
NeuroRehabilitation 51 (2022) 681–691
DOI:10.3233/NRE-220160
IOS Press

681

Review Article

Reference theories and future perspectives
on robot-assisted rehabilitation in people
with neurological conditions: A scoping
review and recommendations from the
Italian Consensus Conference on Robotics
in Neurorehabilitation (CICERONE)

Andrea Turollaa,b,∗, Pawel Kiperc, Deborah Mazzarottod, Francesca Cecchie,f , Mariele Coluccig,
Giuseppe D’Avenioh, Salvatore Facciorussoi, Roberto Gattij,k, Daniele Giansantih, Marco Iosal,m,
Donatella Bonaiutin, Paolo Boldrinio, Stefano Mazzolenip,q, Federico Posteraror, Paolo Benantis,
Enrico Castellit, Francesco Draicchiou, Vincenzo Falabellav, Silvia Galeriw, Francesca Gimiglianox,
Mauro Grigionih, Stefano Mazzony, Giovanni Moronez,aa, Maurizio Petrarcabb, Alessandro Picellicc,
Michele Senatoredd, Giuseppe Turchettiee and Franco Moltenii on behalf of the Italian Consensus
Conference on Robotics in Neurorehabilitation (CICERONE)
aDepartment of Biomedical and Neuromotor Sciences (DIBINEM), Alma Mater Studiorum Università di Bologna,
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uDepartment of Occupational and Environmental Medicine, Epidemiology and Hygiene, INAIL, Rome, Italy
vItalian Federation of Persons with Spinal Cord Injuries (FAIP Onlus), Rome, Italy
wFondazione Don Carlo Gnocchi Onlus, Milan, Italy
xDepartment of Mental, Physical Health and Preventive Medicine, University of Campania “Luigi Vanvitelli”,
Naples, Italy
yRehabilitation Unit, ULSS (Local Health Authority) Euganea, Camposampiero Hospital, Padua, Italy
zDepartment of Life, Health and Environmental Sciences, University of L’Aquila, L’Aquila, Italy
aaSan Raffaele Institute of Sulmona, Sulmona, Italy
bbMovement Analysis and Robotics Laboratory (MARlab), IRCCS Bambino Gesù Children’s Hospital, Rome,
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Abstract.
BACKGROUND: Robot-based treatments are developing in neurorehabilitation settings. Recently, the Italian National
Health Systems recognized robot-based rehabilitation as a refundable service. Thus, the Italian neurorehabilitation community
promoted a national consensus on this topic.
OBJECTIVE: To conceptualize undisclosed perspectives for research and applications of robotics for neurorehabilitation,
based on a qualitative synthesis of reference theoretical models.
METHODS: A scoping review was carried out based on a specific question from the consensus Jury. A foreground search
strategy was developed on theoretical models (context) of robot-based rehabilitation (exposure), in neurological patients
(population). PubMed and EMBASE® databases were searched and studies on theoretical models of motor control, neurobi-
ology of recovery, human-robot interaction and economic sustainability were included, while experimental studies not aimed
to investigate theoretical frameworks, or considering prosthetics, were excluded.
RESULTS: Overall, 3699 records were screened and finally 9 papers included according to inclusion and exclusion criteria.
According to the population investigated, structured information on theoretical models and indications for future research
was summarized in a synoptic table.
CONCLUSION: The main indication from the Italian consensus on robotics in neurorehabilitation is the priority to design
research studies aimed to investigate the role of robotic and electromechanical devices in promoting neuroplasticity.

Keywords: Robot-assisted rehabilitation, theoretical models, neurorehabilitation, Consensus Conference

1. Introduction

Nowadays, robot-assisted rehabilitation is a grow-
ing part of the rehabilitation intervention for people
who survived focal injuries, or live with degen-
erative diseases of the Central Nervous System
(CNS) (Meng, Huang, Liu, & Qu, 2017; Wein-
rich, 2006). In this framework, electromechanical
and robot-assisted rehabilitation devices comple-
ment the patient/therapist relationship, allowing to
develop personalized approaches based on individ-

ual functional profile of each patient and aimed to
promote the best recovery of sensorimotor, behav-
ioral and motor functionalities (Turchetti et al., 2009).
Among the advantages of using robotic equipment
the following need to be acknowledged: boosting of
frequency/intensity of stimulation, supporting vol-
untary intention to act, enriching the sensorimotor
information, thus empowering the whole interaction
with the external environment. Indeed, these are most
of the main principles of the experience-dependent
neural plasticity underpinning rehabilitation-induced
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recovery (Jones et al., 2009; Kleim & Jones, 2008;
Reinkensmeyer, Wolbrecht, & Bobrow, 2007; Wein-
rich et al., 2004).

Recently, the Italian National Health System (IT-
NHS) included in its latest Essential Levels of
Healthcare (2018) (list of therapies financed by
the IT-NHS) robot-assisted rehabilitation among the
refundable services. This change of policy followed
by many years the breaking change of rehabilitation
paradigm in practice, due to large dissemination of
robotic devices in rehabilitation services, regardless
evidence of their efficacy, effectiveness and sustain-
ability.

Based on those premises, the need emerged within
the Italian neurorehabilitation community of a colle-
giate consensus involving all the stakeholders (e.g.
National Health Institutions, Scientific Societies,
Patients Associations, Medical, Research, Industry,
Economic, Juridical and Ethical Experts) in the
field. Soon after the update of the Essential Lev-
els of Healthcare in 2018 the Italian Society of
Physical and Rehabilitation Medicine (SIMFER),
and the Italian Society of Neurological Rehabil-
itation (SIRN), with the support of the Italian
National Institute of Health (IT-NIH), have promoted
the Italian Consensus Conference on Rehabilitation
assisted by robotic and electromechanical devices for
persons with neurological disabilities (Conferenza
nazionale di consenso: la riabilitazione assistita da
robot e dispositivi elettromeccanici per le persone
con disabilità di origine neurologica – CICERONE)
(Boldrini, Bonaiuti, Mazzoleni, & Posteraro, 2019,
2021; Gimigliano et al., 2021).

The aim of the CICERONE Consensus was to pro-
vide recommendations on classification, endpoints,
reference theories, model of management and deliv-
ery of care services, education and legislation dealing
with the use of robotics and electromechanical
devices for rehabilitation of people with neurological
conditions. The consensus was managed according to
the national standards published by the IT-NIH (Can-
diani et al., 2019), thus the Steering Committee (SC),
Technical Scientific Committee (CTS), Jury Panel
and Working Groups (WGs) and Writing Group were
selected. From January to March 2019, the Steering
Committee and the TSC, in charge of defining the
key questions for the Jury, were nominated. Soon
after, several WGs, responsible for the development
of evidence-based documents for final recommenda-
tions, were nominated on May 2019. Finally, the Jury
nominated on October 2019, was asked to answer
with recommendations to six specific questions. In

this regard, the WGs developed a first version of evi-
dence from May 2019 to March 2020, then updated
from November 2020 to March 2021, on the bases
of the Panel review. The final document of the
CICERONE Consensus was agreed on 15th Septem-
ber 2021 and officially released on December 2021.

The WG3 was in charge of developing evidence
for the Jury on the question number 3: “Which are
the most relevant reference theoretical models for
the development of robotic and electromechanical
devices for neurorehabilitation? Which are the
most promising perspectives for the future? Which
recommendations should be given for research and
development?”. In this regard, rather than being
asked to quantify results the WG3 was the only
group within the CICERONE Consensus asked to
conceptualize its findings, with the aim of suggesting
undisclosed perspectives for reference theories to be
applied in robotics for rehabilitation of people with
neurological conditions.

This paper reports the results corresponding to
the research question the WG3 developed, designed
in the form of a scoping review (Armstrong, Hall,
Doyle, & Waters, 2011), with the aim of providing
support for the Jury final recommendations.

2. Material and methods

Given the theoretical framework of the SC question
proposed by the SC and the TSC, the following fields
of scientific literature were considered as reference:

• Motor control from the perspectives of mathe-
matical modelling, neurobiology and engineer-
ing;

• The rationale underpinning the use of robots and
electromechanical devices for neurorehabilita-
tion;

• System dynamics, human-robot interaction and
design;

• Engineering and economical theoretical mod-
els for measuring efficacy and effectiveness of
robotic and electromechanical devices;

• Directions and trends for future development.

Such qualitative analysis of the literature was tar-
geted to identify the potential of electromechanical
and robotic devices for promoting the best functional
reorganization after disruption of the CNS, to explore
the capability of the best embodiment and empower-
ment of human-machine integration/interaction for
both recovery and/or substitution of functions, to
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define technical limitations of devices currently
available, to uncover the future opportunities of
appropriateness, affordability, production and com-
mercialization of devices for the largest fruition of
technology in real clinical settings.

With the aim of developing a proper search strat-
egy, the Panel question was translated in a foreground
clinical query based on the PIC (Population, Inter-
vention, Context) model (Munn, Stern, Aromataris,
Lockwood, & Jordan, 2018). Thus, each concept of
the query was defined through appropriate Medi-
cal Subject Headings (MeSH) terms and keywords,
allowing to delimit the records retrieved in PubMed
and EMBASE® medical databases (Table 1).

Following, a specific syntax for each database was
developed and run (Tables 2 and 3).

2.1. Studies selection and synthesis

The records retrieved from each database were
merged and duplicates removed using EndNote®

Table 1
Medical subject headings (MeSH) considered for the search strategy

Population Intervention Context

Neurological rehabilitation [MeSH] Robotics [MeSH] Models, theoretical [MeSH]
Neurology [MeSH] Exercise therapy [MeSH] Rehabilitation research [MeSH]
Rehabilitation [MeSH] Exoskeleton device [MeSH] Models, neurological [MeSH]
Physical and rehabilitation medicine [MeSH] Disease models, animal [MeSH]

Patient-specific modelling [MeSH]
Models, animal [MeSH]

Table 2
Exploded search strategies run in PubMed

No. String

#1 (“Physical and Rehabilitation Medicine”[Mesh] OR “Neurological Rehabilitation”[Mesh] OR “Rehabilitation”[Mesh]) OR
“Neurology”[Mesh]

#2 (“Robotics”[Mesh] OR “Exoskeleton Device”[Mesh]) OR “Exercise Therapy”[Mesh]
#3 ((“Models, Animal”[Mesh] OR “Models, Theoretical”[Mesh] OR “Models, Neurological”[Mesh]) OR (“Disease Models,

Animal”[Mesh] OR “Patient-Specific Modeling”[Mesh])) OR “Rehabilitation Research”[Mesh]
#4 #1 AND #2 AND #3

Table 3
Exploded search strategies run in EMBASE®

No. String

#1 ‘physical and rehabilitation medicine’/exp OR ‘physical and rehabilitation medicine’ OR ‘neurological rehabilitation’/exp OR
‘neurological rehabilitation’ OR ‘rehabilitation’/exp OR ‘rehabilitation’ OR ‘neurology’/exp OR ‘neurology’

#2 ‘robotics’/exp OR ‘robotics’ OR ‘exoskeleton device’/exp OR ‘exoskeleton device’ OR ‘exercise therapy’/exp OR ‘exercise
therapy’

#3 ‘models, animal’/exp OR ‘models, animal’ OR ‘models, theoretical’/exp OR ‘models, theoretical’ OR ‘models,
neurological’/exp OR ‘models, neurological’ OR ‘disease models, animal’/exp OR ‘disease models, animal’ OR
‘patient-specific modeling’/exp OR ‘patient-specific modeling’ OR ‘rehabilitation research’/exp OR ‘rehabilitation research’

#4 #1 AND #2 AND #3

citation management software (Team, 2013), then all
the title and abstracts were screened by two inde-
pendent reviewers on Rayyan (Ouzzani, Hammady,
Fedorowicz, & Elmagarmid, 2016), with a third
solving eventual disagreement. Full-text of selected
abstracts were screened and finally included for qual-
itative synthesis, according to the following inclusion
criteria:

• Discussing electromechanical and robotic
devices considered as exoskeletons or end-
effectors;

• Explaining computational, anatomical or neuro-
physiological theoretical models;

• Including neurological conditions.

Conversely, all the experimental studies (e.g. ran-
domized controlled trials, clinical controlled trials,
proof of concept) not aimed at investigating theoret-
ical frameworks for research and development, and
studies considering rehabilitation robotic devices for
prosthetic or assistive use, were excluded.
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The same information was extracted from all the
studies included (i.e. first author, year of publication,
population, type of study, aim of the study, results,
theoretical models discussed, indications for future
research) and summarized in a synoptic table.

Due to qualitative and explorative scope of the
review no critical appraisal method was consid-
ered for grading the methodological quality of the
included studies.

3. Results

The search strategy was last updated on 5th Febru-
ary 2020 giving 1698 and 2001 results on PubMed
and EMBASE®, respectively. Overall, 3699 records
were retrieved and after duplicates removal (N = 144),
application of inclusion and exclusion criteria to
title and abstract (N = 3534) and full-text (N = 12), 9
records were finally included in the scoping review
(Figure 1).

In the synoptic table synthesis of results from each
study included is reported (Table 4). As shown in that
Table, five of these nine papers are reviews, then a sur-

Fig. 1. PRISMA diagram of the review process.

vey, a budget impact analysis, a qualitative thematic
analysis and an editorial were included.

Results from included studies suggest that spe-
cific reference models and directions for research
and development are needed for specific districts and
functions. More in details, the upper limb requires
high accuracy and carefulness in managing the
mechanical design of the device (e.g. mechanical sin-
gularity, redundancy of degrees of freedom, actuation
and control), integration with other non-robotic tech-
nologies (e.g. virtual reality) (Lo & Xie, 2012; Wade
& Winstein, 2011) and fine assessment of residual
functions (e.g. motor, sensory, cognitive) (Scott &
Dukelow, 2011). On the other hand, regarding robotic
devices for rehabilitation of the lower limb in gait and
walking function, the main issues are clinical efficacy,
optimal stratification of patients for referral to ther-
apy, dose of training, safety and costs of use (Louie
& Eng, 2016; Pinto et al., 2020). Finally, a third crit-
ical issue is the general applicability of robotics in
neurorehabilitation meant as reliability, comfort, eas-
iness of use, and (social) perception of devices. All
those features, have to be considered as pivotal for
determining whether the use of robotic devices will
be integrated in standard rehabilitation settings, in the
next future.

Our findings are coherent with fundamentals of
motor neuroscience that need to define specific mod-
els for interpretation and explanation of real-time
functioning of each body district and function (Che-
ung et al., 2009; Cheung et al., 2012; Ting et al.,
2015), within a unique general theory of motor con-
trol (Poggio & Bizzi, 2004; Wolpert, Diedrichsen, &
Flanagan, 2011).

4. Conclusions

From the qualitative analysis of included studies,
many challenges for the future of robots in neurore-
habilitation emerged. As to research aims, the need of
a better understanding of the mechanisms underpin-
ning true and/or compensation recovery has clearly
emerged. The presence of five reviews, two analy-
ses, one editorial and one survey may suggest an
a-posteriori attempt to define the reference theoretical
model, instead of a research & development-based
one. Thus, a first research aim is to investigate
the effects of robot-based rehabilitation for both
assessment and treatment of neurological conditions,
especially in stroke, as it is the most prevalent neuro-
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Table 4
Synoptic table of included studies

First author, year Populations Type of
study

Type of robot District/
function

Reference theoretical model Future research

Lo, 2012
(Lo & Xie, 2012)

Stroke Review Exoskeleton Upper
limb

Mechanical singularity
Redundancy (DOF)
HRI
Actuation
Control modelling
Adaptive control

Integration with VR (virtual games)

Louie, 2016
(Louie & Eng,
2016)

Stroke Scoping
review

Actuated
exoskeleton

Gait Clinical efficacy Efficacy in non-walking patients
Impact of baseline function on the use of the
exoskeleton
Impact of exoskeleton mechanical configuration
on efficacy
Bilateral vs. unilateral design
Optimal dose of training for walking recovery
Exoskeleton vs. BWS
Safety for the therapist in the post-acute phase
application

Pavel, 2013
(Pavel et al., 2013)

Health
systems

Review Robot-assisted
recovery and
rehabilitation

/ HRI intuitive
Automatic detection of human behavior
Automatic detection of emotions and
physiological states
Long-term adaptation to user needs
Quantitative diagnosis and assessment
Manipulation dexterity
Robot safety

/

Pinto, 2020
(Pinto et al., 2020)

SCI BIA Exoskeleton Walking Economic sustainability

Scott, 2011
(Scott & Dukelow,
2011)

Stroke Review Exoskeleton Upper
limb

Motor, sensory and cognitive functions
assessment

Economic sustainability
Quantification of impairments, after stroke
Assessment time needed
Integration with other sensors (e.g. eye-tracking,
blood pressure)
Treatment plan
Access to treatment
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Wade, 2011
(Wade &
Winstein, 2011)

Stroke Review Exoskeleton
End-effector
Socially
assistive robot

Upper
limb

Automatic assessment of impairment
Home-based functional recovery
EBM assessment

Patient-based clinicians/engineers partnership
Costs
Augmenting technologies for rehabilitation

Wang, 2017
(Wang, Sudhama,
Begum, Huq, &
Mihailidis, 2017)

AD and
caregivers

Qualitative
thematic
analysis

Assistive robot ADL Perception of assistive robot
Social relationship

Consistency and variability of assistive robot
perception
Opportunities of assistive robots
Reflections on implications in social
relationships

Whitall, 2004
(Whitall, 2004)

Stroke Editorial / Motor
function

Rehabilitation-induced neuroplasticity Effect of combining rehabilitation plans

Wolff, 2014
(Wolff, Parker,
Borisoff,
Mortenson, &
Mattie, 2014)

Patients
with
wheelchairs,
healthcare
profession-
als

Survey Exoskeleton Rehabilitation Design
Psycho-social-motor wellness
ADL
Controlled by patient
Functional effect size

Reliability
Comfort
Safety
Easiness of use

AD: Alzheimer’s disease; ADL: Activities of Daily Living; BIA: Budget Impact Analysis; BWS: Body Weight Support; DOF: Degrees Of Freedom; EBM: Evidence Based Medicine; HRI:
Human-Robot Interface; SCI: Spinal Cord Injury; VR: Virtual Reality.
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logical disease (Bressi et al., 2020). For this reason,
it is mandatory to assess the specific effects of each
new robotic and electromechanical device in all the
clinical phases. Another important aim is to develop
devices that are easy to use, wear and remove,
to provide a relevant improvement of independent
access to therapies. In this regard, it is paramount
to enforce the synergy between rehabilitation profes-
sionals and engineers, by designing shared lines of
research and development, both at national and inter-
national level. One of the main achievable results of
such a collaboration is the possibility of embedding
artificial intelligence into home assistant services,
exoskeletons, virtual reality applications and also
for the management of severe cognitive and men-
tal diseases, such as Alzheimer’s disease (Battista,
Salvatore, Berlingeri, Cerasa, & Castiglioni, 2020;
Fabrizio, Termine, Caltagirone, & Sancesario, 2021;
Liu et al., 2018; Seo, Jang, & Lee, 2022). Finally,
the future generations of robots should be able to
express empathy during the interaction with patients,
which represents one of the most challenging edges
of technological advancement.

4.1. Indications from the CICERONE Consensus
Conference

Based on these results, the CICERONE Consensus
Jury has decided to provide indications, rather than
recommendations, for each question raised from the
SC and the TSC. Thus, in the following statements the
indications for the question number 3 are reported:

• It is a priority to design research studies with
the aim of investigating the role of robotic and
electromechanical devices in promoting neuro-
plasticity.

• Research lines should be directed to the devel-
opment and optimization of available prototypes
demonstrating clinical efficacy, with the aim of
boosting the certification process in all the inter-
national markets.

• The available devices should be compared
according to their technical characteristics (e.g.
exoskeletons vs. end-effector robots) (Gandolfi
et al., 2021).

• A new generation of neurorehabilitation robots
should be developed, by collaborative teams of
engineers, clinicians and researchers, to improve
usability and to better investigate the rationale of
their effects.

• New exoskeletons fully adaptable to user mor-
phology and anthropometry, for optimizing their
size, encumbrance, workspace, (body-machine)
interaction, comfort, should be developed, with
the aim of having all-in-one devices.

• New software should be developed to detect vol-
untary intentions both at cognitive and physical
levels, aimed to making the robots as embodied,
as possible.

The indications for contents of future research
from the CICERONE Consensus Jury are as follows:

• To investigate the combination of different reha-
bilitation plans to profile the characteristics of
patients better responding to robot-based treat-
ment.

• To integrate different technologies (e.g. virtual
reality, augmented reality, artificial intelligence)
to improve robot usability and adaptability.

• To quantify doses of robot-based therapies, to
be tested by significant improvement of learn-
ing curves and clinically important difference at
outcome measures.

• To predict trajectories of recovery, also by big-
data mining, with the aim to customize robot-
based treatment to each individual patient.

Finally, need to be acknowledged that indications
on research and development from the CICERONE
Consensus Conference result also from actual limita-
tions of current application of robotic systems, in real
clinical settings. The main issue is the lack of high-
quality evidence that the use of robotics is related to
better clinical outcomes, than the same intensity of
usual rehabilitation care, in neurological conditions.
To date, Cochrane evidence are available only for arm
recovery (Mehrholz, Pohl, Platz, Kugler, & Elsner,
2018) and walking training after stroke (Mehrholz et
al., 2017) and for walking training after spinal cord
injury (Mehrholz, Kugler, & Pohl, 2012), but not for
neurological conditions as a whole. Other main issues
needing new reference frameworks are: the lack of
adaptability of robot-based therapy, as compared to
manual approach; the lack of accuracy on automatic
detection of human behavior and emotions; the lack
of integration of other functions than the motor one
both for assessment and treatment and the difficulty
in quantifying impairments to support patient profil-
ing. All that given, CICERONE indications for future
theoretical perspectives would be a paramount con-
tribution for the next generations of robots and users.
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The CICERONE Consensus Conference provided
a unique opportunity of debating within the Italian
neurorehabilitation community, involving the full set
of stakeholders in the field. Results from the Consen-
sus has promoted a large exchange of views, fostering
all the people involved to share different perspectives
and needs. To date, the CICERONE Consensus pro-
moted important evidence on the impact of robotics
in stroke (Calabrò, Sorrentino, et al., 2021; Morone,
Palomba, et al., 2021), multiple sclerosis (Bowman
et al., 2021; Calabrò, Cassio, et al., 2021), Parkin-
son’s disease (Carmignano et al., 2022; Picelli et al.,
2021) and spinal cord injury (Morone, de Sire, et al.,
2021). The dissemination of the CICERONE Consen-
sus results is a contribute to national and international
perspectives on how to improve functional outcomes
of patients living with neurological conditions.
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