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Robot-mediated neurorehabilitation is a growing field that seeks to incorporate advances in robotics combined with neuroscience
and rehabilitation todefinenewmethods for treating problems relatedwithneurological 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
et al. [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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Figure 1: The rehabilitation cycle [21].
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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
of the interventionsaccording to thepatient’sowndesires [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 teammembers 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
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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,
NottinghamHealth 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-

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

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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Figure 2: The automated rehabilitation cycle.
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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

process. In healthcare, a variety of software for EMRmanage-
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
AI-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

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, AI 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 AI to generate optimal treat-
ment protocols is still unclear, but considering that
AI 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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