colour, there are two windows to display the
results. In the first one, the cubes obtained and their times of detection for each stage are plotted
(see Figure 7, upper right corner). In the second window, after the third test stage has been completed,
a comparative graph of the current session along with the previous sessions is presented (see Figure 7,
lower right corner), giving a historical report. Furthermore, a line that indicates the average number
of cubes transferred in one minute from normative data [6] is displayed, according to the user’s
demographic data.

3.5. ABBT Outcome

The total count of the cubes and the time instants in which they were detected are both stored for
each stage of the test. This data is grouped by dominant and non-dominant hand for each subject.
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On the one hand, the main outcome of the ABBT is the total amount of displaced cubes that is
online calculated by the previously described algorithm. Such outcome is similar to the one provided
by the traditional test.

On the other hand, therapist could be provided with additional outcome (more objective and
based on user’s performance) by analysing the stored data. First, a fairly linear trend can be appreciated
in the displacement of the cubes (see the top right-hand corner of Figure 7 or the figure included in
Table 2) and it is related with the hand speed in transferring cubes. The linear trend can be estimated by
using a simple linear regression (SLR) [17]. SLR considers only one independent variable, employing
the relation y = By + B1x + €, where By is the y-intercept, B is the slope (or regression coefficient),
and e is the error term.

Suppose that the set of n observed values of x and y is given by (x1, 1), (x2,y2), ..., (X, Yn). In our
case, x, represents a detected cube and y, is the time instant when it was detected. Using the SLR
relation, these values yield a system of linear equations. If the line is forced to start at zero, then the
system could be simplified as Y = B - X, where B is the slope or regression coefficient.

Then, if the variable Y is the register of cubes detected (NC) and the variable X is the time instants
(t) when they were detected, by applying the SLR to the results obtained with ABBT, the relation that
defines the ABBT outcome is:

NC = Vg - 1, 2)

where V¢ is the slope (B) from the linear fit, and it represents the average velocity in the cubes’
displacement. It is calculated for the case of dominant and non-dominant hand. The variation among
the slopes can be related to the subjects” health condition.

In addition, the partial times (PT), these being understood as the time elapsed between the
displacement of one cube and the next one, are obtained from the test. Both the mean () and the
dispersion (¢) of the partial times are also calculated.

4. Pilot Study Description

A pilot study to assess the feasibility of the automatic counting system in a real situation was
conducted in a healthcare facility. A total of nine participants with Parkinson’s Disease (PD) were
chosen to assess their manual dexterity. However, the participants’” symptomatology is not quite
relevant to the goal of this study because the study is focused on comparing the accuracy between
the manual and the automatic cube counting. Three assessment stages were carried out in different
months. The first assessment was conducted in May; the second assessment in July; and the third
assessment in September, all in 2017.

The ABBT settings were the same as those shown in previous Figure 2a. For each of the
three assessment stages, the measurements were carried out on different days of the week.
Thus, the environmental conditions were different too. As the BBT rules show, after the training
period, the individuals proceed to perform the test by starting with their dominant hand (the one least
affected). Then, the test was carried out with their non-dominant hand (the most affected). At the end
of each test stage, one of the therapists proceeded to double count the total number of cubes displaced.
This manual scoring will be compared with the automatic one.

It must be noted that the participants were attending to their regular therapy between the
assessment sessions. However, the analysis of the effect of the treatment on the improvement of the
health status of the participants is outside the scope of this paper.

4.1. Participants

Demographic data and health status of the participants in the study are summarized in Table 1.
Nine individuals with PD were selected according to the following inclusion criteria: patients with PD
who fulfilled the modified diagnostic criteria of the Brain Bank of the United Kingdom; patients in
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stages II, IIl and IV of the Hoehn and Yahr scale; >60% Schwab & England functionality scale; patients
whose motor response to pharmacological treatment was stable or slightly fluctuating; and who were
not receiving specific UL rehabilitation treatment at the time of the study.

The exclusion criteria were: the diagnosis of other diseases or serious injuries that limited
occupational performance; patients presenting Parkinsonism symptoms other than PD; cognitive
impairment affecting language or comprehension and the ability to follow the instructions of the study;
refusal to participate in the study; stages I or V of the Hoehn and Yahr scale; and visual impairment
not correctable by glasses.

Table 1. Demographics and health status of participants.

Participant Age Gender Dominant Hand Diagnosis Year

P1 72 Male Left 2002
P2 57 Female Left 2006
P3 54 Female Left 2012
P4 55 Male Left 2013
P5 45 Male Left 2017
P6 70 Male Left 2011
pP7 65  Female Right 2016
P8 73 Male Left 2009
P9 71 Female Right 2004

4.2. Satisfaction Assessment

We evaluated clinicians’ perceived usability and acceptability of the ABBT by a satisfaction
questionnaire. Four items are rated on a Likert-type scale from 1 to 5 (strongly disagree—strongly
agree): (1) “Are you satisfied with the ABBT?”; (2) “Have the ABBT been useful in order to assess
unilateral gross manual dexterity?”; (3) “Would you recommend the ABBT to other clinicians?”;
(4) “Do you think that the ABBT has advantages compared to the BBT?” The arithmetic mean across
all items provides the total satisfaction score. The patient’s degree of satisfaction with the ABBT was
evaluated with a satisfaction questionnaire. This questionnaire consisted of a single item in which it
was evaluated if the patients were very satisfied, satisfied or not at all satisfied.

4.3. Statistical Analysis

Since both the automated and the manual scoring are quantitative variables, Spearman’s
correlation coefficient (rs) is employed to analyse the results. The strength or magnitude of
the correlation between the variables is defined based on the following criteria: negligible
(correlation coefficient between 0.0 and 0.3), weak (a value between 0.3 and 0.5), moderate (a value
between 0.5 and 0.7), strong (a value between 0.7 and 0.9), and very strong (a value between 0.9 and
1.0) [28]. The Shapiro-Wilk and Kolmogorov-Smirnov test were used to verify the normal distribution
of the samples. The statistical analysis was performed using SPSS 24 (SPSS Inc., Chicago, IL, USA)
for Windows (Windows 10, Microsoft Corp., Redmond, WA, USA).

On the one hand, to assess the reliability of the outcome obtained by using the ABBT,
we performed a correlation analysis between the BBT and the ABBT scoring (manual vs. automated).
In addition, the correlation between the BBT and the slopes (SLR) calculated from the single linear
regression timeline dispersion obtained during the transferring of the cubes was also analysed using
the same statistical method.

5. Results

Figure 8 shows the number of the blocks estimated by the algorithm above described. Since the
algorithm employs the segmentation by colour in CIELab colour space for cube counting estimation,
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it is less sensitive to changes in light conditions. After several tests, it is found that the system has
100% of accuracy when 35 blocks are transferred.
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Success rate [%)]
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Figure 8. Success rate in cube counting in laboratory settings.

In these conditions, a pilot trial was conducted to assess the proposed system in a real situation.
Several users of rehabilitation were encouraged to perform the complete test, in the same way as they
perform it in a traditional assessment session, but with minimal intervention of health professionals.
The system is built based on an Intel Core i7 computer (Intel, Santa Clara, CA, USA), with a Kinect
for Windows V2 sensor. The implemented algorithm is able to process 3.98 images per second on
average, which corresponds to a time complexity of 251 ms. The code and the graphical interface were
developed in a Matlab (MATLAB R2017b, The MathWorks Inc., Natick, MA, USA) environment.

5.1. Data Gathered with ABBT

The data obtained by using the ABBT are summarized in Table 2, according to the assessment
stages and the participants.

Table 2. ABBT outcome for each participant (DH: dominant hand, NDH: non-dominant hand; NC:
number of cubes; Viye: average velocity in cubes/second; PT: Average of partial times in seconds.)

(a) First Assessment

Participant Evaluated hand NC Ve PT(m=+0)

P1 DH 29 0520 2.21+0.06
NDH 25 0503 227+1.19
P2 DH 46 0751 1.10+0.05
NDH 41 0729 1.14+0.02
P3 DH 45 0845 1.19+1.17
NDH 39 0718 1114111
P4 DH 38 0.691 115+1.19
NDH 32 0540 1.17+0.03
P5 DH 55 1076 1.18+1.15
NDH 47 0852 118+1.15
P6 DH 47  0.825 1.12+0.09
NDH 41 0759 1.14+0.04
pP7 DH 41 0808 1.13+£0.08
NDH 37 0664 1.15+1.13
P8 DH 38 0.658 1.15+0.08
NDH 34 0550 1.16+1.19
P9 DH 45 0.787 1.10+£0.02

NDH 45 0789 1.10+0.08




Sensors 2018, 18, 2876

Table 2. Cont.

(b) Second Assessment

Participant Evaluated hand NC Vg PT (m +0)
P1 DH 48 0.835 1.15+0.03
NDH 40 0681 1.19+£0.03
P2 DH 42 0.782 1.11+0.04
NDH 43  0.776  1.10+0.09
P3 DH 48 0.828 1.15+0.05
NDH 41 0712 1.16+0.02
P4 DH 48 0.878 1.13+0.05
NDH 47 0855 1.16+0.09
P5 DH 54 0900 1.10+0.09
NDH 46 0.818 1.10+0.06
P6 DH 52 0.862 1.154+0.01
NDH 52 1.035 1.15+0.07
P7 DH 43  0.720 1.18+0.03
NDH 38 0687 116+1.17
P8 DH 41 0692 1.14+0.09
NDH 36 0.637 1.16+0.08
P9 DH 44 0751 1.16+£0.06
NDH 38 0.636 1.144+0.06

(c) Third Assessment
Participant Evaluated hand NC Ve PT(mE0)
P1 DH 45 0797 112+1.13
NDH 37 0622 1.194+0.03
P2 DH 50 0.846 1.10+0.05
NDH 47 0824 1.15+0.07
P3 DH 42 0737 1.11+£0.09
NDH 37 0613 1.114+0.01
P4 DH 52 0.887 1.134+0.06
NDH 42 0693 112+1.12
P5 DH 58 1.055 1.134+0.08
NDH 55 0967 1.1940.06
P6 DH 43 0758 1.17+£0.08
NDH 44 0757 1.13+£0.07
pP7 DH 36 0601 1.16+1.12
NDH 36 0.657 1.184+0.01
P8 DH 41 0728 1.15+0.05
NDH 38 0.658 1.17+0.06
P9 DH 49 0813 1.11+0.07
NDH 46 0.808 1.10+£0.07

14 of 23



Sensors 2018, 18, 2876 15 of 23

Table 2. Cont.

(d) Detail of Data for Participant 1
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It can be seen that more information is obtained by using the ABBT than the one obtained
with the BBT (only the number of cubes manually counted). The outcome of the ABBT is based
on the analysis of the cube displacement and is made up of: the number of cubes transferred (NC),
the average velocity (Va0g) in cubes displacement, and the partial times (PT). The V¢ and PT were
calculated from of previous Equation (2) and by simply subtracting the time periods that cubes were
detected, respectively.

This richer set of outcomes could be useful for the clinician for improving the evaluation of
the patient. A detailed comparative of the acquired data among assessment sessions for participant
1 is shown in the figure included in Table 2. It can be clearly noted that the smoothness in cubes
displacement is different by comparing the plots for the dominant and non-dominant hand.

5.2. Analysis of the Performance of the ABBT

However, as was shown in a previous work [17], the scoring obtained by the automated method
was influenced by changes in the environmental light conditions. Similarly, the hand speed in cubes
displacement (different in the case of dominant and non-dominant hand) can affect to the total count.
The average success ratio in such study was of 90.75% for the non-dominant hand, and of 74% for the
dominant hand.

On this basis, the analysis of the performance of the ABBT with the improved algorithm was
carried out. The number of cubes automatically counted by the ABBT and the manual counting
of cubes (in bold) are summarized in Table 3, according to each participant and in the case of both
the dominant (DH) and the non-dominant hand (NDH). The error (€) in the measurement, which is
understood as the fraction of Ncubes_loss/Ncubes_total on each trial, is also presented.

The total average success ratio for automatic cube counting based on the CIELab colour space
is 93.45% for the dominant hand, and 94.42% for the non-dominant hand. The error (¢) in the
counting was calculated for each trial. The maximum errors in the measurement were 13.8% and
10.8%. However, there are no more measurements above the 10% of error in addition to those two
measurements. That is, the success rate of the cube counting is above 90% in 96.3% of the performed
trials (52/54).
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Table 3. Success rate in automatic cube counting during assessment sessions. Scoring for the ABBT and
the BBT (in bold) grouped by dominant hand (DH) and non-dominant hand (NDH) for each participant
and for the three assessment sessions. The error in the measurement is (€). Histogram of cubes loss

is included.

(a) First Assessment

Participant DH € NDH €
P1 29/32  0.094 25/29 0.038
P2 46/50 0.080 41/45 0.089
P3 45/46 0.022 39/42 0.071
P4 38/42 0.095 32/35 0.086
P5 55/59 0.068 47/51 0.078
P6 47/52  0.096 41/45 0.089
P7 41/45 0.089 37/37 0.000
P8 38/40 0.050 34/36 0.056
P9 45/49 0.082 45/46 0.022

Success rate:  92.2% 93.32%

(b) Second Assessment

Participant DH € NDH €
P1 48/49 0.020 40/40 0.000
P2 42/46 0.087 43/47 0.085
P3 48/53 0.094 41/42 0.024
P4 48/53 0.094 47/49 0.041
P5 54/55 0.018 46/48 0.042
P6 52/58 0.003 52/54 0.037
P7 43/45 0.044 38/40 0.050
P8 41/43 0.047 36/39 0.077
P9 44/47 0.064 38/40 0.050

Success rate:  93.34% 95.5%

(c) Third Assessment

Participant DH € NDH €
P1 45/47 0.043 37/37 0.000
P2 50/50 0.000 47/50 0.060
P3 42/44 0.045 37/40 0.075
P4 52/55 0.055 42/42 0.000
P5 58/65 0.008 55/60 0.083
P6 43/46  0.065 44/47 0.064
P7 36/39 0.077 36/39 0.077
P8 41/45 0.089 38/41 0.073
P9 49/51 0.039 46/48 0.042

Success rate:  94.42% 94.43%

(d) Histogram of Lost Cubes
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No. trials
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These results prove that the algorithm for cube counting based on the CIELab colour space has a
better performance than the one based on the RGB colour space, considering also that both the sample
size (n = 54) and the average number of cubes transferred (45.8 cubes) are larger than those studied
in [17].

However, it is important to identify the causes of this error in order to still further improve the
success rate of the cube counting. Figure included in Table 3 shows the histogram of lost cubes during
the trials. The median number of cubes lost is 3. Between two to four cubes are lost in 70.36% of
trials. The percentage of lost cubes is 48.15% and 42.59% for the dominant and non-dominant hand,
respectively. Thus, the loss of cubes is equal for each hand with which the test is performed. In this
sense, future developments must consider as a main source of error the occlusions caused by the
layer-by-layer stacking of cubes.

5.3. Reliability Analysis

There were three functional assessment sessions and nine participants. Both arms were evaluated
in each session. Thus, a total of 54 samples were obtained for statistical analysis.

On the one hand, the reliability of the automatic (ABBT) versus the manual (BBT) counting have
been statistically analysed. The global coefficient of correlation, considering the total sample (n = 54),
between ABBT and BBT is r; = 0.98 (Spearman’s correlation coefficient, p < 0.001). On this basis,
the relationship between the manual and automated scoring is found to be very strong. Figure 9
shows the previously mentioned correlation levels. Additionally, the relation between the BBT and the
average velocity (V;4¢) of cubes transferred has also been calculated. The coefficient of correlation is
rs = 0.94, giving also a very strong level of significance.
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Figure 9. Correlation plot among test outcomes: automatic scoring (ABBT), manual counting (BBT)
and average velocities (V,yg). BBT score is considered as ground-truth.

In principle, such a global relationship could be misleading for a comparison of the performances
of the dominant and the non-dominant hands. However, the coefficients of correlation between the
ABBT and BBT are r; = 0.967 for the dominant hand and r; = 0.978 for the non-dominant hand. It can
be appreciated that these levels of correlation are slightly lower than the global coefficient, but they are
still very strong in both cases. This fact is consistent with the difference between the success ratios of
cube counting for the dominant and non-dominant hand.

On the other hand, an additional analysis of the correlations between the ABBT score and
another tools used for functional assessment was carried out. As it is generally done in functional
assessment sessions, several tools are used for evaluation of motor function. In our case study,
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the clinicians measured the handgrip strength and the fine manual dexterity of participants using the
Jamar dynamometer and the Purdue Pegboad Test (PPT), respectively. Such outcomes were obtained
at the same time that the BBT. It was part of the regular therapy treatment of participants in the
healthcare facility.

For the analysis, the hypothesis was that the relationship between the BBT and the other tools
could be similar to the ABBT with the same ones. The data considered was the total sample (n = 54).
First, the coefficient of correlation between the gross manual dexterity (BBT) and the handgrip strength
(Jamar) is s = 0.363 (Spearman’s correlation coefficient, p < 0.004). The relationship between the BBT
and the PPT is rs = 0.623 (Spearman’s correlation coefficient, p < 0.001). Second, the coefficient of
correlation between the gross manual dexterity measured by the ABBT and the handgrip strength
(Jamar) is rs = 0.361 (Spearman’s correlation coefficient, p < 0.004). The relationship between the
ABBT and PPT is r; = 0.636 (Spearman’s correlation coefficient, p < 0.001).

It can be noted that the coefficient of correlation between the BBT and Jamar is low, and that
between the BBT and PPT is moderate. Nevertheless, the same levels of correlation were obtained
when using ABBT. The coefficients of correlation between outcomes are summarized in Figure 10a,b,
for the dominant and non-dominant hand, respectively.

0° 8o g | o °f o ©
= (@ o @® = xR, °% @0
o =) o
?E gf 3 %0 (83(?) Q gcn ﬁ 5%0@0 Oé)égo%
o o o o o
o o o
o o o o
O o]
= o o °%o = Sy ©% °o£®
o] o o as) (o} 5
: Feo | B : e IS
o o
BBT JAMAR PURDUE BBT JAMAR PURDUE

(a) (b)
Figure 10. Correlation plot among three outcomes commonly used for upper limb functional
assessment: (a) for the dominant hand, and (b) non-dominant hand.

Considering the previous levels of correlation, it can be observed that the error between manual
and automatic measurement is not significant. In addition, the correlations obtained between the
different tools suggest that the information provided by the automatic method is as reliable as the
manual one, despite of the error in the measurement.

5.4. Usability Assessment

The perceived usability and acceptability of the ABBT proposed here varied across clinicians.
The clinicians” answers are summarized in Table 4. The four clinicians evaluated “agreed or strongly
agreed” with the satisfaction with the ABBT. Three clinicians reported that the ABBT was useful in
order to assess unilateral gross manual dexterity (“strong agreement”), but the other one reported
“neither agreement nor disagreement” in this regard. Regarding the degree of recommendation of
the ABBT, three clinicians reported to be in “agreement or strong agreement”; however, the other
participant indicated to be in “neither agreement nor disagreement”. Finally, all participants declared
to “agree or strongly agree” with the advantages compared to the BBT; all the patients showed a high
degree of satisfaction with the ABBT.
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Table 4. Results of satisfaction questionnaires.

Clinicians Items Strongly Disagree  Disagree Neither Agreement Nor Disagreement Agree Strongly Agree

(1) X
(2) X
1 3) X
(4) X
(1) X
2) X
2 3) x
(4) X
(1) X
2) X
3 3) x
(4) X
(1) X
) X
4 3 x
(4) X

6. Discussion

In this study, the improvements to a Kinect-based system, using colour segmentation and a
NN-based classifier, for automatically obtaining the score during assessment of gross manual dexterity
were presented. A pilot study to evaluate the performance and feasibility of the proposed method was
conducted. The viability of the proposed system was studied by including this automated method
among the tools for manual dexterity assessment of patients with PD. The results obtained for each
measurement were compared in order to quantify the reliability of the ABBT.

6.1. Comparison of the Manual and Automated Method

Correct assessment of motor function is essential for optimal rehabilitation management. There is
a great need for continuous and objective monitoring of motor symptoms in neurological patients.
Most of the motor scales are sufficiently validated and widely used in clinical practice. However,
regarding inter-rater reliability, the motor scales have limitations [29]. The need to quickly and safely
obtain accurate and reliable data is essential for clinicians to evaluate patient’s mobility status of upper
extremities and determine the appropriate rehabilitation treatment. In addition, the analysis of the data
gathered during the rehabilitation process is useful to detect the improvements that have occurred.
The BBT is a rating scale used to measure unilateral gross manual dexterity. The test-retest reliability
of the BBT is high (intraclass correlation coefficients [ICC] of 0.89 to 0.97), and the validity of the
BBT has been shown by the significant correlations between the BBT and functional independence
measurement [30].

On this basis, the BBT study was considered since the outcome is simple (total cubes transferred),
the test instructions are systematic and clear, and the test development is well defined (three stages:
training, dominant hand, and non-dominant hand) [6,31]. In addition, outside of the test design itself,
it was selected for its wide use in clinical settings as an evaluation system in neurological rehabilitation
[4]. The ABBT is the automated version of the BBT and provides more information than the traditional
BBT. This information is stored directly in the patient’s register, easing the update of the medical
history. Additionally, the cubes’ colours and the time period when they were detected are obtained
and registered by the ABBT.

Regarding the performance of the automatic system of cube counting, the statistical analysis
showed a very strong correlation (s = 0.98) between the BBT and the ABBT scores. The success rate of
the cube counting was improved by means of applying the CIELab colour space to detect the cubes.
The results show an average success rate in the counting of cubes of 92.5% in the worst case and a
maximum error of 13.8%.
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In this way, the effectiveness in automatic cube counting of the proposed method, based on
colour segmentation in the CIELab colour space and the Nearest Neighbour (NN) rule, has been better
than previous works [16,17]. The measurement error was small and consistent during the different
assessment sessions. It must be noted that the colour markers used for the NN classifier were the same
during all the sessions, which were conducted in different days and months. This fact shows that the
selection of the CIELab colour space is well suited for the BBT automation, since it is not significantly
affected by environmental lighting conditions.

However, future developments must consider the main source of error that remains due to the
nature of the application. Cubes can be stacked in different layers. This issue produces occlusions
and loss of visual data. The use of depth sensors could detect this problem and the visual processing
algorithm could be modified to deal with it. In addition, the use of a fuzzy logic approach is also
considered for increasing the algorithm performance [32].

Regarding the clinical value of the additional data provided by ABBT, a linear relationship between
the ABBT and BBT outcomes can be observed in Figure 9. In this figure, a stronger relationship between
the BBT score and the displacement slopes (Var), given by the simple linear regression (SLR), is also
depicted. However, as it was shown in the statistical analysis, the correlation level between BBT vs.
SLR is lower than the BBT vs. ABBT. This can be attributed to the fact that automatic outcome is
larger and more detailed than the one obtained with the BBT, since the automatic outcome not only
considers the number of cubes transferred but also the movement quality. That is, given the same
number of cubes transferred, the SLR can be different depending on the smoothness in the movement
(level of dispersion in PT). The analysis of this information can be related to indicators of coordination
or dexterity. This approach requires further trials to be refined.

6.2. Feasibility of the Automated Method

This study demonstrated the suitability of the ABBT to assess unilateral gross manual dexterity in
an automated way. The use of the ABBT was simple, and its outcome reliable, during the functional
assessment of real patients. Therefore, it would be possible to carry out this type of evaluation in
clinical environments.

The clinicians were satisfied when using the tool as it would solve a primary complaint of having
to be exceedingly cautious and attentive when counting the cubes to avoid possible counting errors.
Thus, having mistakes when counting and consequently repeating the test could be avoided by the
tool automation. Patients additionally showed high satisfaction with the ABBT. They commented that
they did not find any difficulty in performing the test automatically as compared to manually, that
they understood the instructions perfectly and that it was quick and easy.

Regarding the advantages of the automated method, it was highlighted by the clinicians that
the possibility of having a tool like the ABBT would allow for improving the assessment by focusing
attention on the patient and not on the test. For example, the physician may detect if the individual
performs some type of compensation to assist in the movement, such as leaning the torso forward or
forcing the shoulder. In addition, if the patient would have a problem such as fatigue or pain in the
arm when performing the test, the clinician could detect it immediately due to not being aware of the
cube count. In the same way, the clinician could observe the way in which the patient performs the
scopes and grips of the cubes, to have a slight idea of the deficits in the upper limb. In this way, the
ABBT could be a useful tool to assist the evaluator during the assessment process in clinical settings.

Additionally, it is clear that the use of ABBT in particular, and of automated systems in general,
for tele-rehabilitation is promising. However, some concerns must be carefully considered. A lot of
the work by the clinicians is not simply instructing or counting but keeping a check on the patient
(i.e., if they are tired, bored, or need assistance). These human factors (patient encouragement, friendly
interfaces, etc.) must be addressed to allow the integration and to increase the utility of such systems
in tele-rehabilitation.
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In conclusion, the obtained performance and the objective information provided by the proposed
system, as well as the acceptance by the clinicians and patients, further support the development of
automated methods for functional assessment in rehabilitation processes.

7. Conclusions

In this paper, an automated system using a Kinect V2 sensor for the assessment of unilateral gross
manual dexterity was described. The reliability of this approach was studied as the main goal of the
present article. For this purpose, the ABBT was included among the tools for assessing the upper
limbs motor function of a group of patients with PD. The test was administered to nine participants in
three assessment sessions. A total of 57 samples were obtained.

In this way, we proposed a hybrid method of colour segmentation and nearest neighbour
classification, which deals naturally with the traditional test setting, does not need a training
dataset, has reasonable computational complexity at run time, and yields excellent results in practice.
In addition, since automatic counting is objective, reliable and reproducible, it improves the outcome
obtained by manual counting.

In addition, taking into account the high level of correlation between the manual and the
automated counting (rs = 0.98) and the additional information obtained using the ABBT, the results
suggest that the proposed system can be used as a tool for the automatic assessment of manual dexterity.

The ABBT may be a promising and feasible evaluation tool for tele-rehabilitation processes,
even for assessing of a group in clinical settings. This system presents important advantages like its
portability, ease of use, commercial availability, inexpensiveness and non-invasive nature.
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Serious Games as an Intervention Tool

7.1 Overview

This chapter describes the design, development and feasibility study of a system based on serious
games designed to improve the functionality of upper extremity. The proposed system was mindfully
designed to cover the particular needs of patients with neurological deficits, promoting the motor

gains from treatment.
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The design and application of Serious Games (SG) based on the Leap Motion sensor are presented as a tool to support the
rehabilitation therapies for upper limbs. Initially, the design principles and their implementation are described, focusing on
improving both unilateral and bilateral manual dexterity and coordination. The design of the games has been supervised by
specialized therapists. To assess the therapeutic effectiveness of the proposed system, a protocol of trials with Parkinson’s patients has
been defined. Evaluations of the physical condition of the participants in the study, at the beginning and at the end of the treatment,
are carried out using standard tests. The specific measurements of each game give the therapist more detailed information about the
patients’ evolution after finishing the planned protocol. The obtained results support the fact that the set of developed video games
can be combined to define different therapy protocols and that the information obtained is richer than the one obtained through

current clinical metrics, serving as method of motor function assessment.

1. Introduction

Parkinson’s disease (PD) is defined as a chronic neurodegen-
erative disorder caused by the destruction of dopaminergic
neurons located at the basal ganglia. These central nervous
system (CNS) neurons are used as primary neurotransmitter
dopamine, which is responsible for transmitting the neces-
sary information for the correct control of movements [1, 2].
It is considered the most frequent neurodegenerative disease
after Alzheimer’s disease and the most common movement
disorders [3, 4].

PD prevalence and incidence present a marked geo-
graphic variation. In the world population, it can be found
that 1-2/1000 people suffer the disease [5]. In Europe, a
prevalence rate of 1.6% of the total European population
is estimated [6, 7]. PD is characterized by a symptomatic
tetrad that consists of resting tremor, stiffness, bradykinesia,
and alteration of the straightening reflexes [2, 8]. It also

presents other symptoms such as decreased facial expression,
sialorrhea, arterial hypotension, depression, and cognitive
impairment, among others, with the nonmotor symptoms of
the disease being important [9]. These symptoms impair the
performance of their daily activities, reducing their level of
independence [10].

Currently, there is no curative treatment for PD. The
treatment focuses on the symptomatology and to prevent
the progression of the disease. The drugs currently used are
indicated to compensate the dopamine deficit [11]. The most
commonly drug used is levodopa, although dopaminergic
agonists, catechol-O-methyltransferase (COMT) inhibitors,
anticholinergics, and amantadine are also used [2, 12].

However, not only can therapies with specific drugs be
improved, as SG have been shown to play an important role.
There is scientific evidence about the benefit of rehabilitation
treatment in PD [13-15]. In the field of neurorehabilitation,
virtual reality (VR) and interactive video games, such as



immersive VR devices, are beginning to be accepted as
adjunctive therapeutic tools in the treatment of neurological
patients, through real-time simulation and multiple sensorial
channels, providing the opportunity to perform functional,
repetitive, and rewarding activities [16-19]. Commercial
video game consoles such as the Nintendo Wii, the Play
Station Eye Toy, or Microsoft XBOX with their Kinect device
have been quickly adapted in the clinical setting as low cost
options in rehabilitation treatment in patients with PD with
various studies which support its clinical use.

New devices have appeared on the market as the Leap
Motion Controller (LMC), framed within semi-immersive
RV equipment that records movement of the patient’s upper
extremities without the need to place sensors or devices
on the body. Thus, a virtual image of the upper limbs can
be generated on a computer screen in which the patient
will have to perform movements according to the exercises
purposed (touching and picking up objects, ordering figures,
playing a piano, flipping hands, among others). However,
scientific studies are needed to support its therapeutic use
in the treatment of motor disorders of the upper limbs in
PD, since it is frequent that a wide repertoire of limita-
tions in the development of functional activities appears,
as well as restrictions on participation due to alterations
of the upper limbs, throughout the progression of the
disease.

In this paper, the feasibility of the LMC-based video
games as a rehabilitation tool in the PD treatment is studied.
For that purpose, a pilot study was conducted at Parkinson’s
center with patients using a series of LMC-based video games,
during a training protocol defined by therapists. In Section 2,
related works are exposed. The proposed methodology and
the design principles of the games are described in Section 3.
The development of the LMC-based video games and the
functionality of each one are shown in Section 4. The defi-
nition of the treatment protocol and the obtained results are
presented in Section 5. The effectiveness of treatment focused
on the video games contribution is discussed in Section 6.
Finally, the conclusions are summarized in Section 7.

2. Related Works

The use of the Leap Motion Controller (LMC) has been
extended from its initial purpose in the entertainment
industry, towards different applications based on gesture-
recognition such as remote control, sign language translation,
and augmented reality and also in health care. In healthcare
applications, due to the ability to detect with high precision
the finger joints and their movements, the LMC has been
used in systems oriented to the rehabilitation of fine and gross
manual dexterity, enhanced by a virtual environment that
stimulates to the patient.

On the one hand, several works focused on hand motor
recovery using only the LMC and a virtual environment
are found. In [20], the prefrontal cortex haemodynamic
responses during the executions of demanding manual tasks
performed in a semi-immersive VR environment are studied.
The LMC is used to track the hand movements and to
enable subjects to transpose their hand movements within a
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virtual 3D task. In [21], the user-centered methodology for
the design of SG based on LMC is presented. The imple-
mented exergame accomplished with both the users and the
therapists considerations for the hand rehabilitation. In [22],
the Fruit Ninja game was modified to use LMC for the finger
individuation training. The results suggest that Fruit Ninja’s
score is a good indicator of the hand function according to
the high correlation with the standard clinical assessment
scores such as Fugl-Meyer (FMA) and Box and Blocks Test
(BBT). In [23], the LMC as a gesture controlled input device
for computer games was studied. The experience with the
LMC into two different game setups was evaluated, inves-
tigating differences between gamers and nongamers with 15
participants. Results indicated the potential in terms of user
engagement and training efforts for short-time experiences.
However, the study results also indicated that gesture-based
controls are rated as exhausting after about 20 minutes. While
the suitability for traditional video games was thus described
as limited, users saw potential in gesture-based controls as
training and rehabilitation tools.

Thanks to the portability and low cost of the sensor,
the LMC is appropriated to perform exercises at home and
remotely supervised by clinicians. Thus, for example, a tool
for doctor on which they can prescribe patient to imitate
standard exercise hand motion and get automatic feedback,
such as score, is proposed in [24]. According to similarity
in the scoring, the rehabilitation effect is enhanced. Another
similar study, but focused on the cerebral palsy treatment,
is shown in [25]. Because the purpose of these systems
is to measure the similarity between the standard gestures
and those performed by the patient, an immersive virtual
environment is not necessary. A study for the treatment
of motor and cognitive impairments in children with cere-
bral palsy is addressed in [26]. Integration between patient
and virtual environment occurs through the LMC plus the
electroencephalographic sensor MindWave, responsible for
measuring attention levels during task execution. Based on
results, the level of attention can be correlated with the
evolution of the clinical condition.

Besides, others studies integrate support devices in addi-
tion to the LMC to assist the patient. In [27], the fusion
of the LMC and the Omega.7 haptic sensor with force
feedback capabilities has enabled a bilateral rehabilitation
training therapy. The LMC tracks the healthy hand and the
Omega.7 device haptically interacts with the impaired hand.
It allows bilateral complementary tasks for the training of
the coordinated cooperation of the paretic arm and intact
arm. Other assisted rehabilitation systems are addressed
in [28], using the LMC to visualize in a virtual envi-
ronment the feedback forces sent by a 3D-printed hand
orthosis. The hand orthosis is also commanded by four
servomotors that eases the full development of the proposed
tasks.

On the other hand, the LMC not only has been used
as a rehabilitation tool, but also has been used to automate
the assessment of the functionality of the hand. This issue
is addressed in [29], where an automated system based
on the Simple Test for Evaluating Hand Function (STEF)
was implemented. In the case of the Parkinson treatment,
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a novel index of finger-tapping severity, called “PDFTsi,”
was introduced in [30]. This index quantifies the severity of
symptoms related to the finger tapping of PD patients. Several
works are focused on the use of LMC to measure the hand
tremor. In [31], the authors propose the implementation of
an unobtrusively system to detect tremor, using the LCM
and the Vuzix M100 smart glasses. Similar work but using
only the LMC is studied in [32]. A novel approach of
tremor quantification based on an open-source mobile app
is presented in [33].

Due to the fact that the integration of LMC technology
into healthcare applications has begun to occur rapidly, the
validation of the sensor data output [34] and the feasibility
in neurorehabilitation [35] are important research goals. The
results of these studies provided a proof of concept that LMC
can be a suitable tool for videogame-based therapy in hand
rehabilitation.

3. Material and Methods

The Serious Games (SG) developed for this study try to
imitate exercises included on traditional physical therapy,
such as palmar prehension, fingers’ flexion, and extension
or hand pronation-supination, with the added value that
the immersive virtual environment tries to hook the patient
to the point of not focusing on the fact of being in a
rehabilitation session. This rehabilitation method using SG is
proposed for patients with limited mobility in order to restore
their ability to independently perform the basic activities
of daily living (ADL) or to recover a lost or diminished
function by performing exercises on a regular basis. To
cover these specific objectives, several video games have been
created to exercise different purposes proposed by healthcare
professionals. These SG not only are beneficial to recover
physical mobility, but also favor the perception of visual
acuity, whether the subject has it atrophied or not. This means
that although the idea of these games is mainly to work at
motor level, they also exercise the cognitive and perceptive
capacities of the users. Although the study was carried out
with patients with PD, the games try to be as less selective as
possible with the target public, being able to be particularized
considering the injuries and physical conditions of each user.
In this way, it has been determined that the games are
favorable for subjects with motor limitations due to suffering
any of the following pathologies: PD, people who have
suffered a stroke, arthritis, osteoarthritis, manual stiffness,
wrist and/or fingers fracture, tennis or golfer elbow, and
shoulder injuries.

3.1. Design Principles. In this section, we expose the methods
used for the creation of the video games, together with a
detailed description of them. The idea was to develop a
flexible game platform that allows the clinics to perform
the rehabilitation sessions. The video games should include
a record of the patients’ progress and a minimum set of
“how to play” instructions and must be able to give feedback
of goals achievement to both patients and therapists. After
deep review of LMC sensing capabilities and discussions
with occupational therapists, a set of design requirements
were chosen to achieve the rehabilitation goals. In Figure 1,
the main components of the proposed framework for the
development of SG for rehabilitation are described. Then, it
was agreed that the implementation of these video games
should fulfill the next specifications.

3.1.1. User Interface. It is essential for the interface to allow
patients run the video games easily and in an intuitive
way, along with simple and clear instructions. For easiness
and portability, a simple laptop should be enough to run
the games. In the design, it has been noticed that voice
instructions complement those shown on screen, so the
games count with guide through messages, images, and
audios to assist favorably to any type of user. Furthermore,
attractive graphics awake interest and help patients to get
involved in the exercises. These games try to influence the
users’ mood while doing rehabilitation by motivating them
in a comfortable and innovative virtual environment.

3.1.2. Game Dynamics. The games sessions ought to be
intuitive and straightforward. They are oriented to execute
different tasks in which users will be able to perform free
articular movements, but a few conditions will be imposed
in the way the exercises must be done with the intention that
patients are forced to make specific actions and movements
which will be part of the therapeutic evaluation. To assure
the usability, the games include adjustable features in order
to allow physiotherapists make the games suitable for each
patient’s pathology and conditions. Therapists design the
right set of exercises and the sequence of them to be
performed by the user, generating the specific treatment
protocol scheme as a “recipe” for the specific disease and
patient. This is represented in Figure 1 as therapy component.

3.1.3. User’s Incentive. As the user performs the unilateral
exercises (moving only one arm each time) and bilateral
exercises (using both arms) the games save how much time



the patient has spent on completing each mission. These
results are shown on screen through a bar chart proportional
to the time, this way the users can compare how long it
has taken to make the exercises with each finger or hand,
depending on the game. This system motivates players to
improve their times, stimulating their progress during the
rehabilitation process.

3.1.4. Clinical Outcomes. An essential outcome to obtain
from this rehabilitation through video games is the clini-
cal data to be analyzed by healthcare professionals. Based
on therapists’ directives, the developed games extract and
store information about the human joints trajectories
together with movement ranges during the exercises and
the time it takes to perform each game. This recorded
data informs about the quality of the exercise performance,
the progress of the patient along the sessions, so after its
analysis we could conclude about the utility of the virtual
therapy.

3.1.5. Automatic Data Store. The information obtained in
each session will be automatically stored in the patient’s
record in a format that medical staff can easily handle to
make their evaluations. In this case, CSV files easily match
the specifications required and its content can be simply
managed. This way, it is possible to access to an updated
report of each patient, allowing the physician check remotely
the therapy’s progress. Each patient record is identified by a
code, so their privacy is guaranteed.

3.1.6. Reliable Data Acquisition. Tracking patients’ move-
ments is one of the most important issues in order to
do a diagnosis or evaluation. Including this data in the
generated report allows the therapist to obtain more detailed
data to analyze and follow the patient’s recovery. The video
games technology provides useful way of tracking the patient
movements and automatically registers such information,
giving support to follow closely the patients’ evolution. The
idea is to validate if a low cost and portable device, such as
LMG, is good enough to develop autonomous tool for “at
home” rehabilitation therapies.

3.2. Development Tools. The previous Figure 1 includes the
main components needed to use the developed SG, mainly
a laptop or a PC plus the LMC plugged to its port. Due
to this minimum infrastructure, the system could be used
everywhere.

3.2.1. Hardware Tools. Leap Motion has been chosen as the
most suitable capture instrument for the video games devel-
oped due to its portability and low cost; its good precision
in the tracking of the different parts of the hand, even its
SDK includes functions that facilitate the measurement of
the movements and positions of the joints of the fingers
and the palm of the hand; its clear results; its ease of use,
because thanks to not needing markers for the tracing, it
is not intrusive with the patients and it is quick to install.
Using the Leap Motion device, interaction with the computer
without any physical contact is allowed.
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FIGURE 2: Flowchart of the videogames execution.

3.2.2. Software Tools. The games were developed using the
game engine Unity and C# scripting for the game scripts.
This open-source engine allows the video games created to be
accessible and free. The source code of the project is hosted
by Github in the link, where also several screen-shots are
available.

4. Games Development

A series of video games focusing on the physical rehabili-
tation of the upper limbs of patients suffering from some
type of motor limitation were designed. According to the
requirements and indications from healthcare professionals,
six games were developed: Piano (PI), Reach Game (RG),
Sequence Game (SG), Grab Game (GG), Pinch Game (PG),
and Flip Game (FG); each one of them focused on diverse
rehabilitation workout.

Users must follow a set of screens in order to accomplish
all the exercises. As showed schematically in Figure 2, the
execution of the games is as follows. The first menu screen
requests for personal information about the subject, the num-
ber of the sessions, which hand is more affected, and what
pathology takes the patient to carry out the rehabilitation
therapy. If the user is already in the DDBB, after login, a
new session identifier is automatically assigned. Once this
data is collected, a set of games is available. Then the game
follows the defined rehabilitation protocol, understood as
the selection of which games, and the proper sequence of
games for each session previously defined by the therapist.



Computational Intelligence and Neuroscience

By default, if no protocol has been defined, the user must
select in a menu the game to play from the ones described
in next section. After the game activation, when the hands are
introduced over the Leap Motion device, they will be virtually
represented on screen and patients will be required to move
them within the device’s area of detection and to perform
different gestures to execute the different exercises.

This type of rehabilitation with video games, in contrast to
the traditional one, contributes on a motivating context, pre-
senting rich and functional stimuli for the patient. Therefore,
these games have been created with the purpose of engaging,
thus increasing the active participation of the subject in the
rehabilitation program.

4.1. Implemented Games

4.1.1. Piano Game (PI). This game simulates a piano with ten
keys, each one corresponding to one finger of each hand. Dur-
ing the game, the highlighted key that is indicated must be
pressed by the appropriate finger, keeping the hand open and
lowering the finger that will take down the key until it sounds.
The keys are highlighted first in order, from the pinkie to the
thumb, and then in random sequence. Series will be played in
order of each hand and then for both hands simultaneously.
It seeks to exercise the dissociation of the fingers by situating
each finger over a piano key, stretching them individually
downwards, and then recovering the initial position with the
hand completely open. These finger movements involve a fine
motor unilateral and bilateral coordination and a fine manual
dexterity. Note that, along the performance of the game, arm
posture control is required, keeping the hand over the Leap
Motion device that virtually places the hands on the piano.
Furthermore, the game includes a section where the patient
must remember a sequence of a certain number of keys that
are illuminated and must repeat (after the series shown). This
feature adds to the video game the attention and retention
training component.

4.1.2. Reach Game (RG). During this game, the patient’s
virtual finger must touch the indicated cube among several
cubes that appear on screen. As the cubes are reached, they
fall to the floor and the next target cube is indicated until the
last of them has been dropped. The cubes on the screen are
located at different heights and depths. Thus, the sensation of
the patients’ spatial perception is created, making them move
the arms in the space above the LMC device until the correct
position of the target cube is found. The highlighted one is
the goal to be touched and the rest of them become obstacles
to be avoided. The purpose of this exercise is to motivate the
users to move the upper limbs of the body to reach the virtual
cube, so they have to make specific movements of extension
of the fingers, contraction, and stretching of the elbows and
abduction and adduction of the shoulders. Also, the subject
trains gross motor unilateral and bilateral coordination.

4.1.3. Sequence Game (SG). In this game, the patient’s objec-
tive is to memorize the sequence that is reproduced through
a color change of the cubes that appear on the screen. At the
end of the sequence, the user must repeat it by reaching the

cubes in the same order in which they were shown. As in the
Reach Game, the physical movements and skills mentioned
before are trained, but this game adds the exercising of visual
sequential memory.

4.1.4. Grab Game (GG). The target of this game motivates the
patient to perform the movements of closing and opening
the hand without resistance. A set of cubes is arranged in
a specific layout and a red sphere is shown in the central
part of the screen. The user must reach the indicated cube,
make the gesture of grip with all the fingers flexed, and then
with the fist closed move the grabbed cube to the red sphere
and, once they come into contact, open the hand with all the
fingers stretched to release the cube. In the Grab Game, the
objective is to work both the muscle tension and distension on
the hands and fingers (i.e., flexion and extension), unilateral
and bilateral gross motor coordination, and gross manual
dexterity due to the grabbing gesture. As in the Reach Game,
the cubes are positioned at different heights and depths. Thus,
the patient will be able to exercise, in addition to hands, the
elbows, and shoulders and spatiality.

4.1.5. Pinch Game (PG). The opposition of the fingers is
an exercise used in occupational therapy to recover fine
motor skills. In this game, the bidigital grip is trained by
performing the pincer movement through the terminal or
subterminal opposition, both of which are valid. The patient
must touch the index finger with the thumb from an initial
position with extended fingers. When making this gesture
close enough to the objective cube, this will acquire smaller
size as the fingers approach until it disappears completely.
As the cubes are reached, unilateral and bilateral gross
motor coordination is trained, and additionally, in order to
perform the specific task of this game, fine manual dexterity is
required.

4.1.6. Flip Game (FG). The user must situate his hand palm
up over the Leap Motion device as a waiter holds a tray.
A small tray filled with a cube appears in the center of the
screen. The patient has to spin the palm downwards. Doing
this tray rotation, the cube detaches from tray and it falls to
the bottom. This game is created due to the need to exercise
pronation and supination of the forearm, but also a posture
control is required because it is necessary to keep the hand
on the tray during the spin. In Figure 3(f), the user hand
holding the small tray and an arrow to indicate the direction
of rotation are shown. Once again unilateral and bilateral
gross motor coordination is needed in order to reach the
objects placed on the virtual space of the game. This exercise,
as the previous ones, is performed individually with each
hand and later the bilateral integration is carried out, taking
part on the game both hands. In this case the user must
coordinate the spin movement of each hand tray to drop both
cubes at the same time.

4.2. Games Settings for Therapist. The developed games
try to be as less exclusionary as possible with the target
audience and the most adaptable to particularize the exercises
according to each patient. In order to achieve this, a settings
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FIGURE 3: Serious Games used on protocol: (a) Games Menu, (b) Piano Game, (c) Reach Game, (d) Grab Game, (e) Pinch Game, and (f) Flip

Game.

menu will appear in each game to adjust a set of parameters
to fit the best to the capabilities and needs of the subject.

In the Piano Game, some parameters regarding the
execution of the game can be changed:

(i) Number of repetitions: this will determine how many
times the user will have to play the piano keys in
order randomly and the number of sets of sequences
to remember.

(ii) Maximum time: this value will define maximum time
period that is allowed without pressing a highlighted
key, before a fail is registered and the game moves on
to the next step. If this field is not filled, the game will
wait as long as it takes until the current active key is
pressed.

(iii) Number of keys to remember during each sequence.

Also, the visual appearance of the Piano Game can be
modified making use of a series of sliders to accommodate
it to each patient:

(i) Hands™ height: this is the height at which the user
feels comfortable (within the Leap Motion’s detection
area) to complete the exercises with the hands in the
air over the device. Once the patient meets the right
position, the virtual hands must be placed, making
use of the corresponding slider, at a height from which
the keys can be pressed by only bringing down each
finger.

(ii) Distance between keys: this distance not only must
be adjusted so the patient executes comfortably the
exercises, but also it will define the dissociation degree
between fingers.

(iii) Key thickness: this variable establishes how much
surface each key will have, thus the area that the user
can touch to press them.

(iv) Pressing height: while using the settings menu, a thin
colored layer appears under the keys. When the keys
are pressed and lowered until they make contact with
this layer, a musical note is played, as it happens
when playing a real piano. The pertinent slider can
be regulated to set how much distance the key must
move down to give the pressing action as valid and
move on to the next one.

On the other hand, the rest of the games (RG, SG, GG, PG,
and FG) can also be adjusted at performance and appearance
levels:

(i) Number of cubes: the number of cubes shown on the
screen is equivalent to the number of repetitions of
each task, because the game will be completed when
the exercise has been performed on each cube and
all of them have fallen down to the virtual floor. In
the case of bimanual exercises, the number of cubes
will be double in order to match the same number of
repetitions as in unilateral exercises, because each task
will be executed on two cubes at a time (one target
object with each hand).

(ii) Size of the cubes: it can be chosen between small,
medium, and big. The therapist can choose among
them with a view to the level of difficulty.

(iii) Depth scenario: it can be selected, depending on the
protocol exercising of the patient, if the cubes appear
at the same plane or at different depth distances. Ifit is
decided to use deepness in the game, the patient will
have to visually make depth discrimination and then
flex and stretch the elbow to find the correct distance
at which the cube is situated.

(iv) Static or motion cubes: cubes can be arranged at a
fixed position in the screen or in motion, increasing
the level of difficulty. In this last case, the speed of the
movement can also be chosen.
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(v) Number of cubes to remember during the Sequence
Game.

(vi) With which finger or fingers it is valid to touch the
cubes during the Reach Game: it can be selected
between any combination of fingers, according to
what is most appropriate for the patients exercising.
The target will be considered as reached just when it
is touched with the virtual fingers which have been
indicated in the settings.

(vii) Fist closing and opening degree in the Grab Game:
since not all the users have the same physical con-
dition, a patient can find it more or less difficult
to perform the grabbing gesture depending on his
pathology. For this reason, the therapist is able to
set up the Grab Game to be played by both a
healthy user and someone who cannot close the fist
completely, validating a closure degree appropriate
to the users condition (representing “0” the hand
completely open and “1” totally closed). It can also be
modified according to the patient’s progress or to the
level of difficulty of each session.

(viii) Hand’s spin in the Flip Game: when it comes to carry
out the pronosupination task, the turning angle that
the hand must turn during the game can be set. The
values for the pronation and the supination exercises
can be different between them.

These settings must be fixed before the game begins, but
they can also be accessed during the exercises by pressing the
settings button. This data will be registered in the user’s CSV
file in order to be contemplated in the patient’s evaluation,
but also it is useful to have them noted down in case if
the exercises should be repeated under the same conditions.
Although these options are available for the games, for the
protocol established for the study of the Serious Games on
patients with PD, it has been decided to maintain the same
conditions for all the subjects and during all the sessions,
so the data analysis according to patients and sessions was
comparable.

4.3. Clinical Aspects Covered. These video games are focused
on training different movements associated with daily activ-
ities. But in addition to the physical rehabilitation that is
executed during each exercise and that were detailed before
by each game, it has been noticed that all of them act at
the same time at a cognitive and perceptive level. Table 1
summarizes the clinical aspects.

Relative to the cognitive aspect the following features are
present during the games:

(i) Sustained and divided attention: users must be con-
centrated and follow the instructions that the game
will give through text, images, and voice, all of
them intending to facilitate the comprehension of the
exercises.

(ii) Hand avatar: it is important that users, while playing,
are able to identify and locate their virtual hands with
respect to the other objects represented on screen.

(iii) Sequencing and short-term memory: during the
games that include sequence memorization, users
must remember the order in which the game has
shown the sequence and replicate it just after it
finishes.

(iv) Laterality: all the games take advantage of all the space
that appears on the screen. The patient must be able
to distinguish between the images that appear on the
left, center, and right side of the screen. In unilateral
exercises, the subject must reach the indicated object
with the hand that corresponds on that turn, and in
bilateral exercises the user must use each hand for
the objects that appear on each side, respectively (i.e.,
objects on the left side of the screen must be reached
by the left hand and vice versa).

(v) Executive function: it involves some cognitive pro-
cesses, such as planning, organizing, or problem-
solving that are required to properly perform the
exercises, according to instructions the patients are
given.

Regarding the perceptive factor, these video games con-
tribute to the visuoperceptive coordination that integrate
the movements of the hands and eyes and turn out to
be vital in the activities performed day by day. A figure-
background discrimination to hit the correct object, color
discrimination which indicates targets, hits, and fails, and
depth discrimination in order to find the correct position of
the object to be reached is also required.

In order to compare the dexterity of each hand and its
respective evolution, the exercises will be done unilaterally
first with the hand less or none affected and then with the
most affected. Following, in all games except in the Sequence
Game, the same exercise will be performed bilaterally requir-
ing the involvement of both hands and thus training the
bimanual coordination.

4.4. Outcomes Storage. Rehabilitation with video games is
currently intended to serve as a strong complementary tool
to the traditional rehabilitation therapies. The inclusion of
motion capture systems in the clinical activity provides
the capability of automating some activities such as data
gathering [36] and offers accurate information about the
human skeleton, its joints, and their respective movements
to be analyzed later by the therapist. In each one of the games
created, the main variable that is recorded is the time. The
partial and total times that the patient spends in each exercise
are stored in a CSV file that can be easily imported into Excel,
simplifying the evaluation of the results and the progress of
the patients by the therapist. The user will have to fill in his
details: name and surname, session number, most affected
hand, and reason for the rehabilitation. This information will
be stored in a CSV file named after the user’s name so the
results are always collected in the same file to make each
patient’s analysis easier. On the one hand, in the Piano Game
the time that the user dedicates to press each of the keys is
registered and, based on them, the average of the time spend
with each finger of each hand is recorded at the end of the
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TABLE 2: Demographics and health status of participants.

Age Gender Affectation Side Taking medication
User 1 72 Male Unilateral Left Yes
User 2 57 Female Unilateral Left Yes
User 3 54 Female Unilateral Left Yes
User 4 55 Male Unilateral Left Yes
User 5 45 Male Unilateral Left Yes

game, facilitating an immediate comparison between each
fingers and both hands performances. On the other hand,
in the rest of the games (i.e., RG, SG, GG, PG, and FG) the
data recorded in the file is the time that the user takes to
perform the corresponding task on each cube and the global
time destined to play with each hand or both. In addition,
in the Grab Game, the average degree of closure of the user’s
hand is computed (with “0” being the hand completely open
and “1” being totally closed) and the game saves this data for
its evaluation.

5. Feasibility Study

To evaluate the feasibility of the use of the LMC as the
main capture device in a rehabilitation process, a pilot study
was carried out at Asociacion de Pacientes con Parkinson
(APARKAN) in Alcorcén (Madrid). The main goal of the
study was to validate the effectiveness of the proposed games
in people in a mildmoderated stage of the PD. The pilot
therapy was designed to improve the muscular strength,
coordination, fine motor skills, and functionality of the upper
limb in people with PD. Besides, one part of the study was
focused on gathering the opinion of the participants, related
to the satisfaction and the degree of adherence of them, in
order to evaluate the usability of the system.

The present study obtained the favorable report from the
Ethical Committee of Clinical Research of the King Juan
Carlos University.

5.1. Pilot Trial Design

5.11. Participants. Five individuals with PD were chosen by
medical professionals to participate in this study. Participants
were selected according to the following inclusion criteria:
subjects with PD who met the modified diagnostic criteria
of the Brain Bank of the United Kingdom; subjects in
stages II, III, and IV of Hoehn & Yahr scale; sex: men
and women; stable or slightly fluctuating motor response to
pharmacological treatment; not having received at the time
of the study a specific treatment of rehabilitation of the upper
limbs; signature of informed consent form.

The exclusion criteria were diagnosis of other diseases
or serious injuries that limited occupational performance;
patients with other types of parkinsonism than PD; cognitive
impairment affecting the language comprehension ability to
follow the instructions of the study evaluation tools; refusal to
participate in the study; subjects in the evolutionary stage I or
V of the Hoehn & Yahr scale; visual alterations not correctable
with ocular devices.

Demographic data and health status of participants in the
study are summarized in Table 2.

5.1.2. Treatment Protocol. Patients with PD improve their
physical performance and activities of daily living through
exercise, but there is no standardized exercise program
for specific problems associated with PD [37]. Due to the
flexibility and easy use mode of the SG presented in this paper,
it is possible to make a treatment program to train different
problems of motor function. The configuration of a specific
treatment protocol can be seen as the pieces of a puzzle to
be fitted together, according to the therapist criteria and the
patient needs. Each piece of the puzzle corresponds to each
video game (PI: Piano Game; GG: Grab Game; PG: Pinch
Game; RG: Reach Game; SG: Sequence Game; and FG: Flip
Game).

Considering the rehabilitation features (see previous
Table 1) and the unilateral and bilateral training capability of
each game, an appropriate game combination can be gener-
ated by therapist to deal with different cognitive, perceptual
and motor problems.

The treatment protocol followed in this study is shown
in Figure 4. Training with the LMC-based video games
consisted of 2 sessions a week of 30 minutes each for 6 weeks
(total of 12 sessions), with the presence of a healthcare profes-
sional throughout the process. All the participants received
the treatment in sedestation, with a table at the height of
the middle third of the trunk and with an initial elbows
flexion of 90°. In those patients who required it, manual help
was provided by the therapists on the most affected side.
The difficulty of the exercises was increased as well as their
number as the protocol progressed, always considering the
particular needs of each patient and respecting rest periods
to avoid fatigue.

5.1.3. Functional Assessment Method. Some standard clinical
tests are used to evaluate the health condition of participants
at the beginning (T0) and at the end (T1) of treatment. All
participants were evaluated in the Laboratorio de Analisis
del Movimiento, Biomecanica, Ergonomia y Control Motor
(LAMBECOM) of the King Juan Carlos University (Madrid).

The primary outcome measure of this study was the
variation between the initial (T0) and the final (T1) functional
assessment, in order to quantify the effectiveness of the LMC-
based training in people with PD. For that purpose, the
evaluation used the following tools:

(i) Jamar handgrip dynamometer: it is an instrument to
measure the maximum isometric strength of the hand
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and forearm muscles. It consists of a sealed hydraulic
system with adjustable hand spacing that measures
hand grip force. The strength reading can be viewed
as pounds or kilograms. The dynamometer is used for
testing the hand grip force and for tracking the grip
strength improvements during rehabilitation.

(ii) Box and Blocks Test (BBT): this test is used to
measure unilateral gross manual dexterity in children
and adults. It consists of moving the largest possible
number of cubes from one compartment to another
in a wooden box one by one for one minute. The
results obtained in each extremity are compared. This
manual procedure is automated in [36].

(iii) Purdue pegboard test: the purpose of this test is to
measure unimanual and bimanual finger and hand
dexterity. Initially it was used to evaluate finger skill
and manual precision in the selection of personnel
who had to carry out jobs that required fine dexterity
and coordination for handling small parts. At present,
it is used in the clinical environment to evaluate
manual dexterity. It consists of four tests: the first
one consists of inserting pegs on a board with the
dominant hand; the second one is to insert pegs into
the board with the nondominant hand; the third one
is to insert pegs with both hands; and the fourth
one is to perform an assembly test using both hands
alternately.

Besides, the comparative between the functional assess-
ment results and the video games outcome will give an idea of
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whether the video games outcome, by itself, can be a reliable
indicator of the improvement of the physical condition.

5.1.4. Usability Testing. Secondary outcome measure was
related to the user experience. Participants were invited
to fill in a questionnaire for assessing the usability of the
videogames. Questions were classified on three categories:
utility, playability, and use mode. These games features were
individually evaluated by each user, who expressed their
opinions via a range of satisfaction scores, from -2 (strongly
disagree) to +2 (strongly agree). Regarding the number of
users for a proper usability assessment, five is a proper sample
size for usability testing [38, 39].

5.2. Pilot Trial Results

5.2.1. Games’ Outcome. The results obtained by the video
games usage are shown in this section. On the one hand, the
main outcome was the time spent to complete the exercises of
each game. The average of the total time results of all users in
each session is shown in Figure 5. Data are plotted according
to the unilateral exercises (right or left arm) and the bilateral
exercises (bimanual), including a trend line to observe the
results tendency. The gaps in the curves are related to the
treatment protocol, since not all the video games were used
in all sessions, with the exception of the Piano Game.

In the case of Piano Game, it may be seen in Figure 5(a)
that the curve corresponding to the left hand (orange line) is
above the curve corresponding to the right hand (blue line).
This implies that participants spent more time performing
the exercises with the left hand, which is the affected hand.
However, a decreasing trend is appreciated throughout the
sessions.

The outcomes obtained with the Reach Game (Fig-
ure 5(b)) presents similar results for both the left and the
right hand. The bimanual tasks required more time to be
completed, as the curve in grey color illustrates.

In the case of Grab Game (Figure 5(c)), it can be seen that
the unilateral exercises for the left hand (orange line) are very
similar to the bilateral exercises (grey line). These curves are
above the curve obtained with the right hand (blue line).

Data showed in Figure 5(d) are obtained by the Pinch
Game. Very little variations among the values of the different
sessions are observed in the case of the right and the left
hand. Also, there is a remarkable variation with respect to the
bimanual task that implies that the bimanual pinching task
was more difficult than the unilateral one. This suggests that
manual coordination was more impaired than the pinching
function.

The results for the Sequence Game are shown in Fig-
ure 5(e). The measurements are very similar for both hands
and it presents a clear decreasing trend. Since this video game
is focused on the cognitive aspect, the results are related to a
memory improvement.

Finally, in the case of the Flip Game (Figure 5(f)) the
results obtained for both the right and the left hand are closely
similar. Bilateral task spent more time as the line above the
unilateral task shows.
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FIGURE 6: Results obtained in the Piano Game for the user 1: (a) time spent by fingers of the right hand, (b) time spent by fingers of the left
hand, and (c) box plot of the partial times obtained in sessions 1 and 12, according to the left and right hand fingers.

On the other hand, other outcomes are the partial times
that the patient spends to respond to a stimulus; for example,
the time spent on reaching a cube in the Reach Game
or pressing a key in the Piano Game. The partial time is
counted from the moment the target is activated until the user
“touches” it. The results obtained for user 1 in the Piano Game
are shown in Figure 6. The averages of the total time spent by
each finger, including unilateral and bilateral exercises, are
shown in Figure 6(a) for the right hand and in Figure 6(b)
for the left hand. It can be noted that the keys corresponding
to both the thumb and the little finger requires more time
than the rest when playing. Moreover, a box plot of the
partial times obtained for the left and right hand fingers in
sessions 1 and 12 is shown in Figure 6(c), to compare the user
performance between the initial and final session. It can be
appreciated that the data dispersion and the average in session

12 were reduced with respect to session 1. This suggests that
the time of response of the fingers to a stimulus was improved
in the participants.

5.2.2. Functional Assessment Results. 'With respect to measure
the efficacy of LMC-based training in PD treatment, the
improvements in terms of hand grip strength, and both gross,
and fine manual dexterity are shown in Tables 3, 4, and 5,
respectively.

In terms of hand strength, given by the Jamar dynamome-
ter measurement, a significant increase was obtained in four
patients for the unaffected hand, while one patient (User 3)
obtained a slight negative value. In the case of the affected
hand, four of the participants also presented a significant
improvement in grip strength, while one of the participants
(User 4) obtained a remarkable negative value (see the left
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TABLE 3: Jamar handgrip dynamometer scoring in pounds (Ib).
Initial assessment Final assessment Variation
Right hand Left hand Right hand Left hand ARH ALH
B ARH B ALH
-10 -5 0 5 10 15 20 25
User 1 41,7 28,3 56,7 48,3 15,0 20,0
User 2 26,7 21,7 33,3 38,3 6,7 16,7
User 3 40,0 20,0 38,3 31,7 -1,7 11,7
User 4 120,0 106,7 121,7 98,3 1,7 -8,3
User 5 130,0 120,0 155,0 131,7 25,0 11,7
TABLE 4: Box and Blocks Test scoring.
Initial assessment Final assessment Variation
Right hand Left hand Right hand Left hand ARH ALH
m ORH m ALH
-10 -5 0 5 10 15 20 25
User 1 32 27 49 40 17 13 1
User 2 39 40 46 47 7 2
User 3 46 42 55 44 9 2 3
User 4 42 35 49 45 7 10 4
User 5 43 35 55 48 12 13 5
TABLE 5: Purdue Pegboard Test scoring.
Initial assessment Final assessment Variation
Righthand Lefthand Twohands Assembly Righthand Left hand Two hands Assembly ARH ALH ATH AA
=ARH = ALH
ATH - AA
-2 0 2 4
User 1 9 6,3 5 12,3 12 10 5,66 14,3 3 37 066 2 1
User 2 12 10,6 7,3 19,6 11,3 11 8,6 19,3 -0,7 04 1,3 -03 2
User 3 13 10,6 8 23,6 14,6 13,3 9,6 27,6 1,6 27 1,6 4 3
User 4 14,6 11 10,3 26,6 14 12,3 10,6 27,6 -06 1,3 03 1 4
User 5 14 12,6 9,3 31,3 14,6 13 10,3 29,3 0,6 04 1 -2 5

side figure in Table 3). The worsening in the results of user
4 can be attributed to a blow that he received in the left arm
(affected side) days before the final evaluation and that caused
him pain on the day of the evaluation.

Gross manual dexterity improved in all participants,
according to the variation between T0 and T1 assessment in
the number of the blocks that users were able to transfer by
performing the BBT. As may be seen in the right side figure
in Table 4, these variations in the number of blocks are very
similar for both the left and the right arm of each patient,
except for user 3 that is more remarkable.

The analysis of the Purdue scoring shows a general
improvement by the fine manual dexterity and the eye-
hand coordination (see right side figure in Table 5). It is
noted that the fine manual dexterity is increased for the left
hand (affected side) in all participants, while for the right
hand (unaffected side) it was slightly reduced in the case
of users 2 and 4. The bimanual tasks of the Purdue test
require both hands coordination to be completed. Thus, the
results of both the “two hands” and the “assembly” tasks
revealed an improvement in the hand coordination for all

participants, except for user 2 with a slight decrease and
for user 5 with a more negative value in the “assembly”
task.

5.2.3. Usability Results. User experience by using the pro-
posed LMC-based video games was satisfactory. Questions
were classified into three categories and the results are
summarized in Table 6. On the one hand, the best results
were obtained in both categories “utility” and “playability,”
with an average scoring of 1.68 and 1.64, respectively. Thus,
the proposed video games were regarded as a useful tool
to improve the independence of users in their daily living
activities. The intuitive graphical design and the ease of
playing were also highlighted. On the other hand, the “use
mode” category obtained the worst results, with an average
scoring of 0.96. Most of the participants agreed that bilateral
tasks were more difficult than the unilateral ones. Bilateral
exercises required more effort to be performed, and most
especially in the Flip Game where some rest periods were
necessary.
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6. Discussion

The most significant feature is the flexibility of the proposed
games to define a specific therapy protocol that is easy to
customize to the patients particularities. Another relevant
characteristic, in addition to the capability to exercise, is the
potential of the proposed system as an assessment tool, taking
into account the results shown in the previous section. Data
for completion times (see Figure 5) has been compared with
the traditional tests of manual dexterity: Purdue Pegboard
Test and Box and Blocks Test. The decreasing times gathered
in each session by the SG are coherent with the improvement
of the physical condition of the patients, measured by the
traditional tests. Although the measured times are influenced
by the sensitivity of the sensor and the conditions of fatigue
and mood of the users, the obtained results show a clear
downward trend. This fact is consistent with the appreciation
obtained by the classical metrics.

On the one hand, the improvement in the fine manual
dexterity evaluated by the first part of the Purdue test presents
a clear correspondence with the decrease of the average times
in completing the game of Piano Game and Pinch Game. The
gross manual dexterity trained mainly by the Grab Game and
Piano Game has been also improved, according to the BBT
results. The results obtained in bilateral execution of all the
games that require bimanual coordination are consistent with
the ones obtained in the second part of the Purdue test that
cover this issue by means of the assembling task.

On the other hand, the fact of moving and holding the
arms entails activation of the set of intrinsic and extrinsic
muscles of the forearm. The training of these muscles is
related to the recovery of hand strength and ability to grasp.
This training of the forearm is especially enhanced by the
Flip Game, thanks to pronation and supination movements.
A continued and more or less intense use of the games could
be related to the recovery of force measured in all the users
by means of the Jamar handgrip dynamometer.

Finally, PD is extremely challenging so future technologi-
cal developments could include machine learning methods to
automate the rehabilitation process using LMC, by adapting
the levels of difficulty and exigency of the exercises based
on the subject’s performance and other factors (such as
fatigue, errors and success rate); serving as a complementary
tool to the therapist's supervision. Additionally, there is
a real challenge related to the acceptance of new tech-
nologies by the elderly population. Knowledge of the user
is as important as system functionality, since without the
user’s cooperation, functionality may be ineffective. In this
regard, a satisfaction survey was designed for gathering the
impressions of participants to assess the acceptance of the
proposed games, taking into account different aspects such as
usability, playability, and use mode. Although, in general, the
proposed video games were positively valued by participants
and clinicians, the survey scores revealed the need to enhance
the use mode. So, future studies should consider the effort,
the difficulty, and the kind of tasks in order to facilitate
the acceptance of these LMC-based video games and the
integration of these technologies in a holistic rehabilitation
context.
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7. Conclusions

Despite the outcomes of the LMC-based video games were
different among the training sessions, a clear decreasing trend
is found throughout the treatment protocol. The improve-
ment of health condition of participants was validated by
the clinical assessment tools. The correlation between the
decreasing trend and the increase in the health condi-
tion validates the video game outcomes as an indicator
of improvement. This approach requires more trials to be
consolidated, but it is encouraging. The influence of the mood
of participants and the reliability of data acquisition must be
considered also.

The Serious Games implemented in this work are a
versatile tool in rehabilitation processes, since different func-
tional problems can be treated according to the configuration
defined by the therapist. Different treatment protocols can be
created in an easy way.

Based on the user experience, the use of the LMC-
based video games in the treatment of Parkinson’s has been
favorably accepted. The utility and playability of the games
have been highlighted by the users; however there are certain
exercises that have been difficult to perform and required
the help of the therapist or breaks. This situation should be
taken into account by the therapist to define a home treatment
program.

Although the number of patients is not sufficiently repre-
sentative to give a clinical validity to the obtained results, it is
nevertheless convincing about the effectiveness of the use of
these games for a double function, as an evaluation method
as well as a complementary rehabilitation instrument; and it
is also supported by the user experience.
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CHAPTER

Clinical Validation of Serious Games

8.1 Overview

This chapter presents the in-depth clinical validation of the effects of the therapy based on serious
games for the improvement of upper limb functioning. This study focuses on analysing the signi-
ficance, from the clinical perspective, of the functional improvements derived from the use of the

implemented intervention tool.

Impact factor: JCR-2018: 3.582;
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Abstract

experimental group.

needed to confirm these preliminary findings.

limb; Dexterity

Background: Non-immersive video games are currently being used as technological rehabilitation tools for
individuals with Parkinson’s disease (PD). The aim of this feasibility study was to evaluate the effectiveness of
the Leap Motion Controller® (LMC) system used with serious games designed for the upper limb (UL), as well
as the levels of satisfaction and compliance among patients in mild-to-moderate stages of the disease.

Methods: A non-probabilistic sampling of non-consecutive cases was performed. 23 PD patients, in stages
[I-IV of the Hoehn & Yahr scale, were randomized into two groups: an experimental group (n=12) who
received treatment based on serious games designed by the research team using the LMC system for the UL,
and a control group (n=11) who received a specific intervention for the UL. Grip muscle strength,
coordination, speed of movements, fine and gross UL dexterity, as well as satisfaction and compliance, were
assessed in both groups pre-treatment and post-treatment.

Results: Within the experimental group, significant improvements were observed in all post-treatment
assessments, except for Box and Blocks test for the less affected side. Clinical improvements were observed for
all assessments in the control group. Statistical intergroup analysis showed significant improvements in
coordination, speed of movements and fine motor dexterity scores on the more affected side of patients in the

Conclusions: The LMC system and the serious games designed may be a feasible rehabilitation tool for the
improvement of coordination, speed of movements and fine UL dexterity in PD patients. Further studies are

Keywords: Virtual reality; Non-immersive video games; Leap Motion Controller; Parkinson's disease; Upper

Introduction

The second most common neurodegenerative disorder,
after Alzheimer’s disease, is Parkinson’s disease (PD),
which is prevalent in approximately 1% of people aged
60 years or older [1,2]. This disorder, which predomi-
nately impairs motor function, affects 1-5% of individ-
uals aged 65-69 years of age and 1-3% of those above
80 years of age. The cardinal symptoms are: bradyki-
nesia, defined in part by James Parkinson as being
“lessened muscular power”, and which manifests as
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slowness of movement; rigidity, defined as an increased
muscular tone when the limb is passively moved and
which is usually experienced as a sense of feeling stiff
and uncomfortable; resting tremor, defined as a repet-
itive back-and-forth movement of any limb, which oc-
curs when that part of the body is not actively moving;
and postural instability: which refers to an impaired
reaction when balance is perturbed. Additionally, pa-
tients with PD typically suffer from a wide range of
motor and non-motor problems [3]. These signs and
symptoms impair the performance of their daily activ-
ities, reducing their level of independence. At present,
there is no curative treatment for PD, rather, treat-
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ments are focused on the symptoms and prevention of
the progression of the disease [4,5].

Throughout the various stages of PD, impaired dex-
terity is among the most frequently reported disturb-
ing symptom and a major contributor to the burden
of the disease [6]. Dexterity deficits impair typical ac-
tivities of daily living and may be present even in mild
to moderate stages of PD. Patients with PD become
dependent on caregivers because their motor and cog-
nitive disabilities interfere with their ability to perform
daily activities [6].

Scientific evidence to date supports the benefits of re-
habilitation treatment in PD [7,8]. In the field of neu-
rorehabilitation, technology-based rehabilitation sys-
tems, such as virtual reality (VR), are promising and
may be able to deliver a client-centered task-oriented
rehabilitation. Several studies have addressed the pos-
itive effects of VR systems as being a complementary
therapy to neurological rehabilitation [9]. These sys-
tems are based on computer-based technology that al-
lows users to interact with simulated environments and
receive feedback on performance within real-time sce-
narios, therefore providing the opportunity to perform
functional and repetitive activities, facilitating motor
learning and neuroplasticity through increased inten-
sity during task-oriented training [9].

Video games based on VR technology are emerging
as valid tools used in neurorehabilitation for patients
with neurological disorders, and as a low cost and eas-
ily accepted adjunct to traditional therapy. Standard
games such as the Nintendo Wii, Playstation Move and
Kinect plus XBOX 360 have been used in PD rehabil-
itation. However, often these are either too difficult
for patients or the games progress too quickly, failing
to provide impairment-focused training or specifically
address patients’ needs [10]. Therefore, it is necessary
to develop specific serious games for PD patients. Se-
rious games are defined as games designed for a pri-
mary purpose other than that of pure entertainment,
and which promote learning and behavior changes for
PD patients.

In this context, new low-cost markerless devices have
emerged, such as the Leap Motion Controller (LMC)
System® which uses a sensor that captures the move-
ment of the patient’s forearms and hands without the
need to place sensors or devices on the body. This gen-
erates a virtual image of the upper limbs on a computer
screen and the patient is prompted to perform move-
ments according to the functional task proposed. This
system presents important advantages over other mo-
tion capture systems, namely thanks to its portability,
ease of use, commercial availability, low cost and non-
invasive nature. However, evidence is lacking that sup-
ports the therapeutic use of LMC in the treatment of
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upper limb (UL) motor disorders in PD. Furthermore,
to our knowledge, no specific serious games have been
designed for PD patients using the LMC system.

Therefore, the primary aim of the present study was
to evaluate the effectiveness of the LMC system using
serious games designed for improving UL grip mus-
cle strength, coordination, speed of movements and
fine and gross dexterity. Furthermore, we sought to
assess satisfaction and compliance levels among those
in mild-to-moderate stages of the disease.

Materials and methods

Participants

All patients were recruited from the Association of Pa-
tients with PD Aparkam in Alcorcén (Madrid, Spain).
Non-probabilistic sampling of non-consecutive cases
was performed. The inclusion criteria were: patients
with PD who fulfilled the modified diagnostic criteria
of the Brain Bank of the United Kingdom; patients in
stages II, I and IV of the Hoehn & Yahr scale; > 60%
Schwab & England functionality scale; patients whose
motor response to pharmacological treatment was sta-
ble or slightly fluctuating, and who were not receiving
specific UL rehabilitation treatment at the time of the
study. The study exclusion criteria were: the diagnosis
of diseases other than PD or serious injuries affecting
the UL; the inability to understand instructions and
actively cooperate in the tasks indicated based on a
score > 24 in the Mini-mental Test; refusal to par-
ticipate in the study; stages I or V of the Hoehn &
Yahr scale; and visual impairment not correctable by
glasses.

Procedure
The sample was randomized into two groups: an ex-
perimental group, who received UL treatment based
on serious games designed by the research team, using
the LMC system; and a control group, who received a
specific UL intervention based on conventional physi-
cal therapy (based on shoulder, elbow, wrist and fin-
ger mobilization, strengthening of UL extensor mus-
cles, stretching exercises for UL flexor muscles) [7,8]
and with functional task practice trying to imitate the
movements of the serious games designed for the ex-
perimental group (- i.e. reaching movements, dexter-
ity, grasping and pincer grasp movements using objects
of daily living, such as coins, keys, balls, cups, plates-).

This protocol was approved by the local ethics com-
mittee of the Rey Juan Carlos University. Informed
consent was obtained from all participants included in
this study.

All groups received the intervention at the Aparkam
Association, between May and July of 2017. Both the
experimental group and the control group received two
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Figure 1 Serious games designed for the Leap Motion® System. *Serious games used on protocol: a) Games Menu, b) The Piano
Game, c) The Reach Game, d) The Grasp Game, e) The Pinch Game, and f) The Flip Game

30 minute sessions per week over a six-week period (a
total of 12 sessions for each group). A physical thera-
pist was present throughout the process. The experi-
mental group used the LMC system while seated at a
table placed at mid-trunk height and with the elbow
placed at an initial 90° elbow flexion. When necessary,
manual assistance by the physical therapist was pro-
vided on the patient’s most affected side.

The serious games performed in this study aimed to
imitate exercises and movements commonly included
in conventional rehabilitation, such as palmar prehen-
sion, finger flexion and extension or hand pronation-
supination (Figure 1). Patients performed six games:
the Piano Game (PI), the Reach Game (RG), the Se-
quence Game (SG), the Grasp Game (GG), the Pinch
Game (PG) and the Flip Game (FG). Each of these
games was based on a different rehabilitation goal.

Description of the video games

A set of video games was developed, aimed at UL mo-
tor rehabilitation. The Leap Motion sensor was used to
capture the users’ hand movements and different vir-
tual environments were created using Unity3D Game
Engine software. In total, six video games were devel-
oped: the PI, the RG, the SG, the GG, the PG and
the FG. Each game focused on different rehabilitation
purposes, based on requirements and guidelines sug-
gested by clinical experts on PD neurorehabilitation.
The games were performed firstly unilaterally (each
hand separately) and then bilaterally (both hands at
the same time). The user interface allows therapists
and patients to easily navigate through the games. For
this purpose, the instructions are given clearly and pre-
cisely via texts and audio cues. It has been described

that individuals with PD may move more quickly or
easily when their actions are in response to environ-
mental stimuli (i.e., exogenously evoked) than when
their actions are spontaneous and self-initiated (i.e.,
endogenously evoked) [10], so using this task switch-
ing paradigm, visual and acoustic cues were given to
the patients to incite the specific movements on each
game. A full description of these games is provided in
a previous study [11]. However, the main features and
procedures of the video games are described below:

PI: This video game features a virtual piano key-
board with ten keys, each corresponding to a single
finger on each hand (see Figure 1-(b)). The user is en-
couraged to play each piano key with the correspond-
ing finger. During the game, the required key to be
pressed lights up. The keys are lit up first in an or-
dered sequence, from the little finger to the thumb,
and then in a random sequence. Each key that is cor-
rectly pressed is recorded and a point is added to the
score. Higher scores equal better performance of the
game.

RG: In this game, several cubes are shown in differ-
ent spatial positions, placed within the reaching range
of the user’s upper extremity (see Figure 1-(c)). A
highlighted cube indicates the target to be touched.
When the user reaches the cube, it falls to the floor
of the virtual scene. To complete the game, the user
must reach all cubes.

SG: This game uses the same set-up as the Reach
Game. A sequence of cubes is presented to the user,
who must memorize the sequence and repeat it by
reaching the cubes in the same order shown.

GG: This game encourages the user to perform finger
flexion and extension movements, similar to grasping
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movements. A series of cubes are shown, including a
red circle in the center of the screen (see Figure 1-
(d)). When a cube is highlighted, the user must grasp
the cube and move it to the red circle while keeping
their fist closed. The cube may only be released when
it touches the red circle.

PG: The purpose of this game is to train bidigital
grip via the performance of a pinching movement be-
tween the thumb and the index fingers. As in the pre-
viously explained games, a set of spatially distributed
cubes are presented to the user, (see Figure 1-(e)).
When a cube is highlighted, the user must place their
hand near the target cube and make the cube smaller,
using a pinching movement, until the cube disappears.

FG: This game trains pronation and supination
movements of the forearm. The user must place the
palm of the hand over the Leap Motion device imitat-
ing a waiter holding out a tray (Figure 1-(f)). A small
tray with a cube in the middle appears in the center
of the screen. The patient should then turn the palm
downwards. Upon doing so, the cube detaches from the
tray and falls to the ground (Figure 2).

The games are easy to customize according to the
patients’ needs and skill level. The settings can be de-
fined by therapists at the beginning of the training
session, or during the performance of the video game.
The physical appearance of the piano keyboard can
be adjusted by using slider controls in order to better
accommodate the game to each patient. These slid-
ers are used to modify the keyboard properties, such
as the distance between keys (defining the degree of
dissociation between fingers), the width of each key
(allowing a large or small contact area), the height re-
quired for pressing each button (depth that the user
must push the key), or the keyboard height. The latter
is a particularly relevant feature as it allows therapists
to first identify the optimal hand position (the hands
are placed in the air over the device) that the user is
comfortable with, and then the keyboard can be moved
up or down until it is in contact with the virtual hands.

Overall, the remaining games (Reach Game, Se-
quence Game, Grab Game, Pinch Game, and Flip
Game) can also be adjusted for performance and ap-
pearance. The settings options include: (1) the number
of cubes, which is related to the number of repetitions
of each task; (2) the size of the cubes, by choosing
among small, medium, or large sizes; and (3) the num-
ber of cubes for users to remember during the Sequence
Game.

The information obtained in each session can be au-
tomatically stored in the patient’s record in a format
that medical staff can easily handle in order to per-
form their evaluations. In this way, CSV files easily
match the specifications required and its content can
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Figure 2 A Parkinson's disease patient practicing a video
game based on cubes (Flip Game).

be effortlessly managed. Conversely, it is possible to
access an updated report of each patient, allowing the
physician to remotely supervise the patient’s progress.
The record of each patient is identified by a code, to
guarantee privacy.

Therefore, different interventions can be designed by
combining two or more games that focus on a spe-
cific pathology and patient population. The protocol
used in this study is shown in Figure 3. As the patient
progresses, the difficulty and number of the exercises
increases. Rest periods are built in depending on the
individual patients’ needs.

All measurements were performed at the Move-
ment Analysis Laboratory located at the Health Sci-
ences Faculty of the Rey Juan Carlos University. Two
evaluations were conducted: pre-treatment and post-
treatment. The intervention and all tests were per-
formed within two hours of administration of anti-
Parkinsonian medication, during the “on” phase of the
medication cycle, as this is the period during which pa-
tients perform most of their daily activities.

Outcome measures

A Jamar® hydraulic hand dynamometer was used to
measure grip strength. This dynamometer offers ac-
curate and repeatable grip strength readings scaled
in pounds and kilograms. All the patients performed
three grip movements, and the mean values were
recorded. The data for the less and more affected sides
were recorded in kilograms. The Jamar® hydraulic
hand dynamometer is one of the most used objective
tools to assess grip strength, being considered a device
of excellent reliability, sensitive, and ease of use. It is
recommended by the American Society of Hand Ther-
apists and by the Brazilian Society of Hand Therapists
[12]. The Box and Blocks Test (BBT) was performed
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Figure 3 Experimental protocol.*Pl: Piano Game; GG: Grasp
Game; PG: Pinch Game; RG: Reach Game; SG: Sequence
Game; and FG: Flip Game

to measure unilateral gross manual dexterity in both
the less and more affected side. The BBT consists of
moving the maximum number of blocks from one com-
partment of a box to another, one by one, within one
minute. The BBT is a quick, simple, and reliable mea-
surement of manual dexterity. Its administration pro-
cedure is standardized and its validity has been shown
in elderly subjects with upper limb disability [13,14].

The Purdue Pegboard Test (PPT) was used to as-
sess coordination, speed of movement and fine motor
dexterity. The PPT features a board with two columns
with 25 holes each and a specific number of pins, wash-
ers and collars placed in four containers across the top
of the board. The test consists of inserting as many
pins as possible in three distinct phases, with a time
limit of 30 seconds for each. First, the test is performed
with the less affected side, then with the more affected
side, then with both hands at the same time and, fi-
nally, an assembly test is performed (60 seconds). The
number of pins inserted is subsequently recorded. The
PPT is a reliable assessment to evaluate manual dex-
terity in PD patients [15,16].

The Client Satisfaction Questionnaire (CSQ-8) eval-
uates the satisfaction of health service users. This is a
self-administered post-treatment questionnaire, com-
prising eight items which evaluate the level of sat-
isfaction regarding the care and quality of the ser-
vice received and the level of fulfillment of the pa-
tient’s expectations regarding the treatment adminis-
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tered. The total score of the questionnaire is 32 points,
with higher values meaning higher satisfaction with
the treatment received [17,18].

Additionally, we recorded the attendance rate (%)
for therapy sessions (compliance).

Statistical analysis

The statistical analysis was performed using the
SPSS statistical software system (SPSS Inc., Chicago,
IL; version 22.0). The Shapiro Wilk’s test and the
Kolmogorov-Smirnov test were used to screen all
data for normality of distribution. Additionally, the
Wilcoxon test for related samples and the Mann-
Whitney test for non-related samples were used for
to compare variables. The statistical analysis was per-
formed with a 95% confidence level, and significant
values were considered as p < 0.05. We used the mean
and the standard deviation of parameters to calculate
de effect size for the comparisons using the Cohen’s
d statistic. Mean differences of 0.2, 0.5, and 0.8 stan-
dard deviations are considered ‘small’, ‘medium’, and
‘large’ effect sizes respectively.

Results

The sample consisted of a total of 23 patients, 11 male
and 12 female, of the 26 selected at the study onset.
Three subjects were excluded due to an inability to
attend the assessment and/or treatment sessions. The
age of the patients ranged from 45-79 years (mean
age 66.65 + 10.14 years). In 15 patients, the more
affected side was on the left, whereas the right side
was the most affected for the remaining eight patients.
The Schwab and England scores of patients ranged
from 100 to 60% of independence (73.50 £+ 12.25%).
The patients were randomly assigned into two groups,
12 of whom were assigned to the experimental group
while 11 were assigned to the control group (Table 1).
Within-group and intergroup statistical analysis are
summarized in tables 2 and 3.

The within-group statistical analysis for the experi-
mental group showed significant improvements in all
post-treatment assessments, except for the BBT on
the less affected side. Significant improvements were
observed on the Jamar for the more affected side
(p=.003) and the less affected side (p=.005); the BBT
for the more affected side (p=.014); the PPT for the
more affected side (p=.003), the PPT for the less af-
fected side (p=.009), the PPT both hands (p=.005)
and the PPT assembly (p=.003) (Table 2). The ef-
fect size was large (> .80) for Jamar (more affected
side) and PPT assembly; and medium (> .50) for PPT
(both sides) (Table 4). Clinical improvements were ob-
served for all assessments in the control group, but
statistical significance was only reached for the PPT
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on the more affected side (p=.024) (Table 3). Accord-
ing to the statistical intergroup analysis, no signifi-
cant difference was observed between either of the two
groups in terms of baseline clinical characteristics. In
the experimental group, significant improvements were
found for the PPT on the more affected side (p=.036)
and the PPT assembly (p=.006) post-treatment, when
compared to the control group (Table 4). The effect
size was large (> .80) for the PPT assembly (Table 4).

The CSQ-8 showed a high degree of satisfaction for
both groups. The experimental group obtained a mean
of 29.6 (1.51) points and the control group obtained a
mean of 28.75 (.5) points out of the maximum of 32. Of
the eight items considered by this questionnaire, the
entire sample gave the maximum score in response to
questions N° 4 (If a friend were in need of similar help,
would you recommend our program to him or her?)
and N° 7 (In general, are you satisfied with the services
you have received?). The experimental group also gave
the maximum score for N° 1 (How do you evaluate the
quality of the service you received?) and the control
group also gave the maximum score for N° 5 (Are you
satisfied with the help you have received?) and N°8
(If you were to seek help again, would you come back
to our program?). None of the participants expressed
disagreement or dissatisfaction in response to the re-
maining questions (Table 5). Furthermore, compliance
to the interventions was excellent (100%) and no ad-
verse side-effects were observed for both groups.

Discussion
Parkinson’s disease affects millions of people world-
wide. Since the disease strongly influences the quality
of life of patients, raising the burden of care and the
costs for society, optimal solutions for the treatment of
PD are needed [9,19]. Serious games based on the LMC
system present promising tools for UL neurorehabilita-
tion in people with PD. The purpose of this study was
to evaluate the effectiveness of the LMC system using
serious games specifically designed for the UL in peo-
ple with PD in mild-to-moderate stages of the disease.
In the experimental group, significant improvements
were observed in all post-treatment assessments, ex-
cept for the BBT on the less affected side. For the
control group, statistical significance was observed for
the PPT on the more affected side. However, accord-
ing to the statistical intergroup analysis, significant
improvements were found for the PPT on the more af-
fected side and the PPT assembly post-treatment in
the experimental group, with an excellent satisfaction
and compliance.

Our results suggest an improvement in UL coordi-
nation, speed of movements and fine dexterity using
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the LMC system. These findings are in line with pre-
vious studies. Allen et al. [20] showed that PD pa-
tients improved UL speed of movements compared to
the control group after using the Unity game develop-
ment software and measured with the Nine Hole Peg
Test (NHPT), considered as a gold standard measure
of manual dexterity. The sessions were performed at
home, three times a week, for twelve weeks. Two of
the games developed in this study (the ‘marshmallow’
game and the ‘chicken’ game) focused on UL move-
ments. These two games were played in the same ses-
sion and thus the patients played each game twelve
times. Participants were provided with auditory and
visual feedback during both games to assist them and
improve their performance. Upon completion of each
game participants received feedback on their overall
performance, including information about the number
of successes, the number of errors and an overall score.
Scores were adjusted according to the level of difficulty,
so that higher scores were achieved when playing at a
more difficult level. Each game had four levels of diffi-
culty to choose from: easy, medium, hard and extreme.

No differences were observed for the other measures
used in this study. This may indicate that 12 sessions
of semi-immersive VR using the LMC system and the
serious games designed for this study may be insuffi-
cient for improving UL grip strength and gross dexter-
ity. However, improvements were found for the experi-
mental group in all post-treatment assessments. These
positive results may indicate that LMC could be an in-
teresting tool for the UL rehabilitation of PD patients
in the mild to moderate stages of the disease, however
further studies are needed with longer training periods
and a larger sample size.

To our knowledge, there is a lack of published studies
that have used the LMC system or any other marker-
less motion capture system for training functional UL
skills in PD. However, several authors have used these
devices in other neurological diseases. Iosa et al. [21]
developed a pilot training protocol based on the LMC
for stroke rehabilitation. A crossover pilot trial was
conducted in which six sessions of 30 minutes of the
LMC system were added to conventional therapy. This
trial showed improvements in hand abilities measured
using the Abilhand Scale and grasp strength measured
using a dynamometer. Our results differ with the afore-
mentioned study by suggesting that the design of the
proposed protocol and the intrinsic conditions of the
serious games designed do not improve grip muscle
strength. Wang et al. [22] measured the improvements
in functional abilities using the Wolf Motor Function
Test in a sample of stroke patients after a Leap Motion-
based VR training compared with conventional ther-
apy. In the experimental group, patients were given
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Leap Motion-based VR training for 45 minutes, once
a day, five times a week for four weeks, as well as con-
ventional occupational therapy for 45 minutes, once a
day, five times a week for four weeks. In the control
group, the patients only received conventional occupa-
tional therapy training twice a day, each for 45 min-
utes, five times a week for four weeks. Their results
showed that both groups obtained significant improve-
ments in the motor function of the affected ULs and
in the action performance time, however the improve-
ments were greater in the experimental group. Our re-
sults also showed post-treatment improvements on the
more affected side. Vanbellingen et al. [23] observed
that improvements in dexterity in stroke patients could
be due to an intensive, highly repetitive and task-
specific training with LMC assessed with NHPT. The
intervention consisted of nine 30 minutes training ses-
sions spread out over a three week period, i.e. three
training sessions per week. Our results are line with
this study.

The LMC system has also been used as an assess-
ment tool for other motor symptoms of PD, such as
tremor. Hironobu and Masashi [24], attempted to mea-
sure tremors using the Leap Motion sensor. The pur-
pose was to detect hand motion, which made it possi-
ble to measure tremors in the hands without touching
them. Chen et al. [25] developed a rapid, objective,
and quantitative system for measuring severity of fin-
ger tremor to quantify frequency and amplitudes us-
ing the LMC system. Butt et al. [26] evaluated motor
dysfunction in PD patients, such as slowness of move-
ments, frequency variations, amplitude variations, and
speed. In our study, we have not used LMC as an as-
sessment tool for the UL in PD patients. Further stud-
ies should include this technology as a quantitative
method, in order to provide more accurate parameters
for the evaluation of UL motor impairments.

This motion capture rehabilitation method using se-
rious games may be used to treat the UL disorders of
PD patients by performing functional exercises in a
virtual environment. Moreover, immersive virtual en-
vironment attempts to engage the patient to the point
of not focusing on the fact of being in a rehabilita-
tion session. Our findings show that the experimental
protocol designed for UL rehabilitation in PD is fea-
sible with an excellent satisfaction. Furthermore, all
patients completed the protocol with excellent compli-
ance. This is in accordance with other virtual reality
studies in which the performance of functional tasks
with increasing difficulty and interactive video game
environments are shown to enhance motivation and
adherence to treatment [9]. These findings, added to
the low cost of this semi-immersive VR system, could
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contribute to the acceptance of this kind of technolog-
ical treatment as a complementary tool for UL reha-
bilitation in PD patients.

These results, in terms of the CSQ-8, showed a high
level of satisfaction among participants. These data
are comparable to Iosa et al. [21] who employed the
Pittsburgh Rehabilitation Participation Scale to assess
participants’ satisfaction. This study provided a proof
of concept that, with a high level of active participa-
tion, the LMC system may be a suitable tool, even
for elderly patients with subacute stroke. Our results
showed an excellent satisfaction with both interven-
tions, with higher values for the LMC treatment.

Limitations

Although our findings are encouraging, some limita-
tions of our study should be noted. First, the results
cannot be generalized for all patients with PD, there-
fore it is mecessary to interpret these findings with
caution. Our sample was limited to people with PD
in mild-to-moderate stages of the disease. Moreover,
the sampling methods could have resulted in a selec-
tion bias. Additionally, the use of different outcome
measures may have resulted in more significant results
(such as NHPT and Action Research Arm Test). Fur-
ther randomized controlled trials with larger samples,
follow up assessment, in order to evaluate side effects,
and more intensive dosage are required to verify these
results.

Conclusion

The LMC system and the serious games designed and
used in this study represent a rehabilitation tool that
may benefit certain PD patients for the improvement
of coordination, speed of movements and fine dexter-
ity in UL interventions. This system presents impor-
tant advantages over other motion capture systems,
namely thanks to its portability, ease of use, commer-
cial availability, low cost and non-invasive nature. Fu-
ture studies are necessary to further research and ver-
ify the outcome of this tool and to determine whether
there is an ideal patient type who may benefit more
from these interventions.
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Table 1 Patient features

Page 9 of 10

Groups (n) Age (years) Gender Hoenhn  More affected ~ Schwab and England score (%)
Mean (£ Standard deviation) & Yahr  side Mean (£ Standard deviation)
Experimental group (12)  65.77 (+7.67) 6 Male 11 (5) 3 Right 73.33 (+£12.24)
6 Female Il (6) 9 Left
IV (1)
Control group (11) 67.36 (+12.12) 5 Male 11 (6) 5 Right 73.63 (+12.86)
6 Female Il (4) 6 Left
IV (1)
Table 2 Outcome scores (experimental and control groups)
Variable Experimental group Control group
Median (IR) p-value Median (IR) p-value
Jamar More affected  Pre 14.66 (9.00) .003%* 18.66 (14.66) .123
Post 27.33 (17.33) 19.66 (12.83)
Less affected Pre 19.33 (15.67) .005%* 20.00 (11.50) .944
Post  26.33 (28.00) 24.00 (9.67)
BBT More affected Pre  42.00 (23.00) .014* 39.00 (17.50)  .293
Post  46.00 (12.00) 45.00 (8.50)
Less affected  Pre  46.00 (26.00) .090 48.00 (16.00)  .141
Post  49.00 (13.00) 49.00 (11.00)
PPT More affected Pre  8.00 (4.33) .003* 8.66 (3.67) .024%*
Post 12.33 (8.33) 9.66 (3.00)
Less affected Pre  9.00 (5.00) .009%* 10.00 (3.50) .248
Post  11.66 (5.00) 10.50 (2.50)
PPT both hands Pre  8.66 (3.33) .005* 10.66 (7.67) 722
Post  10.33 (8.00) 12.00 (6.33)
PPT assembly Pre 12.66 (13.66) .003* 14.66 (7.67) .237
Post 23.66 (13.67) 16.00 (4.17)
BBT: box and block test; PPT: Purdue Pegboard Test. Data are expressed as median and
interquartile range (IR). *p value < 0.05 using the Wilcoxon test for related samples
Table 3 Comparison of outcome scores between the experimental group and the control group
Variable Median (Interquartile range) |
Experimental group Control group p-value
Pre Jamar  More affected  14.66 (9.00) 18.66 (14.66) .648
Less affected 19.33 (15.67) 20.00 (11.50)  1.000
BBT More affected ~ 42.00 (23.00) 39.00 (17.50)  .424
Less affected  46.00 (26.00) 48.00 (16.00)  .909
PPT More affected  8.00 (4.33) 8.66 (3.67) .819
Less affected ~ 9.00 (5.00) 10.00 (3.50) .879
PPT both hands 8.66 (3.33) 10.66 (7.67) .47
PPT assembly 12.66 (13.66) 14.66 (7.67) 790
Post Jamar  More affected  27.33 (17.33) 19.66 (12.83) .087

Less affected
BBT More affected
Less affected
PPT More affected
Less affected

PPT both hands
PPT assembly

26.33 (28.00)
46.00 (12.00)
49.00 (13.00)
12.33 (8.33)
11.66 (5.00)
10.33 (8.00)
23.66 (13.67)

24.00 (9.67)  .210
45.00 (8.50)  .381
49.00 (11.00) 518

9.66 (3.00) .036*

10.50 (2.50)  .447
12.00 (6.33)  .879

16.00 (4.17)  .006*

BBT: box and block test; PPT: Purdue Pegboard Test. Data are expressed as median and
interquartile range; *p value < 0.05 using Mann-Whitney test for not related samples

Table 4 The effect size estimators for the comparisons

Variable Experimental group  Control group  Experimental vs. control ~ Experimental vs. control
(pre vs. post) (pre vs. post)  (pre) (post)
Jamar More affected .91 .07 .26 .50
Less affected 31 .37 .048 11
BBT More affected .21 43 .14 .09
Less affected .14 .07 .09 .00
PPT More affected .62 .29 .16 42
Less affected .53 .16 .23 .29
PPT both hands 27 .19 .33 .23
PPT assembly .80 .21 .18 .75

Cells in gray are differences with statistical significance
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Table 5 The Client Satisfaction Questionnaire (CSQ-8)

Variable Experimental group  Control group
1. Quality of service 4 (0) 3(0)

2. Kind of service 3.4 (.54) 3(0)

3. Met need 3.2 (.44) 3.5 (.57)

4. Recommend to a friend 4 (0) 4 (0)

5. Amount of help 3.8 (.44) 4 (0)

6. Deal with problems 3.4 (.54) 3.25 (.5)

7. Overall satisfaction 4 (0) 4 (0)

8. Come back 3.8 (.44) 4 (0)

Total Score 29.6 (1.51) 28.75 (.5)

Data are expressed as mean and standard deviation
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CHAPTER 9 -

Compensation for Lack of Manual

Dexterity

9.1 Overview

This chapter presents the development and validation of an assistive device mindfully designed for
people with reduced manual dexterity. This device generates movements of opening and closing
automatically in order to compensate for the reduced motor functioning of the hand. The device
was piloted with people with a spinal cord injury, providing insights about the device’s usability and

acceptance.
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171



IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received March 13, 2018, accepted April 14, 2018, date of publication May 14, 2018, date of current version June 5, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2834377

Towards an Affordable Assistive Device for
Personal Autonomy Recovery in Tasks
Required of Manual Dexterity

EDWIN DANIEL ONA SIMBANA“, (Member, IEEE), GABRIEL BARROSO DE MARIA,
CARLOS BALAGUER, (Member, IEEE), AND ALBERTO JARDON HUETE", (Senior Member, IEEE)

Robotics Lab, Department of Systems Engineering and Automation, University Carlos III of Madrid, 28911 Leganés, Spain
Corresponding author: Edwin Daniel Ofia Simbafia (eona@ing.uc3m.es)
This work was supported in part by the RoboCity2030-I1I-CM Project (Robética aplicada a la mejora de la calidad de vida de los

ciudadanos. Fase III; S2013/MIT-2748), in part by the Programas de Actividades I+D en la Comunidad de Madrid, in part by the
Structural Funds of the EU, and in part by the private Fundacién Universia.

ABSTRACT This paper reviews the results of a challenging engineering project that arose with the goal
of implementing an electromechanical, automatic, portable, and inexpensive device. The device should be
able to assist people who lack of dexterity in their hands to use small tools and everyday utensils, such as
scissors or tweezers. In this paper, the hardware development and software functionality are described. The
original specifications were developed to implement an affordable functional prototype able to serve as a low-
cost assistive technology. Several commonly used electronic devices were integrated to create an innovative
application. A simple mechanical system based on gears and a worm screw is used to convert the stepper
motor rotation to a linear movement on the device tip. A tool-oriented control to increase the device usability
was designed through two simultaneous communication channels: touch-screen and smartphone app. Pilot
trials were conducted at healthcare facilities to evaluate the technical feasibility, the obtained functionality,
as well as the device acceptance by target users. Based on user experience design, the app functionality was
enhanced and subsequently tested. Finally, a review and reformulation of the specifications of the original
design were accomplished. These changes helped to achieve a system with a lower manufacturing cost and
better acceptance, while considering the user in the development cycle.

INDEX TERMS Assistive technology, electromechanical devices, grasping, manual dexterity, rehabilitation

robotics, research and development, user interfaces.

I. INTRODUCTION

Assistive robotics aims to improve the quality of life
of individuals with severe or degenerative disabilities,
motor or cognitive limitations (such as the severely disabled
and elderly), or to substitute a lost function [1]-[3]. Currently,
in Spain and the rest of the world there are millions of people
who have some kind of functional disability [4]. Among the
causes of this situation are spinal cord injuries, osteoarthritis,
paralysis by stroke, etc.

This population requires help from third parties to perform
the basic activities of daily living (DLA). According to their
level of mobility, many of them are in a situation in which,
while retaining much of the functionality of their upper limbs,
they have difficulty to perform tasks that require some manual
dexterity. Thereby, employing little tools used in DLA such
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as scissors, tweezers, nail clippers, etc. is difficult or even
impossible for people with this kind of injury.

Related to this fact, a low cost assistive device has been
designed with the aim to autonomously operate different tools
that in a natural way require the grasping movement of the
thumb and index fingers (i.e. a scissors). The operating mode
consists of the substitution of natural grasping movement of
fingers by an artificial movement generated by the electro-
mechanical elements of the device. This artificial movement
is transferred to a tool attached to the tip of the device, that is
automatically actuated.

The device is made up of two basic parts: a main section
and exchangeable tool heads. The main section houses, inside
a case, the subsystems of the device: driving force, mechan-
ical transmission, electronics, battery (in some models), and
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a touch-screen. The different exchangeable tool heads can be
attached to this main section.

In this paper, both the hardware development and the soft-
ware functionality of the assistive device are described. The
remainder of this paper is organized as follows: Section II
provides a brief overview of the initial design and a descrip-
tion of the device components. Section III describes the
principle to generate a controlled linear movement on the
device tip. The design process of the mechanical solution is
also presented. Besides, the tool-oriented control designed to
increase the device usability is detailed. Section IV summa-
rizes the results of a pilot study of usability and manufactur-
ing costs. The device features grouped by utility, ergonomy,
use mode and control options, were assessed considering
the participants’ opinions. Based on the users’ experience,
alater improvement in the most control option was performed
and subsequently tested in a second stage of trials. Then,
the device performance in second trial and the contribution
of the assistive device to improve the user autonomy in the
DLA performing are studied. In addition, a review of original
design specifications considering the influence of the individ-
ual device components on the global device functionality in
order to reduce the manufacturing cost is included. Section V
discusses the obtained results and the device performance
in pilot trials. Finally, concluding remarks are presented in
section VL.

A. RELATED WORK

The grasping and control of everyday tools is one of the main
problems faced by the users to whom this device is addressed.
Although there are solutions that will facilitate the grasping of
daily utensils [5]-[8], which are only adaptations, the lack of
control in the movements is a problem that still remains. This
issue represents an important barrier to personal autonomy.

In a different way, several solutions based on wearable
systems to assist the fingers movements are proposed [9].
In a study by Goutam and Aw [10] a cable drive and spring
mechanism is used to provide an assistive downward force for
the middle phalanx of the finger while the user grips an object.
The cable tension simulates the functionality of a tendon.
For the return action, the spring is used to transfer the linear
actuator force. The prototype is implemented on a glove.
Another system based on cable drive and linear actuators
is presented in [11]. This device supports the movement of
the thumb and forefinger. A complete hand exoskeleton is
addressed in the Baker e al. study [12]. In this case, several
aluminum bands are incorporated into a tight-fitting glove.
The mechanical exoskeleton will be actuated using braided
polymer cables attached to three linear actuators.

The previous systems addressed the lack of movement
control, however they are research projects rather than oper-
ational devices. As an advantage over the use of a hand
exoskeleton, our device presents a less intrusive solution,
since the user is only required to grasp it in the same way
as holding a smartphone.

VOLUME 6, 2018

FIGURE 1. The assistive device’s main subsystems according to the initial
specifications.

Il. METHODOLOGY

The portable assistive device has been designed to automat-
ically generate opening and closing movements at the tip.
It is aimed to assist people, who lack the manual dexterity
required to use everyday tools such as scissors, nail clip-
pers, or tweezers. This device can restore the lost ability by
the user. The original idea consists of three basic elements:
a main body, exchangeable tool heads and control interfaces.
These elements are described as follows (see Fig. 1):

a) Main Body: This hosts the actuator, transmission, con-
trol interface, battery, and charger circuits (in the cor-
responding model). Also, it allows the user to connect
the tool heads by means of special anchor docks and it
moves them in linear guide. The external shape of the
body was designed to be ergonomic and functional.

b) Exchangeable tool heads: Due to the diverse array of
attachable tool heads the tip, and therefore the function-
ality of the device, changes from scissor tool, to small
gripper, to tweezers or to whatever small tool is needed.
They are all adapted to be mounted on the device. In this
way, the same aid could develop a huge variety of tasks
that require fine grasping abilities.

c) Control Interface: By default, the device is commanded
by an embedded touch panel interface, which presents
a menu of choices related to the attached tool head. For
example, first the user chooses the type of tool connected
depending on the task they want to perform, and then the
touch-screen presents the right options to perform auto-
matic pre-programmed movements in a suitable way for
such tool.

A pilot study to investigate the impressions of individuals
using our device in some common activities was conducted at
two healthcare facilities. The first trial was carried out at Aso-
ciacién de Parapléjicos y Personas con Gran Discapacidad
Fisica de la Comunidad de Madrid (ASPAYM-MADRID)
where individuals with different levels of spinal cord injury
(SCI) participated. The second trial was conducted at Labora-
torio de Andlisis del Movimiento, Biomecdnica, Ergonomia y
Control Motor (LAMBECOM) where other individuals par-
ticipated. Their physical conditions and the inclusion criteria
will be detailed in the results section.
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FIGURE 2. The assistive device’s system with complete tool heads set and
station for automatic exchange of tool heads.

lIl. A QUICK REVIEW OF THE MAIN DESIGN DECISIONS
From the design and specifications defined in [13] and [14],
three assistive prototypes which had some morphological
differences, but kept the same functionality, were developed
(see Fig. 2 left). Models A and B are battery powered and their
handle is placed either laterally or in the center, respectively.
Model C is mains-powered and it has a central handle. More-
over, there are four tool heads as accessories: scissors, tongs,
tweezers, and nail clippers (see Fig. 2 upper right corner).
An automated system for exchanging tools (see Fig. 2 lower
right corner) has been implemented to facilitate the use of
them.

A. MECHANICAL FUNCTIONALITY

On the one hand, one of the main initial design decisions was
to achieve a parallel movement for the clamping of the tools
attached to the device. The device must be able to imitate the
thumb and index finger movement. This type of movement
keeps the relative distance between the tools’ tips and the
object to be manipulated. For example, for the nail clippers,
the user only needs to place the device at the initial stage.
The device then keeps the relative position of the nail clipper
cutting edge with respect to the user’s nail tip. In the case
of using the scissors, this parallel movement in the attached
blades makes it easier to cut due to device maintaining the
initial cutting point position. However, other tools require of
controlling the percentage of opening or closing of the tip’s
path. This is the case of both the tweezers and tongs tool
heads.

On the other hand, the multi tool approach requires the
design of a system to change the tools in an easy way. The user
must be able to attach and remove the tools autonomously,
moreover the fixation mechanism (anchor dock) has to be
passive but strong enough to be functional and avoid unde-
sired detach.

1) PRELIMINARY MODELS
Since the motion of the device tip must be linear, the first
option was the use of a solenoid actuator. However, this
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kind of mechanism is a single-acting device. This option was
discarded since the opening or closing movements should be
as controllable as possible, allowing to vary the motion speed
of the tool heads. Also, because the solenoid stroke is limited.

FIGURE 3. Detail of the development process of the end-effector system:
a) Crank-based, b) Linear motor based, c) Endless screw and gears, and
d) Bidirectional thread worm screw.

Several designs were evaluated by means of sketches and
preliminary models based on a stepper motor. Among them,
acrank-based system (see Fig. 3-a), a system that uses a linear
motor as an actuator (see Fig. 3-b), an endless screw with side
gear transmission (see Fig. 3-c), and a gear transmission with
a bidirectional thread worm screw (Fig. 3-d) were considered.
All the alternatives require leading guides for the terminals
anchor docks to obtain a linear sliding motion on the device
tip. The parallel translational movement desired is achieved
in all cases, but with certain disadvantages.

The crank-based system (Fig. 3-a) requires more leading
guides than the other models, and this causes jams during
movement. This design was also larger. The system based on
a linear motor (Fig. 3-b) was discarded because it cannot keep
position without the motor being powered. This would imply
a higher energy consumption (a shorter autonomy time of
the device) because it cannot maintain position mechanically.
Although the endless screw and side gear transmission design
(Fig. 3-¢) could maintain position mechanically, interlocking
of moving parts occurred due to the necessary support points
which were included to achieve linear movement. Thus,
the gear transmission with a bidirectional thread worm screw
system (Fig. 3-d) was selected to be implemented in the final
prototype, since it is the smaller design and it only uses two
leading guides to displace the anchor docks.

2) FINAL MECHANICAL DESIGN AND TOOLS’

ATTACHMENT SYSTEM

The mechanical solution chosen to achieve the parallel
motion on the tip is shown in detail in Fig. 4-a. Linear
displacement (v4) is obtained by means of the rotary motion
of a stepper motor (w,,) and an intermediary conversion
mechanism based on gears and a worm screw (wy). A half
of the worm screw shaft has a right-hand thread, while the
other half has a left-hand thread. This configuration obtains a
bidirectional linear movement of the anchor docks.

Also, grippers and similar tool terminals, transmit force
perpendicular to the contact surface, while keeping the angle
between the contact forces and anchor docks null in the
direction of linear movement [15]. Friction estimation is quite
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FIGURE 4. a) Detail of the final mechanical design used, b) First
anchoring system, and c) Final system for attaching the tool heads.

complex; therefore, the actuator is oversized. A compression
test of a spring was performed to estimate the grip force of
the device. The displaced distance in the spring is multiplied
by the spring constant to obtain the force. A limit in the
current has been implement as a safety measure to prevent
unintentional pinching. As result, the maximum grip force is
close to 40 N.

Regarding the anchoring system, a stable connection is
essential for the proper performance of the task intended
for the tool. The design must be simple to allow an easy
attach and detach of the tool head. The first design was based
on cylindrical anchors tips with a magnetic material on the
anchor tip as showed in Fig. 4-b. This magnetic knob retains
the insertion of the tool head, but has the disadvantage that
allows rotation of the tool. In Fig. 4-c the final solution
duplicates the dock tips. Therefore, the rotation of the tool
head is constrained. Notice that the magnetic knobs are also
present in this final design.

ohor Gk Mechanical

anchor doc echanical

Sensor system

Gears Touch

screen

Motor Battery

Electronic
system

FIGURE 5. Distribution of components in the prototype model B (battery).

The placement of the mechanical transmission and the rest
of components within the prototype is shown in Fig. 5.

B. TOOL-ORIENTED CONTROL

As was described in the previous section, a linear movement
is obtained from a rotatory movement. Thus, controlling the
motor spin translates into the control of the linear motion
in the device tip. An Arduino compatible microprocessor
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FIGURE 6. Tool-oriented control approach to control the device.

ATmega2560 was chosen to program the motion control sys-
tem. A motor driver Pololu A4988 is used to supply power to
the stepper motor. The control of the linear travel axis is done
by means of limit switches. A tool-oriented functionality has
been implemented to control the device (see Fig. 6). That is,
the user chooses the type of tool head connected depending on
the task to perform, and then the device generates automatic
pre-programmed movements in a suitable way for such a tool
head. No automated tool identification has been implemented
to keep the complexity of the system low.

According to the tool heads chosen, three operational
modes were implemented: continuous mode for the scissor
tool head, simple mode for the nail clipper tool head, and
grip mode for both the tweezers and the tongs tool head.
The flowchart for the tool-oriented operating modes is shown
in Fig. 7. Since the functionality is the same, both the tweezers
and the tongs tool heads share the same operation mode.

EN=HIGH

Stand-by
mode

Stand-by Stand-by
]

Simple
mode
a) b) c)

FIGURE 7. Flow-chart for the tool-oriented control modes. a) Continuous
mode, b) Grip mode, and c) Simple mode.

1) CONTINUOUS MODE

This mode has been programmed for the scissors tool head
to perform full opening and closing cycles indefinitely. The
user must signal when to run and to stop the task execution.
This operation mode (Fig. 7-a) begins with an idle state
in which motor stepping is disabled (EN = ‘1’), waiting
for a tool head exchange or the signal to begin the cutting
process. Upon activation of such a signal, Continuous mode
is entered, motor stepping is activated (EN = ‘0’), and a pulse
wave with constant period is generated. While this mode is
on, the device continuously performs complete opening and
closing movements. Micro switches are used to detect the
limit of the travel either on opening or closing mode. Their
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output is connected to two interrupts of the microcontroller
that toggle the motor spin direction. When the user activates
the signal to stop the cutting process, idle state is restored.

2) GRIP MODE

This mode is programmed to perform small opening or clos-
ing motions of the tool heads on user command. To achieve
this functionality (Fig. 7-b), two control signals are required
for opening and closing motions, respectively. The device
is programmed to generate motion (open/close) while the
corresponding control signals are activated to allow the user
to hold full control over the motions. When there is no signal
activation, the device keep position. If either opening or clos-
ing travel limit is reached, the motor will stay still until
the complementary signal is activated. This is accomplished
through the limit switches.

3) SIMPLE MODE

This is used for the nail clipper tool head and executes a
full opening and closing cycle, equivalent to a single nail
cut. The user would carry out another full cycle when ready.
In this mode (Fig. 7-c), the opening motion is limited to one-
half of the complete travel, enough to fit the nail in the tool.
To maximize the force exerted, velocity change options are
not allowed in this mode and the velocity itself is limited to
the lowest value.

C. CONTROL CHANNELS

The control interface, intended for commanding the device,
must achieve the accessibility and ease-of-use goals. To meet
these requirements and reach the highest number of users,
two communication channels have been developed: a touch-
screen embedded on the device and a smartphone app.

1) EMBEDDED TOUCH-SCREEN

A touch-screen is integrated in the main body, and it displays
the graphical interface implemented. The resistive screen
uL.CD-28PTU was selected due to its 2.8-inch size, suitability
for our application, a simple graphic development environ-
ment, and serial port communications. A capacitive screen
is usually a better choice in terms of touch sensitivity; how-
ever, a lower cost resistive screen was preferred to validate
this prototype and assess the utility of an integrated screen.
Several tool options are visually presented to the user through
the touch-screen. To improve intuitiveness, tool-specific pic-
tograms are used. Fig. 8 depicts a flowchart of functionality.
Fig. 9 depicts the initial graphical interface design. Web
accessibility criteria were considered in the design of the
interface to improve icon visibility and make their function
easily recognizable.

2) SMARTPHONE APP

The app is for Android OS and can be linked to our pro-
totype via Bluetooth. The graphical design implemented in
the touch-screen was preserved in the development of the
first mobile app. That is, the same pictograms have been

26342

MAIN
MENU

FIGURE 8. Flowchart of the menu window based touch-screen to control
the device.

FIGURE 9. Graphic design of the menu window interface in the
touch-screen.

FIGURE 10. Navigation menus in Android app: a) main screen, b) scissors
screen, c) pincers screen, and d) nail clipper screen. Note that commands
for open (abrir) and close (cerrar) are showed in Spanish.

kept, as well as the navigation menus, colors and, primarily,
an identical functionality. Moreover, all accessibility criteria
from [5] and [16] have been included, too. Fig. 10 shows the
menus implemented in the mobile app, which correspond to
their counterparts developed for the touch-screen.

To link the smartphone with our device, its onboard
electronics includes a low-cost HC-05 Bluetooth module.
Predefined commands issued by a tap or selection actions
are sent from the mobile app. This Arduino compatible
Bluetooth module receives these commands and sends them
through a serial port to the microcontroller, which exe-
cutes the appropriate task. This smartphone based graphi-
cal interface presents certain advantages over the integrated
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touch-screen. Both can run simultaneously without interfer-
ing with each other, and any change or action applied in
one interface will be reflected in the other. Therefore, users
may control the device via the mobile app acting as a remote
viewer. Also, the end-user is more familiarized with the
smartphone device the app will be installed on, thus enabling
a smooth and comfortable usage. Additionally, the smart-
phone’s capacitive display greatly improves the touch sensi-
tivity of the integrated resistive screen and makes it easier to
use.

IV. PILOT STUDY OF USABILITY AND
MANUFACTURING COSTS
A pilot study to investigate the impressions of individuals
using the device in some common activities was conducted
at two healthcare facilities [17]. A total of nine subjects,
with both restricted and manual dexterity problems, were
selected by medical professionals to compose the groups.
Five individuals who have SCI between level C5 and C6 were
selected to compose the Group 1. Four individuals were part
of Group 2, three of them had hemiparesis, in two cases
caused by a hemorrhagic cerebrovascular accident (CVA) and
the other one in the aftermath of brain tumor. The fourth
subject had akinetic-rigid syndrome caused by neurodegen-
erative Parkinson’s disease (PD). All participants were eli-
gible in accordance with the following inclusion criteria:
a) Affectation of the upper extremity; b) Grabbing ability;
c¢) Spasticity according Modified Ashworth Scale < 2; and
d) Ability to understand Mini-mental test instructions > 24.
Demographic data and the expertise level on control-
ling a smartphone of the participating groups are presented
in Table 1. The gender is: (F) for female and (M) for male.
The previous experience of the participants regarding the use
of smartphones, considering their opinions, was defined as:
Beginner (B), Intermediate (I), or Advanced (A).

TABLE 1. Demographics of participants in the study.

Pathology Age  Gender “Exp.

P1  SCI on C6 level (complete) 35 M A
; P2 SCIon C5 level (complete) 30 M A
2 P3  SCIon C6 level (complete) 35 M A
3 P4 SCI on C5/C6 level (complete) 40 M 1

P5  SCI on C6 level (incomplete) 30 M A
~  P6  Hemiparesis by CVA 54 F A
g P7  Hemiparesis by CVA 23 M A
S P8 Hemiparesis by CVA 55 M A
O P9  Akinetic-rigid syndrome by PD 58 F I

*Exp.: Level of expertise on using a smartphone

A. USABILITY TEST RESULTS

Several tasks were proposed to perform, such as picking up
small objects, cutting a sheet of paper or exchanging tool
heads. All tasks were performed using our device and an
appropriated tool head. The device features and its control
interfaces were individually evaluated by each user, who
expressed their opinions via a range of satisfaction scores,
from —2 (strongly disagree) to +2 (strongly agree). Regard-
ing the number of users for a proper usability assessment, five
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is a proper number for usability testing, according to [18]
and [19]. Considering these criteria, and since one subject
was unable to attend the second trial, the results have been
processed as a single group.

TABLE 2. First results for the usability questionnaires.

Mean  Mode
Utility
1) Could it gives more independence to you in DLA? 1.33 1
2) Useful for people with your same injury? 0.78 1
3) Would you buy it if you could? 0.78 1
Ergonomy
4) Is it easy to handle? -0.44 -1
5) Size and weight adequate? -1.56 -2
6) Is the device shape user friendly? -0.56 -2
Use mode
7) Scissors task completed? 0.56 1
8) Tweezers task completed? 1.11 1
9) Tool heads easily exchanged? 0.56 1
Control options
10) Touch screen easily used? 0.56 -1
11) Smartphone App easily used? 1.67
12) Previous options easily used? 1.33 1

Questions were classified based on four categories and
the results are presented in Table 2. The best results were
obtained in both Utility and Control options categories. Thus,
device was found easy to control by the individuals and that
it could be useful in their DLA. Also, a favorable result is
achieved for the Use Mode category, and it has an added
value, when the fact that all participants could perform the
proposed tasks is considered. The Ergonomy category has
obtained the worst results. All the participants agreed that
the current device weight decreases its usability. The current
device weight is 620 grams in A and B models, those that use
batteries, though not optimal, allowed proper manipulation
of the device. In the case of the wired model C, the weight is
595 grams.

B. IMPROVING THE MOBILE APP BASED
ON USER EXPERIENCE
The target was to improve the usability of the mobile app that
controls the device. An important requirement is to maintain
the functionality that currently exists so that the back of the
current development is reusable and only involves changes in
the front layer. For this, a specific redesign process based on
Ries’s Lean Method [20] was followed, and adapted to the
characteristics of this project and its starting point. Through-
out the process of redesigning the remote-control app of
the device, the characteristics of the target users and their
satisfaction have been taken into account. The deliverable to
be evaluated again, was a navigable model, formed by the
final screens and specifications, that will allow any developer
to implement the app. Alongside the design improvements,
the accessibility and the use mode were improved too. The
graphic line of the new version of the mobile application
was developed to convey the following values: accessibility,
closeness and simplicity.

The user interaction with the control app has been
redesigned for simplicity, considering the ability to store
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previous interactions of the user, choosing predefined speeds
and commonly used tools. The colors used for the icons and
screens, was also revised, according to these principles. The
choice of main colors was somewhat more complex since
it was intended to be accessible to all people with some
deficiency of color vision (color blindness). The spectrum
of colors according to the various deficiencies of the dichro-
matic colorblind (Protanopia, deuteranopia, and tritanopia)
was reduced.

FIGURE 11. New flowchart of the menu window based touch-screen to
control the device.

Although the device has four heads: large tweezers, small
tweezers, scissors, and nail clippers; The operating modes
and the control of the large and small clamps are the same,
and so they have been grouped into a single option. From
the mode selection screen, the user can select the usage head.
Fig. 11 illustrates the flowchart of the new app.

FIGURE 12. Navigation menus in the new Android app: a) main screen,
b) scissors screen, c) pincers screen, and d) nail clipper screen. Note that
only the name of the tools and selection buttons are shown in Spanish.

To guarantee the contrast between the colors we chose to
use: light tones for the background; black and blue for the
main elements; and orange tones for minimalist details. The
new graphical design is shown in Fig. 12. The user tests were
done using the “Thinking Aloud” technique. It consists of
asking the user to do a task and the participant is asked to
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FIGURE 13. Tool-oriented approach to control the device in the new i0OS
app for the pincers tool head. Note that text is shown in Spanish.

verbalize everything he or she is thinking and explain why he
performs the actions he performs. After some interactions and
verification with real users of ASPAYM-MADRID veterans
in the handle of the device, this design was implemented
again in both 10S and Android systems, including HTMLS.
Considering the participants’ suggestions and based on the
user experience approach, the design and the usability of the
control app was improved. Fig. 13 presents some help menus
that presents instructions to use each tool head, according to
the tool-oriented approach.

Regarding how the user interacts with the App, the trials
with the first app version showed that the participants were
able to navigate through the App menus and to activate
the buttons without difficulty. The capacitive screen of the
smartphone contributes to this fact.

FIGURE 14. Detail of how a user interact with the device app in the new
i0S app. Touching the tactile screen with: a) the index finger, b) the
thumb, and c) the thumb supported by index finger.

Different ways of how the participants touched the screen
were identified. That is, the participants used to touch
the screen in several ways such as with the index finger,
the thumb finger, the thumb supported by the index fin-
ger, or the fist (see Fig. 14). Moreover, a voice control based
on the Google talk voice recognition was included in the new
version.

Finally, some customization options (language change,
text or buttons resizing) were added to increase the App’s
accessibility.

C. STUDY OF PERFORMANCE
A new trial was carried out in February of 2018 at the
same healthcare facilities and with the same participants.
This study was focused on testing the new app which was
redesigned based on the users’ experience. Also, to evaluate
the success rate of the device in task performing.

For that purpose, a three-level scale was designed, similar
in structure and detail to the feeding and dressing sections of
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TABLE 3. Level of autonomy to perform a task and results for the usability questionnaires for each participant. The levels of autonomy were defined as:

Independent (1), Needs Help (NH), and Dependent (D).

Group 1 Group 2

PL P2 Py P4 PS5 | Po P ps  po | Mean Mode
Autonomy level on
Using the smartphone I I I I I I I I I n/a n/a
Paper-cutting NH D D D D NH I NH NH n/a n/a
Nail-cutting D D D D D NH NH NH NH n/a n/a
Small objects grabbing NH D NH NH NH | NH I NH I n/a n/a
Task 1: paper-cutting
Scissor task completed? 1 1 1 2 2 2 2 2 2 1,67 2
Easy to perform? 1 1 1 1 2 1 2 2 1 1,33 1
Did you use the touch screen? 0 -1 -2 0 -1 0 0 0 0 -0,44 0
Did you use the app? 2 2 1 2 2 2 1 2 1 1,67 2
Was the voice control useful? 1 2 2 2 1 2 1 1 -1 1,22 1
Task 2: pick-up small objects
Pick&place task completed? 2 1 2 1 2 2 2 2 2 1,78 2
Easy to perform? 1 1 2 1 2 2 1 1 2 1,44 1
Did you use the touch screen? 0 0 0 -1 0 0 0 0 -1 -0,22 0
Did you use the app? 1 2 1 1 1 1 2 2 1 1,33 1
Was the voice control useful? 0 1 1 1 1 2 1 1 0,89 1
Task 3: finger nail-cutting
Nail-cutting task completed? -1 -2 -1 -2 0 -1 0 1 -2 -0,89 -1
Easy to perform? -1 0 -1 -1 1 -1 0 -1 2 -0,67 -1
Did you use the touch screen? 0 0 0 0 -1 0 0 0 -1 -0,22 0
Did you use the app? 1 2 2 2 2 2 2 2 1 1,78 2
Was the voice control useful? 1 1 2 2 2 1 1 2 1 1,44 1
Task 4: tool heads exchange
Tool heads exchange task completed? 2 2 1 2 1 1 2 1 1,56 2
Is this function useful? 2 2 2 0 0 0 0 0,89 0
Did you use the touch screen? -1 0 0 0 -1 0 0 0 0 -0,22 0
Did you use the app? 1 1 2 2 1 1 2 2 1 1,44 1
Assessment of app functionality
Has the app been intuitive to use? 2 2 2 2 2 2 1 1 1 1,67 2
Have you been able to use it without help? 2 1 1 1 2 2 2 2 1 1,56 2
Has the graphic design been adequate? 2 2 1 2 1 1 2 2 1 1,56 2
Is the icons/buttons size appropriate? 2 1 2 1 2 2 2 1 1 1,56 2
Is the voice control useful? 1 2 1 2 2 1 2 2 1 1,56 2
In general, is the app functionality adequate? 2 2 2 2 2 2 2 2 1 1,89 2

the Barthel ADL Index [21]. The design evaluates the degree
of autonomy of the participants to perform the tasks proposed
in the pilot trial without the device. The levels of autonomy
were defined as: Independent (I), Needs Help (NH), and
Dependent (D). The responses of the participants are summa-
rized in Table 3, including the results of the tasks being per-
formed. On this basis, the contribution of the assistive device
to improve the user independence in the DLA performing can
be discussed. Note that for this test, the participants have used
the proposed device for the second time.

1) TASKS DESCRIPTION

Four tasks were proposed to be performed by the participants,
using the assistive device. Three of them using different tool
heads, and the last one to evaluate the automated system
for exchanging tool heads. The first proposed task was to
cut, using the assistive device with the scissors tool head,
several simple geometric figures (circle, triangle or square)
printed on a sheet. As second task and using either the tweez-
ers or nippers tool heads, it was proposed to pick up a series
of small objects within a box, and then take them out. In this
way, both the comfort to manipulate the device and its ease
to perform the tasks were assessed. The third proposed task
was fingernail cutting by using the nail clippers tool. Finally,
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the fourth task consisted of tool heads exchange by using the
station for automatic exchange.

In the first three tasks, the participants were encouraged
to place the tool heads on the device by themselves. If they
failed, an evaluator placed the tool heads for them. Regard-
ing the control of the device, the individuals could choose
between the touch screen or the new app. The participants
were free to use the voice control option when they consid-
ered it appropriate.

2) DEVELOPMENT OF THE TASKS AND RESULTS

The results of the questionnaires, to gather the opinion of
participants about the development of the tasks, are summa-
rized in Table 3. The participants’ opinions were expressed
via a range of satisfaction from —2 (strongly disagree) to
+2 (strongly agree). Some pictures of participants perform-
ing the tasks during the trials are shown in Fig 15. At the
beginning of the trials, the App was available for the partic-
ipants to download. They installed the new app in their own
smartphones.

In the case of the paper-cutting task, the results were
favorable (1.67). All the participants were able to complete
the proposed task in different periods of time, according to
their motor limitation and dexterity. Note that the participants
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FIGURE 15. Participants performing the tasks proposed. a) P2 in
paper-cutting task, b) P1 in paper-cutting task, c) P6 grabbing small
object, d) P8 grabbing small object, e) P7 in nail-cutting task, and f) P5 in
tool head exchange task.

of Group 1 (quadriparesis), having both arms affected, took
more time to complete the tasks than the participants of
Group 2 (hemiparesis). It must be highlighted that, the par-
ticipants from Group 1 have the capacity to adapt their motor
limitations to the needs of the task, using the device in the
best possible way. For example, Fig. 15-a shows how an user
placed the device on the table with the scissor tool head
pointing to him. By using the app, the user activated the
continuous mode that automatically executes opening and
closing cycles. The user is able to hold the paper with both
hands and he only has to guide the paper while the scissor
blades are automatically cutting. As it is shown in Fig. 15-b,
another user leaned the device to the table to cut the paper,
safely holding the device with one hand and with the other
one holding the paper.

Task 2, picking up small objects, was successfully com-
pleted by all participants (1.78). Most of the participants
performed the tasks only controlling the device by the smart-
phone app. Participants of Group 2 were those that more
easily used the App, since they have more strength in their
arms. The voice control was more useful to Group 1, being
able to complete the task by speaking the open and close
commands. Due to the way the Grip mode works, that
is, a limited displacement of the tool head, the users are
required to repeat the voice commands as many times as
needed.

The worst results were obtained for the nail-cutting task
(—0.89), since only two participants were able to complete
the task. This results can be analyzed from two point of
view: the use mode and the device capacity. On the one
hand, regarding the use mode the participants found that the
better way to use the nail-clippers tool head was leaving the
device on the table with the tool head pointing to the user
(see Fig. 15-e). This method allows the user to be hands free.
However, the task could not be completed in all the trials
due to the fact the motor power was not enough. In addition,
the 3D printed pieces of the tool head suffered undesirable
flexion, increasing the losses in power transmission.
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In the case of task 4, the station for automatic tool head
exchange was positively accepted by all participants, and it
was strongly appreciated by Group 1. The tool head exchange
was easy for Group 2. This fact is understandable because
Group 1 participants’ have both arms affected, contrary to
Group 2 that still have functionality of one arm.

Regarding the assessment of the new developed app,
in general the user experience when using the new app was
very satisfactory (1.89). Thus, the new app was useful to per-
form the tasks designed for this pilot trial. The intuitive graph-
ical design (1.67) and the ease for menu navigation (1.56)
were also highlighted. The options to customize the graphical
interface (1.56) were appropriate. Besides, the voice control
option was reported as useful and it increases the accessibility
of the assistive device.

D. REVIEW OF ORIGINAL DESIGN SPECIFICATIONS

The baseline design requirements were in-depth reviewed
in [17], according to the impressions and user experience.
On this basis, the device components were grouped by the
essential ones to maintain the device functionality and the
other ones that can be considered optional. A cost point of
view analysis was added to the previously mentioned classi-
fication (see Table 4), in order to identify the impact of the
review of initial requirements of design in the final cost of
the device.

A system made up of a main body and exchangeable tool
heads is strongly accepted and the multi-tool approach is
highlighted by participants.

The tool head set is positively valued but an extension
with more tools is requested. The device portability of both
A and B models is well appreciated, but the wired condition
of model C does not decrease its usability. The central han-
dle models were preferred. With respect to device control,
the option of control by cell phone was highlighted to the
detriment of control by touch-screen. The idea of controlling
the device from their own smartphone increases the device
usability, since they are familiar with their mobile phone.
Considering the users experience, the embedded touch-screen
is not an essential element.

Regarding device weight, all participants ask for its reduc-
tion. For that purpose, to remove the touch-screen is a good
option, based on the previously mentioned user impressions
by using the app. This design modification, involves a weight
decrease of 6.5% and a reduction of 8% in the prototype
cost. Besides, the mechanical solution to generate a linear
movement uses 68.4% of the prototype weight, therefore,
an important issue in future developments is improving the
current mechanical system. This consideration could induce
a remarkable decrease in manufacturing costs since both
the motor and the mechanical system are two of the most
expensive elements among the essential ones.

V. DISCUSSION
As was shown in [13] and [14], the target population to
use our assistive device were people with SCI between
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TABLE 4. Device’s components and its influence on functionality and
manufacturing costs.

— = 2 S QT
. 2222555 8y
Component  Description 5 _g g 23 58 22
2 25 E828 C¢2
3 Do -+ = 5 ]
— S,
Mechanical Transmission sys- 22 Yes - H 366.66
tem in aluminium
7075
PCB FR4 two layers 11 Yes - H 141.24
Motor RS 535-0366 step- 200 Yes - H 9778
per motor
Electronics  Resistors, Capaci- 12 Yes - H 61.79
tors, etc)
.‘E Tool heads 3D printing in 30 Yes H H 30.00
5 ABS
5 Case C SLS technology 103 No H H 122.00
printing  (central
handle)
Motor driver A4988 stepper 2 Yes - H 6.50
motor carrier
Bluetooth HC-05 Bluetooth 3 Yes H M-H 5385
module
App App for - No H H  Free
smartphone
Subtotal 1 =831.82 €.
Case A 3Dprintedin ABS 101 Yes L M 20.00
(lateral handle)
Case C SLS technology 103 No M M 122.00
printing  (central
= handle)
§  Soldering SMD components - No - - 122.00
B, soldering
O Touch-screen uLCD-28PTU 35 Yes M M 7225
2.8" LCD module
w/ Touch
Battery DSK for Galaxy 25 Yes M M 11.9
Note III

Subtotal 2 = 348.15 €.
Influence on functionality could be: High (H), Medium (M) or Low (L)

C5 and C6 levels (Group 1). However, people with
hand motor impairments caused by a neurological disease
(Group 2) can also use the device, as it is described in this
paper.

On the one hand, the contribution of the developed assistive
device to the autonomy of participants in DLA perform-
ing can be analyzed from the conducted tests. The level
of autonomy of participants to perform the proposed tasks
in daily living was measured through questionnaires. First,
all the participants declared they are self-reliance to use a
smartphone. The expertise of each participant was summa-
rized in Table 1. It can be seen, that all of them have an
intermediate or advanced level. Thus, the management of the
new app for controlling the assistive device could not be a
barrier.

On this basis, the participants of Group 1 were dependent
to perform task 1 without the device, while Group 2 needed
help to accomplish it. By using the assistive device, all the
participants were able to complete the paper-cutting task
without help, giving them more autonomy. For the case of
task 2, most of the participants told they needed help to grab
small objects, while two individuals of Group 2 told they
were able to handle little objects by themselves. Thus, it can
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be seen that the tweezers tool head was more valued for
participants of Group 1, that are able to hold the device by
mass flexion of fingers but they are not able to grab little
objects that require fingers dissociation. Related to task 3,
Group 1 expressed they were dependent for nail-cutting task,
while Group 2 individuals need help to hold the nail-clippers
with the affected arm.

On the other hand, it is not only important the assistance
provided, but safety should also be considered. In the case
of paper-cutting task, some users suggested to increase the
cutting speed of the scissors blades. This fact highlights the
users’ impression of the reliability of our device, being appre-
ciated as a non dangerous device. Note that engine speed for
the scissors tool heads was reduced by software before the
trials were conducted, with the aim of keeping the user safe
while interacting with the device. If needed, this speed could
be easily setup by software increasing the commutation speed
of the steeper motor.

Knowledge of the user is as important as system func-
tionality, since without the user’s cooperation, functionality
may be ineffective [22]. On this respect, after the last trial in
February, it can be noted that the acceptance for the new app is
good, both in the front end design and in its functionality.
Due to their reduced manual dexterity, Group 1 have much
more appreciated the improvements on the app usability with
respect to the older app.

Also, note that the functionality of voice control was
very valued for all the participants. Nevertheless, also it
has been noticed that for task executing commanding by
voice, some issues arise, that allow space for improvements.
First, the usability of voice control could depend on the
task to be performed, as for the case of paper-cutting that
requires one command to start and another one to stop the
cutting motion. For the case of grip mode, several voice
commands will be required according to the size of the target
object. Additionally, some failures in voice recognition pro-
cesses were generated because of the noisy engine actuation,
especially with the device leaning on the table. In these
cases, the user had to repeat the voice commands on several
occasions.

Regarding the ability of using smartphones in people
with SCI, the Kim et al. study [23] shows that when the
SCI patients use smartphones with the appropriate guiding
devices, they are expected to access mobile cellular devices
faster and with more satisfaction. However, users with SCI
between C5 and C6 levels chose universal cuff with sty-
lus or bare hands to interact with smartphone.

In our study, the participants from Group 1 were individ-
uals with SCI on C5 and C6 levels. The trials show that
they were able to use the smartphone with bare hands, but
with different ways of touching the screen as it was previ-
ously described in Fig. 14. Besides, a variety of smartphone
applications to assist individuals living with a SCI are cur-
rently available on the market [24]. This fact supports the
use of an app for controlling the device presented in this

paper.
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VI. CONCLUSIONS

This paper presents a systematic approach to analyze and
review an assistive device. For that purpose, the hardware
development and functionality description of a novel assis-
tive device were presented. Three functional prototypes with
ergonomic differences were implemented. Several commonly
used electronic devices, such as touch-screen, stepper motor,
microcontroller, etc., were used to obtain a novel application.
A tool-oriented control to increase the device usability was
developed. The device functionalities and control channels
and modes were analyzed by means of performing usability
trials, and then it was discussed their contribution to the final
cost of the prototype. Additionally, a two stages pilot study,
focused on the design considerations and user experience,
is presented.

It is highlighted that the proposed device covers a real
need and its functionality is adequate according to the user
experience in pilot trials. However, some considerations must
be taken into account to improve the usability of the device,
such as tool head set extension, weight reductions, and touch-
screen removal. Besides, a new version of the App, that was
more considerate of the user experience, was developed and
tested. This version has been rebuilt, taking into account
the principles of User Experience (UX) design to drastically
improve its usability. Also, the new control app includes the
Android speech recognition to control the device by voice
commands. This fact increases the device usability.

Based on the user experience and the cost of the device’s
components, the original design specifications were evalu-
ated. Thus, the device components were classified accord-
ing to their influence on device functionality. It must be
highlighted, that participants think that the embedded touch-
screen could be removed, and the better way for control-
ling the device is through the App. This consideration could
reduce size and weight of the device, as well as an 8%
reduction in prototype cost.

This study has also developed a proper method to quickly
capture the acceptance by target users of the proposed func-
tionalities, such are intended to help them to recover their
autonomy in DLAs. Besides, the required improvements to
boost the user adherence to the device have been remarked.
The results presented, and the evaluation by target users,
further support the development of a newer and lighter device,
to obtain an affordable system to assist people with reduced
manual dexterity to improve their autonomy in DLA.
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CHAPTER 1 O -

Final Remarks

10.1 Introduction

This section summarises the main conclusions derived from the research conducted in this thesis.
The conclusions are grouped according to the global objectives stated in Chapter 1. The principal
contributions of this doctoral dissertation are also set out. Finally, the prosperous research lines that

suggest this work are described.

10.2 Conclusions

Neurological rehabilitation is a challenging field with a growing research interest that aims to reduce
the functional limitations caused by a neurological deficit; for instance, stroke, Parkinson’s Disease
(PD), spinal cord injury, among others. The functional problems derived from a neurological disorder
are diverse and very complex, leading to a loss of autonomy in the performance of the activities of
daily living (ADL). Among the typical functional problems, those related to motor functioning are
the more disabling ones, usually reflected on impairments of upper, lower, or both limb motions.
Hence, one of the principal aims of neurological rehabilitation is the recovery of motor function,
which is fundamental to perform the ADL as independently as possible. According to the principles
of clinical practice, the process of rehabilitation involves various phases denoted as assessment, as-
signment, intervention, and evaluation. Despite the latest technological advances, this process is still
performed manually by clinicians, presenting some issues in terms of labour-intensive administration,
susceptibility to errors, difficult data management, human resource burden and cost, among others.
These issues aggravate those expected and well-known ones as the high demand for assistance and

care due to the growing ageing of the population.
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On account of the above, the primary motivation of this thesis was to develop a conceptual
framework of rehabilitation, which based on the clinical significance of rehabilitation cycle, that
integrates robotics and automated systems in the same paradigm towards a more autonomous and
intelligent process of functional recovery. This innovative approach was successfully carried out
and resulting in a distributed rehabilitation strategy based on three automated elements denoted as
(1) automated assessment systems (AAS), (2) rehabilitation robotic systems (RRS), and (3) decision
support systems (DSS). Each one aims to boost the efficiency of the rehab cycle in stages as assessment
and evaluation, intervention and assignment, respectively.

After the definition of the conceptual framework, the thesis focused on the development and
validation of a core component, this is, the AAS. The relevance of this component relies on two
aspects: (1) the importance in order to determine the therapy eftectiveness and goals, and (2) the

repetitive phases of assessment along the treatment.

10.2.1 Systems for automatic assessment

In the case of automated assessment systems, the most suitable approach is to automate the traditional
clinical tests commonly used in clinical practice or design systems based on them. This requirement
is due to the “traditional scales are still the golden standard for measuring outcomes and determine
the effectiveness of treatment” [22].

Thereby, this part of the research work resulted in the development and validation of an automated
version of the Box and Blocks Test (BBT). The achieved system is denoted as the Automated Box and
Blocks Test (ABBT) and aims to measure manual dexterity similarly to its manual version. In contrast
to the manual BBT, the ABBT automates the whole process of assessment according to the rules stated
in the BBT. The ABBT uses a graphical user interface (GUI) to guide and interact with the patient
in a friendly manner, additionally serving as automatic storage method of performance-based data.
The latter is a relevant feature of the ABBT since, in addition to the traditional outcome (number of
cubes), the automated system can provide further indicators about the user performance, such as the
partial times, the colour of cubes, hand trajectories and its derived metrics (speed or smoothness). The
results of piloting the ABBT demonstrated that all the obtained metrics strongly correlate with the
manual counting and suggest this innovative assessment method is an objective and reliable alternative
to the traditional one.

Furthermore, in a similar line of research, other technological alternatives were explored in order
to enhance the features of the ABBT. On one side, the success rate in cube counting had a room
for improvement since the developed algorithm uses computer vision techniques; consequently, the
susceptibility to environmental lighting conditions is not entirely solved yet. In this sense, the use

of a proximity sensing bar placed in the central partition of the physical BBT can help to improve
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cube detection via a hybrid vision-sensing strategy. The feasibility of the sensing-based approach was
demonstrated; however, the implementation of the hybrid strategy is an ongoing research topic. On
the other side, the fully-automation level of the ABBT is limited due to minimal participation of
third-party assistant is mandatory in order to arrange the physical setup before each assessment stage.
The use of a robotic assistant can ameliorate this limitation. Nevertheless, this thesis also explored the

use of emerging technology in healthcare and automation; that is, virtual reality (VR).

The research on the proper use of VR for the automation of the BBT led to the implementation
of fully-immersive VR-based system for the assessment of manual dexterity, denoted as the VR-BBT.
The use of gaming technology provides useful capabilities for automation, such as absolute freedom in
modelling the environment and interactions, markerless tracking of user’s movements or entertaining
features to promote user’s adherence. The mindful combination of such features made it possible for
the VR-BBT to address the automatic test administration, outcome measurement in terms of the
number of cubes, and capture further data based on performance. More importantly, the shapeable
characteristics of the virtual environment allow for design novel assessment strategies in order to
facilitate an advanced movement analysis (healthy patterns of motion). Overall, the results of pilot
trials support the feasibility of this VR-based strategy as a deployable tool in clinical settings that is
friendly-to-use for both therapists and patients, and with motion analysis capabilities that are yet to

explore fully.

On account of the above, the researcher also explored the suitability of VR for the automation
of the Fugl-Meyer Assessment (FMA) test. Some critical drawbacks of the FMA are the labour-
intensive and time-consuming administration of the test, the reduced resolution in the impairment
measurement and the observation-based rating of items. Thus, the understanding of such limitations
led to the development of a VR-based version of the FMA, denoted as the Automated Fugl-Meyer
Assessment (AFMA). The AFMA uses the virtual environment to encourage the patient to perform
the items of the FMA in a stand-alone manner. A Kinect sensor replicates the movements of the user
into the virtual scenario by reliable joint’s tracking. As a result, the AFMA can provide objectively a
3-point based indicator similar to the traditional outcome, as well as the biomechanical information
gathered by Kinect sensor. Automatic acquisition of kinematic data is especially crucial in order to
address motion analysis for expanding the outcome and significance of the outcome provided by the
AFMA. The preliminary result of evaluating this approach suggests the viability in order to address
an analysis of the motion quality based on smoothness analysis. More importantly, the proper use
of the virtual elements can allow for increasing the resolution of the provided metric by defining

performance areas. This hypothesis requires further research, but it is promising.
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10.2.2 Systems for intervention

This block of the research focused on the development of robot-based rehabilitative and assistive
systems, as part of the second component of the conceptual framework, namely, the robotic rehabilita-
tion systems (RRS). Additionally, the strong relationship of the central topic of thesis with functional
assessment also motivated the development of systems to promote changes in motor functioning in
order to evaluate the feasibility of the assessment systems.

In this regard, this thesis presented two strategies (robot- and gaming-based) developed for
upper limb functional rehabilitation which promotes active mobilisation of limbs. Both strategies
were built under the assumption that optimal rehabilitative procedures must involve proper task-
oriented exercises combined with proper stimuli of cognition, perception and action factor of the
individual associated with a life-like context of tasks. On one side, the robot-based strategy aims
to promote a better acquisition of gains from therapy by including cognitive factors into the same
paradigm. The strategy used a robotic arm to encourage the user to perform active arm movements of
reaching associated with object identification and grasping. These motor capabilities are commonly
assessed by the clinical tests of neurorehabilitation, suggesting significant participation in the user’s
autonomy. The robot-based approach was not sufficiently evaluated, requiring further research to
consolidation. On the other side, serious gaming technology was useful to develop an innovative
method for active arm training. The flexibility in modelling of virtual scenario allowed for integrating
into gameplay proper elements to stimulate motor, cognitive and perceptive factors. The results
of piloting this system in patients with PD probed the efficacy of mindfully-designed video games
in the improvement of upper limb functioning. This fact is consistent with related work founded
in literature and support the viability of this approach in rehabilitation and healthcare. However,
one limitation of the implemented VR-based system is the lack of capability to perform therapy
other than active (without physical support). In this regard, the combination of the robot- and
gaming-based training paradigms can lead to overcoming the drawbacks of each strategy towards a
more enriching process. Additionally, an overall conclusion is that not only practice is enough for
functional recovery, but principles of motor learning must be included in the same rehabilitative
paradigm towards increasing the benefits of the intervention.

Finally, contrary to the recovery-oriented approach of the previous systems, the development of
an assistive device for compensating the lack of manual dexterity was also conducted in this thesis.
This device generates opening and closing movements automatically in order to assist the user when
performing dexterous tasks like cutting, nail-clipping or fine grasping. The results from clinical
trials highlighted that some issues reduce the device’s usability. However, the user experience and
therapist’s opinions support the viability of the proposed assistive approach in order to cover an

apparent demand for a large population sector.
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10.2.3 Final remarks of thesis

In order to investigate the feasibility of the framework proposed in this thesis, and under the guidance
of medical professionals, several clinical trials with individuals with a neurological disease were
conducted. As a result, this research work also offers a methodology for the validation of systems with
clinical applicability and guidelines for designing autonomous systems for such environments. On this
basis, this study suggests an adaptive environment in which therapist can organise the rehabilitation
session with more effective support of robotic rehabilitation systems (RRS) and advocates the use
of automated assessment systems (AAS) to build a holistic rehabilitation ecosystem that is more
autonomous and objective.

Furthermore, the analysis of limitations of robot-aided treatments and performance of gaming-
based training resulted in the identification of essential requirements of prosperous rehabilitation
systems. These requirements include self-adaptation for personalising the treatments, safeguarding
and enhancing of patient—system interaction towards training essential factors of movement genera-
tion into the same paradigm, and the use of life-like environments for increasing the assimilation of

motor gains.

10.3 Key contributions
The key contributions of this research are:

* The design and development of a conceptual framework of rehabilitation with hospital-
oriented perspective using robotic and automated systems, including a description of the
framework components and the technical requirements needed for its implementation and,
particularly, the definition of the main requirements to develop automated systems for assess-

ment and intervention.

* The Automated Box and Blocks Test (ABBT) - An automatic evaluation system of hand motor
function. The ABBT entails the development and validation of an automated assessment
system (AAS) based on a clinically-validated test using in the automation process various
complementary technologies. This system illustrates the practical application of the proposed
framework and the potential of using robotics and automation-related technology to improve

the clinical procedures manually performed.

* The development and clinical validation of a set of serious games focused on improving the
upper limb motor function and mindfully designed to promote motor gains and its transference
to the performance of activities of daily living. The clinical validation probes the applicability

of this strategy in the treatment of Parkinson’s Disease (PD), but feasible in other collectives.
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10.4 Suggested future lines of research
The future lines of research derived from this work include:

* Further piloting of the ABBT is necessary towards building a database of correlated metrics
related to manual dexterity. The centralisation of performance-based data can lead to a better
understanding of the motor impairment progress and, thereby, to improved management of

treatments.

* To develop hybrid-methods for the assessment of manual dexterity by combining the best

features of the technologies used during the implementation of the ABBT.

* The robot-based training in lifelike environments is a clear need for current rehabilitation
robotics. In this sense, the implementation of health strategies that combine virtual reality and

robot assistance can help to reduce the limitations of both approaches.

* The implementation of robot-based strategies for the assessment of motor impairments is a
field of interest due to the broad diversity of functional impairments. The evaluation of muscle
spasticity is a clear example of the feasibility of robotics due to the inherent physical interaction
and subjectivity during the current clinical procedures. Note that this is an ongoing research
topic arising from work conducted in this thesis and resulting in the ROBOESPAS project

funded by the Spanish Ministry of Economy and Competitiveness.

* To explore the feasibility of using electromyogram (EMG) sensors for improving the assessment
and training capabilities of the video games implemented in this thesis. The results obtained
from only using unobtrusive sensors as the leap motion controller (LMC) were successful.
However, the addition of EMG sensors into the same VR-based paradigm of training can
enhance the scope of target impairments to treat and even extending the usage of our video

games in therapies with persons with a hand amputation.

* Testing of the extended assessment modalities of the VR-BBT is relevant towards the definition
of healthy patterns of hand motor function. It is also interesting to explore the feasibility of

these modalities in order to reduce the difference in the outcomes from the physical and virtual

BBTs.

* Further testing of the AFMA system is necessary in order to clinical validation of the provided

high-resolution outcome and analysing the level of correlation with other outcome measures.
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