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Preface to ”Assistive Technologies, Robotics, and
Automated Machines in the Health Domain”

The field of healthcare is constantly evolving and advancing with new technologies and

innovations. Among these, assistive technologies, robotics, and automated machines are rapidly

gaining ground as powerful tools to improve the quality of care and enhance patient outcomes.

From wearable devices that monitor vital signs to surgical robots that assist in complex procedures

or support rehabilitation, these technologies have the potential to revolutionize the way we deliver

healthcare. According to the WHO, assistive technologies enable and promote inclusion and

participation, especially for persons with disabilities. The primary purpose of assistive technology

is to maintain or improve an individual’s functioning and independence, thus allowing them to

participate in all activities in life, from education to work. The most interesting applications of

care robots are divided into four categories: robotic surgery, care and socially assistive robots,

rehabilitation systems, and training for health and care workers. Automated machines support

healthcare systems in the decision-making, therapeutic, and rehabilitation approaches. Based on

automated machines, the perspective of care in the health domain is radically changing with the

potential to transform medicine. The development and integration of assistive technologies, care

robots, and automated machines are strategic in the health domain. This book explores the latest

developments in assistive technologies, robotics, and automated machines in the health domain,

providing a comprehensive overview of their applications and potential impact. The book is for the

benefit of healthcare professionals, researchers, engineers, and students interested in these rapidly

evolving fields. It covers a wide range of topics, including:

·Portable and wearable devices for remote patient monitoring and home healthcare

·Robotics in healthcare.

·Automated machines for diagnosis, imaging, and service automation in the health domain

·Artificial intelligence and machine learning in the health domain

·Ethical and regulatory considerations in the use of these technologies

·Applications of virtual reality in the health domain

·Integration into digital health and telehealth

The articles are written by experts in their respective fields, providing a detailed and

authoritative overview of the current state of the art. Each contribution also includes references to

the relevant literature, making this book a useful resource and tool for further study and research.

Overall, this reprint aims to provide a timely and comprehensive overview of the rapidly

evolving field of assistive technologies, robotics, and automated machines in the health domain.

We hope that it will be a valuable resource for healthcare professionals, researchers, engineers, and

students working in this exciting and vital field.

Daniele Giansanti

Editor
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Editorial

Assistive Technologies, Robotics, Automatic Machines: Perspectives
of Integration in the Health Domain
Daniele Giansanti

Centro TISP, Istituto Superiore di Sanità, 00161 Roma, Italy; daniele.giansanti@iss.it

Assistive technologies, robotics, and automatic machines are becoming important elements
of the human health domain. The World Health Organization (WHO) is beginning to
address the theme of assistive technologies (ATs) [1]. According to the WHO, “assistive
technology” is an umbrella term covering systems and services related to the delivery
of assistive products and services. The tools for AT can maintain or improve human
independence and well-being, and these tools have very broad applications in the field
of human health. These applications range from pill organization and spectacles up to
communication aids, prostheses, wheelchairs, and many other tools. Such tools can also
widely use IT and mechatronics and show different levels of automation. Nowadays,
more than 1 billion people require at least one AT tool, but with the increase in world
population, in 8 years, more than 2 billion people will require such tools. ATs allow people
to become healthy, independent, productive, and to participate in all common activities in
society (e.g., education, work, civil life). Therefore, the provision of these tools is essential.
Unfortunately, today, AT tools are successfully accessed by only 1 in 10 people in need [1].
People who are most in need of ATs are [1,2]:

• People with gradual functional decline;
• Older people;
• People with communication problems;
• People with mental health disabilities;
• People with a wide range of disabilities.

The WHO identified five major challenges at the international level [1]:

(1) The policy. In most regions of the world, a policy on the ATs is lacking.
(2) The products. Unfortunately, the industry is particularly focused on high-income

markets. However, these tools should be user-centered and tailored to one’s individ-
ual needs. According to the International Classification of Functioning, Disability and
Health [3], two individuals with the same apparent disability are not identical.

(3) The provision. In high-income countries, services are not well-integrated but are nearly
always independent. For example, multiple appointments at different locations are
needed, which is time-consuming, stressful and tiring for both the citizen and the
caregiver.

(4) The personnel. Trained personnel are crucial for important practices, such as the correct
prescription of an AT tool, providing training, and organizing follow-up appointments
for the user.

(5) Assistive technology within universal health coverage. The 2030 Agenda of WHO for
Sustainability emphasizes universal health coverage so that everyone in the world can
access both services and products without economic restrictions.

Today, the innovative prospects, usefulness and diffusion of robotics in the health domain
are unconfutable.

The Policy Department for Economic, Scientific and Quality-of-Life Policies of the
European Parliament identified the most important applications of care robots [4] to be
the following:

1
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• The robotic surgery;
• The care and socially assistive robotics;
• The robotic rehabilitation;
• The robotics for training in the health domain.

The debate on both the successes and failures of these tools is widespread both in their
industrial use [5,6] and in healthcare [7]. The use of care robots seems to have important
advantages for both all those involved in the health domain and their users [8].

For example, in surgery, robotics has reduced the probability of infection, blood deficit,
and decreased recovery time. The application of care robots in rehabilitation and assistance
programs optimizes care and minimizes workload. The general consensus is that care
robots are effective, useful, and can work tirelessly. The current use of care robots includes
the following [7,8]:

Surgeries—Care robots allow less invasive clinical interventions.
Clinical training—Robotics allow realistic simulations with force feedback due to their

haptic technology.
Prescription/dispensing—Special robots can carry out the following with a high preci-

sion, accuracy and speed: (a) dispense drug treatment; (b) manage problematic liquids or
viscous materials.

Care/services—Dedicated robotic systems can perform daily actions (for example, pa-
tient displacement) and daily measurement checks (e.g., pressure, temperature, glycemia).

Disinfection and sanitation—These robots carry out important routine activities in
healthcare environments, such as disinfection processes and the air ventilation.

Telepresence—These care robots are properly configured with features related to telemedicine,
eHealth and domotics, interacting with patients and/or providing ATs, integrating them
into an ambient-assisted living.

Logistic use—Logistics robots perform basic tasks, such as transporting lunches or
drug treatments.

Rehabilitation and assistance. The use of care robots to guide the patient in physiotherapy
tasks is becoming the subject of increasing research interest. Additionally, the use of robots
as companions or for psychological support seems to be very attractive [9]. Moreover,
the use of robots as complex mechatronic–IT aids is very promising in the field of the
above-described ATs.

Beside the innumerable benefits of these robots, there are also problems. For example,
there is a probability of faults due to human error or mechatronic deficits. A single fault
could cause physical or psychological damages/harms. Another important problem is the
element of cost. Today, the use of care robots is mainly limited to first-world countries.
Other problems manifest in the strong impact and implications of ethical concerns in this
field [10,11].

These concerns mean that a strong and widespread acceptance of the robots’ integra-
tion in the health domain is necessary, with the need to obtain consensus initiatives, such
as the Consensus Conferences [8], which is capable of producing strategic documents, as in
the case of rehabilitation in Italy [12].

The introduction of automatic machines is radically changing the healthcare landscape
with regard to decision-making, therapeutic, and rehabilitation approaches.

Important ethical issues are also being raised [13]. The impact of these machines based
on artificial intelligence in the health domain is both significant and problematic at the same
time, as they have the potential to halter the traditional healthcare–patient relationship,
currently centered on the faith and openness of medical opinion and curative decisions.
Through algorithms based on artificial intelligence, automatic machines can sometimes
make decisions that are not fully transparent [13–16]. Therefore, there is a strong need for
transparent approaches in data science, not only to the design of algorithms but also to
the insiders, i.e., the clinicians. Automatic machines are increasing their applications in
healthcare, for example, in the form of the following: (a) Detecting previously unidentified
interferences that reduce the probability of adverse effects in drug interactions [14–16];
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(b) integration into digital pathology and digital radiology [17–19]; and (c) working in
direct contact with patients in rehabilitation and with social robots, with new practical and
ethical implications [20].

We have briefly highlighted the peculiarities of the introduction of assistive technologies,
robotics, and automatic machines into the health domain. In the healthcare process, these tools
can represent single elements but can also be integrated in a cascade; the access to a robot or
automatic machine, for example, can be supported in a disabled person by an AT. Assistive
technologies, robotics, and automatic machines can also be integrated; think of an AT
based on robotics with internal interactive processes derived from the automatic machine
learning of artificial intelligence. There is a lot of research for scholars to carry out in the
development of these tools in clinical applications. There is also a lot of study and work for
ethicists, legislators, economists, and stakeholders.

It will be necessary to allow these solutions to be used for the benefit of an ever-wider
audience of citizens; at the same time, it will be necessary to develop a targeted consensus
and acceptance initiatives so that their introduction as single, integrated, or coincident
elements takes place without trauma or shocks.

With this Special Issue, entitled “Assistive Technologies, Robotics, and Automated
Machines in the Health Domain” (https://www.mdpi.com/journal/healthcare/special_
issues/Assistive_Technologies_Robotics_Automated_Machines_Health_Domain [21] (ac-
cessed on 24 May 2022)), which has just opened, we intend to provide important contribu-
tions to this field by creating a forum that showcases the wide-ranging experience of its
leading researchers.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: This scoping review examines the contemporary applications of advanced artificial intelli-
gence (AI) software in orthodontics, focusing on its potential to improve daily working protocols,
but also highlighting its limitations. The aim of the review was to evaluate the accuracy and effi-
ciency of current AI-based systems compared to conventional methods in diagnosing, assessing the
progress of patients’ treatment and follow-up stability. The researchers used various online databases
and identified diagnostic software and dental monitoring software as the most studied software
in contemporary orthodontics. The former can accurately identify anatomical landmarks used for
cephalometric analysis, while the latter enables orthodontists to thoroughly monitor each patient,
determine specific desired outcomes, track progress, and warn of potential changes in pre-existing
pathology. However, there is limited evidence to assess the stability of treatment outcomes and
relapse detection. The study concludes that AI is an effective tool for managing orthodontic treatment
from diagnosis to retention, benefiting both patients and clinicians. Patients find the software easy to
use and feel better cared for, while clinicians can make diagnoses more easily and assess compliance
and damage to braces or aligners more quickly and frequently.

Keywords: orthodontics; AI; ChatGPT; AI Treatment Assessment; Teledentistry Cephalometrics

1. Introduction

Assistive technologies and automated systems are high-tech elements that are ev-
ery day reshaping workflows of modern healthcare. Assistive technologies, including
virtual reality, are designed to improve or maintain a person’s functioning so that they
can participate in all aspects of life [1–3]. Automated systems empowered with Artificial
Intelligence (AI) can support healthcare decision-making, therapy, and rehabilitation and
can also help prevent treatment errors. These technologies can be used individually or can
be interconnected to create assisted living solutions or enable rehabilitation at home [4].
Artificial intelligence is essential for advanced computer aided diagnostics’ [5] appropriate
integration of social robots with the potential to bring benefits to aged care [6] and also
future hybrid exoskeleton systems [7]. Various telemonitoring systems will benefit from
the AI evaluation of sensor data from mobile phones or wearables, e.g., patient movements
in the early diagnosis of Parkinson’s disease [8]. AI is not only the future of advanced
robotics in healthcare [9,10], but it is also cornerstone of advanced digital radiology [11]
in dentistry, including the orthodontic specialty [12–14]. The editorial of the International
Journal of Environmental Research and Public Health from September 2022 by Giansanti
summarized what is expected from an AI-based system [2] in the public health domain.

Today’s rapidly growing desire by dental practices to increase the effectiveness of
their treatments has led to the development of numerous tools to achieve this, such as
Dental Monitoring software (DM) (Dental Monitoring Co., Paris, France), StrojCHECK
by Sangre Azul (3Dent medical Ltd., Bratislava, Slovakia), White teeth, etc. DM is a
combination of artificial intelligence and telemedicine that enables easy daily collaboration
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and communication between the dental practice and the patient via a smartphone software
app. This facilitates the coordination and execution of each step and the monitoring of the
achieved goals throughout the treatment. It is feasible for both parties to use the maximum
potential of this tool. There is an increasing demand for health apps not only in orthodontic
dentistry but also in other medical specialties [15,16].

The possibilities of health apps are immense, ranging from promoting an active,
healthy lifestyle, assisting with nutrition, preventing diabetes and high blood pressure, and
treating depression to changing behavior to stop smoking and drinking alcohol, taking
medications regularly, etc. They also enable monitoring and adjustment of calorie intake
and output. For this purpose, additional devices such as wristbands and smartwatches
are often used alongside smartphones. These sensor systems vary from accelerometers,
barometers, geosensors, heart rate sensors, etc. [17,18]. Additionally, current studies have
shown that telemedicine also provides a way to improve primary care accessibility, as
it can decrease the time to specialty consultation, reduce the number of patients on the
waitlist, and it allows the more urgent cases to reach a specialist sooner [19]. The high
technological level of sensors in smartphones have led not only to dental monitoring but
also to utilizations of optical scanning for 3D face morphology registration [20,21].

This application of telemedicine, specifically teledentistry, has proven to be increas-
ingly popular and acceptable amongst not only adolescent and child patients but also in
adults [22]. For some clinical applications of advanced 3D-printed appliances in children
with craniofacial syndrome, regular home telemonitoring would be extremely valuable
and would minimize the potential risks of appliance damage and treatment failure in
complicated cases, such as Pierre Robin Sequence patients with 3D-printed palatal plates
or common orthodontic patients with 3D-printed distalizers [21,23,24]. This also brings
an economic and efficiency aspect to the usage of various types of telehealth software.
Current data from after the COVID-19 pandemic show that treatments monitored with a
DM app required 33.1% less appointments than patients without monitoring. In addition,
the duration of the first phase of treatment was reduced by 1.7 months on average for the
DM group and, finally, although without clinically significant relevance (less than 0.5 mm
or less than 2◦), there was an increased accuracy of movements expressed on maxillary and
mandibular anterior teeth when compared to predicted positions [25,26].

Studies have shown that their use is perceived as feasible for several reasons: the first,
and particularly important, reason is the behavioral impact on the patient during usage of
these tools. It has been proven that a patient’s engagement in the treatment is considerably
improved as a direct effect of working with the app. As a result, better compliance is
expected; hence, the outlined outcome should be improved accordingly. Compliance
is, apart from the quality of treatment planning and difficulty of the teeth movements,
increasingly one of the most crucial aspects of achieving treatment goals, especially for
aligner treatments, which are on a significant popularity rise. Furthermore, when a patient
is being self-scanned on a 4-, 7-, 10-, or 14-day basis, he is also aware that the hygienic status
of his teeth will be assessed and visible to the doctor, assistants, and even third party (the
software staff as well), which, overall, leads to improvement in his dental hygiene [27–30].

The software uses a knowledge-based algorithm that evaluates the data patients send
to the app after taking a series of photos with their smartphone. An automatic preset for
feedback and comments is then sent back to the patient, containing a lot of data for the
patient about their current dental status [31].

Unlike other telecommunications systems such as Skype, Google Duo, Zoom, and
others [14], which cannot provide a standardized evaluation of the clinical situation, the
DM system provides process automation through a knowledge-based algorithm that is
based on a combination of robotic and deep learning processes, with information systems
that act like a semi-intelligent user [25,32].

The aim of this article was to investigate the use of advanced AI software in orthodon-
tics, particularly for the purposes of CBCT diagnosis and assessment, treatment progress
assessment, and outcome stability in the follow-up phase. We evaluate the accuracy and
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efficiency of these AI tools compared to conventional methods and discuss the potential
benefits of using such software in orthodontic practice, including the ability to closely
monitor each patient, set specific treatment goals and track their achievement, and detect
changes in occlusion, jaw translation, and tooth movement.

The secondary objective was to summarize reported limitations of implemented AI-
powered systems in orthodontics.

2. Materials and Methods
2.1. The Research Question

The question for the literature research was defined specifically enough to allow the
review team to identify relevant studies, but broadly enough to capture the full scope of
the topic being reviewed.

How are AI systems currently assisting the assessment of the treatment or reten-
tion of orthodontic treatment clinically implemented, and what are their advantages and
limitations?

2.2. The Search Strategy

The search strategy aimed to identify all relevant studies on the topic being reviewed.
This involved searching databases and grey literature to ensure that this review was as
comprehensive as possible. For this review, PubMed, Scopus, the Web of Science—Core
Collection, and Google Scholar were queried.

The query was developed in dialogue with AI ChatGPT 3.5 Dec 15 Version (OpenAI
Inc., San Francisco, CA, USA). Databases were queried on 20 December 2022 with the
following query:

(orthodontic treatment OR orthodontics) AND (artificial intelligence OR machine learn-
ing OR deep learning) AND (assessment OR evaluation OR prediction) AND (course
OR retention OR outcomes)

The definition of the query was suggested upon drafts of this review title, abstract, and
defined research question and was accepted by all four evaluators. This search query
would find articles that discuss the use of artificial intelligence systems in evaluating the
course and retention of orthodontic treatment and contain the relevant terms “orthodontic
treatment”, “artificial intelligence”, “evaluation”, and “course” or “retention”.

2.3. The Review Process

All studies returned by search were analyzed for duplicities followed by analysis from
four evaluators for title and abstract evaluation. Only studies relevant to the topic were
selected, and relevant data were extracted.

3. Results

All articles below dating before 2020 were eliminated from the study, as only the most
contemporary and relevant data were to be gathered.

We excluded 17 articles that complied with queried keywords but were not ad-
dressing the topic even marginally. Table 1 shows most cited articles relevant to the
queried keywords.

Table 1. The most cited articles relevant to the queried keywords in researched topic.

# Authors Title Citations FWCI Reference Published

1 Kunz et al.
Artificial intelligence in orthodontics: Evaluation of
a fully automated cephalometric analysis using a

customized convolutional neural network
65 12.89 [33] 2020

2 Maspero et al.
Available technologies, applications and benefits of
teleorthodontics. A literature review and possible

applications during the COVID-19 pandemic
59 3.44 [34] 2020
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Table 1. Cont.

# Authors Title Citations FWCI Reference Published

3 Yu et al. Automated Skeletal Classification with Lateral
Cephalometry Based on Artificial Intelligence 57 10.21 [35] 2020

4 Lee et al.
Automated cephalometric landmark detection with
confidence regions using Bayesian convolutional

neural networks
40 7.51 [36] 2020

5 Leite et al. Radiomics and Machine Learning in Oral
Healthcare 38 1.83 [37] 2020

6 Wang et al. Multiclass CBCT Image Segmentation for
Orthodontics with Deep Learning 27 11.36 [38] 2021

7 Bichu et al. Applications of artificial intelligence and machine
learning in orthodontics: a scoping review 20 6.35 [39] 2021

9 Schwendicke et al. Deep learning for cephalometric landmark
detection: systematic review and meta-analysis 18 3.06 [40] 2021

10 Deshpande et al. Teledentistry: A boon amidst COVID-19
Lockdown—A narrative review 16 1.67 [41] 2021

11 Ahmed et al.
Artificial Intelligence Techniques: Analysis,
Application, and Outcome in Dentistry—A

Systematic Review
16 1.34 [42] 2021

12 Mohammadad-Rahimi
et al.

Machine learning and orthodontics, current trends
and the future opportunities: A scoping review 14 4.34 [43] 2021

13 Juerchott et al.

In vivo comparison of MRI- and CBCT-based 3D
cephalometric analysis: beginnning of a

non-ionizing diagnostic era in craniomaxillofacial
imaging?

14 1.44 [44] 2020

14 MacHoy et al. The ways of using machine learning in dentistry 14 0.84 [45] 2020

15 Ren et al. Machine learning in dental, oral and craniofacial
imaging: A review of recent progress 13 1.39 [46] 2021

18 Dalessandri et al. Attitude towards telemonitoring in orthodontists
and orthodontic patients 11 4.8 [47] 2021

20 Caruso et al.
A knowledge-based algorithm for automatic

monitoring of orthodontic patients: The dental
monitoring system. Two cases

10 1.81 [27] 2021

21 Impellizzeri Dental Monitoring Application: I tis a valid
innovation in the Orthodontics Pracice? 9 0.86 [48] 2020

22 Monill-González et al. Artificial intelligence in orthodontics: Where are
we now? A scoping review 9 2.58 [49] 2021

23 Thurzo et al.
Where Is the Artificial Intelligence Applied in
Dentistry? Systematic Review and Literature

Analysis
8 5.15 [12] 2022

24 Bulatova et al. Assessment of automatic cephalometric landmark
identification using artificial intelligence 3.72 [50] 2021

25 Park et al. Teledentistry platforms for orthodontics 8 3.39 [51] 2021

26 Sangalli et al. Effects of remote digital monitoring on oral hygiene
of orthodontic patients: a prospective study 7 3.05 [52] 2021

27 Achmad et al. Teledentistry as a solution in dentistry during the
covid-19 pandemic period: A systematic review 6 0.78 [53] 2020

3.1. Cephalometric Landmark Detection and Placement by Artificial Intelligence

Multiple studies confirmed a wide range of software enabling recognition and detec-
tion and automatic placement of cephalometric landmarks, detecting pathologies using
CBCT images, pathologies ranging from tumors, cysts, periapical lesions, caries, supernu-
merary teeth, tissue alterations as present in infectious processes, and abscess formations.
In various measurements, they compared the accuracy of these evaluations to the skills
of a trained dentist, all showing more than 95% compatibility with the findings of the
dentists [33,35–37,40,49,50].
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Juerchott et al. are also studying whether MRI can serve as an alternative to CBCT for
3D cephalometric analysis. Mean values were found to be equivalent, which supports this
thesis, which could possibly reduce radiation exposure for many patients [44].

Moreover, segmentation of the facial skeleton was carried out by automatized MS-D
convolution networks then compared to a segmentation set by orthodontists; the mean
difference was insignificant, whereas the amount of time needed for segmentation was
about 5 h for 1 CBCT for an orthodontist and 25 s for the CNN. This study showed that an
incredible amount of time was possibly saved by this AI [38].

Ren et al. gathered data that also claim AI and deep machine learning is not already
utilized for a cephalometric landmark, but it is already being used for determination of
cervical vertebrae stages, oral cancer detection, cancer margin assessment, its prognosis,
dental caries detection, root morphology, the presence of periapical lesions, and facial
attractiveness evaluation [46].

3.2. Dental Monitoring System Applications

A study by Dallesandri et al. studied the approach of patients and dentists toward
a DM system throughout their orthodontic treatments. Collected data showed that all
dentists judged telemonitoring positively, as 96.25% of them considered telemonitoring
indicative of high-tech and high-quality treatment, and 100% considered it a way to reduce
the number of in-office visits. In addition, 97.5% of patients judged telemonitoring posi-
tively; 81.25% of them considered telemonitoring indicative of high-tech treatment; 81.25%
declared themselves to be interested in reducing the number of in-office visits through
telemonitoring. Telemonitoring was assessed as plausible both by patients and dentists; it
was also understood as a high-tech tool that could improve quality and effectiveness of the
treatments. Both groups were also pleased by possibly reducing the number of in-office
visits. However, additional funding for this utility from the side of the patient was less
welcomed, and compliance would be put to the question if such was the case [47].

Caruso et al. carried out a two-case study where they assessed treatments of patients
using DM. Both patients displayed good compliance and successfully reached all estab-
lished treatment goals. The needed movements were difficult to achieve, yet, owing to
being able to be monitored, they completed treatment quickly; they both followed a seven-
day exchange protocol, which is slightly faster than the usually observed treatment speed.
There were phases in treatment when it was necessary to prolong the time on each aligner,
while maintaining adequate tracking. After this period, the speed adaptively returned
to the previous schedule. Patients assessed that monitoring was easy to use; it detected
debonding auxiliaries and thus improved quality of the treatment [27].

Impellizzeri et al.’s study suggests that using DM with 0.014 × 0.025 CuNiTi wires in
a self-ligating straight-wire appliance successfully reduced the number of appointments for
each patient from 3 appointments in 10 weeks to 2 per 10 weeks. Naturally, a reduction in
chair time and material costs was observed. Moreover, more precise evaluation of treatment
by the doctor was possible [48].

Another study by Sangalli et al. revealed that when patients were equipped with a
cheek retractor and scan box by Dental Monitoring and instructed to take monthly intra-
oral scans, this study group of patients showed a significant improvement in plaque control
compared to the control group. A decreased number of emergency appointments in the
study group was also registered, although it was not significant. The patients were not
orthodontic treatment cases [52].

Maspero et al., in a 2020 article, confirmed that this application saved 5.8 appointments
over a 2-year treatment. Its software platform was observed by patients as user-friendly
and they noted improvement of communication with the doctor. Moreover, it was observed
that stability of the result could also be measured and, if relapse of misalignment of the
teeth were to occur, swift measures could be enacted to interfere with relapse development.
Measurement was carried out by Moylan et al. in 2019. They compared intercanine and
intermolar measurement differences between plaster models based on impressions taken by
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a dentist versus measurements from data from Dental Monitoring software. The differences
ranged from 0.17 mm and −0.02 mm; this was assessed as sufficiently accurate [34,54].
Another publication measured the difference in STL (Stereolithography) files provided
from the iTero scanners and STL files generated by DM software. Differences ranged from
0.0148 mm to 0.0275 mm; thus, they safely stated the method is accurate enough for clinical
applications [55].

3.3. Other AI and Teldentistry Applications

An article by Achmad utilized teledentistry in order to connect with distant patients for
consultations throughout the COVID-19 pandemic, which was exceptionally well-accepted
by both groups [53]. Another purpose of teledentistry was documented by Deshpande
et al., who found out that if trained general dentists were remotely communicating with
orthodontists via teledentistry, more accurate interceptive orthodontic treatments would be
made available, which thus led to a reduction in severity of malocclusions in disadvantaged
children where referral was not plausible. Moreover, unnecessary referrals were filtered
out, which is an advantage both for specialist and patient. They also warn of the risk that
diagnosis based on clinical photography made by the patient may not be accurate, and the
practitioner may not collect all necessary data, since other diagnostic procedures such as
percussion and palpation cannot be performed via photography [41].

Asiri et al. summarized in their review that most commonly utilized AI domains
were intended for diagnostics and treatment planning, followed by automated anatomic
landmark detection used for cephalometry. Marginally, AI was used for assessment of
growth and development and evaluation of treatment outcome [39].

4. Discussion

Contemporary data show that there is a growing trend towards the use of telemedicine
in modern dental and orthodontic practices, as it has been proven to increase efficiency
and allow dentists to specifically monitor each case and focus on the most important
goals for each patient, while saving chairside time and patient resources and preventing
deterioration of their dental status, from which they also benefit financially, psychologically,
and esthetically. Likewise, the quality of treatment is improved, and the time needed to
resolve problems is reduced. Although the benefits for the patient are not yet fully known,
since the willingness to use the modern aids is not yet as high as the doctor would like, the
demand is increasing [11,25,25,30,32,42,51,56,57].

The availability for the patient and the practice is indeed very high: the only technical
requirement for the patient is a smartphone and an internet connection. The rest is provided
by the dental practice. Patient compliance is also statistically higher. Undoubtedly, more
and more applications will be developed to facilitate the treatments even more and increase
the comfort for the user during the treatment [43,45,54,58,59].

In comparison with conventional methods of treatment management, physicians will
be able to increase the number of patients they can treat at one time without compromising
the quality of the services provided. They can, in fact, observe the patient’s dental status
more often, with great detail, instruct the patient remotely to aid in his or her treatment, or
change instructions for further steps, e.g., change of placement of intra- and inter-maxillary
elastics. They do not have to rely on a patient´s observation skills in terms of debonding of
brackets, attachments, or other auxilliars, and problems can be detected much sooner than
3–4 weeks of the next appointment. Moreover, the treatment doctor can very quickly detect
the first signs of relapse of the malocclusion, even at the slightest movement of a singular
tooth. In addition, improved compliance is observed through the use of the new, attractive
AI software. Finally, the ability to seek treatment over long distances is highly desirable,
both for patients who travel frequently or live abroad and during pandemics such as
those that have occurred in recent years [12,14]. Additionally, when comparing traditional
diagnostic methods, the use of AI systems can speed up and enhance even the development
of complicated orthognathic surgery treatment planning, where fast cephalometric tracing
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is performed by software. Jaw segmentation is also faster when performed by AI then by
even skilled practitioners. Furthermore, dental and skeletal pathologies can be detected
easier and not be omitted from an orthodontist’s line of sight, as during cephalometric
analysis his focus is mostly on the landmarks and bigger picture of a patient´s skeleton
rather than singular teeth.

The combination of AI and teledentistry introduces a historical paradigm shift in
orthodontic care. Software enhanced by advanced AI provides not only sophisticated
evaluations of clinical situation and post-treatment stability but also pre-treatment diag-
nostics or even automated segmentations of CBCT utilized for cephalometric [36,60–67],
airway [68,69], or forensic applications [70,71]. AI-powered software for orthodontic
cephalometric analysis recently became a common tool for a reliable and accurate cephalo-
metric tracing method [61,72], which represents a significant evolution from the times of
analog cephalometric processing [73].

This review identified several limitations to using AI-powered systems in orthodontics:

1. Accuracy: AI-powered systems can help with diagnosis and treatment planning,
but they are not as accurate as a trained orthodontist in identifying and treating
complex cases [55,74,75], although some reports have shown that the level of accuracy
is nearing the human level.

2. Expertise: AI systems do not have the same level of clinical expertise as a trained
orthodontist. They may not be able to fully understand the patient’s needs and cannot
provide the same level of individualized care [30,48,74].

3. Ethical concerns: There are also ethical concerns about the use of AI in healthcare,
including the possibility of biased algorithms and the potential to replace human
labor with automation [76–78].

4. Cost: AI systems can be expensive to implement and maintain and may not be
accessible to all patients or clinicians.

5. Regulation: the use of AI in healthcare also comes with regulatory challenges. These
include the need for oversight to ensure the accuracy and safety of AI-powered
systems [11,79,80].

A limitation of this paper is that there is a wide range of different attributes and
parameters that could be used to evaluate the benefits to both parties, and further studies
should be conducted that explore each parameter in more depth.

This paper also highlights that the use of AI software in orthodontics raises questions
about reliability, as these tools can contain errors and bias that can lead to mistakes or
mishaps during treatment. The review included most impactful studies on the use of AI
in orthodontics and summarized the characteristics of current software alternatives. The
accuracy and expertise have been evaluated as sufficient, albeit a sufficient number of
studies on this matter have not been published yet. The value of AI-powered monitoring of
the orthodontic retention phase is not completely appreciated yet and very few studies are
focusing on this aspect. The authors of this paper see unexplored potential in this direction.

Current clinical decision support systems in orthodontics are already supported by AI.
Commercial companies that manufacture clear aligners use data from millions of digital
intraoral scans sent by clinical providers and apply AI algorithms to predict and plan tooth
movement after they perform tooth segmentation. However, such AI algorithms are not
validated and require clinicians to exercise caution when using the predictions provided
and monitoring treatment outcomes [81,82].

Scientific reviews mapping the clinical application of orthodontic AI show a significant
increase since 2020, recognizing the potential to support the assessment of orthodontic
treatment and retention in a variety of ways. This has been accelerated by the global
pandemic and technological AI breakthroughs. In 2022, AI algorithms were used to
analyze and interpret digital images and diagnostic data, such as dental radiographs,
photographs, CBCT, or intraoral photos and video scans, to identify problems and predict
treatment course, outcome, or stability. AI has also been widely used to monitor patients
during treatment and provide real-time feedback and alerts to ensure treatment is going as
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planned. AI-based systems and their application have even reached university orthodontic
curricula [12,14,26,68,83–92].

In addition, AI can be used to help orthodontists track and analyze patient data
over time, allowing them to identify trends and patterns that may be useful in predicting
treatment outcomes and optimizing treatment plans. This could be especially useful for
patients with complex or difficult cases, where traditional methods of assessment may not
be sufficient [25,27,27,32].

Non lege artis treatment can take many forms, such as using treatments that have
not been proven effective, using treatments in an inappropriate or dangerous manner, or
failing to follow accepted protocols for diagnosing or treating a particular condition. Such
treatment may also involve exploitation or abuse of patients, such as taking advantage of
their vulnerability or trust. AI implementations in orthodontic software are no exception.

In 2023, the European Union announces the idea of creating the world’s first com-
prehensive standards for regulating or prohibiting certain applications of artificial intelli-
gence [79].

The EU’s AI law is expected to lead the world in regulating AI. The AI Act is a proposal
for a European law on artificial intelligence (AI)—the first law on AI to be passed by a major
regulator. The law assigns applications of AI to three categories of risk. First, applications
and systems that pose unacceptable risk, including state-run social assessments such as
those used in China, are banned. Second, high-risk applications, such as a CV scanning tool
that ranks job applicants, are subject to specific legal requirements. Finally, applications
that are not explicitly banned or classified as high-risk are largely unregulated [93].

5. Conclusions

The use of AI in the assessment and retention of orthodontic treatment is an emerging
area with significant potential for improving patient care and outcomes. It is likely to see
many more AI-powered tools and systems being developed and adopted in the field of
orthodontics in the coming years.

Literature research concludes that while AI-powered systems already effectively as-
sist in orthodontic treatment, they must be used in conjunction with properly trained
orthodontists to achieve the best possible outcomes for patients. Unsupervised applications
of AI-assisted systems in orthodontics are not in accordance with the standards of good
medical practice or the principles of medical ethics. With current unresolved risks of AI bias
and incoming AI governmental regulations, such an unsupervised orthodontic treatment
would be considered as non lege artis.

This scoping review proves that the current clinical adoption of AI-powered systems
has already reshaped the form of modern orthodontic practice, albeit they are still rife with
limitations such as: accuracy, expertise, ethical concerns, cost, and regulatory issues.
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Abstract: Demand for wearable devices and supportive technology is growing as these devices have
the potential to enhance physical function and quality of life in users. The purpose of this study was
to investigate usability and satisfaction after performing functional and gait exercise with a wearable
hip exoskeleton in community-living adults. A total of 225 adults residing in the local community
participated in this study. All participants performed 40 min of exercise once with a wearable hip
exoskeleton in various environments. The EX1, which functions as a wearable hip exoskeleton,
was used. Physical function was assessed before and after exercise with the EX1. After completing
exercise with the EX1, the usability and satisfaction questionnaires were evaluated. Gait speed, timed
up and go test (TUG), and four square step test (FSST) showed statistically significant improvements
after exercise with the EX1 in both groups (p < 0.05). In the 6 min walking test (6MWT), a significant
increase was observed in the middle-aged group (p < 0.05). In the short physical performance battery
(SPPB), there was a significant improvement in the old-aged group (p < 0.05). On the other hand,
positive results in usability and satisfaction were noticed in both groups. These results demonstrate
that a single session of exercise with the EX1 was effective in improving physical performance of both
middle- and old-aged adults, with positive feedback from most of the participants.

Keywords: exoskeleton device; gait; robot; personal satisfaction; physical fitness

1. Introduction

Physical activity, which is associated with quality of life, decreases with age due to
loss of muscle mass and strength [1], cardiac and respiratory disease [2], and other factors.
Decreased physical activity during the aging process leads to metabolic disorders and
other chronic diseases, such as cancer, diabetes, and cerebrovascular and cardiovascular
diseases [3]. Regular physical activity such as walking, cycling, dancing, and running
leads to positive physiological changes. Regular physical activity improves autonomic
balance, bone density, capillary density, muscle fiber size, neuromuscular coordination,
stroke volume, blood coagulation, and inflammation [4]. Moreover, these physiological
changes result in decreased depression, weight gain, fractures, injurious falls, osteoporosis,
and mortality, as well as increased physical and cognitive function [4]. A previous study
reported that regular physical activity could increase the life expectancy of the world’s
population [5].

Walking is one of the easiest regular physical activities. Walking is the cheapest and
easiest activity for health promotion and consumes larger amounts of energy than other
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daily sports activities. Gait function refers to the mobility required for daily life perfor-
mance, which can predict clinical conditions in various aspects [6]. In previous studies,
inactive adults experienced 3–8% muscle loss over 10 years with decreased metabolic rate
and fat accumulation during rest [7], but walking exercise improved walking economy and
functionality [8], muscle size and quality [9], functional balance, and reaction time [10],
which are related to gait quality.

Recently, functional exercise has been carried out under various conditions, such as
applying a load, using props, or combining various conditions. Resistance gait exercise
enhances balance and gait parameters [11] and decreases the fear of falling [12]. A previ-
ous study showed that, after resistance gait exercise using an underwater treadmill, gait
parameters including step length, velocity, and cadence were significantly increased [13].
In addition, an assistive therapeutic exercise program is effective in improving preferred
gait speed [14].

Robot technology in the healthcare field is being actively used in clinical practice
as it has been developed in the surgical and rehabilitation medical fields. However, in
recent years, the technological advances in daily assistive robots have gone beyond their
limited use for patients in the medical field [15]. Wearable exoskeletons are being actively
developed to assist and strengthen physical functions for not only disabled, but also non-
disabled people. A wearable exoskeleton helps to improve gait by assisting with voluntary
movement of the lower extremity joints during gait [16,17]. Furthermore, gait exercise with
a wearable hip exoskeleton improves cardiopulmonary function. In a previous study, gait
training with an assisted-exoskeleton robot required less oxygen consumption than a home
exercise program of self-paced overground walking without a robot at the same speed in
the elderly [18].

The EX1, developed by Samsung Electronics (Suwon, Republic of Korea), is a personal-
ized robot with a light weight of 2.1 kg that is worn on the hip joints. In our previous study
in the elderly, there were statistically significant improvements in gait speed, excessive
muscle activity, respiration, and metabolic energy during gait with the EX1 compared to
walking without it [16].

Demand for wearable devices and supportive technology is growing because these de-
vices have potential to enhance physical functions and quality of life of users. Furthermore,
among the factors to be considered when using a wearable robot, user stability and fit are
important. Previous studies on the EX1 investigated the effect on physical function rather
than usability and satisfaction with the wearable robot. Thus, wearable devices need to be
evaluated by actual users in terms of wearability [19]. This study was designed to investi-
gate the usability, satisfaction, and physical function from a single session of functional and
gait exercise with the EX1 in community-living middle- and old-aged adults.

2. Materials and Methods
2.1. Study Participants

The participants were recruited from local community residents who use silver town
or welfare centers. Two-hundred and twenty-five adults who met the following inclusion
criteria were enrolled in this study: no history of central nervous system disease and
age between 40 and 84 years. Subjects with uncontrolled severe high blood pressure or
diabetes, history of uncontrolled cardiovascular disease, severe dizziness that might lead
to a fall, and cognitive disorders that hinder the ability to understand or comply with
study instructions were excluded. General characteristics of the subjects are summarized
in Table 1. The study protocol was approved by the Institutional Review Board of Samsung
Medical Center, Seoul, Korea (No. 2021-04-058), and informed consent was provided by all
subjects before participating in the study.
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Table 1. General characteristics of participants.

Characteristics Total
(N = 225)

Middle-Aged
(n = 75)

Old-Aged
(n = 150)

Gender (male/female) 80/145 31/44 49/101
Age (year) 67.52 (10.99) a 74.31 (4.79) 53.96 (6.30)

Height (cm) 161.53 (8.26) 159.85 (8.85) 164.88 (7.32)
Weight (kg) 61.76 (10.58) 59.93 (9.32) 65.43 (11.98)

BMI (kg/m2) 23.59 (3.06) 23.42 (2.92) 23.94 (3.33)
MMSE-K 28.16 (1.82) 27.95 (1.93) 28.57 (1.49)
GDS-15 3.71 (3.32) 4.1 (3.43) 2.93 (2.99)
FES-K 99.32 (3.30) 99.07 (3.92) 99.81 (1.24)
EQ-5D 0.90 (0.08) 0.89 (0.92) 0.93 (0.46)

a Mean (SD), middle-aged group = 40–64 years, old-aged group = 65–84 years; BMI = body mass index; MMSE-
K = Mini-Mental State Examination—Korean; GDS-15 = Geriatric Depression Scale-15; FES-K = Fall Efficacy
Scale—Korean; EQ-5D = EuroQol-5 dimension.

2.2. Experimental Protocol

This study protocol was designed as a single group, and all participants performed a
single session of exercise with EX1. All participants received 40 min of exercise with the
EX1: 20 min of functional exercise including sit-to-stand and balance exercise and 20 min
of gait exercise including stair climbing and over-ground and incline walking with the
assist and resistance modes of EX1. To confirm the effect of a single session of exercise with
EX1, physical functions measured by the 10 m walking test (10MWT), timed up and go
test (TUG), four square step test (FSST), 6 min walking test (6MWT), and short physical
performance battery (SPPB) were evaluated before and after the exercise program. All
outcome measures were performed without the EX1. After completing a single session of
exercise with the EX1, the usability and satisfaction questionnaire for EX1 were evaluated
(Figure 1).
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Figure 1. Experimental protocol.

2.3. Wearable Hip Exoskeleton (EX1)

The EX1, which was developed by Samsung Electronics, is a minimized exoskeleton
worn on the hip joints. It is very lightweight and user-customizable, weighing approxi-
mately 2.1 kg (Figure 2). EX1 can provide assistive or resistive torque forces around both
hip joints for both extension and flexion direction during gait as needed, and it promotes
physical function in daily life. EX1 consists of a pair of actuators that generate force on
the left and right hip joints, a hip brace on the waist, a pair of thigh frames, and a thigh
belt [20].
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2.4. Measurement Tools
2.4.1. Physical Function Evaluation

To measure physical function, 10MWT, TUG, FSST, 6MWT, and SPPB were performed.
The 10MWT is the most effective method for predicting falls and evaluating gait ability by
measuring gait speed, and it has high test–retest reliability in healthy adults (intra- and
inter-tester reliability (ICC) = 0.93–0.91) [21]. For measurement, subjects were asked to
walk a total of 15 m at a comfortable speed. The time it took to walk 10 m was measured,
excluding the initial 2.5 m acceleration and the final 2.5 m deceleration, and the result in
seconds was converted into speed (m/s). Measurements were repeated twice, and the
average value was used.

To evaluate the dynamic balance ability among physical functions, TUG and FSST
were measured. The TUG test is used as a standard test method in clinical practice as a
representative test method for measuring gait ability as well as dynamic balance ability of
elderly and brain injury patients, and it has high ICC in the elderly (ICC = 0.92–0.99) [22].
The FSST is a method of evaluating dynamic balance and movement ability. It measures
the time it takes to walk forward, backward, and sideways over a low obstacle as fast as
subjects can, and it has high test–retest reliability (ICC = 0.87) [23].

To evaluate walking endurance, 6MWT was measured. The 6MWT is a representa-
tive method for measuring gait aerobics and endurance in the elderly and patients with
cardiopulmonary disease. To measure gait endurance, subjects are asked to walk a set
trajectory for 6 min, and the total walking distance is measured. It has excellent test–retest
reliability for the elderly (ICC = 0.95) [22].

SPPB is a test that consists of walking speed, sit-to-stand on a chair, and balance
tests. It has been used as a predictive tool for dysfunction and can be helpful in functional
monitoring in the elderly. The score ranges from a minimum of 0 points to a maximum of
12 points. SPPB has been shown to have validity as a predictor of fall risk and mortality
and has excellent test–retest reliability for the elderly (ICC = 0.91) [24].

2.4.2. The Usability and Satisfaction Questionnaire

As there was no appropriate usability and satisfaction questionnaire for evaluating the
wearable hip exoskeleton, the questionnaire was developed and applied through previous
research [17] and consultation with experts (Table 2). A questionnaire was developed
by setting usability and satisfaction evaluation areas. The safety questionnaire is one of
the most important parts to determine whether EX1 can be used safely. The operability
question is a factor to realize the function of the gait robot. The questionnaire includes
operational convenience, effectiveness, and efficiency.
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Table 2. The usability and satisfaction questionnaire of the EX1.

Domain No. Item Strongly
Disagree Disagree Neutral Agree Strongly

Agree

Safety 1
Did you have any risk of falling when
turning or leaning forward while
using the EX1?

1© 2© 3© 4© 5©

Safety 2 Did you have a risk of fall or injury
while using the EX1?

1© 2© 3© 4© 5©

Safety 3 Do you think you can control the
risks posed by EX1 yourself?

1© 2© 3© 4© 5©

Safety 4 Did you fear falling while walking
with the EX1?

1© 2© 3© 4© 5©
Satisfaction 1 Was the EX1 easy to use? 1© 2© 3© 4© 5©
Satisfaction 2 Do you think people with healthy

people can also use the EX1?
1© 2© 3© 4© 5©

Satisfaction 3 Were you not shamed for using EX1? 1© 2© 3© 4© 5©
Satisfaction 4 Do you think the EX1 will have

negative social perceptions?
1© 2© 3© 4© 5©

Satisfaction 5 Was the weight of the EX1
appropriate for walking?

1© 2© 3© 4© 5©
Satisfaction 6 Was the EX1 comfortable to wear? 1© 2© 3© 4© 5©
Satisfaction 7 Were you satisfied with the material

of the EX1?
1© 2© 3© 4© 5©

Satisfaction 8 Do you think the assist mode of the
EX1 helps with gait?

1© 2© 3© 4© 5©

Satisfaction 9 Do you think the resistance mode of
the EX1 helps with gait exercises?

1© 2© 3© 4© 5©

Satisfaction 10 Was there any disturbance caused by
noise when using the EX1?

1© 2© 3© 4© 5©

Satisfaction 11 Are you satisfied with the color and
design of the EX1?

1© 2© 3© 4© 5©

Satisfaction 12 Are you willing to continue using
the EX1?

1© 2© 3© 4© 5©

Satisfaction 13 Between assist and resistance modes
of EX1, which was more helpful?

1© Resistance mode 2© Assist mode

2.5. Data Preprocessing and Statistical Analysis

All data were analyzed with SPSS version 22.0 program (IBM, Armonk, NY, USA).
Results were calculated as mean and standard deviation values. Statistical significance
levels for all measurements were set as p < 0.05.

Physical function evaluation, usability, and satisfaction tests were analyzed by dividing
the age into two subgroups: a middle-aged group 40 to 64 years old and an old-aged group
65 to 84 years old. To evaluate the feasibility of a single session with the EX1, paired t-tests
were used to compare outcome measures between pre- and post-exercise.

To evaluate the usability and satisfaction questionnaire, frequency analysis was used.
In addition, the usability and satisfaction tests with standardized β coefficients in linear
regression analysis were used to investigate the relationship between physical function and
questionnaire.

3. Results
3.1. Physical Function

In the 10MWT, TUG, and FSST, significant increases after a single exercise session
with the EX1 were observed in both groups (p < 0.05) (Figure 3). In the 6MWT, there was
a statistically significant improvement only in the middle-aged group (p < 0.05). In the
SPPB, there was a significant improvement in the old-aged group (p < 0.05) but not in the
middle-aged group.
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3.2. Usability and Satisfaction of the EX1

In the safety domain (involving items such as risk of falls and control of risk factors),
after using the EX1, positive responses were confirmed in both groups. The responses were
mostly positive in the satisfaction domain, but there were some items with difference by age
group. The middle-aged group showed more positive responses than the old-aged group
in the easiness of use, usefulness, and perception of the EX1. In addition, the middle-aged
group showed more positive responses than the old-aged group in the questionnaire on
whether the assist and resist mode of the EX1 helped with gait exercises. Though the
old-aged group tended to prefer the assist mode, the middle-aged group tended to prefer
the resistance mode of the EX1 (Figure 4).

22



Healthcare 2023, 11, 643Healthcare 2022, 10, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 4. Responses to the questionnaire about usability and satisfaction of the EX1. The items of 
the usability and satisfaction evaluation include the safety of wearing, the risk of falling, the ease of 
operation, the feeling of weight, the fit, and the noise of the EX1. Refer to Table 2 for the usability 
and satisfaction questionnaire. 
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operation, the feeling of weight, the fit, and the noise of the EX1. Refer to Table 2 for the usability and
satisfaction questionnaire.
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3.3. Regression Analysis between General Characteristics, Usability, and Satisfaction

As a result of regression analysis of 128 cases with a combination of 16 dependent
variables and 8 independent variables, there were 15 significant results (Y = aX + b) (Table 2).
The dependent variable (Y) consisted of a total of 16 items related to safety (4 items) and
satisfaction (12 items), and the independent variable (X) consisted of a total of 8 items: age,
gender, height, weight, body mass index (BMI), health status (2 items; health conditions,
level of activity), and experience of fall.

The younger the user, the easier they tend to think the EX1 was to use, they tend to
think that the assist mode of the EX1 helps most with gait, and they tend to be willing to
continue using the EX1. If the users think they have better health conditions, they tend to
think the EX1 was easy to use. If the user is more active, they think that they control the
risk posed by the EX1 (Supplementary Table S1).

3.4. Regression Analysis between Usability, Satisfaction, and Physical Function

As a result of regression analysis of 240 cases by combining 10 dependent variables
and 24 independent variables, there were 25 significant results (Y = aX + b) (Table 2). The
dependent variable (Y) consisted of a total of 10 items regarding functional evaluation
baseline (5 items) and difference of functional evaluation between baseline and after single-
session exercise with the EX1 (5 items). The independent variable (X) consisted of a
total of 24 items related to age, gender, height, weight, body mass index (BMI), health
status (2 items; health condition, level of activity), experience of fall, safety (4 items), and
satisfaction (12 items).

If the users thought they have better health conditions, they tended to have a faster
FSST and TUG. If the users considered themselves active, they tended to have faster gait
speed, and walk farther in 6 min. If the users had experience of falling, they tended to have
a lower SPPB, slower gait speed, and walk less in 6 min; after gait exercise with the EX1,
these users tended to have a higher SPPB than before exercise.

If the users thought there was no risk of falling when they were turning or leaning
forward while wearing the robot, after gait exercise with the EX1, they tended to have a
lower SPPB. If the users thought the robot was easy to use, they tend to have a higher SPPB,
and faster TUG; after gait exercise with the EX1, these users tended to have a faster FSST
than before exercise (Supplementary Table S2).

4. Discussion

Our study demonstrates that a single session of exercise with the EX1 improved physi-
cal functions. In addition, the positive results of the EX1 were confirmed by conducting a
usability and satisfaction survey after exercise with the EX1.

In this study, statistically significant improvements in gait speed, balance ability, and
gait endurance were confirmed through a single session of exercise with the EX1. The
results of this study suggest that a single session of exercise with the EX1 has several key
advantages for physical function and efficiency. Functional exercise that is effective for
improving gait function includes gait exercise at various speeds and directions, treadmill
gait, and stair climbing. In addition, the resistance and assistance of the EX1 can be adjusted
based on individual physical ability. Therefore, it improves physical function gradually by
controlling the intensity and duration of the exercise.

To determine gait quality, we used objective, sensitive, and powerful measurement
tools that measure gait performance, dynamic balance ability, and gait endurance [25]. In
our study, there was a statistically significant improvement in gait speed. Previous studies
have shown that lower gait speed is associated with age, education, and particularly
modifiable factors such as impairment of activities of daily life, physical inactivity, and
cardiovascular disease [26]. Gait speed is a clinical indicator related to survival rate and
predicts functional ability in the elderly [27]. In a previous study, it was reported that gait
speed increased by 0.1 m/s as the survival rate increased [28]. These results indicate the
importance of staying active and healthy for middle- and old-aged people.
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Balance ability, an essential factor in gait ability, is the ability to maintain balance
against numerical movement and external stimuli, which reduces muscle weakness due
to decreased physical activity and is highly associated with risk of fall due to dynamic
balance ability during gait [29,30]. Physical changes due to aging lead to a decrease in gait
function by reducing balance, and it is highly related to the incidence of injuries in the
elderly [31]. In our study, a statistically significant improvement was shown in dynamic
balance ability through a single session of exercise with the EX1. Falling is a serious problem
that threatens the health of the elderly and can lead to premature death due to physical
damage, psychological dysfunction, and onset of various diseases [32]. Preventing falls
and improving body function require planned and consistent exercise. Decreased physical
activity leads to muscle strength weakness, which causes reduced balance ability. Balance
training is an essential element in an exercise program because it is highly correlated with
risk of falls according to dynamic balance ability while walking.

Gait endurance is also one of the major factors influencing risk of falls in the elderly.
It is known that the weaker the walking endurance, the higher the likelihood of a fall
in the elderly. In our study, endurance improved immediately after a single session of
exercise with the EX1 in both age groups, but a significant result was found only in the
middle-aged group. Endurance is increased through long-term gait training [33], but in
our study, the time was insufficient to derive significant results with a single session of
exercise with the EX1. However, although it was not significant after a single session of
exercise, walking distance for 6 min improved, indicating the potential for positive results
with long-term exercise.

The SPPB is a fast and useful measurement tool for predicting falls [34]. In our
study, the SPPB improved immediately in the old-aged group after a single session of
exercise with the EX1, but no significant result was shown due to the ceiling effect in the
middle-aged group.

This study was performed to confirm the usability and satisfaction of the EX1. Con-
sidering user physical condition and environment, it was divided into user questionnaire
evaluation and user function evaluation, and the safety, operability, and satisfaction of
the EX1 were evaluated. If an expert or designer conducts a usability evaluation while
listening to users’ opinions, it is possible to understand the users’ needs, inconveniences,
strengths, and expectations in a complex way. Regression analysis showed a difference
in the experience feedback for the EX1 by age or physical function. However, there were
no implications for usability, perceptions, or satisfaction with general characteristics other
than age.

As the results of the questionnaire included usability and satisfaction, both middle-
and old-aged groups had positive experience feedback for the EX1. Among them, more
positive results were shown in the middle-aged group than the old-aged group in a few
items. We think that these results were caused by middle-aged people being more open-
minded and faster to learn new technologies than the elderly. In the questionnaire, both
the assist and resistance modes of the EX1 helped with gait, with strongly positive answers
in the middle-aged group compared to the old-aged group. In addition, in a questionnaire
on the preference between the assist and resistance modes of the EX1, the old-aged group
preferred the assist mode, but the middle-aged group preferred the resistance mode. These
results indicated that the elderly, who have a decline in gait ability, prefer gait assist, but
middle-aged people who need gait training prefer the resist mode of the EX1.

In regression analysis between general characteristics and questionnaire, users tended
to think that using the EX1 would have no negative social perceptions if they thought they
had lower health conditions. Younger users tend to have positive opinions of the EX1.
Although there might be perceptions that exercise using robots is applied only to patients
or the elderly [35,36], this study confirmed that healthy people had positive perceptions of
exercise with robots. Therefore, we think that the EX1 can provide a meaningful exercise
program not only for the elderly, but also for young people. In regression analysis between
questionnaire and physical function, people who had experienced a fall within the last
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6 months had better balance ability and physical function after a single session of exercise
with the EX1. It was confirmed that the higher the satisfaction with the function of the
robot, the better the physical endurance and dynamic balance. We think that such exercise
will bring positive results when applied to people with reduced balance ability, which is a
risk factor for falls.

5. Conclusions

This study demonstrated that a single session of exercise with the EX1 in middle-
and old-aged persons improved physical performance, including gait and balance, and
received positive feedback. A newly developed wearable hip exoskeleton, the EX1, is a
potentially useful exercise device for improving gait and physical function not only in
the elderly, but also in middle-aged people. In this study, we emphasized short-term
usability and satisfaction evaluation of the EX1 for healthy subjects. In future studies,
the long-term effects of the EX1, not only in healthy subjects but also in persons with
impaired physical function, must be addressed. Additionally, it is necessary to conduct
more structured studies and repeat pre–post experiments by repeating specific training
protocols in scheduled programs.
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satisfaction, and physical function.
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Abstract: The COVID-19 pandemic amplified the elderly’s aging-related dysfunctionalities and
vulnerabilities. Research surveys, aimed at evaluating the socio–physical–emotional state of the
elderly and obtaining data on their access to medical services and information media services during
the pandemic, were carried out on Romanian respondents aged 65+. Identification and mitigation
of the risk of emotional and mental long-term decline of the elderly after SARS-CoV-2 infection,
based on the implementation of a specific procedure, can be performed through Remote Monitoring
Digital Solutions (RMDSs). The aim of this paper is to propose a procedure for the identification and
mitigation of the risk of emotional and mental long-term decline of the elderly after SARS-CoV-2
infection that comprises RMDS. The importance of using the knowledge obtained by COVID-19-
related surveys corroborating the necessity of including personalized RMDS in the procedure is
highlighted. The Non-invasive Monitoring System and Health Assessment of the Elderly in a Smart
Environment (RO-SmartAgeing) is an RMDS designed to address the improved preventative and
proactive support for diminishing this risk and to provide suitable assistance for the elderly through a
safe and efficient smart environment. Its comprehensive functionalities targeted supporting primary
healthcare assistance, specific medical conditions—as the mental and emotional disorders post-SARS-
CoV-2 infection—and enlarged access to aging-related information, together with customizable
features, illustrated the match with the requirements included in the proposed procedure.

Keywords: Remote Monitoring Digital Solutions (RMDSs); elderly patient; mental and emotional
decline; COVID-19

1. Introduction

SARS-CoV-2, the virus that causes coronavirus disease 2019 (COVID-19), spread in
China in early December 2019. On 12 January 2020, the World Health Organization (WHO)
confirmed that COVID-19 was the cause of respiratory illness in China [1], having a case–
death ratio much lower than that of SARS in 2003 [2], but a notably greater transmission,
with an important total dying rate [3]. The virus affected more than 250 million people
globally, with more than five million deaths having been reported by the WHO [4]. The
virus spreads human-to-human, causing flu, fever, cough, and respiratory problems [5,6].
The prevalence of the virus has been prevented through constant lockdowns, which highly
affected the economy and small businesses [7,8]. In order to stop the pandemic, self-
quarantine in their residences was enforced on normal people, and quarantine in hospitals
until full recovery was enforced on people affected by the virus.
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To better understand the pandemic and the impact of COVID-19 on healthcare services
in Romania, a short overview is provided: the actions to prevent the spread of the pandemic
started in mid-March 2020 (e.g., interdiction of public gatherings, school closure). A state of
emergency in Romania was decided, starting on 16 March 2020 [9]. In mid-May 2020, some
restrictions were relieved when the state of emergency ended on 14 May 2020 and was
changed to a state of alert. Further restrictions were relaxed in the next months. Since an
acute increase in the infection rate was observed in the autumn of 2020, several restrictions
were reinforced. Schools were re-opened only on 8 February 2021. Between mid-March
2021 and the beginning of March 2022, three waves of cases were noticed in Romania. The
wave of cases between 10 August and 20 October 2021 has been the most severe of all
infection waves in the COVID-19 pandemic. The pressure on the Romanian healthcare
system that achieved its maximum capacity in this wave led to the authorities asking the
European Union for help through its Civil Protection Mechanism [10].

Older people were highly affected by COVID-19, and many of them have died [11].
This is due to their low immunity, which is insufficient to fight against the virus. As the risk
of mortality in the older population is much higher compared to younger people, protection
with social distancing or, if necessary, social isolation is necessary. Loneliness and social
isolation may cause many problems, such as mental and emotional problems, disability,
cardiovascular diseases, etc., among seniors [12]. The ongoing COVID-19 pandemic has
underlined the need for digital technology solutions to diminish the risk of contamination
due to close contact [13]. Smart technology (e.g., IoT, mobile phones) has been important
for diminishing social isolation, improving the quality of life and self-care, and providing
consultation, remote monitoring, and diagnosis for older adults [14].

The numerous restrictions imposed by COVID-19 in many countries led to a damaging
effect on the psychological functioning of the elderly [15], loss of social support due to
limited contact with other people [16], higher levels of loneliness, which is significantly as-
sociated with depression in the elderly [17,18]. Loneliness is considered to be an important
risk factor for the exacerbation of a number of health conditions, such as coronary heart
disease and stroke [19], and is associated with a 26–50% increased risk of mortality [20].

There are several instruments for assessing the mental and emotional health of the
elderly during and post-COVID-19 crisis. They are used to measure her/his cognitive
impairments and to screen for dementia or mild cognitive impairments (MCI) for estimating
their severity and progression or for following the course of her/his cognitive changes over
time. These instruments are used as screening tests, but they need to be used with multiple
other screening tests, rather than an isolated one, to confirm a diagnosis of dementia. Some
of them are presented below:

• The Mini-Mental State Examination (MMSE) or Folstein test is the best-known and the
most frequently used screening tool for estimating the cognitive impairment of an
individual. It consists of a 30-point questionnaire which takes 7–8 min to complete.
Using the MMSE over time, one could better predict the conversion to dementia from
MCI stages for people with more pronounced symptoms [21].

• The Montreal Cognitive Assessment (MoCA) test for dementia is a brief, simple, and
reliable tool to evaluate people with memory loss or other symptoms of cognitive
decline or a screening tool for conditions such as Parkinson’s disease, brain tumors,
and head trauma. It consists of a 30-point questionnaire which takes 10–12 min to
complete (taking a few minutes more than MMSE). The MoCA may be a better choice
for people with mild symptoms than MMSE. The MoCA test checks language, memory,
visual and spatial thinking, reasoning and orientation skills, and executive functions,
and implements the clock exercise (that the MMSE does not have). Using it, healthcare
providers can quickly decide when someone might need an in-depth diagnostic for
Alzheimer’s disease or dementia [22].

• Mini-Addenbrooke’s Cognitive Examination (MACE) is a brief cognitive screening instru-
ment for the identification of dementia and MCI [23]. It is comparable to MoCA, being
rapid, accurate, easy to use, and well accepted by seniors. MACE and MoCA are
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excellent for dementia diagnosis (both >0.9), but NACE has a slight net benefit on MCI
diagnosis [24].

• The term Activities of Daily Living (ADL) is used to describe the basic skill necessary
for caring for an independent living by oneself. (eating, bathing, mobility, dressing,
continence, etc.). ADL indicates the functional status of an individual. It is used as a
predictor of functional status deterioration and possible necessity of hospitalization,
other living arrangements, or assisted home living. Aging can cause a decline in the
functional status of seniors and is the principal cause of ADL damage [25], leading to
decreased physical functions. A cognitive or mental decline [26] or social isolation can
be associated with impaired engagement in ADL.

• The Free-Cog test is a hybrid cognitive screening instrument for assessing both cogni-
tive and functional (executive) functions. It combines questions in both domains: for
cognitive deficits, it uses questions related to orientation in time and place, memory,
calculation, attention, visuospatial function, language, fluency, etc. (in a 25-point ques-
tionnaire), and for functional ones, it uses questions related to daily activities including
social functioning, travel, self-care, and safety at home (in a 5-point questionnaire) [27].

• The Mini-Cog test is a fast and simple screening method for early detecting the first
stages of dementia. It consists of two components: a three-item test for memory
evaluation and a clock drawing test. As it can be completed in approximately 3 min,
it is often used to detect early stages of dementia in which memory or thinking
issues might not be that visible. It proved to be appropriate for use in primary care
evaluation [28].

The entire impact of the COVID-19 pandemic on the wellness and health status of
the elderly has not been completely assessed; what is certain is that this impact has been
perceived keener among the older persons, taking into consideration all the restrictions
imposed by the authorities (including the lockdowns) in their attempt to reduce and control
the degree of contagion. Moreover, isolation was also imposed on the elderly by their
family and friends, most of the time to protect them from getting ill.

A study performed on 254 persons who were hospitalized in Italy due to SARS-
CoV-2 infection revealed that the elderly patients with persistent psychiatric and somatic
symptoms perceived these symptoms more strongly in the following six months post-
infection, followed by a decrease afterward [29]. Another study performed at Daping
Hospital in Chongqing, China, on COVID-19 patients aged 60+ stated that 21% of those
who had had a severe form of the disease suffered from progressive cognitive decline
afterward; the more severe the SARS-CoV-2 infection, the higher the risk of deterioration of
mental health [30].

It is almost a general fact that nowadays, the elderly are much less tech-savvy than
the younger generations, which directly leads to fewer possibilities for them to have access
to information (including medical information) or social interaction; another element that
has to be taken into consideration is the lower number of digital devices used by the
elderly, as they might be too expensive or not age-friendly enough. It is not to be neglected
either the situation in which an exacerbated access to scientifically unverified and alarmist
information, combined with social isolation, leads to increased anxiety, depression, and
other emotional and mental problems. So, the lockdowns and restricted access to the out-
of-home world imposed in different periods of time since the beginning of the COVID-19
pandemic had a strong negative effect on the mental and emotional state of older persons.

Some typical mental health disorders that have been estimated to directly affect people
post-SARS-CoV-2 infection are as follows: anxiety, panic attacks, depression, dietary and
obsessive–compulsive disorder, personality disorders, paranoia, phobias, psychosis, sleep
problems, and suicidal thoughts.

The elderly have been among the most vulnerable group of the population from the
point of the mortality and serious physical damage of health status directly associated
with SARS-CoV-2 infection; it has already been demonstrated that it is no less true that the
degree of morbidity, mortality and accelerated mental decline has increased among them
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due to social isolation, grown stress and the decrease in cognitive provocation and physical
activities.

Since the beginning of the COVID-19 pandemic, a series of surveys have been con-
ducted in Romania regarding how it has affected, especially from a mental and emotional
point of view, the population at the global level, but especially the elderly. The isolation
and fear of contamination with the SARS-CoV-2 virus, the fear of death, loneliness, the
limitation/lack of access to medical services, the accentuation of pre-existing mobility and
health problems due to loneliness, as well as the limitations imposed on social life, have
affected, in particular, people aged 65+. This was also demonstrated by the surveys carried
out by (1) the Romanian Institute for Evaluation and Strategy (IRES)—an independent
think tank that conducts surveys on the problems and perceptions of Romanians on current
issues; (2) Kantar Romania—a data and evidence-based company that operates in the Mar-
keting Research and Public Opinion Polling sector and provides insights and actionable
recommendations to its clients—at the request of the Never Alone Association—Friends of
the Elderly—an NGO that supports the cause of the loneliness of the elderly and promotes
dignity at any age. The methodology used in such surveys, as well as their results obtained
at various times during the COVID-19 pandemic, are presented in the paper.

In order to identify and reduce the effects of the COVID-19 pandemic on older adults
(such as emotional and mental decline), the authors propose a procedure for managing the
associated risk through RMDS.

Due to the short time since the beginning of the COVID-19 pandemic, no solid assess-
ment of the effects on the mental and emotional state of the elderly following SARS-CoV-2
infection has been performed. Even less, no reliable methodologies have been implemented
by which these negative effects, which can significantly influence the health of the elderly
in the long term, can be managed, controlled, or annihilated.

As there is a continuous growth of RMDS at the national and international level, in
Romania, there are several research gaps in this regard. The lack of correlation between the
screening tests for neurodegeneration and evaluating patients’ medical data is crucial, as
healthcare parameters have an essential role in assessing neurodegeneration. Additionally,
considering the fear of contamination with the COVID-19 virus, there are not considerable
systems that can remotely monitor the elderly in the comfort of their home. The lack of
access or the difficulty in reaching medical services related to prior mobility or healthcare
issues composes another gap in providing a good quality of life for the elderly. Moreover,
there is also the absence of a complex platform that could not only track health parameters,
but also sustain mental or behavioral problems.

According to the above-mentioned gaps, the present research paper aims to meet all
the needs that can provide a complex and structured system not only to remotely monitor
health parameters, but also to track and screen neurodegenerative-associated patients and
sustain them emotionally and socially.

The relevance of such solutions during the pandemic is important in managing older
people’s wellbeing and mitigating the pressures on the healthcare system [22–28,31–33].

The addressed population mainly consists of older people in need of communica-
tion, with mental health problems, and suffering from social isolation [34]. The RMDS
has been largely used in the last two years [35,36] for dealing with social isolation and
loneliness [37–39] and mental health consultation purposes [40,41] during the crisis. With
the help of m-health tools, information [42,43] and self-help [44,45] have been provided to
the elderly. Internet access [46,47] and the senior’s desire and capabilities [32] are the main
factors in the success of such solutions to improve their health and combat the COVID-19
outbreak. Some of the facilitators in the adoption of these solutions are the support from
the government and family [33,48,49].

In the context of the COVID-19 pandemic, the Non-invasive Monitoring System and
Health Assessment of the Elderly in a Smart Environment (RO-SmartAgeing) is imple-
mented as a tailored patient-centric RMDS aiming at assessing and the health management
of older patients that are living at home. While its two main components include quite a
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large range of functionalities able to address primary healthcare issues and support for
healthy, independent, and active aging, the potential mental and emotional disorders of the
elderly can be identified, evaluated, and tackled both by the elderly, and their supporting
people, including the medical staff. The system gathers health, motion, and environmental
data from IoT sensors and devices, transmits them, and stores them to the cloud platform for
advanced data analysis applications. The IoT-based sensors and devices are programmed
to send the data, via an Application Programming Interface (API), to the RO-SmartAgeing
database and can be further visualized and analyzed in the web platform. The services
provided to the seniors consist of medical assistance and support provided by using a safe,
customizable smart environment. The beneficiaries of such services are older persons, their
current healthcare specialists, and caretakers/family [50].

As the COVID-19 crisis had such a dramatic impact on individuals and the societal,
medical, and social systems in Romania, the development and implementation of digital
solutions and technology targeted to support remote health monitoring of the elderly have
been accelerated, and gained larger accessibility among citizens and health professionals.
Moreover, the research in this field has been boosted, and digital healthcare solutions have
been developed or improved to sustain remote care of the elderly, as briefly illustrated in
Table 1.

Table 1. Short synthesis of some projects that reflect the state-of-the-art in Romania in the field of
research aimed at the remote health monitoring of the elderly.

“Smart assistant to prevent and detect cognitive decline, promote cognitive function and social inclusion among older adults
(ReMember-Me)” Project [51]

Brief presentation

The solution developed in this project aims to monitor, detect, and prevent the
cognitive decline of the elderly. It comprises a robot, computer games, and sensors for

gathering data on the seniors’ status. A monitoring platform is also provided for
connecting the elderly with their caretakers and other seniors.

Bottlenecks It focuses mainly on cognitive issues, without correlating them with other current or
potential co-morbidities of the elderly.

Contribution of RO-SmartAgeing system
to the progress beyond the state-of-the-art

in Romania

The RO-SmartAgeing system provides a framework and facilities for a broad modern
approach to the health management of the elderly. The medical history is corroborated

and continuously updated with information and data gathered through the
RO-SmartAgeing smart environment in real time. The empowerment and engagement

of seniors in the management of their health status are strongly taken into
consideration and implemented in various functionalities.

“Red-Button—Integrated services of socio-medical care at home monitored through the telecare system” Project [52]

Brief presentation

The project aimed to develop an innovative system for the teleassistance of single
elderly persons in Romania. The main device used in this system is a smart bracelet

with an SOS button able to trigger an alert signal to the Emergency Medical
Dispatcher. This one receives access to the medical history of the senior patient and

triggers a personalized emergency protocol, as well as informs the family.

Bottlenecks The system is still under-development, and it does not provide enlarged
functionalities for evaluating the health status, such as continuous health monitoring.

Contribution of RO-SmartAgeing system
to the progress beyond the state-of-the-art

in Romania

The solution proposed by the RO-SmartAgeing system provides comprehensive
capabilities for personalized health monitoring of the elderly, and it facilitates access
to supporting information for an independent, active, and healthy life. It also provides
functionalities for the assessment of the current health status of the elderly, as their

mental and emotional ones.
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Table 1. Cont.

“Inclusive online platform for senior adults (iCan)” Project [53]

Brief presentation

The solution developed in this project aims to support seniors in their daily life,
increasing their motivation to use digital solutions to connect with their families.

Some “smart” games, home delivery assistance, and ordering taxis for elderly users
are also available.

Bottlenecks The focus of this solution is to help and entertain the elderly; health monitoring is a
secondary target.

Contribution of RO-SmartAgeing system
to the progress beyond the state-of-the-art

in Romania

The medical component of the RO-SmartAgeing system is its core part, and it aims to
support the elderly, their caretakers, and health professionals to non-intrusively

monitor the seniors’ health status and daily activities in an age-friendly environment
and to provide functionalities able to offer a broad range of information regarding the
evolution of their health. At the same time, the information provided by the support

services component assists its users in gaining knowledge about successful and
safe aging.

“Clinically-validated INtegrated Support for Assistive Care and Lifestyle Improvement: the Human Link (vINCI)”
Project [54]

Brief presentation
The solution provided by the vINCI project is based on some technologies developed
by the project partners: a smartwatch, smart shoes, and indoor tracking algorithms. It

aims to assist the caretakers and the elderly (as out-patients) with smart care.

Bottlenecks
The main scope of remote health monitoring is gathering data for assessing several

factors that influence seniors’ quality of life. The number of monitoring technology is
quite small.

Contribution of RO-SmartAgeing system
to the progress beyond the state-of-the-art

in Romania

The RO-SmartAgeing system comprises more IoT-based devices, thus allowing a
larger range of health parameters to be monitored and used for more comprehensive

medical assistance support.

“Smart Big Data Platform to Offer Evidence-based Personalised Support for Healthy and Independent Living at Home
(SMART BEAR)” [55]

Brief presentation

The solution provided by this project aims to optimize the management of the
elderly’s diseases and associated risks. It assesses the quality of life of the elderly and
their independence level. It comprises sensors, assistive medical, and mobile devices

to gather health parameters able to support independent and healthy living.

Bottlenecks
The provided solution is not personalized for a specific user. The targeted elderly

category is restricted to persons aged 67–80 and with a medical history containing at
least two health conditions (from a pre-defined five).

Contribution of RO-SmartAgeing system
to the progress beyond the state-of-the-art

in Romania

While the SMART BEAR project has been developed by 27 European partners, the
RO-SmartAgeing system has been developed by a single team from Romania;

therefore, its aims were not so broad. Even so, its comprehensive functionalities cover
most of the above-mentioned ones. Moreover, the RO-SmartAgeing system provides
in one of its components informative support for the elderly, their caretakers, and any

person interested in a healthy, independent, and active life and aging. The
RO-SmartAgeing smart environment can be personalized according to the elderly’s

specificities and health status evolution.

“Ella4Life, your virtual personal assistant for home and on the road” [56]

Brief presentation

The solution developed in this project is based on a mobile solution (that supports the
elderly to have an active and healthy life while connecting them with their caretaker
and health specialists), an avatar (that assists through speech the elderly in performing

daily activities), and specially developed sensor technology (that allows remote
health monitoring).

Bottlenecks Only several chronic diseases are addressed. No alarm triggers are provided. The
targeted elderly are supposed to be in quite a good state of mental health.

Contribution of RO-SmartAgeing system
to the progress beyond the state-of-the-art

in Romania

Even if the RO-SmartAgeing system is not provided with speaking capabilities, and it
is intended to be used only indoors, it provides functionalities able to support both the
management of primary care and of several age-related diseases, including the mental
and emotional health of the elderly. Furthermore, it can be personalized according to
the specific needs of the senior, and alarms are triggered in case of an emergency or

abnormal event.
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The list of abbreviations used in this paper is presented in Table 2.

Table 2. Abbreviations used in this paper.

Abbreviation Meaning

ADL Activities of Daily Living
BPM Blood pressure monitor
ECG Electrocardiogram
INS National Institute of Statistics
IRES Romanian Institute for Evaluation and Strategy

MACE Mini-Addenbrooke’s Cognitive Examination
MCI Mild cognitive impairments

MMSE Mini-Mental State Examination
MoCA Montreal Cognitive Assessment
RMDS Remote Monitoring Digital Solutions

RO-SmartAgeing Non-invasive Monitoring System and Health Assessment of the Elderly
in a Smart Environment

WHO World Health Organization
BPM Core Withings Blood Pressure Monitor

The aim of this paper is to propose a procedure for the identification and mitigation of
the risk of emotional and mental long-term decline of the elderly after SARS-CoV-2 infection
that comprises RMDS. The necessity of taking into consideration the results of COVID-
19-related surveys and the implementation of appropriate RMDS into this procedure is
presented and justified. The RO-SmartAgeing system is an illustration of an RMDS for
addressing improved preventative and proactive support for diminishing this risk.

The content of the paper is organized as follows: the methodology used to estimate the
effects of the COVID-19 crisis on a sample of the Romanian aged population, obtained from
some surveys, is presented in Section 2.1. Issues that can sustain the management of the
elderly’s risk of emotional and mental long-term decline after SARS-CoV-2 infection and
the steps of a procedure for managing the elderly’s risk of emotional and mental long-term
decline after SARS-CoV-2 infection are proposed in Section 2.2. The importance of involving
RMDS in the management of seniors’ health and the steps for implementing functionalities
provided by them are presented in Section 2.3. The effects of the pandemic on representative
samples of the Romanian elderly, obtained as results of some surveys, are presented in
Section 3.1. The results of this approach are described in Sections 3.2.1 and 3.2.2 by using
the capabilities of the RO-SmartAgeing system to address preventative and proactive
support for diminishing this decline. Section 4 is a discussion section dealing with the
presentation of the main findings of the paper, strengths, drawbacks, as well as lines for
future work. Section 5 concludes the paper. The references are included at the end of
the paper.

2. Materials and Methods
2.1. Effects of COVID-19 Crisis on a Sample of Romanian Aged Population—Results of
Methodology Used in Some Surveys

According to the data published by the National Institute of Statistics (INS) on the
International Day of the Elderly, on 1 January 2020 [57], people aged 65 and over in Romania
represented 19% of the country’s resident population. Among the elderly, men totaled
15.7% of all men resident in Romania, and women 22.1% of all women resident in Romania.
The segment of the population aged 80 and over represented 4.8% of the total population.
Of the total number of people aged 80 and over, 34.8% were men, and 65.2% were women.
The household structure based on the occupational status of the head of the household
shows that pensioners represent 40.9%

The share of the population over 65 years of age in Romania, according to the statistical
data from the 2022 Census published by the National Institute of Statistics (INS) [58],
represents almost 20% of the total population.
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Thus, according to the INS, the demographic aging process has deepened in recent
years, noting the increase in the share of the elderly population (aged 65 and over).

The perceptions of Romanians regarding the COVID-19 pandemic have been con-
stantly evaluated, starting from March 2020; until now, more than 30 studies have been
carried out focusing on the way in which the life of Romanians, but also of the society
perceived as a whole, was affected, in different aspects, by the pandemic. We briefly present
the methodology of three of these studies and present aspects related to the influences of
the COVID-19 pandemic on a sample of population aged 65+. Sample type was simple,
random population satisfying the following criteria of eligibility for participation in this
study: (i) people currently residing in Romania (aged 65 years and above) of either gender,
(ii) comprehension of this study’s goal, and (iii) consent to participate in this study.

The research study included a qualitative part (in-depth interviews with people
from the representative age segment) and a quantitative part (survey based on Computer
Assisted Telephone Interviewing among the elderly) for a national representative sample.
A well-structured, closed-ended, and self-reported questionnaire was created, including
questions about COVID-19-related characteristics and perceptions. Each survey takes
approximately 10–15 min to finish. Prior to the interview, study participants provided
verbal consent over the phone. Participants were thoroughly instructed on the process and
purpose of this study and agreed that their information would be kept confidential and
anonymous. Participants were not compensated for their participation in the research and
were free to withdraw at any moment without providing evidence. Those who refused to
consent were not authorized to participate in the survey.

A sample of questions used in the three analyzed Romanian surveys is illustrated in
Table 3.

Table 3. A sample of questions used in Romanian surveys.

Name of the Survey Date Questions Associated with COVID-19

IRES SURVEY “A month of
loneliness” [59] April 2020

(1) How did you get through the first month of
the pandemic?
(2) Have you felt any of the following states or feelings: fear
of infection or death, fear of a future food crisis

IRES SURVEY “Romanians
after 2 years of COVID-19”

[60]
27 September–12 October 2021

(1) How worried are Romanians about the current
COVID-19 pandemic?
(2) When do Romanians think the current COVID-19
pandemic will end?
(3) How likely is a new pandemic to occur in the
near future?
(4) Are Romanians more worried about the pandemic or a
war in the region?
(5) What changes did the pandemic bring to the lives of
Romanians?
(6) What have Romanians learned due to the pandemic?
(7) What limitations have Romanians experienced due to
the pandemic?
(8) What would Romanians do when all the restrictions in
Romania are lifted?

KANTAR ROMANIA, at the
request of the Never

Alone—Friends of the
Elderly Association [61]

15–18 February 2022

(1) How was the state of physical and mental
health affected?
(2) Have you felt any of the following states or feelings: fear
of loneliness, fear of death?
(3) Where did they spend their time during the pandemic?

2.2. Managing the Elderly’s Risk of Emotional and Mental Long-Term Decline after SARS-CoV-2
Infection

Among the most important issues to be identified in order to define a procedure
for better management of the emotional and mental long-term decline after SARS-CoV-2
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infection is to determine what the most relevant risk factors considering the specificities of
the lifestyle and age-related dysfunctionalities of the elderly are. Since the beginning of the
COVID-19 crisis, data and information have been collected or become available from local,
regional, national, or international surveys or studies based on surveys from self-reports of
the patients infected with SARS-CoV-2 [62]. For a better foundation, research and studies
that correlate the medical history of elderly patients with new cognitive symptoms and
disorders appeared after the SARS-CoV-2 infection started to develop. Special attention is
paid to risk factors before and after infection. For instance, in a recent study addressing the
long-term sequelae clustering phenotypes for appropriate care management post this type
of infection, associated risk factors have been identified and classified [63].

In this context, the most relevant identified risk factors are as follows:

• The degree of autonomy and independence of the older person;
• The residential status: living alone or not;
• The previous and current state of cognition, health, and co-morbidities;
• A low degree of self-esteem, social involvement, and commitment;
• A low level of previous education, including ICT and health literacy;
• The lack or little physical activity and social interaction;
• The sex (28% of senior women in U.S. developed mental disorders during COVID-19

pandemic in comparison with 20% of senior men [64]);
• The age (26% of seniors aged 65–77 in U.S. declared mental disorders versus 19% aged

80+ [64]).

The level of impact on the elderly that these risk factors might have depends directly
on both their medical history and cognitive and social status, but also on their adaptability
and self-sufficiency.

In order to mitigate the psycho-social and mental wellness impact of SARS-CoV-2
infection on older persons, some basic actions must be performed/initiated:

• Early identification of the first signs of decline in mental and emotional health of an
elderly person, corroborated awareness and precise identification of risk factors;

• An accurate and timely diagnosis of mental and emotional disorders;
• Proper management of the identified disease, integrated with the management of the

health status of the elderly;
• Comprehensive analysis of mental and emotional health;
• Appropriate longitudinal studies for assessing the long-term efficiency of the above-

mentioned actions;
• Tailored framework adapted to the specificities of the elderly persons that can provide

them support for having access to reliable information associated with healthcare and
daily living;

• Taking into consideration their long-life experience, older patients facing mental and
emotional disorders can be constantly sustained by medical specialists or family
members to cope with their fears, anxieties, mental blocks, or other cognitive issues.

In the context of the COVID-19 pandemic, RMDS proved to be a progressive model
of care, as they can ensure, in the safest way, continuous monitoring and management
of the health status. The elderly patients have been one of the most important potential
target users of RMDSs; because of the imposed restrictions and isolation, these solutions
for providing healthcare have been perfectly capable of creating a personalized framework
in which an older patient is observed, consulted, and monitored non-invasively, constantly,
or periodically, depending on the evolution of their state of health. Thus, unnecessary
hospitalization or direct human contact in clinics or medical offices could be diminished.

In terms of monitoring and managing the mental and emotional disorders activated
or aggravated by the COVID-19 pandemic, in two years, RMDSs have been able to demon-
strate how their functionalities could support adaptive behaviors, social relationships,
informational necessities, engagement in usual daily activities, increased self-abilities to
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cope with cognitive issues, and direct real-time link among healthcare providers, patients,
and their families.

It is now time to step forward toward proper management of the risk of the decline
that those elderly patients with mental and emotional disorders—that were influenced
by the SARS-CoV-2 infection—may have in the long term. Moreover, the opportunities
and benefits in this domain brought by ICT in healthcare domain should be reflected by
integrating the capabilities of RMDSs among different levels, phases, and activities of this
management.

Proposed Procedure for Managing the Risk of Mental and Emotional Long-Term Decline
during and after SARS-CoV-2 Infection

Although there are many strategies and procedures recommended by health au-
thorities and specialists for decreasing the cognitive decline of the elderly, taking into
consideration the short period of time since the beginning of COVID-19 pandemic, there are
not many risk management plans addressing this domain in an integrated way, comprising
comprehensive aspects that define the state of cognitive health and its evolution. Most of the
strategies, procedures, and programs that aim to manage the mental and emotional status
of the elderly refer to recommendations directed towards several health areas: controlling
the risk factors, lifestyle (sleep, nutrition, and dietary habits), daily activities (physical
activity, social participation, and relationship), and cognitive support and stimulation.

Our proposed procedure for managing the risk of mental and emotional long-term
decline during and after SARS-CoV-2 infection is intended to cover a larger range of aspects
that are associated with these cognitive disorders, starting with its design, comprising
the management of the identified mental dysfunctionalities in conjunction with other co-
morbidities of the elderly, and periodical assessment of the outcomes and feedback of the
procedure, and last but not least, formulating potential proposals for improving medical
practices, but also the political instruments that govern the field of medical and social care
for the elderly.

As is presented in Figure 1, the proposed procedure is designed to be scalable and
able to evolve continuously according to the necessities at the individual or group level
of elderly patients or, depending on the social/healthcare context, being provided with
several steps that allow its improvement and upgrade.

The diagram presented in Figure 1 is detailed as follows:
The steps in designing the proposed procedure consist of clearly defining the scope,

objectives, estimated results, and target users of the risk management. Briefly, it aims to better
support the elderly with mental and emotional problems induced or aggravated by SARS-
CoV-2 infection or COVID-19 pandemic.

It is supposed to become an efficient tool:

• To improve healthcare and social services provided by medical and social specialists;
• For better self-management of the health statuses of elderly patients, who are also

assisted to be better aware and empowered regarding their own health.

Not less important is the estimated impact on improved policy instruments, research,
education, or other types of clinical practice.

For a real-time response and a clear vision of the current situation of the local healthcare
ecosystem (with a focus on mental and emotional issues), implementation of feasibility and
market study should be performed, followed by development of businesses and implementing
plans. In this phase, the results of national surveys—targeted for evaluating different
issues related to the impact of COVID-19 pandemic on the elderly (as those presented
in Sections 2 and 3 of this paper)—are important for identifying the most relevant aspect
and approaches. Thus, the risk management plan targeted for the mental and emotional
long-term decline is designed, structured, adapted to local conditions, and developed in
accordance with the real requirements of this category of vulnerable patients, but also those
of medical and social service providers.
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Figure 1. Diagram of the proposed procedure for managing the elderly’s risk of mental and 
emotional long-term decline during and after SARS-CoV-2 infection. Figure 1. Diagram of the proposed procedure for managing the elderly’s risk of mental and emotional
long-term decline during and after SARS-CoV-2 infection.
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As it was stated previously, the assessment of the risk for mental and emotional decline after
SARS-CoV-2 infection has crucial importance for managing the associated long-term decline.
The results of related surveys, mental status tools for evaluating cognition (such as MMSE,
MoCA, ADL, Free-Cog or Anxiety and fear of COVID scale—AMICO), or wearables/smart
devices able to assess physiological changes through continuous remote monitoring are
sources for generating a reliable identification of these risk factors. These factors should be
concatenated with all the other risk factors used for evaluating the mental or emotional
status of elderly patients, without necessarily being related to COVID-19.

Some of the above-mentioned risk factors are the same: age, gender, medical history,
education, health status (including pre-existing mental and emotional disorders), way of
living (with aspects related to loneliness, social relationship, and economic status), access
to medical and social assistance, and access to digital technology, level of IT and health
literacy, or ageism influences. Once identified, all these risk factors must be prioritized.

The selection of targeted category of the elderly or individuals aims to better implement risk
management according to the main scope of the healthcare provider that applies this plan.
This procedure can be used for improved management of mental and emotional disorders
of a particular elderly patient or for a specific category of older patients, depending on the
level at which it is applied and by whom it is applied (a physician, a medical unit or at the
level of the health insurance system).

Once the targeted elderly patient(s) is/are selected, an evaluation of their health status is
carried out with the help of traditional medicine, but also with the help of digital technology,
including RMDSs.

The results of the evaluation of the health status corroborated the identified and
prioritized risk factors are the basis for a reliable diagnosis of mental and emotional decline.

In this phase of the procedure, an evaluation of the current situation is performed.
If no decline in mental and emotional status of the elderly patients that were previously
infected with SARS-CoV-2 is identified, it returns to the step in which a patient or category
of patients is selected.

If a decline is identified, the next phase of the procedure is activated, i.e., the man-
agement of mental and emotional health during and after COVID-19 pandemic. This
one is structured in two parts: (1) appropriate healthcare assistance and services and
(2) monitoring of the risk management plan.

(1) Appropriate healthcare assistance and services start with actions for sustaining
mental and emotional health. Some of these most representative actions are:

• Implementing flexible coping strategies and programs to support the physical and
psychological state of the elderly patients, their cognitive status, and physical activity;

• Increasing the participation, awareness, and empowerment of the elderly in the man-
agement of their mental, emotional, and health status;

• Supporting long-life learning in appropriate domains such as health or ICT for de-
creasing the digital divide, ageism influences, age-related dysfunctionalities, etc.;

• Enlarging the access to RMDSs;
• Improving the co-participative design and implementation of customizable remote

health monitoring;
• Implementing preventative, proactive, and personalized protocols (including those

supported by digital healthcare solutions) aiming to identify early the occurrence of a
new risk factor or an abnormal mental/emotional state; act in response to a decline in
mental and emotional state or crisis; and predict personalized patterns in the evolution
of the elderly’s mental and emotional health;

• Ensuring the cognitive, behavioral, and rehabilitation training;
• Facilitating enhanced caretaker support that is personalized according to the elderly’s

specificities;
• Creating a better framework for targeted mental and emotional screening.

These actions should be followed by analyses of mental and emotional health. These
analyses imply:
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• Checking the conformity of the actions with the current and updated legal framework;
• Correlating the cognitive and emotional distress with other health disorders, daily

behavior, and specific issues associated with the COVID-19 pandemic framework;
• Performing correlational research aiming to detect the evolution in mental and emo-

tional health before, during, and after COVID-19 crisis, in order to clearly identify the
pandemic-associated disorders;

• Evaluating the role of RMDSs in the management of specific mental and emotional
health.

The results of this phase of the procedure are evaluated in order to establish the state
of mental and emotional wellness. If it is better or stable, the actions for sustaining mental
and emotional health proved to be reliable, and they continue to be applied. If the mental
and emotional wellness is worse, the possible reason is looked for:

• A new diagnosis is required or;
• A reassessment of the risk factors should be performed.

In both cases, the procedure is resumed accordingly.
(2) The Monitoring phase implies periodical track of the progress of the management. It

is performed based on comprehensive questionnaires, surveys, and direct feedback for
the implied users/actors. An assessment of the results is performed. If the results are not
improved (i.e., the state of mental and emotional health of the elderly patients is not better
or the healthcare resources have not become more efficient), it means that the whole risk
management plan should be improved, so the procedure is restarted from the beginning in
order to be refined or updated.

If the risk management proves to be improved, the next step consists of the embedment
and refinement of the proposed procedure in clinical good practices.

In parallel, longitudinal studies for the assessment of the efficiency and impact of risk manage-
ment must be performed. Between these two last phases of the procedure, real-time targeted
information is shifted, shared, and used, aiming for the refinement of the procedure.

As the procedure is implemented in a medical unit, and in time it demonstrates
its efficacy, reliability, and efficiency, it becomes a good clinical practice; the more good
practices, the more new learning from them can be obtained.

All the committed information, data, and knowledge generated by the embedment
and refinement of the proposed procedure in good clinical practices, longitudinal studies
for the assessment of the efficiency and impact of risk management, and learning from good
practices have great potential to sustain improved policy instruments, research, education, and
other types of clinical practice. Additionally, starting from these improvements, the proposed
procedure itself can be improved starting from different levels, as it is presented in Figure 1
in the areas where the information flux connectors are shown.

This approach sustains the scalability and flexibility of the proposed procedure.

2.3. Steps for Implementing Functionalities Provided by RMDSs in Accordance with the Proposed
Procedure

Designing and implementing an RMDS targeted to support the management of mental
and emotional disorders related to SARS-CoV-2 infection can be naturally integrated into
the consecutive phases of the proposed procedure. Some of cases were already mentioned
previously. Here are all the phases in the proposed procedure (presented in the diagram
from Figure 1 in which the RMDSs can be used/implied:

• Definition of scope, objectives, estimated results, and target users of the risk management: the
RMDS can be designed in a personalized manner, if possible, in a participative way
with the direct involvement of the elderly patients and medical specialists;

• Assessment of the risk for mental and emotional decline after SARS-CoV-2 infection: some
of the elements on which the assessment is based comprise data and information
obtained from remote monitoring performed through RMDSs, as well as the insight
obtained from different surveys, statistics, or relevant open data sources with the help
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of Artificial Intelligence or Big Data Analytics that can be included as capabilities
in RMDSs;

• Selection of targeted category of the elderly or individuals: they can be selected via different
questionnaires included in RMDSs;

• Evaluation of health status: gathering health and lifestyle data based on the primary func-
tionalities of RMDSs is completed with their data processing support functionalities;

• Diagnosis of mental and emotional decline: predictive models, personalized differently
depending on the elderly individual patient or category, mental or emotional disorders,
social environment, etc., are very powerful tools provided by RMDSs and able to
support the diagnosis and medical decision making;

• Management of the mental and emotional health during and after COVID-19 pandemic: all
the functionalities provided by RMDSs (gathering health and lifestyle-associated data,
data analytics, predictive models, decision-making and informational support, long-
life learning, etc.) are compulsory nowadays for sustaining and analyzing the health
status, in our case, the mental and emotional ones;

• Monitoring of the risk management plan—namely, the Periodical track progress of the
management and the Longitudinal studies for the assessment of the efficiency and impact of the
management can be sustained by specific functionalities provided by RMDSs, such as
targeted questionnaires or statistics based on the users’ feedback, medical outcomes,
and financial and human resources involved in the medical care given to the elderly
due to mental and emotional disorders associated with COVID-19.

In conclusion, for a successful implementation of dedicated RMDSs for sustaining
long-term personalized management of mental and emotional decline, their targeted users
should be involved throughout the entire development cycle, from the definition of techni-
cal and (non)functional requirements and specifications, to testing in laboratory and real
conditions and, in the longer term, to the upgrades required by the dynamism of the field
of smart devices and emerging technologies. No less important is the need for the RMDS
architecture to be scalable, flexible, secure, reusable, agile, robust, and age-friendly in order
to be easily adapted and integrated into different clinical environments or elderly’s homes.

3. Results
3.1. Results from a Sample of Romanian Surveys on COVID-19

(a) Results from IRES SURVEY “A month of loneliness” [59]

The collected data proved that the elderly (aged 65+) are the ones who, during this
period, also face greater health problems than before the COVID-19 pandemic, experiencing,
in high proportions, feelings of loneliness and fear of death caused by SARS-CoV-2 infection,
but also the fear of a food crisis (see Figures 2 and 3).
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Figure 3. Since declaring the state of emergency, have you felt any of the following states/feelings?

It can be observed from Figure 2 that the fear of infection or death caused by SARS-
CoV-2 infection, the feeling of loneliness, the fear of a food crisis, and the existence of bigger
health problems have higher percentages in the case of the elderly than in the rest of the
entire population. Such problems have a strong impact on their psycho-emotional state.

(b) Results from IRES SURVEY “Romanians after 2 years of COVID-19” [60]

According to the research, one in four people aged 65+ in the urban environment, that
is, over 450,000 people, face a high degree of loneliness, and 36% of respondents feel an
average degree of loneliness.

Factors such as poor health status or the loss of a life partner contribute to restricting
social interactions, such that 28% of the elderly end up socializing with a maximum of four
people in a whole month.

Oppressive loneliness affects the elderly, including their health: thus, one in four
seniors declare that they have poor physical and mental health. Among people with a high
degree of loneliness, 39% have physical problems. Health problems cause one to spend
more time indoors: 64% of seniors spend most of their time performing household activities
such as cooking or cleaning, occupations used as mechanisms to combat loneliness.

Their routine looks like this: 43% go for a walk exclusively around the house or in the
park, 33% watch TV, and only 27% have activities outside the home, including gardening
or other hobbies.

Those who experience a high degree of loneliness leave the house even less (18%).

(c) Results from KANTAR ROMANIA, at the request of the Never Alone—Friends of the
Elderly Association [61]

In the context of the possibility that the intensity of the current pandemic will decrease
in the next period, the survey wanted to evaluate, at the same time, the degree of concern
regarding the current pandemic, but also the possibility of a new pandemic, as well as the
time horizon in which Romanians expect the current pandemic to end.

The results show that although the COVID-19 pandemic had a significant impact on
the health and psycho-emotional state of Romanians, 21% of older Romanians are no longer
worried at all about the current pandemic. At the moment, 58% are worried about a war in
the region.
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More than half (53%) of the elderly participants in the IRES study believe that the
current pandemic will end this year. At the same time, however, one in three older people
in Romania (36%) believe that the emergence of a new pandemic in the near future is
very likely.

The results regarding the degree of concern of the 65+ population relative to the
COVID-19 pandemic are presented in Table 4.

Table 4. Degree of concern of the 65+ population relative to the COVID-19 pandemic.

Age Gender Education Residence
65+ M F Low Average High Urban Rural

Thinking about the
Covid pandemic,
in which of the

following
situations do you

find yourself?

Very + Quite worried 48% 34% 51% 47% 40% 39% 41% 44%
Neither worried nor

unconcerned 1% 1% 0% 1% 1% 0% 1% 1%

Not at all worried +
Rather worried 50% 64% 48% 51% 58% 60% 57% 54%

I do not know/I do not
answer 2% 1% 1% 1% 2% 0% 1% 2%

Regarding the good changes brought about by the COVID-19 pandemic among the
elderly, they are mainly related to the time available to be spent with the family and to the
way of protecting their health more during the pandemic.

Regarding the bad changes brought about by the COVID-19 pandemic among the
elderly, they are mainly related to the restrictions and limitations of movement, the limita-
tions imposed on social life and interaction with others, the limitation of access to medical
services, the alteration of the state of health, the states of stress related to the fear of not
contacting the virus and the pain related to the death of a close person.

The elderly in Romania believe that they have learned something new thanks to the
pandemic, something that they would not have learned in another context. Along with
the functional elements related to respecting the hygiene rules and maintaining social
distance or those related to health or saving money, many aspects aimed at empathy and
the relationship with other people are also included.

Freedom of movement is the first aspect that Romanian seniors have in mind when
they are asked what would be the first thing they would do when all the restrictions in
Romania are lifted.

3.2. Assistance of the Elderly through Dedicated Functionalities of RO-SmartAgeing System
3.2.1. Brief Presentation of RO-SmartAgeing System

As the isolation and apprehension brought on by the pandemic have strongly influ-
enced the mental health and wellbeing of the elderly, even though it is still an uncertain
situation to visit them in person, it is critical to keep a regular connection in order to look
after any changes or signs that could lead to a senior’s mental or behavioral health concern.
In this context, an RMDS for sustaining the mental health of the elderly in their home
environment is an enhanced necessity.

RO-SmartAgeing is a system designed to offer personalized in-home services for an
elderly person, based on the remote monitoring of various health and ambient parameters
and daily activities, across a range of preventative and proactive features targeted to sustain
a healthy, independent, and active life; specific requirements for the elderly in order to
avoid unexpected concerns related to their mental or behavioral problems.

The smart environment encompassed into the system gathers a set of devices that can
be customized and tailored according to elderly patients’ health and needs. Their most
important technical characteristics are presented as follows:

• Withings MoveECG smartwatch [65]: With a diameter of 38 mm and a weight of
32 g, it can be used to track health parameters (Electrocardiogram—ECG sensor) as
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well as daily activity information (altimeter and accelerometer sensors). Based on
Bluetooth Low Energy (BLE) syncing with a smartphone, it is considered a smartwatch
for monitoring day and night activity;

• Withings Sleep Analyzer [66]: Real-time monitoring of sleep-related health data is
necessary in order to have an overview of the sleep patterns of the person. It is
an easy-to-use device as it is placed under the bed mattress, and it is configured
with two sensors: a pneumatic sensor (monitors the body movements across the
mattress, cardiac rhythm through ballistocardiography, and respiration rate) and a
sound sensor (detects audio signals associated with snoring and any discontinuances
in the breathing episodes);

• Withings Thermo [67]: With 16 integrated infrared sensors, this device has a weight of
75 g and a temperature range of 35 ◦C–43.2 ◦C (and a clinical accuracy of ±0.2 ◦C). It
is a no-contact device that provides an ultra-hygienic measurement, and the data are
automatically synchronized via Wi-Fi into the app;

• Withings Body+ Smart Scale [68]: A full body composition analysis, based on four
weight sensors and a body position detector, can be performed using this device. It
uses bioelectrical impedance technology to deliver a low-amplitude electrical current
through the user’s body and measure additional biological tissue resistance;

• Withings Blood Pressure Monitor (BPM Core) [69]: A wireless blood pressure monitor
(BPM) is necessary for constantly monitoring systolic and diastolic blood pressure for
the elderly. This device has a digital stethoscope and three stainless steel electrodes
for monitoring not only blood pressure, but also the ECG and valvular sounds;

• Gait band: It can detect the acceleration of the user’s body changes and the speed of
the body rotation based on the integrated 6-axis accelerometer and gyroscope sensor
that has a 5 V input voltage and an I2C interface which makes it easy to program and
configure after the user’s specificities.

The HealthMate application collects all the data from the Withings-related devices,
and the RO-SmartAgeing system is configured in order to transmit the information into the
Cloud database for additional analysis and processing.

The gait band is also programmed to send the relevant data into the Cloud database.
The RO-SmartAgeing Cloud database is integrated into the ICIPRO Cloud platform [70],
and it is configured to collect a wide range of data (see Figure 4).
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the physician, patient, caregiver, specialist physician, and administrator. Each type of
user can access a module corresponding to his role and needs to authenticate in order to
visualize/edit the information. The main page of the platform is presented in Figure 5, and
it contains both the support services component and the medical component, which are
described in the next subchapter.
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In the above figure, the left side of the main page describes the menu of the platform:
the button towards the Home page, the “Support Services” button (with the following sub-
menu options: “Elderly support”, ”Caretakers support”, “Social support”, “Fall prevention“
and “Useful information”) and the “Medical Services” button (with the following sub-menu
options: “Physician”, “Patient”, “Caretaker”, “Specialist physician” categories for specific
authentication). In the center, there is the logo of RO-SmartAgeing, as well as a description
of the system. Other relevant links and information can be found in the footer area of
this page.

3.2.2. Specific Capabilities of RO-SmartAgeing System

Various factors can lead to a significant increase in the risk of developing mental health
problems. However, a preventative approach through maintaining a good quality of life
for one individual can have an enormous impact on his/her behavior and mental state
over time. The remote monitoring of a person who is prone to mental decline is a serious
aspect that needs to be taken into consideration when it comes to diminishing the risk of
emotional and mental long-term decline after a SARS-CoV-2 infection.

The RO-SmartAgeing system is provided with specific capabilities for addressing
improved preventative and proactive support for diminishing the risk of emotional and
mental long-term decline after SARS-CoV-2 infection.

RO-SmartAgeing has a significant impact through the novel integrated solutions
regarding monitoring, wellbeing, and support services enabling an enhanced patient
quality of life, especially for the elderly who need to improve and sustain not only their
medical health but also their mental health, wellbeing, and behavioral health, as well as
their social skills.
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The RO-SmartAgeing system encompasses the medical and support service com-
ponents. The medical component aims to incorporate in a single point, with controlled
access, a series of functionalities adapted to each type of user (physician, elderly person,
caregiver/family member, specialist physician). It is designed to support personalized
monitoring and management of a senior’s health in a friendly environment. In addition
to this, the support services component is focused on providing specific information and
recommendations related to the daily life needs of the elderly: information on aging-related
conditions and diseases and recommendations for healthy, independent, social living.

Monitoring mental illness symptoms is very important because they can influence
emotions, thoughts, or behaviors among the elderly; there are sensors, wearable devices
(RO-SmartAgeing smart environment), questionnaires, and cognitive tests encompassed
into the RO-SmartAgeing system that could track and sustain the quality of life of the
patients.

• The Medical Component

RO-SmartAgeing is a solution that could help in treating and understanding the needs
of elderly patients with mental illness or behavioral difficulties. The medical component
gathers several Withings devices: the MoveECG smartwatch, Sleep Analyzer device, ther-
mometer, Smart Scale or BPM, as well as integrating a gait band for fall detection and
prevention, together with a memo for current activities and a messages service for main-
taining strong communication between the elderly, physician, family members and other
medical specialists. The RO-SmartAgeing smart devices and their capabilities associated with
mental or behavioral aspects are described below:

a. MoveECG smartwatch: Electrocardiogram (ECG) monitoring and heart rate

The human brain is the most important part of the nervous system. Thus, a reduced
heart rate variation is correlated to stress or mental health issues, resulting in loneliness,
anxiety, and self-criticism [71,72]. At the same time, an increased heart rate variation
implies a solid ability to tolerate stress. However, a high heart rate variation is prone
to heart disease. The MoveECG smartwatch is developed to continuously monitor the
heart rate, providing real-time data streaming. The smartwatch can be easily placed on
the patient’s wrist, allowing the continuous transmission of the heart rate and accurately
monitoring the ECG when it is needed. This allows healthcare providers to interfere in
any emergency related to significant alterations in the patient’s heart rate. Meanwhile,
measuring the ECG can be of extreme help in order to determine if a patient suffers from
depression or bipolar disorder [73].

b. Withings Sleep Analyzer: Sleep tracker

The connection between sleep and mental health is considered bi-directional, as low
quality of sleep can lead to poor mental health and vice versa [74]. Early waking in the
morning, augmented by low energy, distraction, sadness, or loss of appetite, may suggest
symptoms related to depression. On the other hand, an incapacity of sleeping or a major
decrease in sleep associated with a high level of activity implies several signs of maniacal
behavior. Anxiety is also related to sleep problems, represented by awakening, increased
sleep onset latency, and low quality of sleep. Sleep deprivation is also related to obsessive–
compulsive disorder, as well as detecting sudden awakening through panic episodes during
sleep may indicate symptoms of panic disorder. In this context, the Withings Sleep Analyzer
can detect any signs related to the movements, sleep cycles, and sleep score (duration,
recovery, the number of interruptions, regularity, or time to sleep). The installation of
the Sleep Analyzer is firstly based on placing it entirely under the mattress in order to be
positioned underneath the chest of the sleeping person. After plugging it into an outlet
using the provided adapter, it starts to measure the relevant parameters, making the proper
evaluation the next morning. The heart rate is also measured using the Withings Sleep
Analyzer as it is an essential parameter to be monitored while sleeping, as it indicates the
time covered in the deep sleep phase as well as keeps good management of the heart health.
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c. Withings Thermo: body temperature

Temperature is another parameter relevant to monitoring the mental health of the
elderly. Studies [75] have shown that stress can induce an increase in body temperature.
Psychogenic fever can be induced by any kind of stress, a continuous fear of COVID-19
being one cause of social stressors that can eventually trigger a febrile response, significantly
impacting the health of the elderly. The Withings thermometer is capable of accurately
measuring body temperature and sending the data immediately to the RO-SmartAgeing
dashboard. The thermometer is easy to use as it only requires a slide over the patient’s
forehead. It measures the temperature at the temporal level, considering that the temporal
artery is considered the best place to detect any changes in the body temperature. If there
are any significant variations being measured (a temperature higher than 37.5 ◦C), an alarm
is triggered in order to alert the healthcare specialists.

d. Chest band: accelerations and position

Mobility is linked to the symptoms related to schizophrenia or other neurodegenera-
tive disorders. The risk of falling is also enhanced by mental health issues, but the lack of
mobility worsens health problems, reducing social interactions and leading to depression
or other mental or behavioral conditions [76]. The RO-SmartAgeing chest band proposes a
smart device that could track the position of the elderly. The chest band is placed on the
patient’s body at the chest level, in order to detect imbalances, movements, positions, and
eventual falls, based on accelerations. It can also detect any changes in posture, identifying
early the possibility of falling, triggering an instant alarm on the RO-SmartAgeing dash-
board. In this sense, the chest band can sustain a social life for the elderly, helping them
toward continuous monitoring of eventual falls or movements.

e. Withings Body+ Smart Scale: weight and other body composition parameters

Changes in eating habits directly influence weight loss/gain, which can often be
correlated with depression [77]. A continuous decrease in weight is interpreted as a
diagnostic for depression; depressive people not having a normal appetite due to the lack
of pleasure from eating. On the other hand, an increase in weight can be another aspect
of depression as the elderly are more likely to not engage in physical activities because
of tiredness or age-related aspects even though they consume a large amount of food
for their own comfort. In this situation, there is the need to continuously monitor the
body composition parameters in order to track any substantial change in weight loss/gain.
The Withings Body+ Smart Scale can monitor a wide range of parameters related to the
human body composition and transmit the data through the RO-SmartAgeing dashboard
to be seen by the health providers in order to take necessary actions: change the patient’s
environment, current activities memo or treatment plan according to the measured values
and diagnostic.

f. BPM Core: systolic and diastolic blood pressure

Anxiety associated with the COVID-19 pandemic has proven to have symptoms in
blood pressure. Several studies [78,79] have shown an increase in the value of home
monitoring systolic blood pressure among the elderly, leading to a much greater risk of
cardiovascular issues. Thus, RO-SmartAgeing can help in preventing anxiety aspects in
older adults through the easy use of BPM Core. The BPM is placed on the patient’s arm and
can wirelessly transmit the data to the RO-SmartAgeing system, allowing the healthcare
providers to see the home-monitoring of blood pressure variation values over a certain
period to detect any significant changes that can occur at the mental level of the patient.

In addition to the smart devices capable of gathering health data for the evaluation
and monitoring of mental, behavioral, or emotional features related to the elderly in the
context of the COVID-19 pandemic, there are two functionalities of the RO-SmartAgeing
system that can improve an elderly patient’s quality of life, through monitoring the current
activities and maintaining a social life by keeping up with the other related users through
messages.
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- Current activities memo functionality

In the context in which an elderly patient is prone to problems related to cognitive
degeneration and mental imbalances, monitoring the current activities can provide support
for maintaining a good social life and self-care, and improve the quality of life.

Generating alerts in case of non-compliance/omission of a recorded activity implies
sending reminders for administering pills or respecting the provided treatment. The
RO-SmartAgeing functionality of the memo for current activities allows personalized
recommendations for the patient’s care in terms of sustaining their activities in order to
maintain efficient healthcare and good quality of life, as mental and physical health are
essential in pursuing a healthful lifestyle to reduce any risks of diseases. Keeping and
maintaining an organized schedule for activities can improve the endurance of a person
in terms of cardiological functionality, respiratory system, muscular strength, or body
composition.

In addition to this, mental health is also sustained through physical activities, having a
great impact on boosting the patient’s emotional, social, and psychological wellbeing [80].

- Messages functionality

Keeping efficient communication between the patient and the physician is mandatory
in terms of the post-COVID-19 pandemic, as there is the need to remotely correspond
with medical professionals, caregivers, or other medical specialists when any healthcare-
related problems may appear. For example, the caregiver, as an authorized user of the
RO-SmartAgeing system and being responsible for the elderly person, can send a message,
in real time, to the physician if there are any issues regarding the health or the wellbeing
of the patient. Once any messages are received by the physician, any further clinical
investigations can be based on the measured health data or on the activities the patient
is doing.

• The Support Services Component

The support services component aims to provide both seniors and caregivers with
information and recommendations specific to the daily life needs of the seniors. It attempts
to provide the necessary information specific to the older people’s conditions and recom-
mendations for a healthy, independent, and social life, and it also allows the possibility of
assessing the mental and behavioral capabilities of the elderly using cognitive tests.

A. Social relationship support and cognitive abilities module

This module offers the opportunity for the elderly and their caregivers to assess the
patient’s cognitive abilities and improve their social relationships through interactive tests
and relevant information regarding the social aspect of their life. Social networks have
a great impact on the quality of life of the elderly, especially in the emotional quality of
social relationships. They offer older people the opportunity to renew or develop social
contacts and to actively engage in their own community, thus preventing the social isolation
of older people and the feeling of loneliness that occurs in the case of retirement, health
deterioration, or COVID-19-related quarantine.

The Social relationship support and cognitive abilities module covers two sections:
(self-)assessment cognitive tests and social support for the elderly.

The purpose of the first section is to allow elderly people to self-assess their cognitive
abilities or let their caregivers help them in their evaluation through the provided tests in the
RO-SmartAgeing application. Evaluating cognitive abilities or neurological impairments is
essential for the elderly, especially in the COVID-19 era, as the mental state or condition
can deteriorate.

Among the smart devices encompassed in the smart environment, RO-SmartAgeing
has the capability of providing a series of cognitive tests for the patient in order to be
evaluated by themselves, or by the caregiver or physician. The cognitive tests integrated
into RO-SmartAgeing are either
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• developed by medical specialists that use the RO-SmartAgeing system as support in
the provision of specialized medical services;

or

• based on some of the most popular screening tools for cognitive impairments, such as
MMSE [22], MoCA [23], and Mini-Cog [29] (see Figure 6).
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Figure 6 describes the (Self-)assessment cognitive tests (Teste de (auto)evaluare ca-
paciate cognitive) page in the RO-SmartAgeing platform. There are two boxes under the
page title for the “Search test (Căutare chestionar)” functionality (the users may search,
based on certain keywords, the kind of test that they are looking for) and the “Choose
recording (Alege înregistrări)” functionality (the users can select “All the recordings (Toate
înregistrările)” option which displays all the tests from the database or choose other op-
tions for displaying associated information). Next to these boxes, there is the “Add test
(Adăugare test)” button which enables the authorized user to add another test. Below,
under the title ”Test name (Denumire test)”, there is a list of four current available tests: a
cognitive assessment test uploaded by one physician (Test de evaluare capacitate cognitive),
and the MMSE, MoCA, and Mini-Cog evaluation tests. The ”Actions (Act,iuni)” that can
be applied to the tests are the following: “Details (Detalii)” (for showing the details of a
certain test), “View (Vizualizare)” (for visualizing the test), “Edit (Editare)” (if the physician
is authenticated, the “Edit” button is available in order to modify or add information),
“Download (Descarcă pdf)” (if the patient wants to download and print the test) and the
“Delete (S, tergere)” option (for deleting the test).

The MMSE is easily downloadable from the RO-SmartAgeing platform. It is adminis-
tered with the assistance of the caregiver in order to assure the robustness of the answers,
and via telehealth, it supports the patients for whom distance, expenses, or mobility are
considered obstacles to proceeding with face-to-face in-hospital visits. Thus, the elderly
patient who is monitored using the RO-SmartAgeing system can be periodically evaluated
in terms of the following cognitive functions: time and space orientation, enrollment,
awareness and calculation, recall, praxis, and language.

RO-SmartAgeing also provides the possibility of downloading the MoCA test. The
test is performed by the elderly patient assisted by the caretaker and, optionally, via
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videoconference, by the physician. The results of the MoCA test can provide information in
addition to the evaluations of the mental state of the patient obtained following the use of
other tests accessible through the RO-SmarAgeing system, such as the level of orientation,
short-term memory, visuospatial capacity, abstraction, attention, or use of language.

The Mini-Cog test can be easily downloaded from the RO-SmartAgeing platform. As
the elderly patient (assisted by the caretaker) has only to repeat three words and draw a
clock, this test can be easily performed and interpreted in a step-wise fashion. It provides a
neuropsychological evaluation of the patient, which contributes in a reliable way to the
early diagnosis of some cognitive disorders.

The second section of the Social relationship support and cognitive abilities module aims
to synthesize the benefits brought to the elderly by ensuring quality social support (see
Figure 7), and thus the advantages brought by the social involvement of the elderly in the
community, the facilitation of new social contacts, as well as the benefits of intergenerational
activities are provided.
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The presented information aims to offer the necessary support for the development of
social relationships (with physicians, relatives, friends, and people with similar concerns),
such as the elderly’s access to support groups.

In the above figure, the page entitled “Recommendations regarding the provision of
social support for the elderly (Recomandări privind asigurarea suportului social pentru
vârstnic)” enables the user to search for certain information on the webpage, but also to
select data based on the “Search information (Căutare informat,ii suport social)” box and
“Select recording (Alege înregistrări)” box, respectively. The “Add information (Adăugare
informat,ii)” button allows any authorized user to introduce relevant information. The
recommendations for social support are displayed under the title ”Recommendation name
(Denumire recomandare)”, containing relevant information about ideas for establishing
social interactions among the elderly (for example, information about various seniors’
clubs (Clubul Seniorilor ”Mihai Eminesccu” – Sectorul 6, Bucures, ti), day centers for old
persons (Centrul de zi ”Clubul Seniorilor Covasna”, Sector 4, Bucures, ti), etc.). Some Actions
(Act, iuni) are available for the authorized user. All the recommendations are associated with
the “View (Vizualizare)” button that enables the display of the accessed data. Although
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all the information stored in the RO-SmartAgeing platform can be modified only by the
authorized health specialist that introduced it, some recommendations can be edited (the
“Edit (Editare)” button) or erased (the “Delete (S, tergere)” button) only by the webpage
administrator.

B. Support services for elderly people

This category of services will provide informative and interactive support for the
conditions and problems faced by the elderly to help them strengthen a healthy and
independent life. The subcomponent will allow the elderly to self-assess their quality of
life using interactive questionnaires.

The quality of life of the elderly includes both subjective elements (psychological
wellbeing, autonomy, the activity carried out pursuing a certain goal, social relationships,
spirituality, and identity) and objective elements (physical and care environment, physical
and mental health, level of functioning, and socio-economic status).

The Support services for elderly people module covers three sections: information on
aging-related conditions, healthy and independent living information, and quality of life
and wellbeing self-assessment questionnaires.

The purpose of the first section is to provide anyone interested with basic information
about the most important conditions, as well as their specificities, associated with aging.
It is important that the specifics of a geriatric condition be understood by non-medical,
elderly, or other interested people (see Figure 8).
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In the above figure, the “Ageing-related health conditions (Afect,iuni associate
îmbătrânirii)” webpage displays the “Search condition (Căutare afect,iune)” and “Select
recording (Alege înregistrări)” boxes, as well as the “Add health condition (Adăugare
afect,iune)” button for authorized users. Below, under the title ”Health condition name
(Denumire afect, iune)”, a list of such health conditions from the RO-SmartAgeing database
is displayed: diabetes (Diabet), hypertension (Hipertensiune arterială), osteoporosis (Os-
teoporoză), dementia (Dement,ă), and Parkinson’s disease (Boala Parkinson). On the right,
there are the actions available for these items: the “View (Vizualizare)” button for dis-
playing the stored information, and the “Edit (Editare)” and “Delete (S, tergere)” buttons
available for an authenticated user in order to modify that record.
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The displayed centralized information on the main conditions associated with aging
can be accessed by anyone without the need to be registered. It is the authorized user
(physician or healthcare provider) who will enter this structured information in a way
that is as accessible as possible to the elderly. In this context, this can increase the level of
awareness of the risks associated with aging and offer support for better management of
one’s own health condition in order to sustain his/her mental health.

The second section, healthy and independent living information, aims to gather all
the relevant information for elderly users and their caregivers in order to support the
process of active and independent aging through a series of preventive measures and
recommendations toward monitoring their health status.

The information is mostly related to chronic conditions and premature aging, con-
sidered risk factors for mental and behavioral health degeneration: alcohol and tobacco
consumption, unhealthy diets, and the inclusion of physical exercises in daily activities.
In addition to this, cognitive health—the ability to think, learn and retain clearly—is an
important component of carrying out everyday activities.

Cognitive health is only one aspect of overall brain health. Brain health can be affected
by age-related brain changes, injuries such as stroke or traumatic brain injury, mood
disorders such as depression, substance use disorder (drug addiction), and diseases such
as Alzheimer’s disease. While there are some factors that affect brain health that cannot
be changed, there are many lifestyle aspects that could make a difference. This section
presents information and recommendations to improve the cognitive ability of the elderly
(see Figure 9).
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Figure 9 displays the “Recommendations for living a healthy and independent life (Re-
comandări pentru o viat,ă sănătoasă s, i independentă)” module. The user has access to the
boxes for “Search recommendation (Căutare recomandare)” and “Select recording (Alege
înregistrare)” functionalities that are useful in the case of a list with a lot of recordings from
the database. The button for “Add a recommendation (Adăugare recomandare)” allows the
authenticated user to upload the related information into the RO-SmartAgeing database.
The displayed list under the title ”Recommendation name (Denumire recomandare)”, con-
tains three recommendations: “Cognitive health and the elderly (Sănătatea cognitivă s, i
persoanele vârstnice)”, “Advices for improving memory (Sfaturi pentru îmbunătăt,irea
memoriei)”, and “Minor cognitive deficit (Deficit cognitive minor)”. As previously men-
tioned, the available buttons for these recommendations are as follows: “View (Vizualizare)”
to visualize the stored information, “Edit (Editare)” and “Delete (S, tergere)” to modify the
information by the authorized users.
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The last module, Quality of life and wellbeing self-assessment questionnaires, provides
anyone interested with relevant questionnaires to self-evaluate the level of their quality
of life and overall wellbeing. This module offers the possibility to increase the awareness
of the elderly concerning the risks associated with aging, and as a result, it helps them in
making decisions about the management of their own health.

The questionnaires in this module refer to physical and psychological health, social
relationships, and the elderly person’s home environment.

4. Discussion

The impact of the pandemic on the psycho-emotional state of seniors due to poor
physical or mental health and accentuated by several risk factors that generated anxiety,
loneliness, depression, fear of health problems, infection, or even death, was mentioned
as an outcome of some surveys undertaken in Romania during or after the COVID-19
pandemic. The elderly in Romania say that during this period, they felt anxious and
agitated to a greater extent than before the pandemic, they felt sad, depressed, or hopeless
more than before the pandemic, and they felt that they could not stop worrying or keep
their worries under control.

Such a result constitutes the basis of the participatory design of new RDMSs. The
elderly have to be actively involved in the design process to help ensure that the result
meets their needs and is usable even during pandemic periods.

Our proposed procedure for managing the elderly’s risk of mental and emotional
long-term decline after SARS-CoV-2 infection creates a framework for the development of
personalized, proactive models specific to certain cognitive conditions, aiming to perform
the following:

• Prevent the deterioration of the elderly’s health or incidents with serious consequences;
• Support and prolong an independent, active, and dignified life for elderly patients;
• Recover in a familiar environment after post-traumatic incidents associated with the

COVID-19 pandemic;
• Facilitate ways to migrate the medical system towards personalized and accessible

healthcare centered on the elderly and their associated mental and emotional disorders;
• Update the way of interfacing with the elderly and the provision of medical services

based on new and innovative digital technologies;
• Improve good clinical practices and their broader implementation, as well as the legal

framework associated with the medical consequences of the COVID-19 pandemic over
the elderly population.

Among the most representative barriers to a successful implementation of the proposed
procedure for managing the elderly patient’s risk of mental and emotional long-term decline
after SARS-CoV-2 infections are the following:

• Digital divide and digital literacy mainly for the elderly, but also for some of the
healthcare specialists;

• Ethical issues;
• Physical limitations of the patients;
• Cognitive frailty of the patient;
• Lack of motivation and the existence of feelings of unfair care perceived by the elderly;
• Lack of a fundamental framework for longitudinal studies, considering the relatively

short time since the beginning of the COVID-19 pandemic;
• Ensuring compliance with government guidance;
• An unbalanced multidisciplinary approach to the mental and emotional disorders of

the elderly.

The efficient management of the risk of mental and emotional long-term decline after
SARS-CoV-2 infection is definitively based on the deep implication of the elderly patient
and their attending physicians.
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As the COVID-19 pandemic may impact not only the elderly’s health, but also their
mental health and wellbeing, remote health monitoring is necessary to assess and keep
them updated with their vital signs and key information regarding social support, their
cognitive state, or recommendations for a healthy and independent life.

In order to be proactive, preventative, personalized, and participative, a supporting
RMDS must rely on their demands and necessities from the design stage. A participative
approach allows the specification of the most appropriate technical and (non-)functional
criteria and the identification of a large range of risks (for instance, the risk of triggering
false alerts or ignoring age-friendly functionalities).

The RO-SmartAgeing system is an RMDS in which the patient design replaced the
patient centricity and in which the elderly patients with potential progressive cognitive
impairments are engaged in advanced personalized care models.

RO-SmartAgeing incorporates the development and validation of a system for moni-
toring and evaluating the health status of the elderly that integrates non-invasive, wearable
physiological (Withings MoveECG smartwatch, Withings Sleep Analyzer, Withings Thermo,
Withings Body+ Smart Scale, and Withings Blood Pressure Monitor) devices and movement
sensors (gait band) to collect medical parameters, to monitor daily activities and lifestyle
of the person, all integrated into a smart environment as well as a cloud platform for data
storage and aggregation. An added value brought by RO-SmartAgeing is the possibility of
(self-)assessing the mental and emotional health of the elderly, considering the vulnerability
of their mental state in terms of the COVID-19 pandemic. This assessment is corroborated
by physical evaluations, lifestyle, daily activities, and medical history, and thus, a broad
range of comprehensive information is established and prepared for further analytics and
supporting healthcare functionalities.

Monitoring a wide range of health parameters and offering constant and necessary in-
formation regarding the daily life, medical and social needs of the elderly, RO-SmartAgeing
is a challenging solution for sustaining mental and behavioral health in times of COVID-19,
especially in Romania.

The main functionalities of the RO-SmartAgeing system that can reliably support
the management of the elderly’s risk of emotional and mental long-term decline after
SARS-CoV-2 infection are as follows:

• Centralization of information about health and lifestyle (previous and current);
• Lifestyle monitoring;
• Personalized monitoring of biomedical, environmental, and movement parameters;
• Remote assessment and diagnostics;
• Assistance for elderly patient’s autonomy and emotional and mental wellness at home;
• Alerting in case of a physical accident, mental disorder, or in case of detection of an

unusual emotional situation;
• Establishing, maintaining, and improving social relationships;
• Support for people who care for the elderly.

Based on the stored data, additional functionalities are implemented that allow the
following support services:

• A treatment plan;
• A reminder of the current activity;
• A diagnosis.

The RO-SmartAgeing system has the following main features:

• It is preventive, proactive, and customizable according to the specificities of the elderly,
but also according to the evolution of their health condition;

• It supports an integrated and participative management of the health status of the
elderly;

• Through its functionalities, it sustains active, independent, and healthy aging, includ-
ing responsibility, empowerment, and direct involvement of the elderly in managing
their health and lifestyle;
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• It provides security and confidentiality of medical and personal data;
• It is scalable and flexible.

Limitations: As the RO-SmartAgeing pilot system has just been completed and since
it has been tested only in a laboratory environment, only some of the steps from the
proposed procedure for managing the elderly’s risk of emotional and long-term decline
after SARS-CoV-2 infection could be implemented.

Future work: The RO-SmartAgeing system will be implemented in a clinical envi-
ronment, as it is already discussed with some legal entities and physicians from private
and public clinics. In this respect, some preliminary stipulations and action plans have
been initiated with the National Institute of Gerontology and Geriatrics “Ana Aslan” and
Hospice Care for the Elderly of the Bucharest Municipality “Academician Nicolae Cajal”.
After a representative number of elderly patients (the target number for the beginning is
100) are enrolled in a legally established trial, we estimate that in three months after the
beginning of the monitoring and management of the mental and emotional health of an
elderly person with the support of the RO-SmartAgeing system, the first periodical track
progress of the management can be initiated. The appropriate periodicity for this tracking
will be established according to the physicians’ demands and evaluations. The phase for
embedment and refinement of the procedure in good clinical practices is estimated to first
start after another three months.

5. Conclusions

The COVID-19 pandemic has had a significant impact on the elderly, with potentially
dramatic long-term repercussions on their mental and emotional health. The impact of
the pandemic on the psycho-emotional state of Romanian seniors is due to the lack of
predictability, the avalanche of information, often contradictory, and the imposition of
restrictions that some people have never faced during their lives, were elements that
generated, in the two years, states of fear, anxiety or stress. Since the spring of 2020, in a
relatively short interval, various surveys addressed to the elderly population have revealed
multiple negative and aggravating effects on their emotional or mental balance, wellbeing,
and quality of life. The results of these surveys can constitute part of a new framework
able to support more efficiently elderly patient-centered management, adapted to the
dysfunctions and challenges brought by this new pandemic in a society that was already in
an accelerated aging.

The proposed procedure for the management of the risk of a mental and emotional
long-term decline of the elderly following SARS-CoV-2 infection is based on an integrated
and complex system of information, recent research results, and knowledge regarding the
mental and emotional health of elderly patients. The proposed procedure is scalable and
perfectible through the periodic analysis of the results of the management of mental and
emotional health, through sequential reiteration in the case of identifying inappropriate
results, and through longitudinal studies for the assessment of the efficiency and impact
of the management. The integration of RMDSs in multiple phases of the procedure gives
it new capabilities that support the approach to mental and emotional health through
personalized, preventive, and proactive healthcare services. An RMDS such as the RO-
SmartAgeing system is a concrete example of the benefits that non-intrusive monitoring
of the health status, lifestyle, and daily activities of an elderly patient, combined with
support services for sustaining some social relationships and an active and independent
life, with a real-time dynamic link to the medical staff, can bring to the efficiency of
the management of the elderly’s mental and emotional health. The RO-SmartAgeing
system is to be continuously developed and completed with new functionalities based
on new information and requirements resulting from new research, surveys, and medical
specifications aimed at remote monitoring of elderly patients.
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Abstract: Many stroke survivors have difficulties due to the mobility and activities required in
daily living. A walking impairment negatively affects the independent lifestyle of stroke patients,
requiring intensive post-stroke rehabilitation. Therefore, the purpose of this study was to examine
the effects of stroke rehabilitation using gait robot-assisted training and person-centered goal setting
on mobility, the activities of daily living, stroke self-efficacy, and health-related QoL in stroke patients
with hemiplegia. An assessor-blinded quasi-experimental study with a pre-posttest nonequivalent
control group was used. Participants who were admitted to the hospital with a gait robot-assisted
training system were assigned to the experimental group, and those without gait robots were
assigned to the control group. Sixty stroke patients with hemiplegia from two hospitals specialized
in post-stroke rehabilitation participated. Stroke rehabilitation using gait robot-assisted training and
person-centered goal setting for stroke patients with hemiplegia was conducted for a total of six
weeks. There were significant differences between the experimental group and control group in the
Functional Ambulation Category (t = 2.89, p = 0.005), balance (t = 3.73, p < 0.001), Timed Up and Go
(t = −2.27, p = 0.027), Korean Modified Barthel Index (t = 2.58, p = 0.012), 10 m Walking test (t = −2.27,
p = 0.040), stroke self-efficacy (t = 2.23, p = 0.030), and health-related quality of life (t = 4.90, p < 0.001).
A gait robot-assisted rehabilitation using goal setting for stroke patients with hemiplegia improved
gait ability, balance ability, stroke self-efficacy, and health-related quality of life in stroke patients.

Keywords: stroke; rehabilitation; gait robot; goal setting

1. Introduction

Following the rapid aging of the Korean population, the prevalence of stroke in the
population over 65 years old has increased from 4.6% in 1998 to 6.6% in 2020 [1]. Despite
declining mortality rates from stable stroke incidence, the prevalence of stroke survivors
with disabilities has been increasing [2]. According to a population-based study of disability
after stroke in the UK, 40% of stroke survivors are disabled between one month and five
years after stroke [3]. In Republic of Korea, approximately 9–10% of stroke survivors almost
completely recover, and 65–70% of them have shown minor to severe impairments, includ-
ing speech, swallowing, vision, ambulation, cognition, and coordination [4]. Stroke patients
show decreased walking, balance, and daily activity performance caused by lower limb
weakness, difficulty controlling movement, and spasticity [5]. Such a problem negatively
affects the independent lifestyles of patients and requires continuous rehabilitation [6].

Due to various functional deficits and limitations in stroke survivors, rehabilitation
plays an important role in improving functional recovery and minimizing disability by
providing a progressive, goal-orientated process aimed at enabling stroke survivors to
reach their optimal physical, cognitive, emotional, communicative, social, and functional
activity level during the rest of their lives [2,7,8]. A walking impairment is often seen
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in stroke survivors, and gait recovery after a stroke is an important goal of post-stroke
rehabilitation [9]. Therefore, it is recommended that rehabilitation for stroke patients should
be aimed at improving not only the gait, balance, and daily activity performance but also
the quality of life (QoL) because the decreased performance in daily life activities leads to
helplessness, depression, and a lower QoL [10].

Since post-stroke rehabilitation for gait and balance impairments recovery must be
provided, research using robotic devices to provide repetitive rehabilitation training is
actively adopted [11–13]. Robotic assistance helps stroke patients recover their walking
ability and mobility by performing repetitive and mobility-task training at a constant
speed and intensity and reducing the physical burden of therapists because they do not
need to manually place the paretic limbs or assist in trunk movements [11–15]. In a
systemic review of the effects of repetitive gait training in stroke patients, gait training using
various electromechanical devices resulted in improved independent walking compared to
conventional gait training or treadmill use [11].

Setting goals is essential to stroke rehabilitation and has been recommended in various
stroke guidelines [16,17]. A systematic review of the effects of goal setting in the rehabilita-
tion of stroke patients concluded that goal setting contributes to patients’ self-efficacy and
engagement in rehabilitation, but no rigorous findings could be made on the effects of goal
setting in stroke rehabilitation due to the lack of a standard method of goal setting [18].
According to previous studies on the goal setting of stroke patients, the extent of patient
involvement in the goal-setting process was unclear, and professionals were involved
more in all aspects of goal setting process than patients [18]. Recently, a patient-focused
or person-centered goal-setting approach, instead of a health professional-led goal-setting
approach, has begun to be interesting due to increasing patient involvement [19]. Consid-
ering person-centered goal setting could improve the QoL by strengthening self-efficacy
and rehabilitation motivation, it should be included in post-stroke rehabilitation [16,17].
Therefore, this study aimed to examine the effects of stroke rehabilitation using gait robot-
assisted training and person-centered goal setting on mobility, activities of daily living,
stroke self-efficacy, and health-related QoL in stroke patients with hemiplegia. We hypothe-
sized that the group in the program rehabilitation using gait robot-assisted training and
person-centered goal setting would show an improvement in their mobility, activities of
daily living, stroke self-efficacy, and health-related QoL.

2. Materials and Methods
2.1. Study Design

An assessor-blinded quasi-experimental study design with a pre-posttest nonequiva-
lent control group was used to examine the effects of stroke rehabilitation using gait robot-
assisted training and person-centered goal setting for stroke patients with hemiplegia.

2.2. Participants

The target population was stroke patients getting post-stroke rehabilitation, and the
accessible population of this study was hospitalized patients getting post-stroke rehabilita-
tion from two hospitals. Two hospitals that specialized in post-stroke rehabilitation were
selected to avoid contamination of the estimated causal effect of the intervention using gait
robot-assisted training and person-centered goal setting. The characteristics of patients, bed
size of each hospital, and stroke rehabilitation therapies of the two hospitals were similar.
Participants who were admitted to the hospital with a gait robot-assisted training system
were assigned to the experimental group, and those without gait robots were assigned to
the control group. The sampling plan was self-selection and participants had selected the
form of open recruitment (Figure 1).
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Figure 1. Flow Diagram of the stroke rehabilitation using gait robot-assisted training and person-
centered goal setting.

The inclusion criteria of participants were as follows: patients aged above 40 years;
patients with the first episode of hemiplegia caused by cerebral infarction or intracerebral
hemorrhage; patients who had passed the acute stage of stroke; patients with a score of
1 to 3 in the functional ambulation categories (FAC); and patients with a score of 20 or
higher on the Korean Version of Mini-Mental State Examination (K-MMSE) on electronic
medical record system. The exclusion criteria were as follows: patients with a score of 0
(non-functional ambulator who could not walk at all) and a score of 4 to 5 (independent
ambulator who could walk freely) in the FAC; patients with orthopedic problems that
might interfere with walking; patients with underlying neurological disorders such as
dementia; and patients with visual or auditory impairment.

Sample size estimation in the t-test, the significant level (α) = 0.05, power (1-β) = 0.080,
and the medium effect size (d) = 0.50 were calculated. As a result, 27 patients were required
per group. A total of 63 participants were recruited. Three participants were excluded, two
participants with cognitive problems (K-MMSE < 20) and one participant who could not
walk. Finally, 60 patients participated in this study.

2.3. Measurements

The demographic characteristics of participants were assessed: gender, age, education,
job status, marital status, and subjective socioeconomic status. The disease-related char-
acteristics of participants investigated through an electronic medical record system were
assessed: subtypes of stroke, stroke-related operation history, underlying disease, medi-
cations, numeric rating scale score of pain, and K-MMSE (Korean version of Mini-Mental
State Examination). The questionnaire consisted of items with Functional Ambulation
Categories, a Timed Up and Go test, the Korean version of the Berg Balance Scale, the
Korean version of the Modified Barthel Index, a 10-m Walk Test, Stroke Self-efficacy, and
health-related quality of life.
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2.3.1. Functional Ambulation Categories (FAC)

The FAC are used to assess ambulation ability. This functional walking test on a
six-point scale assessed ambulation status by determining how much human support
the patient requires when walking: A score of 0 (non-functional ambulator who could
not walk at all); A score of 1 (ambulator with physical assistance level I who requires
continuous manual contact to support body weight as well as to maintain balance or to
assist coordination); A score of 2 (ambulator with physical assistance level II who requires
an intermittent or continuous light touch to assist balance or coordination); A score of
3 (ambulator under supervision who could ambulate on a level surface without manual
contact of another person but requires standby guarding of one person either for safety or
verbal cueing); A score of 4 (independent ambulator who could ambulate on a level surface
but requires supervision to negotiate any of the following: stairs, inclines, or nonlevel
surfaces); A score of 5 (independent ambulator who could walk everywhere including
stairs) [20]. The inter-rater reliability of the test was high (0.90).

2.3.2. Timed up and Go (TUG) Test

The TUG is a screening tool for basic mobility and balance. The participants were asked
to stand from a chair, walk 3 m at a comfortable pace, turn around, walk back to the chair,
and return to sit on the chair. The score interpreted that the total time required to perform
the test was measured. A total time of fewer than 10 s and 11–20 s indicates independent
ambulation and ambulation with little assistance, respectively [21]. Individuals who take
longer than 30 s need physical assistance with transfers and generally cannot manage
steps [21]. The inter-rater reliability of the test was high (0.95).

2.3.3. Balance

The Korean version of the Berg Balance Scale (K-BBS) assesses sitting, standing, and
static and dynamic balance [22]. The scale consisted of 14 functional tasks that focused on
the ability to maintain a position and perform postural adjustments to complete functional
movements. Each item was scored on a five-point Likert scale from 0 (an inability to
complete the task entirely) to 4 points (an ability to complete the task). A global score
is calculated out of 56 possible points. Scores of 0 to 20 represent balance impairment,
21 to 40 represent acceptable balance, and 41 to 56 represent good balance. A higher score
indicated better balance. The reliability of the K-BBS was high (0.98).

2.3.4. Activities of Daily Living

The Korean version of the Modified Barthel Index (K-MBI) by the Korean Society for
Neurorehabilitation was used to assess the activities of daily living [23]. The scale consisted
of ten detailed items related to self-care activities: grooming (5 points), bathing (5 points),
feeding (10 points), toilet use (10 points), stairs (10 points), dressing (10 points), bowel
control (10 points), bladder control (10 points), mobility on level surfaces (15 points), and
transfers (15 points). The total score indicated the level of independence according to the
disability rating criteria of the Ministry of Health and Welfare [24]: 91–99 points for minimal
dependence, 75–90 points for mild dependence, 50–74 points for moderate dependence,
25–49 points for severe dependence, and 0–24 points for complete dependence. A higher
score indicated greater independence. The reliability of the K-MBI was high (0.91).

2.3.5. 10-m Walk Test (10 mWT)

The 10-m Walk Test (10 mWT) was conducted to measure the gait speed of stroke
patients [25]. The participants traveled a total straight distance of 14 m. The participants
started at a point 2 m before the starting point, and the time from the starting point to the
endpoint crossed by the front foot was measured. The participants were allowed to conduct
the test with a cane or orthosis if needed. A digital stopwatch that measured up to 0.01 s
was used for assessment, and two trials were administered at the patient’s comfortable
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walking speed. The average value was used for the final analysis [25]. The inter-rater
reliability of the test was high (0.90).

2.3.6. Stroke Self-Efficacy

The stroke self-efficacy scale [26] developed by Fiona Jones (2007) for stroke patients
was used in this study. The scale consisted of 13 items on an 11-point scale from 0 points for
‘not at all confident’ to 10 points for ‘very confident. The total score ranged from 0 to 130,
and a higher score indicated greater self-efficacy. The reliability of the scale was high (0.95).

2.3.7. Health-Related Quality of Life (QoL)

The Short Form 12 (SF-12) health survey, developed by Ware (1996) [27] and purchased
through OPTUMTM, was used to evaluate health-related quality of life. The SF-12 covered
eight health domains to assess physical and mental health. Physical health-related domains
include physical functioning, physical role restriction, pain, and general health. Mental
health-related domains include vitality, social function, emotional role restriction, and
mental health [27]. The total score of this scale with 12 items ranging from 0 to 100 points
and a higher score indicated a higher quality of life. The reliability of the SF-12 was
high (0.89).

2.4. Interventions
2.4.1. Development of Interventions

The stroke rehabilitation using gait robot-assisted training and person-centered goal
setting was developed. A 6-week rehabilitation using gait robot-assisted training and
person-centered goal setting for improving ambulation, balance, activities of daily living,
and health-related quality of life was provided to the experimental group. The program
consisted of daily gait robot-assisted training and individual education about stroke man-
agement. According to the contents of individual education, ‘Week 1 (Orientation and
Journey of stroke survivors)’ consisted of educational content including the stroke recovery
process, the importance of exercise in stroke, effective ways of gait training, nutrition,
setting long-term and short-term goals, and secondary prevention. ‘Weeks 2 and 3 (Lower
extremity strength exercise)’ consisted of leg exercises such as leg raises, bridges, squats,
and superman positions to improve the lower extremity strength. ‘Weeks 4 and 5 (Balance
exercise)’ aimed to improve balance through four exercises: Lean back and forth, Tilt
the body left and right, Shifting weight from side to side while standing, Put your feet
back and forth and turn your head. Lastly, ‘Week 6 (End of the program)’ consisted of
discussions where participants discussed barriers and facilitators for goal achievement
and program performance. The stroke education handbook, including an exercise log,
was given to the experimental group to self-monitor their daily exercise and guide stroke
recovery. In addition, immediate feedback was provided to improve self-efficacy. For
setting person-centered goals to meet patients’ individual needs and values, a method
of shared decision-making between patients and health professionals was used, such as
encouraging patients to actively participate in goal setting, stressing patients’ ownership of
their goals, and providing information.

2.4.2. Experimental Group

The stroke rehabilitation using gait robot-assisted training and person-centered goal
setting was administered to the experimental group from March to May 2021. The Morning
Walk® (CUREXO-UMK_MW01, Curexo, Seoul, Republic of Korea), a robot automation
system for muscle reconstruction and joint motor function recovery, was used. The ex-
perimental group received gait robot-assisted training (once a day for 40 min) combined
with conventional rehabilitation (once a day for 30 min) consisting of gait/balance-specific
activities such as postural stability training and general gait training. A total of 70 min of
combined rehabilitation was provided five days a week. Once the participant boarded the
gait robot, information such as the number of steps and walking velocity was automatically
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recorded in the system. Additionally, patient and caregiver education regarding the stroke
rehabilitation process and person-centered goal setting was provided every Saturday in
the conference room with a researcher, and short- and long-term goals were reset for each
participant after a review of the individual’s goal achievement. Once person-centered goals
were set, then post-stroke rehabilitation, including gait robot-assisted training, was tailored
to each patient. Daily exercise logs and appropriate incentives are also provided to support
rehabilitation motivation.

2.4.3. Control Group

The control group received conventional rehabilitation (twice a day, a total of 70 min,
five days a week for six weeks) excluding robot-assisted training and goal setting.

2.5. Data Collection

After IRB approval, the pre-survey, a mobility test (FAC, K-BBS, TUG), the activities of
the daily living test (K-MBI, 10 mWT), and a post-survey were conducted on participants
in two groups. Two rehabilitation therapists and one nurse were hired for data collection.
Two of the therapists were professional rehabilitation therapists with a license and working
experience of more than five years in clinical practice. They completed the gait ability
test and balance test. The survey was performed by a nurse with five years of clinical
nursing experience. For data collection, each therapist from the two hospitals completed a
mobility test (FAC, K-BBS, TUG) and activities of the daily living test (K-MBI, 10 mWT).
The survey data collector visited the wards in two hospitals of two groups and conducted
a questionnaire individually. The post-test was conducted by the same therapists and data
collector as soon as the intervention was completed. The rehabilitation therapist and nurse
are blinded to participants.

2.6. Data Analysis

The collected data were analyzed using the SPSS version 25.0 program. First, the
demographic and disease-related characteristics of the patients were analyzed using fre-
quency/percentage and mean/standard deviation. The Shapiro-Wilk test was conducted
to test the normality of the study variables. A Chi-square test with Fisher’s exact test on
categorical variables or an independent t-test on continuous variables was conducted to test
homogeneity. Second, the effects of a gait robot-assisted rehabilitation on mobility test (FAC,
K-BBS, TUG), activities of the daily living test (K-MBI, 10 mWT), stroke self-efficacy, and
health-related QoL was analyzed using an independent t-test to compare statistical differ-
ences between the means of two groups and paired t-test to compare statistical differences
between two time points before and after completing the program.

3. Results
3.1. Homogeneity Test of Demographic and Disease-Related Characteristics of Participants

There were no significant differences in the demographic and disease-related char-
acteristics between the experimental group and the control group. The mean age of the
participants was 63.08 years, and half of the patients graduated from middle school or
lower. In addition, 76.7% of patients answered their subjective socioeconomic status as
moderate level. Over half of the patients diagnosed their stroke as cerebral hemorrhage;
the average K-MMSE and pain scores were 26.45 and NRS 2 points, respectively (Table 1).

3.2. Effects of Stroke Rehabilitation Using Gait Robot-Assisted Training and Person-Centered
Goal Setting

There were statistically significant differences between the groups in FAC (t = 2.89,
p = 0.005), K-BBS (t = 3.73, p < 0.001), TUG (t = −2.27, p = 0.027), K-MBI (t = 2.58, p = 0.012),
10 mWT (t = −2.10, p = 0.040), stroke self-efficacy (t = 2.23, p = 0.030), and health-related QoL
(t = 4.90, p < 0.001) (Table 2).
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Table 1. Homogeneity test of demographic and disease-related characteristics of the participants.

Characteristics Categories Total
(n = 60)

Exp
(n = 30)

Cont
(n = 30) X2 or t(p)

Gender Male 36 (60.0) 18 (60.0) 18 (60.0) 0.00 (1.000)
Female 24 (40.0) 12 (40.0) 12 (40.0)

Age(year) 63.08 ± 4.09 63.10 ± 4.34 63.07 ± 3.89 14.34 (0.350)

Education Elementary 13 (21.7) 5 (16.6) 8 (26.6) 2.38 (0.496)
Middle 18 (30.0) 8 (26.6) 10 (33.4)
High 17 (28.3) 11 (36.6) 6 (20.0)

College 12 (20.0) 6 (20.0) 6 (20.0)

Job status Yes 35 (58.3) 20 (66.6) 15 (25.0) 1.17 (0.190)
No 25 (41.7) 10 (33.4) 15 (25.0)

Marital status Married 56 (93.3) 27 (90.0) 29 (96.6) 1.98 (0.370)
Unmarried 4 (6.7) 3 (10.0) 1 (3.5)

Subjective SES High 8 (13.4) 3 (10.0) 5 (16.8) 2.67 (0.611)
Moderate 46 (76.7) 25 (83.4) 21 (70.0)

Low 6 (10.0) 2 (6.6) 4 (13.4)

Subtypeof stroke Hemorrhage 27 (45) 13 (43.4) 14 (46.6) 0.07 (0.795)
Infarction 33 (55) 17 (56.6) 16 (53.4)

K-MMSE 26.45 26.43 ± 1.98 26.47 ± 2.37 5.90 (0.435)

Operation Yes 8 (13.3) 4 (13.4) 4 (13.4) 0.00 (1.000)
history No 52 (86.7) 26 (86.6) 26 (86.6)

Underlying Yes 31 (51.7) 16 (53.2) 15 (50.0) 0.37 (0.947)
disease No 29 (48.3) 14 (46.6) 15 (50)

Medication Yes 49 (81.7) 24 (80.0) 25 (83.2) 0.34 (0.987)
No 11 (18.3) 6 (20.0) 5 (16.6)

NRS score 1.88 ± 0.02 1.86 ± 0.34 1.90 ± 0.31 0.21 (0.640)
Exp = experimental group; Cont = control group; SES = socioeconomic status; K-MMSE = Korean version Mini
Mental State Examination; NRS = numeric rating scale of pain.

Table 2. Effects of a gait robot-assisted rehabilitation using goal setting.

Variables
Groups Pre-Test Post-Test Effect by Point † Intergroup

Effect ‡

M ± SD M ± SD t(p) t(p)

Mobility

FAC
Exp 2.37 ± 0.72 3.13 ± 0.78 −7.399 (0.000) ** 2.89 (0.005) **

Cont 2.20 ± 0.55 2.73 ± 0.64 −5.113 (0.000) **

K-BBS
Exp 38.80 ± 5.94 46.03 ± 5.67 −13.197 (0.000) ** 3.73 (<0.001) **

Cont 37.37 ± 6.71 40.70 ± 5.39 −5.976 (0.000) **

TUG4
Exp 44.75 ± 23.90 33.41 ± 19.89 7.666 (0.000) ** −2.27 (0.027) *

Cont 44.03 ± 25.61 40.60 ± 26.44 4.857 (0.000) **

ADL

K-MBI
Exp 61.60 ± 15.75 73.67 ± 16.48 −8.073 (0.000) ** 2.58 (0.012) *

Cont 60.53 ± 11.72 69.00 ± 13.00 −7.429 (0.000) **

10 mWT
Exp 40.88 ± 23.11 31.42 ± 16.13 6.615 (0.000) ** −2.27 (0.040) *

Cont 41.01 ± 34.95 38.83 ± 24.38 3.296 (0.003) **

Stroke
self-efficacy

Exp 59.87 ± 17.33 74.50 ± 20.23 −10.327 (0.000) ** 2.23 (0.030) *

Cont 59.57 ± 17.11 63.87 ± 10.68 −4.552 (0.000) **

SF-12
Exp 75.02 ± 9.65 96.22 ± 10.68 −15.190 (0.000) ** 4.90 (<0.001) **

Cont 74.55 ± 10.51 83.07 ± 10.15 −6.641 (0.000) **

* p < 0.05; ** p < 0.01; † paired t-test; ‡ independent t-test; Exp = experimental group; Cont = control group;
FAC = Functional Ambulation Categories; K-BBS = Korean version of Berg Balance Scale; TUG = Timed Up and
Go test; ADL = Activity of Daily Living; K-MBI = Korean version of Modified Barthel Index; 10 mWT = 10 meter
Walking velocity Test.
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4. Discussion

This research provides meaningful findings that stroke rehabilitation using gait robot-
assisted training and person-centered goal setting effectively improves mobility, including
gait ability and balance, activities of daily living, stroke self-efficacy, and health-related
QoL in stroke patients with hemiplegia. Gait impairments negatively affect patients’
independent daily life [6], and long-term deterioration in daily activities causes adverse
effects on the QoL of stroke patients [10]. Because stroke patients should recover their
walking ability and mobility through continuous rehabilitation, person-centered goal
setting is essential for successful rehabilitation [16,17]. As a result, the development of post-
stroke rehabilitation using gait robot-assisted training and person-centered goal setting
could be necessary to rehabilitate stroke patients successfully.

The key findings in this study are that gait ability-related scores, including FAC,
10 mWT, TUG, and K-MBI, of the experimental group are significantly higher than those
of the control group. This is consistent with previous studies in which robot-assisted
training combined with conventional rehabilitation leads to greater improvement of gait
ability-related scores than conventional rehabilitation alone in stroke patients [28–31]. In
a systematic review of the effects of repetitive training in stroke patients, robot-assisted
training is effective for independent walking by repetitive, high-intensity gait therapy and
improves lower extremity muscle strength of the paralyzed leg [11,12]. In this study, the
experimental group received a combined intervention consisting of gait robot-assisted
training (30 min) and conventional rehabilitation (40 min) for a total of 70 min of reha-
bilitation a day for five days a week, whereas the control group received conventional
rehabilitation twice a day (total 70 min for five days a week). This finding suggests that
the task-oriented/repetitive robot-assisted rehabilitation and combined self-exercise for six
weeks effectively improve gait ability and mobility.

Another aspect, person-centered goal setting, may have influenced increased gait
ability-related scores by improving patient participation and lower adherence to rehabilita-
tion [18–20]. Several studies have demonstrated that person-centered goals have improved
patient engagement and daily life activities, ambulation, and mobility in the rehabilitation
process [18]. Our results fit with those of previous studies in that the gait ability-related
scores of the experimental group were significantly higher than the control group. One
plausible reason may be explained by shared goals in the rehabilitation process and cus-
tomized post-stroke rehabilitation, including robot assistance. For example, the participants
and research team actively engaged in the rehabilitation to set individual long-term goals
and self-reflected on their performance. Such activities have motivated the participants
and positively affected the program performance level, leading to improved gait ability
and activities of daily living.

The findings of this study indicate that the balance score has significantly improved
with a larger effect size in the experimental group than in the control group. However,
a previous study reported conflicting results concerning robot-assisted rehabilitation in
stroke patients [28]. Despite mixed findings on the balance function of robot-assisted
training, it is obvious that the robot-assisted system totally supports body weight-bearing
for patients with hemiplegia, which is beneficial for balance [31]. Body weight support
through exoskeletal robots could give an advantage to patients with walking impairments
by facilitating balance and gait recovery [31]. In addition, the experimental group received
combined self-exercise, including lower extremity strength exercises and balance exercises,
and an exercise log for self-monitoring their daily exercise was checked by the research team
every Saturday. These findings give meaningful information that combined self-exercise
and robot-assisted gait training might contribute to the improvement of balance in the
experimental group.

The stroke self-efficacy was significantly more improved in the experimental group
than in the control group. It is well-known that stroke self-efficacy is a predictor of func-
tional independence, quality of life, and successful self-management [26]. In particular,
a key area of post-stroke rehabilitation is patient-centered goals which are agreed upon
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between the patient and health professionals [19]. According to the self-efficacy theory,
individuals should believe they can perform specific skills in a specific situation to achieve
the desired goal [32]. The reason for their significant relationships is that the experimental
group had set their own goals and actively participated in the program by continuously re-
viewing their goal achievement. Additionally, the encouragement, support, and immediate
feedback from the researchers would have improved the motivation of the experimental
group, leading to the successful achievement of goals and improvement of self-efficacy.

It is noteworthy that the health-related QoL was significantly improved in the experi-
mental group compared to the control group. This agrees with previous studies regarding
the improvement in the QoL by robot-assisted ambulation treatment [33]. The health-
related QoL of stroke patients is related to the level of daily activities, functional movement,
pain, and vitality [10]. Both physical and psychosocial factors must be comprehensively
considered to improve health-related QoL [27]. Through face-to-face education in this
study, person-centered goal setting was provided, and short- and long-term goals were
reset for each participant after reviewing the individual’s goal achievement. Additionally,
the participants learned combined exercises, including lower limb strength and balance
exercises, that were performed independently. As a result, gait ability and activities of daily
living in the experimental group are improved, and improved gait-related abilities allow
functional movements, thereby increasing the QoL.

This study is meaningful as it is the first trial to identify the effects of stroke rehabilita-
tion using gait robot-assisted training and person-centered goal setting for patients with
hemiplegia. There are some limitations despite the significance of our study. First, since a
relatively homogeneous and small number of hospitalized stroke patients with hemiplegia
from two hospitals have participated in this study, the findings could not be generalized to
all hemiplegic stroke patients. Second, there is a threat to internal validity due to a lack of
randomization of participants into groups.

5. Conclusions

Our study has demonstrated that the experimental group receiving rehabilitation
using gait robot-assisted training and person-centered goal setting has shown significant
improvements in mobility tests (FAC, K-BBS, TUG), activities of the daily living test (K-MBI,
10 mWT), stroke self-efficacy, and health-related QoL compared to the control group. For
successful rehabilitation of stroke patients, person-centered goals and stroke self-efficacy
should be improved by setting realistic short- and long-term goals and a shared vision
of the rehabilitation process. This further improves rehabilitation motivation, leading to
improved health-related QoL and successful rehabilitation.

Based on the results of this study, there are some implications. First, future studies
must evaluate the effects of stroke rehabilitation using gait robot-assisted training and
person-centered goal setting from large- and small/medium-sized hospitals such as tertiary
and general hospitals. Second, randomization should be adopted for scientifically rigorous
trials. Third, when designing the intervention components, it should be tested whether
one specific intervention or combined intervention integrating two different strategies is
more effective.
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Abstract: (1) Background: The nursing of the elderly has received more and more attention, especially
the nursing of urination and defecation for the elderly. (2) Purpose: Design an excretion nursing
equipment that can accurately identify and deal with urine and stool. (3) Methods: In this paper,
based on the analysis of the requirements of excretion nursing equipment, a split mechanical design
method and a modular control method are used to design the equipment. The Dempster–Shafer
(D-S) evidence theory is used in the identification of urine and stool. (4) Results: The excretion
nursing equipment designed in this paper works well according to functional test, and the success
rate of stool and urine identification method using D-S evidence theory is 20% higher than that of
traditional methods, reaching 90%. (5) Conclusions: The urine and stool recognition and detection
algorithm based on the D-S evidence theory used in this paper can improve the recognition accuracy
of traditional detection methods, and the designed excretion nursing equipment can realize the
function of excretion care for patients.

Keywords: urination and defecation care; automation; multi-sensor fusion detection algorithm

1. Introduction

The rapid development of population aging has attracted the attention of the United
Nations and governments around the world. According to the survey, the global population
aged 60 and above in 2017 was 962 million. By 2050, the number of people in this age
group will be more than twice that of 2017, reaching 2.1 billion. By 2100, it will be more
than three times that of 2017, reaching 3.1 billion. China is one of the countries with the
fastest aging rate in the world. By the end of 2021, China’s elderly population aged 60
and above will reach 267 million, accounting for 18.9% of the total population. By 2035,
the elderly population aged 60 and above will exceed 400 million, accounting for more
than 30% of the total population, and will enter the stage of severe aging [1]. With the
growing trend of population aging, the nursing of the elderly has received more and more
attention. Due to the decline of physical function, the elderly is prone to various diseases,
including incontinence and other maladies that make them difficult to care for. Therefore,
intelligent excretion nursing equipment was developed. Compared with manual urination
and defecation care, the intelligent excretion nursing equipment can detect and collect
the user’s urine and stool in real time, and clean and dry the user’s excretion site, which
can solve the problems of the dirty and working environment of nursing workers when
nursing the defecation and urination of the elderly, awkward situations when the nurse’s
and patient’s genders are different, and invasion of patient privacy. The more established
urination and defecation care products on the market include the Smilet automatic excretion
treatment robot (Figure 1a) developed in Japan and the China Suzhou Illinois Nursing
Robot (Figure 1b). These two types of excretion nursing equipment, which are divided
into two parts, i.e., a work head and a host, realize the functions of detecting the user’s
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urine and stool, flushing them, and washing and drying the human skin [2]. However,
one problem of the current excretion nursing equipment is that the working head needs to
be matched with a special mattress, and the versatility is insufficient. In addition, Omni
Medical System has designed a pilot-specific urine collection device AMXDmax (Figure 1c).
Macaulay M. et al. designed and developed a portable female excretion nursing device
for convenient urine collection in order to solve the problems of difficult cleaning, heavy
weight, and unreliability of traditional female excretion nursing equipment [3].
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In addition to these products that have been on the market, scholars have also per-
formed a significant amount of related research on urination and defecation care. Since
most of the elderly users of urinary incontinence use disposable diapers to solve the prob-
lem of incontinence, and the amount of urine that the diapers can absorb is limited, when
the diapers absorb enough urine, the problem of overflow and leakage will occur. To this
end, B. Fernanders et al. designed an electronic system for urinary incontinence detection.
The sensor is sewn into the underwear to detect the overflow of urine on the urine pad and
send a signal to the wearer in time [4]. K. Nakajima et al. developed a urinary incontinence
warning system for diapers. The entire system is installed outside the diaper, which avoids
the cumbersome removal and installation of sensors during replacement. At the same time,
it detects the wearer’s urinary incontinence and reminds the wearer when incontinence
occurs [5]. A. Otero et al. designed an automatic urination recording device in order to help
the hospital monitor the user’s urine volume and detect the user’s treatment effect, which
avoids human errors during the operation and reduces the workload of nursing staff [6]. T.
Fujimoto et al. developed a new automatic excretion detection system using reflected light
sensor and impedance sensor, which can detect the excretion of the user automatically [7].

At present, most of the urinal nursing devices use the sensor to detect the urination
and defecation directly. This method determines the type of urination and defecation
according to the output data of the sensor directly, and the detection accuracy needs to be
improved. The multi-sensor fusion algorithm can perform multi-level fusion processing on
multiple different types of sensor data, so as to obtain more accurate detection results [8].
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Since the detection object of the excretion nursing equipment is the urine and stool excreted
by the user, the data fusion is carried out on the basis of the detection results of each sensor,
so the decision layer fusion method is used. The existing decision-level fusion algorithm
schemes include the Bayesian theory [9], Dempster–Shafer (D-S) evidence theory, expert
system method [10], fuzzy theory [11], and so on. However, due to the real-time changing
characteristics of the dynamic environment and the target, the difficulty in obtaining prior
knowledge, etc., the application environment of expert system method and fuzzy set
theory is relatively complex. Compared with the Bayesian theory, the D-S evidence theory
has strong applicability and wide application. Therefore, urination and defecation were
detected by the D-S evidence theory fusion method.

Dempster proposed the upper and lower multi-valued mapping criteria to lay the
foundation of D-S evidence theory [12], and then G. Shafer extended Dempster’s composi-
tion rule to more general cases through in-depth research, so that this theory can be applied
to a wider range of fields in [13]. After conducting in-depth research on the D-S evidence
theory proposed by G. Shafer, Chao Sun et al. proposed a MCDM weight method based
on probability distribution negation, which reduces the uncertainty of human subjective
factors [14]. Li proposed an improved D-S evidence theory based on orthogonal sum and
standard deviation to solve the D-S evidence theory conflict problem, and verified its effec-
tiveness [15]. Ma et al. proposed an improved evidence combination method by studying
the combination principle of D-S evidence theory, and verified its fusion performance and
reliability [16]. Based on the paradox problem of D-S evidence theory, Wang et al. proposed
an improved classifier decision fusion method based on the D-S evidence theory [17]. Kisku
D.R. et al. demonstrated the effectiveness of their new face recognition technology by
integrating global and local matching methods through the D-S evidence theory [18].

The innovations of this paper are as follows: Aiming at the problem of the large
working head and insufficient versatility of the existing excretion nursing equipment, the
working head of the excretion nursing equipment designed in this paper adopts a flat
design method, which can be used on an ordinary nursing bed. In order to improve the
accuracy of urine and stool detection, temperature and humidity sensors and ammonia
gas concentration sensors are used, and the D-S evidence theory algorithm is also used
to improve the accuracy of urine and stool detection. The rest of this paper is organized
as follows: Section 2 introduces the mechanical structure design of the excretion nursing
equipment. Section 3 introduces the detection method based on the D-S evidence theory.
Section 4 details an experimental study on the function of the excretion nursing equipment
and the detection method of the urine and stool. Section 5 contains the conclusions.

2. Materials and Methods

This section will introduce the device we designed in detail. According to the design
idea of the device, we will describe the mechanical system and control system in detail.
The mechanical system mainly adopts the split design; the whole device is divided into the
user directly wearing the working head and as the executive body of the host machine. The
control system will introduce the hardware system and the software system: the hardware
system mainly shows each module and the connection mode between modules, and the
software system mainly introduces the detailed work flow.

2.1. Mechanical System Design

Our previous study revealed that user comfort and safety should be mainly considered
when proposing a rehabilitation device [19]. The main target groups of the excretion nursing
equipment include disabled and semi-disabled elderly people, users with limited mobility,
elderly people who are bedridden for a long time, and people who are worried about
infection after surgery. In order to meet the nursing needs of these people, the main
functions of the excretion nursing equipment include: intelligent urine and stool detection
function, urine and stool flushing function, human body washing function, drying function
of human excretory sites, and overall deodorization of the urinal nursing equipment,
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disinfection function, and human–machine interaction function. The following will design
the nursing equipment from the mechanical system and the control system according to
the demand analysis. The overall structure of the excretion nursing equipment is shown in
Figure 2, and its mechanical structure is mainly divided into two parts: the working head
and the host.
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2.1.1. Working Head of the Excretion Nursing Equipment

As shown in Figure 3, the working head includes a toilet bowl, urine and stool
detection sensors, flushing water channels and nozzles, cleaning water channels and
nozzles, drying air channels and nozzles, sewage pipes, and externally wrapped soft glue
and other components. The working head toilet bowl is composed of the inner upper
wall, rear wall, side wall, and bottom of the working head. The bottom is designed in a
smooth arc shape, and maintains a 5◦ inclination angle with the horizontal plane, which
is responsible for collecting the urine and stool discharged by the user. The urine and
stool detection sensors use temperature, humidity sensors, and ammonia gas concentration
sensors, which are respectively installed on the back wall of the toilet bowl and at the
mouth of the sewage pipe. An angle sensor is installed behind the back wall of the toilet
bowl to detect the side angle of the patient. The flushing water channel, the cleaning water
channel and its nozzles are installed on the back wall of the bowl. The flushing nozzles
are of two different types: conical and rectangular. The rectangular nozzles are used to
flush small particles of stool and urine. The conical nozzles have high water pressure for
breaking up hard-to-flush stools. The drying air duct is installed above the back wall of
the toilet bucket, and a fan and a heater are also installed behind the air duct. The sewage
pipeline is connected with the back wall of the toilet bowl, and is used to discharge the
urine and stool collected by the toilet bowl into the dirt bucket. The soft rubber is wrapped
on the convex groove on the outside of the toilet bowl to reduce the contact force between
the human body and the hard shell of the working head.

2.1.2. Host Machine of the Excretion Nursing Equipment

The host machine is the executive body of the excretion nursing equipment. The host
machine is installed with the executive components and main controller of the nursing
device, which is mainly responsible for the recovery of dirt, water purification, water
purification, heating, negative pressure suction, negative ion deodorization, central control,
and other main functions. The internal structure of the host machine is shown in Figure 4,
including water purification pumps, ultraviolet sterilizers, vacuum pumps, water purifica-
tion buckets, sewage buckets, cleaning boxes, solenoid valves, and other components. The
water purification pump is installed at the bottom of the host machine, and is connected
with the water purification bucket and the ultraviolet sterilizer through the water pipe, and
the purified water is pumped out from the purification bucket and sent to the ultraviolet
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sterilizer for disinfection. The ultraviolet sterilizer is installed on the inner rear wall of the
host, and is connected to the water purification pump and the pipeline nozzle through the
water pipe. The vacuum pump and the dirt bucket are installed on the side of the clean
water pump. The dirt bucket is connected to the vacuum pump, the cleaning box, and the
sewage pipeline through the conduit. The dirt bucket stores the collected urine and dirty
water. The vacuum pump is responsible for pumping negative pressure in the dirt bucket,
and sucking urine and stool from the working head toilet into the dirt bucket through the
sewage pipeline. The cleaning box is installed on the bottom side of the host machine,
and the inside of the box is equipped with deodorizing activated carbon. The activated
carbon is connected to the pipeline of the dirt bucket and is responsible for absorbing odor.
The four-way solenoid valve is installed on the clapboard and is responsible for the on-off
control of the water circuit. It is divided into four channels, namely the flushing the urine
water channel, flushing the stool water channel, cleaning the urine excretion part water
channel, and cleaning the stool excretion part water channel. The connection of compo-
nents is shown in Figure 5. When performing different functions, open the corresponding
solenoid valve to work. In order to avoid noise pollution caused by the operation of the
internal components of the host, a layer of sound insulation sponge is laid in the shell of the
host machine to absorb noise and reduce the impact of noise on the external environment.
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Through the design of the mechanical structure of the excretion nursing equipment in
this section, an experimental prototype has been made. Figure 6 is a physical diagram of
the prototype.
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2.2. Control System Design

The control system design is divided into two parts: hardware design and software
design. The hardware design of the control system is analyzed from the aspects of compo-
nent selection and function realization. The software design is analyzed from the operation
process and function realization of the whole equipment.

2.2.1. Control System Hardware Design

The hardware of the excretion nursing equipment control system is mainly divided
into the MCU central control module, intelligent detection module, flushing and cleaning
control module, drying control module, and other parts.

The MCU central control module uses the Stm32F4 chip as the main control core.
Stm32F4 has a powerful peripheral interface, and the chip’s operating frequency can reach
up to 168 Mhz, which can process the collected data information at a high speed, which
satisfies the fast information collection and processing requirements of the experiments in
this paper.

The intelligent detection module uses the temperature and humidity sensor and the
ammonia gas concentration sensor as the main detection units. After the temperature
and humidity sensor and the ammonia gas concentration sensor detect the change data,
they are sent to the main control MCU to identify urine and stool by algorithms. The
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temperature and humidity sensor adopts DHT22. The humidity range that can be detected
is 0–99.9%RH, the accuracy is ±2%RH, and the temperature range that can be detected is
−40 ◦C–80 ◦C. The accuracy is±0.5% ◦C. The ammonia gas sensor adopts the MEMS series
GM-802B ammonia gas sensor, which can detect the concentration range from 1 ppm to
300 ppm (NH3). These sensor combinations can detect changes in temperature, humidity,
and ammonia concentration caused by the user’s urination and defecation. The angle
sensor is used to detect the patient’s sideways angle θ. The MPU6050 angle sensor is
selected, and its detection angle range is ±180◦ for the X and Z axes, and ±90◦ for the Y
axis. When the patient’s side angle is not in the range of −30◦–30◦, the sensor will send
a detection signal to the main controller of the host, and the main controller will give an
alarm to ensure the normal operation of the excretion nursing device.

The flushing and cleaning control module uses a 24 V diaphragm pump to extract
clean water from the clean water bucket for flushing, cleans the waterway, and uses an
ultraviolet sterilizer with an efficiency of 0.2 T/H to sterilize the clean water. At the same
time, the module sends a level signal through the MCU to control the 24 V normally closed
solenoid valve is switched on and off, and then the flushing and cleaning water circuits are
controlled on and off, and the vacuum pump with a vacuum degree of 11,000 pa is used
to pump the dirt into the dirt bucket. The water temperature in the clean water bucket is
controlled by the thermostat and the heating rod to control the temperature in the bucket to
the set appropriate temperature. Capacitive non-contact liquid level sensors are installed
in the clean water bucket and the dirt bucket to detect the liquid level. When it is detected
that the liquid level of the clean water tank is lower than the threshold or the liquid level
of the dirt tank is higher than the threshold, it will send an electrical signal to the MCU.
After the MCU receives the corresponding sensor signal, it will control the corresponding
buzzer to alarm, reminding the nursing staff that they need to add clean water or replace
the sewage bucket.

The drying control module uses a 24 V, 300 W PTC ceramic heating element to heat the
air, and a 13,500 r/min motor as the drying fan. The MCU sends a level signal to control
the on-off of the relay, so as to control the heating element and the motor. The human body
is dried in the toilet bowl of the working head. The connection diagram between each
module is shown in Figure 7.
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2.2.2. Control System Software Design

After the excretion nursing equipment is powered on, the central control module
receives the data detected by the temperature, humidity, and ammonia gas concentration
sensors, and then judges the type of the patient’s urination and defecation. After identifying
the excretion type, the MCU will send an instruction to start the flushing process, and the
urination and defecation are rushed from the toilet bowl to the dirt bucket. The detailed
workflow is shown in Figure 8a. When the identification signal shows that the patient is
expelling stool, the MCU will send a flushing command, which will open the solenoid
valves for flushing the stool water circuit and the urine water circuit, and control the
water pump to flush the inner toilet bowl of the working head (the flushing stool water
circuit is used to flush large particles of dirt, and the flushing urine water circuit is used
to flush the broken particle dirt). After the pump works for 5 s, the vacuum pump is
controlled to start working at the same time, and the dirt and sewage on the working head
are sucked into the dirt bucket by negative pressure. After the vacuum pump and the
water pump work together for 5 s, the water pump stops working and closes the solenoid
valves of the two water circuits. The vacuum pump continues to work for 8 s and then
stops. When the identification signal shows that the patient excreted urine, a time delay of
10 s is performed to further detect and determine whether the patient excretes stool. After
the patient defecates, the MCU sends a flushing command, opens the solenoid valve for
flushing the urine water circuit, and controls the water pump to start flushing the bowl for
5 s. After that, the vacuum pump is controlled to work for 10 s to suck away the remaining
sewage in the toilet bowl. Compared with flushing urine, the water pressure to flush
the stool will be larger, which is convenient for breaking the stool, making flushing more
convenient and further improving the cleanliness of flushing. The working time of the
water pump and vacuum pump in the entire detection and flushing process are obtained
by multiple experiments.

After finishing the rinsing work, the excretion nursing equipment starts the cleaning
and drying process, that is, the process of cleaning the excretory site with heated clean
water and drying it with hot air. The operation process is shown in Figure 7b. The washing
and drying process is also designed with two different processing modes for stool and
urine. When the equipment detects that the patient has discharged the feces, it will wait for
the washing to end, then open the solenoid valves for cleaning the stool and cleaning the
urine, respectively, start the water pump to flush the patient’s urine and stool discharge
port, and start the vacuum pump to suck the cleaned sewage into the sewage bucket. After
the equipment works for 15 s, the solenoid valve and vacuum pump of the two cleaning
water circuits is stopped and closed. After cleaning, the controller controls the fan and
the heater to start working. The fan blows through the heater and sends the hot air into
the working head. After 8 min, the heater stops working, and the fan stops working after
2 min, after which the drying process ends. When the equipment detects that the patient
has discharged urine, the solenoid valve of the cleaning water channel for flushing the
urine discharge site of human will be opened after the flushing process. The drying process
for stool and urine works the same way.

Although the process of excretion nursing is complicated, for the healthcare profes-
sional, it is only necessary to ensure that the user has finished, and then operate the button
on the host machine. The working condition information of the device can be displayed to
the healthcare professional by the display screen. The healthcare professional only needs to
check whether the equipment is working normally. If there are abnormal conditions, such
as low water level in the bucket, the abnormal conditions can be removed according to the
operation manual.

80



Healthcare 2023, 11, 388Healthcare 2023, 11, 388 9 of 17 
 

 

 
(a) (b) 

Figure 8. Flowchart of control system of excretion nursing equipment. (a) Test flush process; (b) 
Cleaning and drying process. 

After finishing the rinsing work, the excretion nursing equipment starts the cleaning 
and drying process, that is, the process of cleaning the excretory site with heated clean 
water and drying it with hot air. The operation process is shown in Figure 7b. The washing 
and drying process is also designed with two different processing modes for stool and 
urine. When the equipment detects that the patient has discharged the feces, it will wait 
for the washing to end, then open the solenoid valves for cleaning the stool and cleaning 

Start

Whether the 
bowel movement

The pump 
started to 
flush the 
bucket

Whether it's 
stool or not

The pump 
started to 
flush the 
bucket

Pump work 
5s, vacuum 
pump start 

work

Pump work 
5s, vacuum 
pump start 

work

Flush water 
two solenoid 
valve open

Water urine 
flushing 

solenoid valve 
opens

Vacuum 
pump and 

water pump 
work together 

for 5s

The pump 
stops working 

and the 
solenoid valve 

closes

The water 
pump stops 
working and 

the two 
solenoid 

valves are 
closed

The vacuum 
pump stops 

working after 
8s

Ｙ

Ｎ

Ｎ

The vacuum 
pump stops 

working after 
8s

End

Ｙ

Start

Whether it's 
stool or not

Clean water 
two solenoid 
valve open

The solenoid 
valve for 

cleaning the 
waterway 
flushing 

private part is 
opened

End

Y
N

The pump 
works, 

flushing the 
private parts 
and buttocks

The pump 
works, 

flushing the 
private parts of 

the bodyThe vacuum 
pump and 

water pump 
work for 15 
seconds and 

stop, and 
close the 

solenoid valve

After the 
vacuum pump 

and water 
pump work for 
9 seconds, stop 
and close the 

solenoid valve

The fan and 
heater work for 
3min, and the 
heater stops 

working

The fan and 
heater work 

for 5min, and 
the heater 

stops working

The fan stops 
after working 

for 1min

The fan stops 
after working 

for 1min

Figure 8. Flowchart of control system of excretion nursing equipment. (a) Test flush process; (b)
Cleaning and drying process.

2.3. Automatic Detection of Urine and Stool Based on Multi-Sensor Fusion

Due to the performance of the sensor itself and the influence of the environment, there
will be a certain deviation in the data information obtained by the sensor. When errors
occur, the target cannot be identified effectively to obtain results [20]. Therefore, when the
sensor is used for direct detection in the nursing device, it is unable to accurately detect
whether the user excretes stool or urine. In order to solve this problem, this paper puts the
detection results of the temperature and humidity sensor and the ammonia gas sensor into
the D-S evidence theoretical model for fusion processing to obtain the final detection result,
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so as to improve the detection accuracy. As a multi-information source fusion rule, this
algorithm can process multiple independent information to obtain the confidence of the
proposition, and obtain the accuracy or uncertainty of the final proposition result through
comprehensive analysis of the confidence [21,22].

The D-S evidence theory fusion steps are mainly divided into four steps: sensor data
collection, data feature extraction, data fusion, and result confirmation [23]. The specific
flowchart of the application of D-S evidence theory in this paper is shown in Figure 9.
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As mentioned above, this paper uses three kinds of sensors for detection, which defines
three types of information source subjects in the D-S evidence theory model. According
to the general experience of D-S evidence theory, in order to make the fusion result more
favorable for analysis, it is often necessary to perform multiple fusions, which is called
multiple fusion cycles. Multiple fusion cycles do not change the results, but only polarize
the probability assignment and make the results more salient. In this study, there are
three fusion cycles according to the above-mentioned experience, that is, when each sensor
collects data for detection, it collects data at nearby moments twice, so that three sets of
complete experimental data are finally obtained. Since there are only four final detection
results, namely urine (event A), stool (event B), urine and stool (event C), and no detection
(event D), the sample space can be determined. Next, multiple sensors collect data, and
integrate these data for preprocessing. During the collection, the average value of multiple
groups of data is taken, and the obviously unreasonable data are eliminated. The next
step is to perform feature extraction on the sorted data, and extract the representative
information in the data that can characterize the results. Then, using the data fusion rule of
the D-S evidence theory, each cycle is first fused, and finally, the three sets of fusion results
are fused, after which the target result is obtained.

According to the above process description, in order to use the D-S evidence theory
fusion rule for modeling, it is necessary to preprocess the data obtained by three sensors.
First, a large amount of data from three sensors for four possible situations are collected,
and four sample spaces are constructed using the data; the data range of the four situations
are obtained through analysis as the basis for judging the results (the specific operations
are shown in the experiment section). Next, the ratio of the experimental data obtained

82



Healthcare 2023, 11, 388

by each sensor in the actual detection and the judgment basis of the result is taken as the
probability of the occurrence of the corresponding event. From this, the basic probability
distribution function of urine (event A), stool (event B), urine and stool (event C), and
no detection (event D) detected by the temperature sensor is M1(A), M1(B), M1(C), and
M1(D), respectively. The basic probability distribution functions of the humidity and
ammonia concentration sensors are M2(A), M2(B), M2(C), and M2(D), and M3(A), M3(B),
M3(C), and M3(D), respectively.

Then, the D-S evidence theory data fusion formula is used to fuse the characteristic
result data. The composite result of two subjects for event A is equal to the ratio of the sum
of the product of the probability distribution function values of all events intersecting as A
in the data sample space of the two subjects to the normalization coefficient. Taking the
result data fusion of temperature sensor and humidity sensor for event A as an example,
the synthesis formula is shown in Equation (1):

(M1 ⊕M2)(A) =
1
K ∑

A∩C=A
M1(A) ∗M2(C) (1)

The orthogonal symbol “⊕” on the left of the equal sign represents the data fusion
between different subjects for an event in the sample space, which is the fusion result of
the temperature and humidity sensors for urine (event A). The right side of the equal sign
is the ratio of the sum of the product of the probability distribution function values of all
events intersecting A to the normalized coefficient K. Similarly, the fusion formula (2) for
event B is:

(M1 ⊕M2)(B) =
1
K ∑

B∩C=B
M1(B) ∗M2(C) (2)

In the above two equations, K is the normalization coefficient. Taking the result data
fusion of temperature sensor and humidity sensor for event a as an example, the calculation
method of K is shown in formula (3):

K = 1− ∑
A∩C=∅

M1(A) ∗M2(C) = ∑
A∩C 6=∅

M1(A) ∗M2(C) (3)

The normalized coefficient K can be understood as the sum of the product of all proba-
bility distribution function values whose intersection is not a null set in the sample space
of the temperature and humidity sensors. In this study, it is the sum of M1(A) ∗M2(A),
M1(A) ∗M2(C), M1(B) ∗M2(B), M1(C) ∗M2(C), M1(C) ∗M2(B), M1(C) ∗M2(C), and
M1(D) ∗M2(D).

After the fusion is completed according to formula (1), the fusion result in one cycle
can be obtained by fusing the result with the ammonia sensor, that is, a probability matrix
of four events. Then, repeat the above steps until the fusion result in three cycles is obtained.
Finally, the three results are fused to the final probability matrix, in which the event with
the highest probability is the result event.

3. Results

In order to fully verify the feasibility of our equipment, the experiment will be divided
into two parts: a detection experiment and a functional experiment. The former is mainly
to verify whether the D-S evidence theory can improve the accuracy of stool and urine
detection, and the latter is mainly to verify whether the function of our device can be
realized.

3.1. Detection Experiments

In order to obtain the judgment basis of the results, firstly, the sensor is used to detect
and identify the user’s urine and stool directly. In this paper, a 10-day experiment was
conducted. According to the four experimental results, a total of 800 datapoints from three
sensors were collected and divided into four groups (urine group, stool group, urine and
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stool group, and no detection group) to establish a sample space. Since the data will be
collected multiple times in a short period of time, the data with significant fluctuations
are excluded and the average value is taken as one data; all data have been processed
similarly. Next, the multi-group averages of the target samples in the data space are used
for analysis [24], and the humidity data of all samples in the four sample spaces for 10 days
are obtained, as shown in Figure 10a. Figure 10b displays the temperature data. Figure 10c
is all the ammonia concentration data in the four sample spaces for 10 days (under normal
circumstances, the ammonia concentration is 0, which coincides with the x-axis).
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Through the data collected from the detection target, the value range of the target urine
and stool is determined. According to the data obtained from multiple sets of experimental
data, it can be seen that the temperature and humidity values detected in the urine are
relatively high, and the ammonia concentration in the stool is maintained at around 1 ppm.
The humidity of stool and urine is between urine only and stool only, and the ammonia
concentration in the blank condition is 0. Based on this, a set of measurement standards is
formulated as the detection basis for identifying the occurrence of urination and defecation,
as shown in Table 1 (with the indoor temperature and humidity as the reference point,
set temperature as x◦, humidity as y RH%, and ammonia concentration as z PPM). The
temperature range of stool is 0.5◦–2◦ higher than room temperature, the range of urine is
more than 1.8◦ higher than room temperature, and the range of stool and urine is 0◦–1◦.
The test result with a temperature value of 0◦–1◦ higher than room temperature is defined
as urine and stool. If the humidity value is 5%–12% higher than the indoor humidity, the
test result is defined as stool, the humidity value is higher than 20% above the indoor
humidity, the test result is defined as urine, and the humidity value is 12%–20% higher
than the indoor humidity, while the test result is defined as urine and stool. When the
ammonia concentration value is 1 ppm–2 ppm higher than the ammonia concentration in
the air, the test result may be stool or stool and urine. The ammonia concentration value is
more than 2 ppm higher than the ammonia concentration in the air, and the test result is
defined as urine.

Table 1. Basis for testing urine and stool.

Stool Urine Stool and Urine No Detection

Temperature (◦C) 0.5 < x < 2 1.8 < x 0 < x < 1 0
Humidity (RH%) 5 < y < 12 20 < y 12 < y < 20 0

Ammonia concentration (ppm) 1 < z < 2 z > 2 1 < z < 2 0

Ten groups of detection data are selected randomly from three sensors and put into
the sample space, and the urine and stool are identified directly using the sensor data.
Experimental results show that the probability of correctly identifying the urine and urine
is 70.83%, and there is a situation that the urine and stool are not clearly identified, which
will make the nursing equipment have problems in the subsequent washing, cleaning, and
drying operations. After the pretreatment of 10 groups of experimental data as described
above, the D-S evidence theory is introduced. According to the data fusion process of the
D-S evidence theory in Section 2, data fusion decisions are made for temperature, humidity,
and ammonia concentration data.

According to the results obtained in Table 2, using the statistical method of Paired χ2

Test for verification. The χ2 was calculated and p < 0.05 was obtained according to the χ2

value, which proved that the results were statistically significant. At the level of α = 0.05, it
was considered that the accuracy of the two methods was different, and the accuracy of the
method adopted in this paper reached 90%, which was significantly higher than that of the
traditional method.

3.2. Function Test

Experiments were also performed to test the overall function of the excretion nursing
equipment. The results show that the nursing equipment can achieve the functions of
flushing the dirt in the toilet bowl and washing and drying the human body, and it can
satisfy the needs of helping patients to achieve self-care. At the same time, the designed
excretion nursing equipment also realizes the function of detecting the patient’s sideways
angle and reminding the patient to restore their posture. The liquid level of the water
bucket and the dirt bucket can be detected, and when the liquid level of the clean water
bucket is lower than the threshold or the liquid level of the dirt bucket is higher than the
threshold, the alarm reminder function is performed.
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Table 2. D-S evidence theory data fusion table.

Num Humidity (rh%) Temperature
(◦C)

Ammonia
Concentration (ppm) Result

1 65.9 20.6 3.0 [Stool and urine]

2 80.4 19.7 1.0 [Stool]

3 63.7 21.1 0.0 [Stool]

4 67.0 17.9 7.0 [urine] (error)

5 55.4 19.2 2.0 [urine]

6 76.0 23.4 2.0 [urine]

7 42.0 19.7 3.0 [Stool]

8 43.3 19.8 8.0 [urine]

9 22.9 15.1 0.0 [no detection]

10 52.8 19.6 5.0 [urine]

3.3. Safety Instructions

As a device to be introduced in the health field, safety issues cannot be ignored.
According to the provisions of anti-electric shock and other dangerous situations in Part I:
General Safety Requirements of “Medical Electrical Equipment”, the accessible parts of our
equipment are insulating materials. In the host part, according to “Shell Protection Level
(IP Code)”, the host machine shell of our device has reached IP44 level, which has good
protection level for solid liquid. As the working head is directly in contact with human
skin, we choose medical soft glue as the material to wrap on the raised groove outside the
toilet bowl, according to the biocompatibility requirement of the “Biological Evaluation of
Medical Devices”, which states that the skin irritation should not be higher than very slight
irritation, so as to improve the use experience as much as possible without causing damage
to the user’s skin.

4. Discussion

Many scholars have done a lot of theoretical research on the problem of excretion
nursing, but lack of device to apply these theories. At present, the relatively mature
products include the Smilet sleeping automatic excretion treatment robot developed in
Japan (Figure 1a) and the product of the Illinois nursing robot in Suzhou, China (Figure 1b).
These two types of equipment are also of split design, and are structurally divided into
two parts: working head and host machine. It also has the functions of detection, washing,
cleaning, and drying. However, they used a single sensor detection method, which directly
based on the amount of ammonia as the basis for determining urine and stool, and had a
low success rate. In terms of the setting of the working process, the two types of devices
are not equipped with the liquid level alarm system of the water purification bucket and
the dirt bucket, but rely on manual inspection, which may cause inconvenience in the use
of the equipment.

From the experimental results, the design of this paper has achieved a good effect,
but this study still has some shortcomings: first, there are few subjects, and there might
be significant differences in the data related to urine and stool of different subjects, which
makes the test results not general, and it is impossible to identify the urine and stool of most
users accurately. Not only that, the subjects’ daily different diets will also have an impact
on urine and stool, which will further cause confusion. In the later stage of the experiment,
it is also necessary to improve the detection equipment and classify and recognize the
errors. At the same time, it is necessary to expand the sample size to establish a large
database, and neural network technology can be used for integrated analysis to improve
the recognition accuracy. In terms of function, the device still has room to be optimized
for incontinent users, because wearing the device for a long time will affect the skin of
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patient’s private parts; thus, the nursing staff should be mindful to temporarily remove the
device after completing a cleaning or wearing it for a certain time.

As a matter of fact, the D-S evidence theory we used can also be applied to other
medical problems, such as medical diagnosis. In the future, we will continue to upgrade
the equipment and expand the scope of applications, such as home daily care and so on.

5. Conclusions

This study designed an excretion nursing equipment that uses temperature, humidity,
an ammonia concentration sensor, and the D-S evidence theory to detect and identify
patients’ urine and stool. It has the function of detecting and identifying patients’ urine
and stool, washing, cleaning, and drying the user’s skin, and can help the disabled and
semi-disabled elderly, as well as bedridden patients with poor mobility to realize self-care
of urine and stool. Based on the detection and function experiments results, the urine and
stool recognition and detection algorithm based on the D-S evidence theory used in this
paper can obtain a better recognition accuracy than the traditional detection methods, and
the excretion nursing equipment can realize the function of excretion care for patients.
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Abstract: As the COVID-19 pandemic progressed, the resulting demand for telemedicine services
increased. This research empirically examines the role of trust, privacy concerns, and perceived
usefulness in customer confirmation, satisfaction, and continuing intention in telemedicine. A ty-
pology of trust was employed to classify trust into three dimensions and explore the mediating role
of the three dimensions of trust in the relationship between satisfaction, perceived usefulness, and
continued intention. We also examined the moderating role of personal privacy concerns in the rela-
tionship between trust and continued intention. For this study, we developed a structural equation
model based on expectation confirmation theory and analyzed 465 questionnaires from Chinese
online users. The expectancy confirmation theory (ECT) was reaffirmed by empirical evidence. The
results showed that the relationship between perceived usefulness and satisfaction with continued
intention is moderated by the three dimensions of trust. Privacy concerns can negatively moderate
the relationship between structural assurance-based trust and continued intention. This study also
identified potential threats to telehealth market growth alongside new insights.

Keywords: telemedicine; expectation confirmation theory; trust typology theory; personal privacy
concerns

1. Introduction

COVID-19 represents a major social concern, with increasing numbers of people
fearing infection when receiving offline healthcare services, complicating public health
governance [1,2]. Telemedicine is increasingly seen as an effective tool to help alleviate this
problem [3]. Along with the growing demand for digital healthcare services based on no-
contact services, mobile, and easy-to-use individual medical devices and application-based
services are on the rise [4,5]. The global telehealth services market was projected to grow
significantly from $49.9 billion in 2019 to $459.8 billion in 2030 [6]. In China, telemedicine
usage has essentially doubled since 2019, already reaching 47% usage by the end of 2021 [7].
These investments have led to the creation of Pingan Health, Hao Doctor, DingXiang Doctor,
ChunYu Doctor, and many other famous applications of telemedicine services [1].

Telemedicine refers to healthcare services that use Internet technology, including
connected devices such as computers and mobile phones and platform technologies such as
websites and applications [8,9]. By integrating advanced technologies such as IoT, AI, and Big
Data with medical technologies, the use of various IT digital devices can facilitate telemedicine
services [10]. While researchers have increasingly focused on telemedicine [1,11–14], critical
aspects such as privacy, data security, and trust remain unexplored [15–18].

The development of a climate of trust is considered to be an essential task in the
field of telemedicine services [11]. Some previous studies have considered trust from two
perspectives: confidence in the foreseeability of one’s expectations and confidence in the
goodwill of others to maintain their commitments [19,20]. From an exchange perspective,
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trust can be built when one party believes in the exchange partner’s reliability and integrity;
additionally, trust is complex and should be studied from a multidimensional perspec-
tive [21]. Recent literature typically views trust as a one-dimensional concept, failing to
specify the unique impact of each type of trust on loyalty behavior [11,22]. It is unclear
which types of trust [18,23,24] are most important for customer repurchase intention.

In addition to trust, important factors related to telemedicine processes in the context
of IoT adoption include privacy concerns, security concerns, and regulatory issues [25,26].
IoT can be used to collect and process large amounts of telehealth data, but a lack of privacy
and confidentiality may prevent users from sharing their data [27]. Concerns about online
privacy have grown exponentially due to sweeping changes in the collection, storage,
mining, and marketing of consumer data [28–30]. Therefore, the study of privacy concerns
in relation to perceptions of data misuse is critical to an understanding of user behavior.

By analyzing these previous studies, we identified the following gaps: (1) There is no
multidimensional perspective of trust available to explore why customers continue to use
telemedicine; (2) There is no research on privacy issues related to perceived data misuse in
telemedicine, which uses IoT as its technical context. To address this problem, in this study,
we followed a modified expectation confirmation theory (ECT) [31,32] and employed the
typology of trust developed in McKnight [33], which distinguishes between structural
assurance-based trust, platform-based trust, and physician-based trust in telemedicine and
can determine the relative impact of each category on the relationship of perceived useful-
ness, satisfaction, and continuance intention [34,35]. We also investigated the moderating
effect of privacy issues on the relationship between trust and continuance intention.

The purpose of this study can be summarized as follows: First, to empirically validate
the effectiveness of the expectation confirmation theory (ECT) in the process of telemedicine
services. Second, to extend trust into three dimensions with the aim of elucidating how
these dimensions affect behavioral intention to consistently use telemedicine services. Third,
to investigate the moderating role of privacy protection during telemedicine services.

2. Theoretical Background and Hypothesis Development
2.1. Expectation Confirmation Theory

Expectation confirmation theory (ECT) is often used to identify the relationship be-
tween customer confirmation, satisfaction, and intention to continue in the marketing
field [32]. However, Bhattacherjee extended ECT to the field of information management
by arguing that whether users continue to use an information system is a decision similar
to the decision-making behavior associated with consumer repurchasing and, therefore,
proposed an information system continuity model [31]. ECT can be used to explore the
intention to continue using information technology from a utility perspective such as
perceived usefulness [31,36,37].

ECT suggests that a positive (negative) confirmation of a product’s performance
in line with expectations leads to satisfaction (dissatisfaction), and thus, to the (lack of)
intention to continue purchasing [31,32]. Previous research applying ECT has shown that
user satisfaction is influenced by perceived usefulness and confirmation and that user
satisfaction can lead to continuous intention [34,38]. If the expectation of a user to use a
telemedicine service is confirmed and a perception of perceived usefulness is created, these
factors are likely to satisfy the user and create an intention to continue to use the service.
In other words, users will be satisfied and continue to use telemedicine services if they
perceive usefulness in the performance of those services, which is in line with the existing
literature. Therefore, the following hypotheses are proposed:

H1a. User confirmation has a positive impact on user-perceived usefulness.

H1b. User confirmation has a positive impact on user satisfaction.

H2a. User-perceived usefulness has a positive impact on user satisfaction.

H2b. User-perceived usefulness has a positive impact on telemedicine continuance intention.
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H3. User satisfaction has a positive impact on telemedicine continuance intention.

2.2. Typology of Trust

Trust is involved in every transaction on an Internet platform [39,40], and this factor
is relevant to both platform-based trust and service-provider-based trust [41]. The multi-
dimensional and multi-functional nature of trust is a very complex issue [42]. The an-
tecedents of trust have been identified as knowledge-based, institutional (structural assur-
ance and situational norms), calculative, cognitive (illusion of control), and personal [43].
Trust based on institutions refers to an individual’s overall perception of the transaction
environment, including the institutional environment, in which there are structural assur-
ances of trust on the Internet and regulatory environment, and the trust in specific online
vendors in which there is platform-based trust [41,44,45]. Researchers have argued that
the components of personality-based trust are largely dependent on the personal attitudes,
trustworthiness, self-image, and influence of people in society [44,46]. Structural assurance-
based trust applies to trust in institutional frameworks, including laws and regulations,
rather than trust in the transaction itself [44,45]. Platform-based trust is the perception of a
consumer towards a particular application or Internet-based platform in terms of the extent
to which that technology is trustworthy, while personality-based trust is defined as trust in
individuals, such as Airbnb hosts and DiDi drivers [41,44].

Consumer trust needs to be built both before and after the purchase experience [47,48].
Comparatively, pre-trust has a pivotal role in the initial engagement of the consumer [49,50],
while post-trust, which is based on the consumer experience, has a more significant influ-
ence in repurchase intention [51,52]. Satisfaction based on a transaction increases trust in
the structure and service of the provider’s platform [41]. For example, as the driver is the
direct service provider during the car-riding process, passenger satisfaction affects the trust
of the driver [44]. Thus, the satisfaction and perceived usefulness of telemedicine affect the
trust of the structure, platform, and physician. Therefore, if users develop a perception of
usefulness by using telemedicine services to their satisfaction, this perception may increase
not only their trust in cybersecurity, but also their trust in the platform and the physician as
the direct service provider. Therefore, the following hypotheses are proposed:

H4a. User-perceived usefulness has a positive impact on structural assurance-based user trust.

H4b. User-perceived usefulness has a positive impact on platform-based user trust.

H4c. User-perceived usefulness has a positive impact on physician-based user trust.

H5a. User satisfaction has a positive impact on structural assurance-based user trust.

H5b. User satisfaction has a positive impact on platform-based user trust.

H5c. User satisfaction has a positive impact on physician-based user trust.

To investigate the antecedents and impact of trust on (re)purchase intentions, numer-
ous empirical studies have been conducted [41,44,53–55]. Repurchase intentions increase
based on trust in structural guarantees and service provider platforms, which has also
been shown to increase based on trust in Airbnb hosts and DiDi drivers [41,44]. Thus, in
the telemedicine process, increased trust in structural assurance and the service provider
platform increases continuance intention, as does increased trust in the physician. In other
words, user confidence in structural guarantees can significantly alleviate user concerns
about uncertainty in the online environment, as well as increase trust in online platforms
and trust in physicians, all of which can positively impact user persistence. Therefore, the
following hypotheses are proposed:

H6a. Structural assurance-based user trust has a positive impact on telemedicine continuance
intention.

H6b. Platform-based user trust has a positive impact on telemedicine continuance intention.

H6c. Physician-based user trust has a positive impact on telemedicine continuance intention.
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2.3. Personal Privacy Concerns

Privacy concerns have been identified as an important antecedent of online behavior,
with consumers expressing strong control and protection needs [56]. Using the Internet
for transactions often requires the disclosure of large amounts of personal information,
whether for business purposes (e.g., credit card data and shipping information) or e-
commerce requirements [57]. Routine Internet activities have been shown to correlate with
an increased incidence of Internet fraud, and falling victim to Internet fraud is associated
with increased online privacy concerns [58].

By modeling privacy concerns as a precursor to trust, a negative correlation between
trust and privacy concerns in online transactions has been demonstrated by numerous
empirical studies [59–62]. Compared to the risk of actual financial losses due to losses of
private data, the perceived risk of losing personal privacy itself is sufficient to negatively
affect the intention to perform [63]. In addition, potential moderators of the negative
effects of privacy concerns on behavioral intentions in the context of personalized online
interactions have previously been examined [64]. When using telemedicine services in the
context of Internet technology, users must trust in the structural guarantees and platforms
to ensure the security of their private information and also trust that doctors will not
disclose patient information. This means that users will be more likely to rely on structural
assurance-based trust, platform-based trust, and physician-based trust to ensure privacy
and security when using telemedicine in order to eliminate personal privacy concerns.
Therefore, the following hypotheses are proposed:

H7a. The relationship between structural assurance-based user trust and telemedicine continuance
intention is negatively moderated by personal privacy concerns.

H7b. The relationship between platform-based user trust and telemedicine continuance intention is
negatively moderated by personal privacy concerns.

H7c. The relationship between physician-based user trust and telemedicine continuance intention is
negatively moderated by personal privacy concerns.

3. Research Model and Questionnaire Survey
3.1. Research Framework

In this study, we proposed a research framework (Figure 1) composed of eight variables.
As shown in Figure 1 this study followed a modified expectancy confirmation theory (ECT)
and employed a typology of trust, distinguishing between structural assurance-based trust,
platform-based trust, and physician-based trust. For the process of using telemedicine,
we actively identified whether the actual performance of telemedicine services meets
expectations by confirming with users, in order to further identify user satisfaction and
perceived usefulness of the platform and to determine the user’s intention to continue
using such technology. This structural relationship can be influenced by three dimensions
of post-trust: structural assurance-based trust, platform-based trust, and physician-based
trust. This relationship can also be moderated by the user’s personal concerns about
privacy issues.
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3.2. Questionnaire Survey

In this study, the scales for all variables were designed based on scales validated by
existing research, with some modifications to the items to contextualize telemedicine use
by users. The scales used to measure the constructs of confirmation, perceived usefulness,
satisfaction, and continuance intention were adapted from research related to expectation
confirmation theory [31,65]. The scales used to measure the three types of trust constructs
were adapted from research related to trust typology theory [44,45]. The scales used for
the measurement of the construct of personal privacy concerns were adapted from past
research on privacy concerns [66,67].

In this research, the target population was recent or former users of telemedicine
services. As the target population was predominantly users of online platforms, an online
survey was employed for this research [68]. The data were collected by the largest online
market research company in China, SoJump [69,70], which has a large database of over
6.2 million registered members from different cities across the country and can collect data
from a random sample of specific people on request.

The questionnaire consisted of two sections, the first comprising questions about
the structure of the study and the second consisting of questions on information about
the respondents. The questionnaire was first drafted in English and then translated into
Chinese. Once the initial questionnaire design was completed, it was reviewed and revised
by experts in the field to check its validity. A small pre-test was also conducted to refine the
questionnaire before the final online product was administered by the survey company to a
random sample of 506 users who had recently or previously used telemedicine services. It
was estimated that the entire questionnaire would take approximately two to five minutes to
complete, so we removed 41 invalid responses that took less than two minutes to complete,
resulting in 465 valid responses. The general characteristics of the respondents are detailed
in Table 1.
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Table 1. General characteristics of the respondents.

N %

Gender
Male 207 44.52%

Female 258 55.48%

Age

18–25 years 183 39.35%
26–35 years 178 38.28%
36–45 years 103 22.15%
≥46 years 1 0.22%

Monthly income

<3000 RMB 24 5.16%
3000–5000 RMB 52 11.18%
5001–8000 RMB 166 35.70%

8001–10,000 RMB 138 29.68%
>10,000 RMB 85 18.28%

Education

Less than high school 34 7.31%
High school 143 30.75%

4-year college 268 57.63%
Graduate student or higher 20 4.30%

Occupation

Students 20 4.30%
Company employees 272 58.49%

Civil servants 56 12.04%
Self-employment 64 13.76%

Others 53 11.40%

Total 465 100.00%

4. Methods

First, there are two main methods that can be utilized to estimate structural equation
models: covariance-based structural equation modeling (CB-SEM) and partial least squares
structural equation modeling (PLS-SEM). Additionally, there are a number of options
available to determine the choice between PLS-SEM or CB-SEM. CB-SEM is used when
the goal is theory testing, theory confirmation, a comparison of alternative theories, or the
structural model has circular relationships; alternatively, previous studies have employed a
global goodness-of-fit criterion [71,72]. In this study, covariance-based structural equation
modeling (CB-SEM) and the corresponding software package Amos 26 were used to test
the theoretical models and hypotheses.

Second, to test the mediation effect of the structural model, a bootstrap maximum like-
lihood method with 2000 bootstrap samples was performed in a bias-corrected confidence
interval. In the absence of observed indicators, specific mediating effects of the structure
were tested using phantom variables and setting bootstrap confidence intervals corrected
for bias at 95% [73].

Moreover, to assess the moderation effect of personal privacy concerns on the relation-
ship of trust and user continuance intention, we adopted Ping Jr.’s (1995) approach [74,75].
We computed means for all of the construct indicators in the study model, mean-centered
them, and then computed the variance of each factor loading, error variance, and latent
variable variance.

5. Results
5.1. Bias Test Results

Before starting the analysis of the structure, two possible bias phenomena (non-
response bias and common method bias) were identified to avoid further affecting the
validity in the survey results. This step was performed because the present research was
based on a self-administered questionnaire, with both the dependent and independent
variables derived from the same sample of respondents. First, to appraise non-response
bias, we compared the measurements of early and late responders. The t-test results re-
vealed non-significant differences between the groups, which indicates that a non-response
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bias was lacking in this research [76]. Second, common method bias is an easily apparent
problem in questionnaires. Generally, when survey responses from a single medium (i.e.,
online) are collected, the survey responses may appear skewed or show a tendency to
underestimate or exaggerate results in some way. To appraise common method bias, we
applied Harman’s single-factor approach. The test results showed that the first factor
represented 37.639% of the total variance. This result is below the recommended threshold
of 40%, which indicates that there was no common method bias in this research [77,78].

5.2. Measurement Model Results

This study used structural equation modeling to analyze the data, starting with
conducting confirmatory factor analysis (CFA) on the structural model to verify the overall
fitness of the model and analyze the reliability and validity of the construct. Accordingly,
the CFA results are presented in Table 2. The results of the CFA showed a satisfactory
model fit, with χ2 = 425.402, df = 296, p < 0.001, χ2/df = 1.437 < 3, SRMR = 0.029 < 0.05,
RMSEA = 0.031 < 0.05, CFI = 0.982 > 0.96, TLI = 0.979 > 0.96, and IFI = 0.982 > 0.95 [79,80].

Table 2. Measurement model results.

Constructs Items Loadings Cronbach’s α CR AVE

Confirmation

1. My experience with using telemedicine was better than I expected. 0.821 #

0.887 0.887 0.663
2. The level of service provided by telemedicine was better than I expected. 0.803 ***

3. My expectations for telemedicine services were correct. 0.831 ***

4. Overall, most of my expectations for using telemedicine were confirmed. 0.801 ***

Perceived
usefulness

1. I think the telemedicine mobile application is very useful. 0.835 #

0.895 0.897 0.686
2. I think using telemedicine could help me improve my health. 0.859 ***

3. I think the service offered by telemedicine is very useful. 0.823 ***

4. On the whole, I think it’s useful to use telemedicine. 0.793 ***

Satisfaction

1. Your thoughts about telemedicine services: Very displeased/Very pleased. 0.777 #

0.886 0.889 0.667
2. Your thoughts about telemedicine services: Very dissatisfied/Very satisfied. 0.833 ***

3. Your thoughts about telemedicine services: Very frustrated/Very contented. 0.845 ***

4. You think telemedicine services are: Absolutely terrible/Absolutely
delightful. 0.810 ***

Structural
assurance-based
trust

1. The Internet has sufficient security measures to allow me to use it for personal
matters. 0.872 #

0.839 0.844 0.644
2. I am sure the legal and technical structures protect me from problems on the
Internet. 0.833 ***

3. I believe that encryption and other technical advances on the Internet will
allow me to do business there more safely. 0.821 ***

Platform-based
trust

1. Telemedicine applications meet my needs as a consumer. 0.843 #

0.844 0.849 0.6522. Telehealth applications could provide me with good health services. 0.768 ***

3. The services provided by telemedicine applications are reliable. 0.796 ***

Physician-based
trust

1. The telemedicine doctors are very professional. 0.774 #

0.765 0.771 0.5302. The telemedicine doctors are honest. 0.794 ***

3. The telemedicine doctors have been very helpful to me. 0.852 ***

Continuance
intention

1. I would continue to use telemedicine. 0.729 #

0.873 0.880 0.7092. I would be using telemedicine as often as I do now. 0.657 ***

3. I would increase the frequency with which I use telemedicine in the future. 0.792 ***

Personal privacy
concerns

1. I feel concerned that the information I have submitted online may be misused. 0.739 #

0.821 0.836 0.629
2. I feel worried that someone would be able to find information about me on
the Internet. 0.832 ***

3. I feel concerned that information submitted online will be used in unintended
ways. 0.806 ***

Model fit indexes: χ2 = 425.402, df = 296, p < 0.001, χ2/df = 1.437, SRMR = 0.029, RMSEA = 0.031, CFI = 0.982,
TLI = 0.979, and IFI = 0.982. Note: *** p < 0.001; # factor loading was fixed at 1, so that the p-value is not presented.

As shown in Table 2, we used Cronbach’s alpha and composite reliability (CR) to
identify reliability and thereby determine the internal consistency of the measurement
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model. Cronbach’s alpha values ranged from 0.765 to 0.895, while the CR values ranged
from 0.771 to 0.897, exceeding the recommended value of 0.7 [79,81]. When testing for
convergent validity (CV), the common rule is to check that the standard loadings for each
item are 0.7 or higher. Additionally, the average variance extracted (AVE) must be higher
than the recommended value of 0.5 [79]. Here, all factor loadings exceeded 0.7, and all AVE
values exceeded 0.5.

In addition, research constructs should have acceptable discriminant validity (DV),
which implies that each construct should represent the square root of AVE values greater
than the correlation coefficient value of the constructs [81]. As shown in Table 3, the square
root of the AVE values for each construct exceeded the corresponding correlation coefficient
values between the constructs.

Table 3. Correlation and square root of the AVE table.

1 2 3 4 5 6 7 8

1. Confirmation 0.814
2. Perceived usefulness 0.616 0.828
3. Satisfaction 0.627 0.656 0.817
4. Structural assurance-based trust 0.423 0.593 0.567 0.803
5. Platform-based trust 0.363 0.505 0.540 0.357 0.807
6. Physician-based trust 0.412 0.553 0.548 0.476 0.361 0.728
7. Continuance intention 0.538 0.665 0.649 0.617 0.578 0.625 0.842
8. Personal privacy concerns 0.048 −0.153 −0.064 −0.177 −0.136 −0.171 −0.208 0.793

Note: The square root of AVE for each research construct is presented on the diagonal. Correlations between
constructs are under the square root of AVE.

5.3. Structural Model Results

The structural model showed a satisfactory model fit with χ2 = 338.784, df = 238,
p < 0.001, χ2/df = 1.423 < 3, SRMR = 0.031 < 0.05, RMSEA = 0.030 < 0.05, CFI = 0.985 > 0.96,
TLI = 0.983 > 0.96, and IFI = 0.985 > 0.95, where the overall model fit indexes all met the
recommended values [79,80]. The squared multiple correlations (R2) of the endogenous
variables are greater than 0.3. As shown in Figure 2 and Table 4, in the complete structural
model, all of the direct paths were significant.
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Table 4. Results of hypothesis testing and mediation effects.

Hypothesis β t-Value Results

H1a Confirmation→ Perceived usefulness 0.617 *** 12.166 Supported
H1b Confirmation→ Satisfaction 0.359 *** 6.386 Supported
H2a Perceived usefulness→ Satisfaction 0.434 *** 7.613 Supported
H2b Perceived usefulness→ Continuance intention 0.179 ** 2.976 Supported
H3 Satisfaction→ Continuance intention 0.131 * 2.168 Supported

H4a Perceived usefulness→ Structural assurance-based trust 0.390 *** 6.067 Supported
H4b Perceived usefulness→ Platform-based trust 0.265 *** 4.007 Supported
H4c Perceived usefulness→ Physician-based trust 0.343 *** 4.904 Supported
H5a Satisfaction→ Structural assurance-based trust 0.314 *** 4.895 Supported
H5b Satisfaction→ Platform-based trust 0.364 *** 5.350 Supported
H5c Satisfaction→ Physician-based trust 0.326 *** 4.637 Supported
H6a Structural assurance-based trust→ Continuance intention 0.233 *** 4.486 Supported
H6b Platform-based trust→ Continuance intention 0.242 *** 5.042 Supported
H6c Physician-based trust→ Continuance intention 0.261 *** 4.848 Supported

Mediation Effect of Trust Indirect

Perceived usefulness→ Structural assurance-based trust→ Continuance intention 0.048 ***
Perceived usefulness→ Platform-based trust→ Continuance intention 0.034 ***
Perceived usefulness→ Physician-based trust→ Continuance intention 0.047 ***
Satisfaction→ Structural assurance-based trust→ Continuance intention 0.039 ***
Satisfaction→ Platform-based trust→ Continuance intention 0.047 ***
Satisfaction→ Physician-based trust→ Continuance intention 0.035 ***

Model fit indexes: χ2 = 338.784, df = 238, p < 0.001, χ2/df = 1.423, SRMR = 0.031, RMSEA = 0.030, CFI = 0.985,
TLI = 0.983, and IFI = 0.985. Note: * p < 0.05, ** p < 0.01, and *** p < 0.001.

Table 4 summarizes the direct and indirect effects. For the direct effects, the rela-
tionships between confirmation, perceived usefulness, and satisfaction were statistically
significant, and the relationships between perceived usefulness, satisfaction, and contin-
uance intention were also significant. Thus, H1a, H1b, H2a, H2b, and H3 are supported.
The effects of perceived usefulness and satisfaction on the three trust components were
statistically significant as well, thus supporting H4a–c and H5a–c. Statistical significance
was also observed for the effects of structural assurance-based trust, platform-based trust,
and physician-based trust on continuance intention, which supported H6a–c.

In terms of the indirect effects, the results showed the mediating effect of the three trust
components on the relationship between perceived usefulness and continuance intention,
as well as satisfaction and continuance intention, which were all statistically significant.
Therefore, structural assurance-based trust, platform-based trust, and physician-based trust
play a mediating role between perceived usefulness and continuance intention, and also
between satisfaction and continuance intention.

Finally, in terms of moderation effects, among the relationships between the three trust
components and continuance intention, only the interaction effects of structural assurance-
based trust and privacy concerns were significant, as shown in Table 5. Thus, H7a was
supported, while H7b and H7c were rejected.

Table 5. Results of the moderation effects.

Relationships β t-Value

H7a Structural assurance-based trust × privacy concerns→ Continuance intention −0.084 * 2.161
H7b Platform-based trust × privacy concerns→ Continuance intention −0.048 1.133
H7c Physician-based trust × privacy concerns→ Continuance intention −0.049 0.876

Model fit indexes: χ2 = 489.355, df = 127, p < 0.001, χ2/df = 3.853, SRMR = 0.095, RMSEA = 0.078, CFI = 0.900,
TLI = 0.880, and IFI = 0.901. Note: * p < 0.05.

6. Discussion and Implications
6.1. Key Findings

This study followed a modified expectancy confirmation theory (ECT) [31,32] to
understand why users continue to use telemedicine services based on three dimensions of
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trust. The moderating influence of privacy concerns on the interrelationship between user
trust and the intention to continue using was also explored. Based on the foundation of
these elements, we derived the following key findings. First, we found empirical support
for the applicability of the modified ECT to telemedicine services in China. Our results
show that satisfaction and perceived usefulness of telemedicine services, when confirmed
to meet user expectations, lead to an intention to continue using telemedicine services,
which is fully consistent with our hypothesis.

Second, we also examined trust as one of the internal mechanisms of ECT [40]. When
users are satisfied and find telemedicine services useful, a sense of trust in the institu-
tional environment of the Internet (i.e., structural assurance) and in the Internet platform
and service provider (i.e., the physician) is generated, which increases the user’s willing-
ness to continue using telemedicine services. According to the typology of trust [33,45],
three dimensions of trust (i.e., structural assurance-based trust, platform-based trust, and
physician-based trust) were tested in this study.

Third, when examining the moderating effect of privacy concerns on the interrelation
between user trust and intention to continue using, we found that privacy concerns have a
negative moderating effect between user trust based on the structural guarantees of the
Internet and intention to continue using but not on platform- and physician-based trust.
This result can be explained by the fact that if users encounter a privacy violation and first
consider the weak regulatory environment of the Chinese Internet market [82], there is a
significant negative moderating effect between trust based on the structural guarantees of
the Internet environment and intention to continue using when users perceive the privacy
violation to be serious.

6.2. Theoretical Contributions

The theoretical contributions of this study include, first, new empirical evidence for
the applicability of expectancy confirmation theory (ECT) to telemedicine services in the
information domain [83], and an advancement of ECT theory by exploring the internal
mechanisms linking the relationships between satisfaction, perceived usefulness, and
continuance intention, which were able to accurately test the relationship between trust
and ECT theory. Taking a multidimensional perspective on trust [33,45], the division of
trust into three separate dimensions based on structural assurance-based trust, platform-
based trust, and service-provider-based trust showed that all three trust dimensions have
different degrees of mediating effects between users’ perceived usefulness and satisfaction
and continued willingness, providing new evidence for understanding the different types
of trust in the telehealth literature.

Second, we provided new insights into the role of trust in the context of telemedicine.
As pre-trust purchase intentions have been extensively studied [84,85], we complemented
these studies by shifting our focus to post-trust reuse intentions in telemedicine. Our study
is also one of the few empirical tests to validate the interactive effects of post-trust types
on user intentions to persist in telemedicine from all three dimensions. Thus, this study
provides new evidence for understanding different types of post-trust in the sharing
economy literature.

Finally, our findings are important because the literature on privacy issues in telemedicine
in relation to Internet technologies is sparse [86,87], and our study provides new empirical
evidence showing that users who experience privacy violations first consider the weak
regulatory environment of the Chinese Internet market, rather than the Internet platform
or service provider, thereby providing a useful starting point for future research.

6.3. Practical Contributions

Our findings suggest that user-perceived usefulness and satisfaction are critical to
increasing user structural assurance-based trust, platform-based trust, and service-provider-
based trust and further influence continued intention to use. User satisfaction has the
greatest impact on platform-based trust, while user physician-based trust is the most im-
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portant factor in continued intention to use telemedicine. Therefore, telehealth companies
need to focus on increasing investments in building their platforms and fostering good
physician-based trust while maintaining their infrastructure, e.g., by actively and publicly
displaying physician research results and recent case outcomes. Platforms could also take
a positive stance in responding to some negative user messages about physicians or the
platform by explaining and responding to them, understanding the specific reasons for
their negative messages, and making targeted improvements. By increasing the perceived
usefulness of the platform and the satisfaction of the customer, trust in the platform and
the doctor can be increased, which would, in turn, increase willingness to continue using
the telemedicine service.

Second, we found that the persistent privacy problems on Internet platforms are still
mainly due to the weak regulation of the Internet market. Therefore, Internet regulators need
to develop measures to increase the confidence of users in the security of their privacy and
the awareness of users by advocating for their protection. Telemedicine platform companies
should design comprehensive privacy authorization systems that provide good privacy and
security for users so that medical staff have sufficient access to patient information without
revealing relatively confidential private information about the patient. Access to patient
data, but not patient details (location, name, relevant age, gender, etc.) should be granted to
doctors for the purpose of diagnosing a medical condition. In the long run, companies will
benefit from adopting a user-centric approach to privacy that gives consumers sufficient
control and choice, as these measures can increase user trust and loyalty.

Finally, the higher the perceived usefulness of users, the higher their satisfaction; in
order to create a good medical experience, companies need to actively train and supervise
doctors, including training in the use of relevant equipment [88–90], to improve medical
services, and thus, the user experience through improved operations. The establishment
of a supervisory department to regulate conflicts between doctors or the platform and
users will help to resolve conflicts at the source and maximize the quality of the healthcare
environment. Users also need to be actively informed about telemedicine services, and the
information promoted by the company will increase awareness of telemedicine services
and, ultimately, the willingness to use such services.

7. Conclusions
7.1. Limitations and Future Directions

The framework of the current study was limited in that it did not consider the influence
of other antecedents or consequences on the type of trust and continuance intentions in
the current context. Future research should include other elements of the trust typology.
In particular, due to the nature of the data collected through the questionnaire, we were
unable to examine both the antecedents and consequences of the trust typology in this study.
Future research could use different data to examine both the antecedents and consequences
of trust in both dimensions of trust. While the social network concept can measure the
degree of trust between experts [91,92], the trust relationship between the telemedicine
platform and the user influences the evaluation, and future research is required.

Previous research has shown that despite online privacy concerns and worries, online
consumers sometimes deliberately disclose personal privacy information for some benefit,
accept conditions such as being tracked, and do not take adequate privacy precautions [93].
Future research will include this privacy paradox in which users’ behavior runs counter to
their privacy concerns.

Moreover, we only measured the intention of the user to continue using the service
and did not examine the actual behavior of the user. Although there is no substantial
discrepancy between intentions and actual behavior, intentions and actual behavior are not
exactly equivalent. Future research could analyze the actual behavior of users by collecting
data on their actual activities.

By looking at our research sample, it can be seen that the majority of the sample was
young, and, for various reasons, we only conducted an online questionnaire using the
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largest research company in China. Therefore, our findings do not represent a compre-
hensive picture of all age groups using telemedicine. In the future, we could use different
methods such as combining online and offline data to enrich the diversity of the sample.

7.2. Conclusions

This study employs an integrated research model based on expectancy confirma-
tion theory (ECT), trust type theory, and privacy concerns to comprehend why users of
telemedicine services continue to use them from a multifaceted perspective of trust. The
expectation confirmation theory (ECT) is again empirically confirmed. According to the
findings, telemedicine’s perceived usefulness and user satisfaction are positively correlated.
The findings imply that users will continue to use the service if they have confidence in
the structural assurance, the platform, or the physician, and that this trust is driven by per-
ceived usefulness, satisfaction, and confirmation. In addition, we discovered that the three
dimensions of trust act as a moderator in the relationship between perceived usefulness
and continued intention satisfaction. Finally, we explored that trust based on structural
assurance plays a more positive role in continued intention when users perceive privacy
concerns. These findings offer fresh perspectives and insights into potential dangers to the
telemedicine market’s expansion.
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12. Cimperman, M.; Brenčič, M.M.; Trkman, P. Analyzing Older Users’ Home Telehealth Services Acceptance Behavior—Applying
an Extended UTAUT Model. Int. J. Med. Inf. 2016, 90, 22–31. [CrossRef]

13. Deshkar, S.; Thanseeh, R.A.; Menon, V.G. A Review on IoT Based M-Health Systems for Diabetes. Int. J. Comput. Sci. Telecommun.
2017, 8, 13–18.

14. Farahani, B.; Firouzi, F.; Chang, V.; Badaroglu, M.; Constant, N.; Mankodiya, K. Towards Fog-Driven IoT EHealth: Promises and
Challenges of IoT in Medicine and Healthcare. Future Gener. Comput. Syst. 2018, 78, 659–676. [CrossRef]

15. Arfi, W.B.; Nasr, I.B.; Khvatova, T.; Zaied, Y.B. Understanding Acceptance of EHealthcare by IoT Natives and IoT Immigrants: An
Integrated Model of UTAUT, Perceived Risk, and Financial Cost. Technol. Forecast. Soc. Chang. 2021, 163, 120437. [CrossRef]

16. Goad, D.; Collins, A.T.; Gal, U. Privacy and the Internet of Things- An Experiment in Discrete Choice. Inf. Manag. 2021, 58, 103292.
[CrossRef]

17. Nicolazzo, S.; Nocera, A.; Ursino, D.; Virgili, L. A Privacy-Preserving Approach to Prevent Feature Disclosure in an IoT Scenario.
Future Gener. Comput. Syst. 2020, 105, 502–519. [CrossRef]

18. Zhao, Y.; Ni, Q.; Zhou, R. What Factors Influence the Mobile Health Service Adoption? A Meta-Analysis and the Moderating
Role of Age. Int. J. Inf. Manag. 2018, 43, 342–350. [CrossRef]

19. Shareef, M.A.; Kumar, V. Prevent/Control Identity Theft: Impact on Trust and Consumers’ Purchase Intention in B2C EC. Inf.
Resour. Manag. J. IRMJ 2012, 25, 30–60. [CrossRef]

20. Wicks, A.C.; Berman, S.L.; Jones, T.M. The Structure of Optimal Trust: Moral and Strategic Implications. Acad. Manag. Rev. 1999,
24, 99–116. [CrossRef]

21. Mayer, R.C.; Davis, J.H.; Schoorman, F.D. An Integrative Model of Organizational Trust. Acad. Manag. Rev. 1995, 20, 709–734.
[CrossRef]

22. Orrange, S.; Patel, A.; Mack, W.J.; Cassetta, J. Patient Satisfaction and Trust in Telemedicine during the COVID-19 Pandemic:
Retrospective Observational Study. JMIR Hum. Factors 2021, 8, e28589. [CrossRef]

23. Nisha, N.; Iqbal, M.; Rifat, A. The Changing Paradigm of Health and Mobile Phones: An Innovation in the Health Care System. J.
Glob. Inf. Manag. JGIM 2019, 27, 19–46. [CrossRef]

24. van Velsen, L.; Tabak, M.; Hermens, H. Measuring Patient Trust in Telemedicine Services: Development of a Survey Instrument
and Its Validation for an Anticoagulation Web-Service. Int. J. Med. Inf. 2017, 97, 52–58. [CrossRef] [PubMed]

25. AlHogail, A.; AlShahrani, M. Building Consumer Trust to Improve Internet of Things (IoT) Technology Adoption. Int. Conf. Appl.
Hum. Factors Ergon. 2018, 775, 325–334. [CrossRef]

26. Martínez-Caro, E.; Cegarra-Navarro, J.G.; García-Pérez, A.; Fait, M. Healthcare Service Evolution towards the Internet of Things:
An End-User Perspective. Technol. Forecast. Soc. Chang. 2018, 136, 268–276. [CrossRef]

27. Younan, M.; Houssein, E.H.; Elhoseny, M.; Ali, A.A. Challenges and Recommended Technologies for the Industrial Internet of
Things: A Comprehensive Review. Measurement 2020, 151, 107198. [CrossRef]

28. Bandara, R.; Fernando, M.; Akter, S. Explicating the Privacy Paradox: A Qualitative Inquiry of Online Shopping Consumers. J.
Retail. Consum. Serv. 2020, 52, 101947. [CrossRef]

29. Martin, K.D.; Murphy, P.E. The Role of Data Privacy in Marketing. J. Acad. Mark. Sci. 2017, 45, 135–155. [CrossRef]
30. Petrescu, M.; Krishen, A.S. Analyzing the Analytics: Data Privacy Concerns. J. Mark. Anal. 2018, 6, 41–43. [CrossRef]
31. Bhattacherjee, A. Understanding Information Systems Continuance: An Expectation-Confirmation Model. MIS Q. 2001, 25,

351–370. [CrossRef]
32. Oliver, R.L. A Cognitive Model of the Antecedents and Consequences of Satisfaction Decisions. JMR J. Mark. Res. 1980, 17,

460–469. [CrossRef]
33. McKnight, D.H.; Chervany, N.L. What Trust Means in E-Commerce Customer Relationships: An Interdisciplinary Conceptual

Typology. Int. J. Electron. Commer. 2001, 6, 35–59. [CrossRef]
34. Cheng, P.; OuYang, Z.; Liu, Y. Understanding Bike Sharing Use over Time by Employing Extended Technology Continuance

Theory. Transp. Res. Part Policy Pract. 2019, 124, 433–443. [CrossRef]
35. Mou, J.; Shin, D.-H.; Cohen, J. Understanding Trust and Perceived Usefulness in the Consumer Acceptance of an E-Service: A

Longitudinal Investigation. Behav. Inf. Technol. 2017, 36, 125–139. [CrossRef]
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Abstract: The increase in the number of elderly patients with degenerative diseases has brought addi-
tional medical and financial pressures, which are adding to the burden on society. The development of
sports rehabilitation robotics (SRR) is becoming increasingly sophisticated at the technical level of its
application; however, few studies have analyzed how it works and how effective it is in aiding reha-
bilitation, and fewer individualized exercise rehabilitation programs have been developed for elderly
patients. The purpose of this study was to analyze the working methods and the effects of different
types of SRR and then to suggest the feasibility of applying SRR to enhance the physical abilities of
elderly patients with degenerative diseases. The researcher’s team searched 633 English-language
journal articles, which had been published over the past five years, and they selected 38 of them for
a narrative literature review. Our summary found the following: (1) The current types of SRR are
generally classified as end-effector robots, smart walkers, intelligent robotic rollators, and exoskeleton
robots—exoskeleton robots were found to be the most widely used. (2) The current working methods
include assistant tools as the main intermediaries—i.e., robots assist patients to participate; patients
as the main intermediaries—i.e., patients dominate the assistant tools to participate; and sensors as
the intermediaries—i.e., myoelectric-driven robots promote patient participation. (3) Better recovery
was perceived for elderly patients when using SRR than is generally achieved through the traditional
single-movement recovery methods, especially in strength, balance, endurance, and coordination.
However, there was no significant improvement in their speed or agility after using SRR.

Keywords: rehabilitation robot; assistive technology sports rehabilitation; continuation therapy;
degenerative diseases; elder

1. Introduction

Currently, the global population is aging. In many countries, life expectancy has
increased to 70 years or more. For the first time in history, in 2020, the number of people
aged 60 or older exceeded the number of children under five years old, globally. Further-
more, over the coming decades, the greatest increase in aging will occur in developing
countries [1]. As one of the largest developing countries, China’s adoption of the family
planning policy as a basic state policy in 1982 has affected the country’s demographic
structure and has aggravated the aging problem. The current fertility of the young people
in the country has also changed; therefore, low birth rates and low mortality rates have
gradually become the main reasons for the aging of Chinese society. According to the
projections of the United Nations Development Program (UNDP), the population of those
over 65 years old in China will reach 334 million by 2050, and the China Aging Study 2022
has predicted that it will peak at 425 million in 2057. In the future, China will be the country
with the largest elderly population in the world and will be facing the serious challenge of
its population aging.
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The excessive aging of the population will lead to various social problems, such as a
lack of economic growth, overburdened public finances, and a sharp increase in the cost
of medical care, with medical care becoming the main social burden. As elderly people
age further, their physiological functions deteriorate and their physical abilities decline, to
some degree [2]. Physical ability is the most basic motor skill necessary for an individual’s
daily life and labor to be maintained, and it can be classified as strength, endurance,
balance, coordination, agility, and speed, according to its nature. In addition, the elderly
population is more susceptible to various degenerative diseases, such as Parkinson’s
disease (PD), stroke, multiple sclerosis (MS), etc. The probability that elderly people
will suffer from degenerative diseases will also gradually increase as they continue to
age [3–5]. Degenerative diseases not only damage the physical and mental health of the
elderly and reduce their quality of life, but they also increase the medical expenses of
their families and society. Due to the declining physical ability of the elderly, the process
of motor rehabilitation usually requires a significant amount of time and a conducive
environment to achieve the desired levels of rehabilitation; however, there is a shortage of
rehabilitation nursing staff who are able to provide round-the-clock care, thus, the cost of
such rehabilitation is high. This expense and scarcity of care has led to further significant
challenges for China’s health and social systems in meeting the rehabilitation needs of its
elderly population [6,7]. Consequently, the demand for sports rehabilitation robots in the
medical rehabilitation field is increasing. ”Sport” rehabilitation robots is a rehabilitation
robot that can provide motor rehabilitation assistance (including providing assistance or
guidance) to patients. Sport rehabilitation robots can help patients with degenerative
diseases recover their physical abilities, improve their immune system and metabolic
activity [8], return to normal life, and reduce the financial strain on their families due to
rehabilitation. Furthermore, the use of sports rehabilitation robots can reduce the burden on
rehabilitation instructors, enable data detection during training, and assist in rehabilitation
in a controlled and repeatable manner in order to complete quantitative assessments [9].
Previous studies have found that most of the research in this field has focused only on the
design and development of devices for medical rehabilitation robots. Furthermore, many
of these studies have focused on studying medical rehabilitation robots’ role in the physical
recovery of PD and stroke patients. However, fewer articles have investigated the use of
sports rehabilitation robots in assisting in the recovery of the physical abilities of elderly
patients with degenerative diseases.

Most of the previous review papers have been organized and analyzed for the types of
rehabilitation robots or their working principles. The novelty of this review is to analyze and
compare how different rehabilitation robots work and how effective they are in restoring
the physical abilities of elderly patients with degenerative diseases, focusing on the ways in
which locomotion-based rehabilitation robots help patients to restore their physical abilities
and their effectiveness.

This paper compiles and analyzes the studies related to the high level of motor reha-
bilitation robots that are being used to promote physical activity in the elderly; compares
the advantages and shortcomings of different types of motor rehabilitation robots, in terms
of their working methods and their effects; and then proposes feasible suggestions for
the application of motor rehabilitation robots in enhancing the physical abilities of elderly
patients with degenerative diseases.

2. Materials and Methods

The scope and review of the literature search followed the EQUATOR guidelines,
which improve the quality and transparency of research. We ensured that articles related
to rehabilitation robots were searched for rather than articles related to rehabilitation and
robots, separately. Five databases were searched using the PRSIMA for Protocols guidelines:
(1) Web of Science; (2) Engineering Village; (3) Science Direct; (4) the online library, Wiley;
and (5) Scopus.
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The search was conducted using a Boolean logic combination search for keywords, in-
cluding the following: ‘rehabilitation robotics’, ‘physical activity, ‘human–robot interaction’,
‘rehabilitation training’, ‘robotic therapy’, ‘assistive technology’, and ‘older people’.

First, a total of 633 articles were obtained from the literature search across the five
databases, published over the last five years (2018–2022). In total, 23 duplicate articles were
deleted; 134 articles with non-relevant articles were excluded; and 6 articles that could not
be downloaded through various sources were deleted. A total of 470 articles were obtained
after this screening.

Second, 70 of these articles were read in full. They were chosen out of the 469 articles
by screening the titles and abstracts. The last five researchers further screened the remaining
70 articles by reading the full text of the articles separately, and the articles that included
conference reports, literature reviews, the introduction of a technology principal, and those
that did not contain an experimental design, were excluded. The screening flow chart is
shown in Figure 1.
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Figure 1. Flowchart detailing the systematic search, screening, eligibility, and inclusion procedure.

When disagreements arose, a sixth author participated in the discussion, until a
consensus was reached among them. At the end of this process, 38 qualitatively published
articles (Table 1) were eventually included in the synthesis for a narrative review.
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Table 1. Characteristics of included studies (n = 38) and information about localization of papers
findings in this review.

Author Year Country Study Design

Zhenzhong Zhu, et al. [10] 2022 China Robot design
Neta Shahar, et al. [11] 2019 Poland Comparative Trial
Guang Feng, et al. [12] 2022 China Robot design

Feng Lin, et al. [13] 2019 China Introduction
Laura Fiorini, et al. [14] 2021 Italy Needs study

Yuichiro Soma, et al. [15] 2022 Japan Open-label prospective trial
Sergio D. Sierra M, et al. [16] 2019 Colombia Robot introduction
Marianna Capecci, et al. [17] 2019 Italy Randomized controlled trial
Mario F. Jiménez, et al. [18] 2019 Brazil Robot introduction
George Moustris, et al. [19] 2021 Greece Evaluation Study
Antonio Frisoli, et al. [20] 2022 Italy. Clinical control study

Dilber Karagozoglu Coskunsu, et al. [21] 2022 Turkey Randomized controlled
study

Yen-Wei Chen, et al. [22] 2022 China Randomized cross-over trial
Guotao Li, et al. [23] 2022 China Robot design

Akim Kapsalyamov, et al. [24] 2020 Australia Introduction
S.K. Hasan, et al. [25] 2022 America Robot design

Shuo-Hsiu Chang, et al. [26] 2020 America Case study
Zlatko Lovrenovic, et al. [27] 2018 Canada Robot design

Chris McGibbon, et al. [28] 2021 Canada Open-label randomised
cross-over design

Rakel Berriozabalgoitia, et al. [29] 2020 Spain, Randomized Clinical Trial
Irina Galperin, et al. [30] 2020 Israel; Cross-sectional study

Simon Christensen, et al. [31] 2021 Denmark Robot design
Rosaria De Luca, et al. [32] 2020 Italy Pilot study

Qingming Qu, et al. [33] 2021 China Functional and clinical
experiments

Wonho Choi [34] 2022 Korea Randomized controlled trial
Lizheng Pan, et al. [35] 2019 China Preliminary study

Peng Suo, et al. [36] 2022 China Control algorithm design of
mirror rehabilitation training

Jonathan C. Mcleod, et al. [37] 2019 Canada Robot introduction
Bianca Chinembiri, et al. [38] 2020 China Randomized clinical trial
Marco Franceschini, et al. [39] 2020 Italy Follow-up study
Sk. Khairul Hasan, et al. [40] 2020 America Introduction

Fabian Just, er al. [41] 2020 Switzerland Robot design
Shih-Ching Chen, et al. [42] 2022 China Comparative Trial
Silvia Giovannini, et al. [43] 2022 Italy Randomized controlled trial

Na Ri Yun, et al. [44] 2018 Korea Randomized controlled trial
Alfredo Manuli, et al. [45] 2020 Italy Randomized controlled trial

Heejae Kim, et al. [46] 2021 Korea Randomized controlled trial
Roger Gassert, et al. [47] 2018 Switzerland Robot design

3. The Value of Robot-Assisted Technology in the Motor Rehabilitation of the Elderly

In the context of global aging, the risk of diseases in the elderly increases as their age
advances; therefore, there is a growing demand for robot-assisted motor rehabilitation
technology in society. Robot-assisted rehabilitation has, thus, become a prominent research
topic, with broad application prospects [10]. Current assistive technologies that utilize
robotics include mobility devices (wheelchairs, prosthetics, and external skeletons); spe-
cialized assistive devices (visual, auditory, and voice communication); and assistance in
accessing information technology and peripherals for people with disabilities.

Most of the communication between devices and users is currently achieved through
human–computer interaction systems; however, current human–computer interaction
methods usually only have one of these functions, and only the elderly communicated
instructions to the robot, meaning that there is no way to obtain feedback from the envi-
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ronment and to adapt to the behavior of the elderly user, accordingly [48]. The design
and development of sports rehabilitation robots is not a simple combination of equipment
and technology, but it also involves neuroscience; sports biomechanics; sports human
body science; ergonomics; robotics, automation, and control; and other professional field
knowledge, making it a typical multidisciplinary intersection of complex systems.

Since the operating object of the sports rehabilitation robot is a human, its performance
must meet the requirements of adaptability to individual differences and environmental
changes, fluency of human-machine interaction, safety in the face of abnormal situations,
and adaptability to human physiology and psychology, thus putting higher requirements
on the accuracy, reliability, and intelligence level of the control system.

Therefore, the current system of sports rehabilitation robots integrates research
fields—such as artificial intelligence, human–computer interactions, and machine learn-
ing technology—to achieve intelligent, humanized, and accurate rehabilitation assis-
tance [49]. Elderly patients who are suffering from degenerative diseases—such as
Parkinson’s disease, stroke, and multiple sclerosis—account for a large number of the
users of motor rehabilitation robots. These patients mainly present with upper and lower
limb dysfunction, trunk weakness, decreased proprioception, decreased balance and
postural control, gait abnormalities, and abnormal movement patterns [11]. Patients with
multiple sclerosis also commonly experience impaired mobility and mobility limitations,
which are caused by a combination of several factors—such as increased susceptibility
to muscle fatigue, pain, abnormal tone, and falls [50].

Compared with the traditional manual, assisted rehabilitation training, robot-assisted
motor rehabilitation and neurological rehabilitation training has unique advantages. Firstly,
sports rehabilitation robots can provide high-intensity and repeatable rehabilitation training.
Once popularized, they will be able to greatly relieve the pressure on the level of staff
input in rehabilitation institutions and will be able to reduce the workload of clinical
rehabilitation physicians. However, a more prominent advantage is that robots can provide
flexible and precise rehabilitation training, which can enhance the effectiveness of patients’
rehabilitation. The main example of this is that the rehabilitation robot can combine modern
multimedia and interactive technology in patients’ training to stimulate their interest and
enthusiasm in participating in the rehabilitation training, and to mobilize their awareness
and ability to actively participate in the training, which, thus, promotes the recovery and
compensation of patients’ neurological functions [12].

At the same time, the sports rehabilitation robot can also combine sensor technology
with multiple modalities to accurately detect changes in a patient’s physical condition in
real-time and then use these data to adjust rehabilitation training strategies [51]. Research
on motor rehabilitation robots is important for relieving the pressure on medical resources
and rehabilitation manpower investments, and for improving the effectiveness of elderly
patients’ rehabilitation training.

4. Working Methods and the Effects of the Assistance of Different Types of Sports
Rehabilitation Robots

Degenerative diseases can have an impact on the physical abilities of strength, agility,
balance, endurance, coordination, and speed for elderly patients. In particular, they can lead
to limb dysfunction and to the inability to perform basic physical activities. Different types
of sports rehabilitation robots have emerged in the market to assist with the dysfunction of
different parts of the human body. These robots meet the different rehabilitation needs of
patients through their range of different working methods to help restore limb functions
and to return the patient to normal life.

4.1. Classification and Characteristics of Sports Rehabilitation Robots

According to the results of our literature analysis and according to previous classi-
fication methods (Figure 2), we found that the sports rehabilitation robots are currently
classified into the following groups: upper extremity rehabilitation system, end-effector
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robot, smart walker, intelligent robotic rollator, and robotic exoskeletons. These classifica-
tions help them to respond to the rehabilitation needs of patients with different diseases.
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4.1.1. Upper Extremity Rehabilitation System: Helps Patients Recover Upper
Extremity Function

Among the robots used for upper limb function recovery is the QM-FOrMS, a portable
and cost-effective upper limb rehabilitation system. The system is able to give some exercise
instruction to help patients perform active upper extremity activities; however, it only
provides a small amount of assisted strength, which is a limitation for patients with low
levels of physical ability [13].

This system, first proposed by Lin (2016), advocates the acquisition of EMG signals
from the patient’s upper limb muscle groups to identify their motor intent and drive
them to active training in order to complete the training task, through a combination
of electrical stimulation and robot-assisted technology [52]. It is evident that the upper
extremity rehabilitation system has a role in enhancing patients’ initiative. Moreover, the
integrated sports intervention approach, which combines different assistive technologies,
has a different training focus and, thus, has different training advantages. Due to the
complex structure of the upper limb, the restoration of the structural function of the upper
limb requires comprehensive consideration of the functional characteristics of each part
of the shoulder, elbow joint, wrist, and hand. Therefore, Lin’s (2019) study modified and
pointed out that the upper limb recovery system is characterized by its open and novel
approach to recovery, and that the system’s unique training feedback system would further
increase patients’ motivation and participation [13,53], by allowing them to actively engage
in diverse training, based on light cues. Ultimately, Lin argued that this would lead to a
holistic recovery of the patient’s upper limb function.

4.1.2. End-Effector Robot Promotes the Range of Motion and Flexibility of the Patient’s
Hand Joints

The end-effector robot uses assistive devices to assist in the movement of more than
20 free flexible joints in the hand, which helps patients to record the recovery process of
their small muscles and nerves, and helps them, to a certain extent, to achieve dexterity
and coordination in their hand functions. For example, REO-GO includes a telescopic
arm and a screen, and offers different movement therapy modalities, according to the
patient’s motor ability and motivation. This robot has two types of handles, spherical
and platform, and places EMG electrodes on the patient’s upper limbs to record their
muscle activity [11]. In a literature collection analysis, the scholar Moggio (2022) noted that
end-effector rehabilitation robots can assist patients with stretching and flexion movements
within a range of motions close to that of normal human fingers and can generate enough
assisted force at the fingertips to provide a boost to the patient’s rehabilitation [52]. In
addition, Fuzzy Sliding Mode Control technology was developed for functional finger
rehabilitation. It provides the possibility of rehabilitating each phalanx individually which
is very important in the finger rehabilitation process [14,54,55]. VR technology is also
gradually being incorporated into the design of rehabilitation robots [56]. Other studies
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have also pointed out that the recovery of the arm needs to take into account, not only the
direction of movement, but also the recovery of the nervous system. In this complexity of
movement and motor control, rehabilitation can provide a guide for motor recovery that
influences the neurobiology of neuronal plasticity, by providing controlled, repetitive, and
variable patterns [57]. Thus, the end-effector robot can promote a range of motions and
flexibility in a patient’s hand joints; however, its application in restoring the neurological
system of the hand is more limited and less impressive.

4.1.3. Smart Walkers Enhance Leg Muscle Strength and Balance

Unlike the two types of robots discussed above (the upper limb rehabilitation system
and the end-effector robot), the smart walker is a lightweight robotic assistive device. It is
intended as a lower limb function recovery robot. It can provide support and assistance
to patients and can improve their autonomy and the effectiveness of their rehabilitation
work. In addition, it also has a certain degree of safety and does not restrict the range of
motion in the patient’s joints or their amplitude, which allows the patients maximum free-
dom [15]. For elderly patients, leg strength and body balance are the basis for participating
in rehabilitation activities. Sierra (2019) pointed out that the smart walker is able to select
rehabilitation exercises of different intensities, which are based on the patient’s own recov-
ery. This enables them to gain a better understanding of their recovery and to adapt more
effectively to real walking conditions [16]. The smart walker can help patients to complete
physical activities through assistive devices, can provide personalized exercise programs,
and can give different levels of support and assistance to patients with different dysfunc-
tions, which can play an active and effective role in lower limb muscle strength and balance
functions [15–17]. Enhancing leg strength and body balance not only improves the ability
of the elderly patients to live, but also improves their bodies’ neurological connections
and speeds up their physical recovery. The smart walker can also help patients to perform
rehabilitation exercises for different physical difficulties, can develop new rehabilitation
programs, and can provide real-time assessments through built-in sensors, which improves
patients’ basic mobility [18], thus, helping them to restore their normal ability levels and to
improve their quality of life.

4.1.4. Intelligent Robotic Rollator Integrally Enhances Physical and Cognitive Abilities

The intelligent robotic rollator, e.g., i-Walk, is an integrated set of sensing, naviga-
tion, and user–robot interaction modules, which are designed in such a way as to enable
the real-time operation to support the envisioned user-assisted functions [19]. They are
suitable for providing cognitive and walking assistance to people with mild to moderate
motor impairments (e.g., the elderly), and they can combine user-adaptive motion control,
navigation in dynamic environments, and cognitive assistance. In addition, they can pro-
vide stable human posture support, walking assistance, navigation in indoor and outdoor
environments, health monitoring, and more [58,59].

The researchers believe that the greatest advantage of this type of robot is its high
intelligence—it not only has a verbal human–computer interaction system, but also recog-
nizes the patient’s commands and feeds the language back into the system to recognize
and respond to the patient’s intentions. It breaks through the limitations of the support
provided by assistive devices and takes the patient as the main intermediary by incorpo-
rating the patient’s intentions into a functional rehabilitation training program in order to
achieve a holistic improvement in the patient’s physical and cognitive abilities.

4.1.5. Robotic Exoskeletons Provide Site-Specific Muscle Training

The research on this topic generally agrees that robotic exoskeletons are one of the
most-used motor rehabilitation robots in the rehabilitation field today [60]. Through their
bionic design, they connect the human-like mechanical structure’s design with the patient,
forming an integrated, wearable mobile device, which is driven by an external power
source to alleviate movement disorders. Therefore, they achieve the dual purpose of sports
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rehabilitation and physical function recovery, by effectively providing a second skeleton
for the patients [61].

The research in and the development of the technology for exoskeleton rehabilitation
robots are currently more mature than they are in other areas. Consequently, there are not
only local joint rehabilitation assistance robots, but also full-body, wearable exoskeleton
robots. This connects to the individual patient in a wearable way and has multiple points,
and, because its joint axis matches human joints, it can control the movement of all the
patient’s joints and can therefore train muscles in specific areas during the rehabilitation
training. Furthermore, it can also provide corresponding training for patients with limb
dysfunction to help restore the working ability of their limbs [62]. At present, robotic
exoskeletons can be divided into the following four types, according to where they are
worn: upper limb robotic exoskeletons [20–24], lower limb robotic exoskeletons [25–30],
whole body robotic exoskeletons [15], and ground robotic exoskeletons [31,32].

Compared with the first four types of robot-assisted technology discussed in this
paper, the current challenges in robotic exoskeleton research and development are as
follows: (1) its rigid structure and multi-link design affects the freedom of movement in a
patient’s joints—a patient can only execute the angle and speed that has been fixed for their
training method; (2) spending a long time repeating single action exercises could easily
trigger other parts of a sports injury and, thus, the function of other parts of the body could
be weakened; and (3) it is a non-intelligent functional system, which is unable to follow up
a patient’s rehabilitation progress in a timely manner or adjust the movement strategy.

4.2. How the Sports Rehabilitation Robot Works

The working methods of motor rehabilitation robots can be divided into three cate-
gories: assistant tools as the main intermediaries, the patient as the main intermediary, and
the sensors as the intermediaries.

The robots in which the assistant tools are the main intermediaries focus on stimulating
the patient’s motivation for rehabilitation and on guiding the patient to carry out their
rehabilitation training. The robots in which the patient is the main intermediary are mainly
controlled by the patient’s will and they help the patient to complete their rehabilitation
training movements. In the robots in which the sensors are the main intermediaries,
myoelectric sensors automatically identify the patient’s rehabilitation needs and make the
rehabilitation process more intelligent. Patients can choose the right exercise rehabilitation
robot, according to their needs and to the different stages of their rehabilitation to improve
its efficiency.

4.2.1. Assistant Tools as the Main Intermediary: Robotic-Assisted Patient Participation in
Motor Rehabilitation

Assistant tools, as the main type of rehabilitation robot, consist of software and
hardware tools and generally include not only the robot, but also a rehabilitation system,
which work in conjunction with each other. Because there are different types of assistive
rehabilitation, the robots’ components have different characteristics, and their working
methods vary accordingly. Usually, each component is directed towards the device’s
function to guide the patient through their motor rehabilitation.

As described above (Section 4.1.1), the upper extremity rehabilitation system, QM-
FOrMS, consists of a smart pad, a smart canister, and a mobile device, and it directs a
patient’s arm movements through LED cues on the smart pad to guide them towards
completing their rehabilitation movements [53]. In the FELXO-Arm1 rehabilitation system,
this upper limb-assisted rehabilitation robot (ULRR), has multiple degrees of freedom,
which enables it to provide a full range of assistance to the patient. It has an encoder and
sensors attached to it to enable it to record the patient’s rehabilitation status. Furthermore,
additional power units act on the patient’s elbow and shoulder joints. Information on the
forces interacting between the patient and the robot is obtained through sensors mounted
at the joint locations.
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Using this information, the rehabilitation robot actively constructs an inverse dynamic
model to precisely calculate and control the starting friction, motion friction, and motion
compensation force of the patient’s affected limb, laying the foundation for the subsequent
development of the treatment plan [33]. Moreover, together with the TOT rehabilitation
theory, different virtual reality game training tasks are set to guide patients towards
completing the established rehabilitation training program, which can effectively improve
stroke symptoms in elderly patients [34]. In contrast, the above two types of assistive device-
based robots work in such a way that the patient must undergo rehabilitation training
according to the rehabilitation program that is set by the robot and that is inherent in it.

This type of approach can restore the medical staff’s motor rehabilitation purpose
to a greater extent and does not negatively affect the final rehabilitation of the patient if
the they choose to make a change in the rehabilitation’s movement trajectory, or if they
decide to abandon the program due to the patient’s pre-control or insufficient motivation.
The FELXO-Arm1 rehabilitation system and the ULRR upper limb assisted robot can
personalize the activity parameters according to patients’ different needs and abilities, for
example, by including the patients’ background complexity, the running speed, the training
time, the background music. These factors can effectively cultivate patients’ motivation for
active rehabilitation and can therefore enhance the rehabilitation results.

4.2.2. Patient as the Main Intermediary: Patients Operate Assistive Devices for Motor
Rehabilitation Activities

The patient-oriented motor rehabilitation robot is mainly patient-controlled, and the
rehabilitation robot is manipulated to perform rehabilitation activities according to the
patient’s wishes, and with the help of the robot’s functions. For example, the REO-GO
upper limb rehabilitation robot first uses a platform to stabilize the patient’s upper limb,
and then relies on the patient to actively apply grip force to the handle, after which the
robot assists the patient in achieving the free movement of their upper limb [11]. Similarly,
patients can use the HAL-SJ, a wearable exoskeleton robot, to actively assist in their
training, by using the muscles’ action potentials, which are detected from the patients’
muscle fibers. This approach can help elderly patients to improve their knee’s mobility
and its synergistic contraction. Furthermore, this rehabilitation training method can reduce
antagonist musculature and synergistic muscle injuries [18].

The whole-body exoskeleton robot, FB-AXO, connects the upper and lower systems
through the lumbar and spine modules. Patients with muscle weakness can remain stand-
ing with the external assistance provided by the whole-body exoskeleton robot and they
can therefore actively operate the robot to complete the physical activities set in the re-
habilitation training program. Ultimately, this enables them to achieve the purpose of
their rehabilitation [35].

The motion rehabilitation robot mainly targets elderly patients and can help them
with their personalized physical activity exercises, under the active operation of the patient.
These robots can supplement the patient’s subjective rehabilitation and the corresponding
parts of their rehabilitation treatment. They can also allow the patient to perceive the recov-
ery of their corresponding body parts through the feedback that they provide. The patients’
choice of an appropriate physical activity program (a choice offered by these robots) is
also important for their subsequent rehabilitation. Therefore, this patient-led rehabilitation
robot only provides external assistance, which maximizes the patient’s initiative in the
rehabilitation process, unlike the robot-led rehabilitation approach, which requires patients
to passively receive their rehabilitation treatment [32].

4.2.3. Sensors as the Intermediaries: Myoelectric-Driven Robot Promotes Patient
Participation in Sports Rehabilitation

Robots in which the sensors are the intermediaries have a significant impact on the way
that the motor rehabilitation robot acts [36]. In addition, they contribute, to a certain extent,
to the motor rehabilitation of elderly patients. Usually, upper limb exoskeleton robots
(Rehab-Robotics) use myoelectric actuation as the mediating mode of action, and bioelectric

113



Healthcare 2023, 11, 326

sensors, such as EMG sensors, can detect the patient’s voluntary muscle activation in
real-time and trigger the robot-assisted movements [63]. The lower extremity rehabilitation
robot (Keeogo) places sensors on the thighs, knees, and calves of the elderly patients and
uses a wearable design, which connects the calves to the thighs and suspends them from
a lumbar carrier system, enabling the elderly patient’s hips to rotate freely and enabling
the sensors to transmit data to a terminal for analysis during the rehabilitation exercises.
This allows the robot to set up a rehabilitation medical program for them [37]. Ing-Jr Ding
and Yu-Jui Chang had confirmed after research, the Kinect-sensor-based sport instructor
robot was beneficial to rehabilitation and exercise training of the elderly. A GAD scheme
for enhancing Kinect-sensor-based gesture recognition was proposed. In addition, three
different types of state machine for formulating certain rehabilitation exercises in the sport
instructor expert system were also presented [64].

With the sensors as the intermediaries, the data obtained by using EMG to observe the
actual recovery of the patients will be more quantitative and objective than the data obtained
through the observation of medical personnel and through personal perception. The use
of a myoelectric drive to control the rehabilitation robot enables the patient to execute
the rehabilitation movements precisely and enables the maximum possible fit with the
patient’s rehabilitation wishes. Moreover, it also perfectly demonstrates the effectiveness
of the medical rehabilitation program. Of course, how best to use myoelectric-driven
rehabilitation robots to assist elderly patients with precise limb rehabilitation activities will
become a major research focus in the future.

4.3. The Effect of the Sports Rehabilitation Robot

Traditional exercise rehabilitation programs are designed to focus on the characteristics
of the patient’s disease and do not pay enough attention to the physical and mental
characteristics and to the individual differences of the elderly patients [65]. For frail
elderly patients, there are many barriers to exercise, including their physical inability to
support their own physical activity; negative attitudes towards exercise; and their lack of
sufficient exercise confidence [66]. In investigating the effectiveness of the existing motor
rehabilitation robots, sports rehabilitation robots were found to be more effective in the
treatment of degenerative diseases in the elderly, compared to the traditional rehabilitation
methods, especially in secondary medical problems, such as osteoporosis, cardiovascular
disease, respiratory problems, and intestinal dysfunction. Seniors who recover with the
assistance of a sports rehabilitation robot also exhibit good behavioral characteristics and
psychological states [63].

Moreover, the study showed that the exercise rehabilitation robot assisted elderly pa-
tients with degenerative diseases. It was found that they exhibited a better recovery of their
strength and endurance and a significant improvement in their balance and coordination.
However, no significant improvement in their agility or speed was observed. The main
areas of the body targeted by the different types of rehabilitation robots and their effects
are shown in Figure 3.

4.3.1. Better Recovery of Strength and Endurance

Strength is the basis of all physical activities, and the elderly generally show a gradual
weakening of muscle strength as they age. Resistance training is the main way to help the
elderly restore muscle strength [67]. However, most elderly patients are unable to perform
resistance training to improve their strength. The use of the same robotic assistance that is
used for sports rehabilitation both improves the elderly’s upper-limb strength and reduces
the sports injuries [68] sustained by them [38,39]. This is because these robots can assist
the elderly in their progressive resistance training, while monitoring the changes in their
physical status during exercise in real-time [20,40]. As shown by their better strength
recovery using these methods, compared to traditional recovery training, elderly patients
who cannot exercise on their own can improve their muscle strength with the help of
these robots [41,69]. The sports rehabilitation robot was found to perform even better
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in enhancing the endurance of elderly patients. Traditional rehabilitation training is not
comparable to robots in terms of the calculation and the control of the load, and the
rehabilitation effects of these traditional methods are, thus, not satisfactory [17]. Robotic-
assisted gait training was shown to significantly improve the endurance of the elderly
patients, compared to traditional treadmill training. Furthermore, the unassisted walking
endurance and stair-climbing ability of the elderly patients were also seen to improve [28].
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4.3.2. Balance and Coordination Improve the Effect Significantly

Balance and gait disturbances are common manifestations of dysfunction in older adults
as they age. Professionals need to accompany elderly patients during the exercises necessary
for their balance and coordination training, in order to reduce or avoid falls and sports
injuries. This requires a significant amount of human and material resources [70]. In contrast,
the use of a sports rehabilitation robot can effectively solve the above problems—the higher
the involvement of the sports rehabilitation robot, the more effective it will be in improving
the ability of the elderly patients to balance, and, thus, the recovery will be much more
effective than when using the non-robotic traditional training methods [66]. In addition,
studies have also found that rehabilitation training with sports rehabilitation robots can
improve the efficiency of elderly patients’ balance and coordination recovery, can reduce
their rehabilitation time, and can have a better effect on their balance function [42–44].

4.3.3. No Significant Improvement in Agility and Speed

Agility is a unique physical ability that has not received much attention from reha-
bilitators, and, thus, there are very few agility training methods for improving the agility
of older patients [71]. To some extent, sports rehabilitation robots can be used as training
aids to help older adults improve their agility. When combined with technologies such as
virtual reality, sports rehabilitation robots can substantially improve the cognitive ability
and physical state of elderly patients; however, they cannot significantly improve elderly
patients’ performance in agility-related tests [45]. The sports rehabilitation robot also had
limited success in improving the speed of the elderly patients. For example, after using
robot-assisted gait training, there was no significant difference observed in the improve-
ment of the elderly patients’ gait speed, compared to the traditional treadmill training, and,
in some conditions, treadmill training was even seen to yield better results [46]. As a result,
there was no significant improvement in the agility and speed of the elderly patients, when
they were aided by a sports rehabilitation robot.

5. Optimization Suggestions and Future Perspectives

Currently, sports rehabilitation robots use clinical measurement scales to assess whether
patients’ functional improvement is significant after receiving the intervention. However,
due to the different nature of the ordinal scales used for taking the measurements and their
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lack of sensitivity in detecting subtle changes in the patient’s exercise performance during
the assessments, future studies will need to use specific instruments—such as electromyog-
raphy and kinematic analysis—to accurately assess the effects of the interventions on the
exercise performance and on the motor unit recruitment [72]. Because of the characteristics
of the current types of sports rehabilitation robots, their working methods, their effects,
and the gaps in the current research, we make the following suggestions.

5.1. Refining Assistive Technology

Studies have confirmed that patients with physical dysfunction can recover consider-
ably with the aid of a sports rehabilitation robot [47]. This study found and collated the
significant effects that this assistive technology had in improving the physical abilities of
elderly patients, such as their strength, endurance, balance, and coordination. However, the
current motor rehabilitation assistive technology for neurological and cognitive recovery in
elderly patients is inadequate. In the future development of robot-assisted rehabilitation
technology, we must focus on the neurological function and cognitive recovery of the
patients, based on the recovery of their body function, so that patients can truly recover.

5.2. Classification and Characteristics of Sports Rehabilitation Robots

Existing sports rehabilitation robots can provide high-intensity, repeatable rehabilita-
tion training for patients, which can greatly relieve the pressure on staff input in rehabilita-
tion facilities, and can reduce the workload of clinical rehabilitation practitioners. However,
compared to professional rehabilitation physicians, sports rehabilitation robots are not
able to accurately determine a patient’s recovery or their motivation to recover, based
on the patient’s response and physical state, nor are they able to adjust the rehabilitation
arrangements in a targeted manner. It is suggested that future sports rehabilitation robots
should combine modern multimedia interactive technology to stimulate patients’ interest
and enthusiasm in participating in rehabilitation training; to mobilize their awareness and
ability to actively participate in training; and to combine multiple modal sensor technolo-
gies to achieve intelligent recognition of patients’ physical status and intentions, while
having the ability to adjust the rehabilitation plans in a targeted manner.

5.3. Enhancing the User Experience

The service object of a sports rehabilitation robot is a human being, and its user
experience determines its value. Because the design of the sports rehabilitation robots
mainly uses a mechanical multi-link structure, manufacturing is based mainly on alloys,
carbon fiber, and other rigid materials. This results in a poor wearing experience for the
user, as the prolonged use of a fixed mechanical structure to carry out activities affects the
flexibility of the other joints, making it easier for them to sustain sports injuries. It is hoped
that the future development of sports rehabilitation robots will include flexible materials to
improve the user’s comfort when wearing the devices, based on considerations of safety
and support.

6. Conclusions

Robot-assisted technology is of great significance for the rehabilitation of the elderly.
Sports rehabilitation robots can assist in the enhancement of the physical ability of elderly
patients with degenerative diseases, thus, their development and application will have a
significant practical value.

The current types of SRR are generally classified as end-effector robots, smart walkers,
intelligent robot rollators, and exoskeleton robots—exoskeleton robots are the most widely
used. The working methods of these SRR include the following: (1) assistant tools as
the main intermediaries—e.g., the robots assist the patients in participating with their
rehabilitation; (2) patients as the main intermediaries—e.g., patients dominate the assis-
tant tools to proactively participate in their rehabilitation; and (3) sensors as the main
intermediaries—e.g., myoelectric-driven robots promote patient participation. The robot-
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assisted rehabilitation method is better than the traditional single-motion recovery method,
and the elderly patients’ strength and endurance can be better restored through this. In
addition, their balance and coordination can also be significantly improved. However,
there was no significant improvement in the elderly patients’ agility or speed when they
were assisted by these robots.

With the continuous innovation of human-computer interactions, the Internet of
Things, artificial intelligence, new materials, robot simulation, and other technologies,
the sports rehabilitation robot needs to be further improved through the development
of assistive technology, intelligent recognition, user perception, and other technologies,
to bring new developments into the field of medical rehabilitation [73]. Crucially, this
will bring new hope that more elderly patients with degenerative diseases will be able to
resume a normal life.
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Abstract: The barbell piercing can be used as an assistive device that allows people with severe
disabilities, such as tetraplegia, to control their environments using the movement of the tongue. The
human tongue can move rapidly and accurately, such that the tip can touch every tooth. Lingual
control systems allow people with disabilities to take advantage of their residual skills for easier
communication and to improve the control of mobility and the surrounding environment. The
aim of this study was to conduct a narrative review of the development and dissemination of the
assistive technologies based on tongue control by means of the barbell piercing. The design of the
study was based on: (I) an overview of Pubmed complemented with other databases and Web
searches (also institutional); (II) an organization according to a standardized checklist for narrative
reviews; (III) an arrangement with four different perspectives: the trends in the scientific literature,
technological evolution and categorization, dominant approaches, issues of incorporation into the
health domain—such as acceptance, safety, and regulations. The results have highlighted: (1) that
the volume of scientific productions, which started in this sector before the smartphone expansion,
has not increased; (2) that it is possible to make a map point of the technological evolution and
categorization; (3) that these assistive technologies have a high degree of acceptance and performance,
especially when integrated with aid tools with mechatronics; (4) and the complexity of the regulatory
framework in this area. The study, from a general point of view, highlighted the high potential of
these systems and we suggest investing the energy into agreement tools for assistive technologies
(AT)s, such as health technology assessment studies, comparative assessment analysis, or consensus
conferences that could allow a better diffusion and use of ATs, including these systems.

Keywords: spinal cord injuries; assistive technology; tongue barbell piercing; tongue drive system;
inductive tongue control system

1. Introduction

This study moves into the sector of severe motor disabilities. Among these dis-
abilities, quadriplegia has an important impact on the autonomy and quality of life of
a person. Assistive technologies have enormous potential for supporting the commu-
nicative functions of people with tetraplegia and are therefore the theme of important
studies relating to engineering developments and clinical applications. Among the assistive
technologies used in quadriplegia, it is also possible to find some technologies based on the
barbell piercing.

1.1. Spinal Cord Injuries and Tetraplegia: Definition

A spinal cord injury is the result of damage to any portion of the spinal cord or the
nerves at the base of the spine. The spinal cord is a bundle of nerve fibers and tissue, which
lies within the spine forming the brain’s connection to the body.

Damage to any part of the spinal cord can affect sensory, motor, and reflex capabilities
if the brain is unable to send information past the location of the injury.
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A severe spinal cord injury (SCI) or traumatic brain injury (TBI) can have a variety
of impacts [1]. Patients of SCIs and TBIs can suffer a certain type of constant paralysis.
An SCI can be complete (totally affecting the spinal cord) or incomplete (partially affecting
the spinal cord). Furthermore, it should be considered that the higher the damage is
positioned on the spine, the more serious the paralysis will be. We must consider that the
spine is divided into four districts: cervical (C1–C7, C8*), thoracic (T1–T12), lumbar (L1–L5),
and sacral (S1–S5) (*there is an additional cervical-level injury known as a C8 injury, which
relates to damage to the spinal cord root that exits the spinal column between vertebrae C7
and T1). Tetraplegia refers to damage in the cervical district.

The simplest Tetraplegia definition [1] is “a form of paralysis that affects both arms
and both legs “This term is often replaced with the term “Quadriplegia”. Table 1 reports
the neuromotor limitations as a function of the location of the damage [1]. The level of
individual disability depends on several factors, such as the position of the injury, its
completeness, and the timeliness of the treatment of the injury. Therefore, the technologies
must be properly planned and assigned to support the disability considering this.

Table 1. Map between the level of the lesion and the state of neuromuscular functions in quadriplegia.

District/Level Neuro Respiratory Function Neuromuscular Function

C1–C4 Need for mechanical breathing Total paralysis of the arms

C5
Difficulty in coughing, there may

be a need for help in cleaning
up the secretions

Paralysis of the wrists, hands,
and triceps muscles

C6 As above Paralysis of the wrist flexors,
triceps, and hands

C7–C8* As above
Some muscle weakness in the

hand, difficulty in grasping
and releasing

1.2. The Assistive Technologies and the Tetraplegia

The WHO has addressed the issue of Assistive Technologies (ATs) and reports on its
website [2] as they are a fundamental instrument of equity, independence, and dignity. In
other words (literal quote),

“Assistive technology enables people to live healthy, productive, independent, and dig-
nified lives, and to participate in education, the labour market and civic life. Assistive
technology reduces the need for formal health and support services, long-term care and the
work of caregivers. Without assistive technology, people are often excluded, isolated, and
locked into poverty, thereby increasing the impact of disease and disability on a person,
their family, and society.”

According to the Assistive Technology Industry Association (ATIA), an AT is any
item, piece of equipment, software program, or product system that is used to increase,
maintain, or improve the functional capabilities of persons with disabilities [3]. An AT
supports people who have difficulty speaking, typing, writing, remembering, pointing,
seeing, hearing, learning, walking, and many other things.

These aids are complex devices that often use special materials and complex mechanics.
They are controlled by high-level electronics and information technology (e.g., motorized
exoskeletons). In the case of aids for supporting the communication capabilities of people
with communication disabilities, so-called devices for “alternative and augmentative com-
munication” (e.g., eye pointers) are used [4]. The ATs for quadriplegia have been greatly
affected, as for other forms of disability, by the exceptional technological developments
of recent decades, and, more specifically, by the miniaturization of electronics, and the
diffusion and integration into the health domain of mobile technology, micromechanics, and
materials. These ATs allow people with tetraplegia both to interact with the environment
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and to communicate. They allow for the control of your smartphone, tablet, computer,
wheelchair, robotic devices, and more, usually from one singular controller/device. This
gives the person control over the Ambient Assisted Living systems for domotics, communi-
cation, and displacement.

When quadriplegia is addressed, it is necessary to carefully consider both the different
forms of neuromotor disability and other aspects such as age, literacy, and the presence of
any cognitive disorders, while also considering other factors such as the patient’s ability to
accept a certain assistive technology. In this context, it is important to adapt the ATs to the
person [5].

All of this is also in compliance with the latest document, the “International Classifica-
tion of Functioning, Disability and Health” [6], which no longer looks at disabilities but at
the health components of the person.

1.3. The Barbell Piercing as an Assistive Technology

In recent years, among the various AT solutions that have been developed to support
tetraplegia patients with environmental control, communication, and displacement, it is
possible to find those based on barbell piercing. Body piercing is defined as the penetration
of an ornament into openings made in the skin or mucosa. Intraoral and perioral sites are
often selected for piercing with the tongue, lips, and cheeks being the most pierced sites.

The spread of “body art” practices has given rise to increasing concerns.
We previously performed studies and analyses on tattoos and piercings designed to

improve the lives of those who suffer from particular diseases [7]. Medical tattoos applied
to restore the bodily integrity of cancer patients are an example.

There is also a great interest in the application of piercing in assistive devices, based
on tongue control systems that can help to improve the autonomy of people with severe
motor disabilities.

The barbell piercing can also be used as an assistive device that allows people with
severe disabilities to control the environment using the movement of the tongue. The
human tongue can move rapidly and accurately and the tip can touch every tooth. Lingual
control systems allow people with disabilities to take advantage of their residual skills
for easier communication and to improve the control of mobility and the
surrounding environment.

Regarding the sensor in these ATs, an activation unit made of a soft ferromagnetic
material magnet can be used to carry out actions based on distance or support with
appropriate devices.

Therefore, such an activation unit placed, for example with adhesive, on the tongue
can interact with other receiving devices internally or externally from the mouth.

The use of a piercing as an alternative solution guarantees better stability, as the
actuator is firmly anchored on the tongue through it. The positioning of the actuator by
means of an adhesive solution presents less stability at the price of easier removal.

A technological study proposed at the Micro and Nanotechnology Sensors, Systems,
and Applications IX congress in 2017 [8], highlighted the technologies used, and the
classification of the devises used in this field.

1.4. Purpose, Organization and Key Questions to Answer

The main objectives of this study are to:

• Investigate the evolution of these devices; the volume of scientific production; describe
the use of tongue piercing as a driving tool for AT systems in quadriplegic patients
enrolled in the study protocols.

• Analyze the use of these devices and their integration into the health domain.

The work is organized into five sections plus the introduction (section one).
Section two is the methods.
Section three reports the results. It is divided into four parts:
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• The first part analyses the scientific production in this area, highlighting the progress
and the evolutions.

This part answers the key question: “How has scientific production evolved in this area?

• The second part reports the technological evolution and categorization of the tongue-
based devices.

This part answers the key question: “What are the technological evolutions of these devices
and how can they be categorized?”

• The third part, reports the consolidated approaches using the barbell piercing.

It answers the key question “What are the dominant approaches regarding the use of the
barbell piercing inside the mouth?”

• The fourth part analyses the integration into the health domain with a particular focus on
the acceptance, safety, comparison, and regulation issues. It answers the heterogeneous
question “What can be said about the acceptance, comparison, safety, and regulation of
these devices?”

Section four reports a discussion on the evidence gathered also based on the deploy-
ment, and the development prospects.

Section five is dedicated to the conclusions.

2. Methods

This study made use of a standardized checklist for narrative reviews (Available
online: [9]).

Given that this study investigated the integration in the health domain, the search was
conducted on Pubmed. The search was also complemented, when necessary based on the
topic addressed (for example legislation), by deepening the search using other databases
dedicated to technological studies, and websites, including institutional ones. Tables 2 and
4 show the search terms used in the relevant sections.

The design of the study, in line with the objectives, addressed four specific points
of view with targeted searches to give the reader a complementary image from multiple
angles and perspectives on specific aspects. The first search was dedicated to analyzing the
trend of scientific production. The second search addressed the technological evolutions
and the categorization of the devices. The third search was dedicated to the dominant
approaches in the development of the sensor–actuator chains inside the mouth. The fourth
search addressed aspects related to integration into the health domain, such as acceptance,
comparison, security, and regulatory aspects.

3. Results
3.1. The Development of the Tongue Piercing as a Driver for Assistive Technologies in the
Scientific Literature

In line with the purpose of the study, we:

• Turned to the PubMed database to analyze the evolution of scientific production in
this area in relation to integration into the health domain.

• Defined a search key suitable for the purpose.
• Checked for any reviews.

The composite key is available and can be found in Table 2 [10].
The first piece of general evidence to be noted is that the list did not show the presence of

reviews. This is certainly a comforting finding for our study in relation to the need to make
a map point.

The second piece of general evidence is that the search returned 72 contributes, starting
from the year 2006 up to the date of this review (the year 2022), a span of about 16 years.
This means that the spread of these systems began before the boom of smartphones, as
we know them today [11], and followed its evolution. With a few exceptions, regarding
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studies dealing with the biocompatibility of materials and lingual models (and the related
issues), all the studies are focused on this area.

Table 2. Search terms in Section 3.1.

Search Key

“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR “tongue
computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR ((“tongue”[MeSH Terms]

OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue s”[All Fields]) AND “elaborator”[All
Fields] AND (“interface”[All Fields] OR “interface s”[All Fields] OR “interfaced”[All Fields] OR

“interfaces”[All Fields] OR “interfacing”[All Fields]))

The third general consideration concerns the progress of scientific production.
The peak of scientific production was in 2012 with 10 papers. In the first 5–6 years, up

until the year 2012, the year in which the maximum number of studies, 10, was proposed,
there was a growth in production. After this period, the trend changed. Figure 1 shows
how: (a) up to the year 2013, approximately the first half-period of the scientific production
period, we had 41 papers (57% of scientific production). (b) From the year 2014 up to today,
approximately the second half-period of the scientific production period, we have had
31 papers (43% of scientific production). Twenty-five (34.7 %) of the total scientific works
are contributions to International Congresses.
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Figure 1. Scientific production for tongue electronic systems.

By addressing the scientific aspects, it is possible to see that the history and evolution
of this technology are due to two international groups, which, starting from the year 2006,
through initial contributions in [12,13], contributed to the theme with a different approach.
In fact, with a few isolated exceptions [14,15], the scientific contributions were made by
these scholars.

The technological approaches have evolved and adapted from time to time into differ-
ent applications for the health domain and have shown important potential for integration
with Alternative and Augmentative Communication, for integration with the environment
(Ambient Assisted Living), and other home automation applications [16–21].

These two intraoral technological approaches produced through the two groups, in
their different versions, integrations, and evolutions, demonstrated potential in the field of
assistive technologies.

3.2. Applied Technologies and Categorization

In order to analyze the applied technologies and approaches in this area, the search
was integrated with other technology-focused databases. Some scholars reported in [8]
an interesting categorization useful as a reference. We briefly report the technological
evolutions and approaches according to this categorization also resumed in Table 3.
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Table 3. Categorization of the tongue-based systems.

Young Participants Brief Description References

1 Tongue drive system Actuator and receiver use magnetic
fields. Sensors are external [8,22–26]

2 Intraoral tongue
drive system

Actuator and receiver use
magnetic fields. Sensors placed

inside the mouth.
[8,27–32]

3 Standalone tongue
drive system Completely wearable [8,33–35]

4 Multimodal Tongue
Drive System

The system integrates a head-mounted
device and a speech recognition device [8,36]

5 Inductive tongue
control system

Actuator and receiver (external) use
magnetic fields. Inductive sensors are
used (placed on a PCB for the palate)

[8,37–41]

6 Further tongue-
based systems

They are emerging technologies based
on light emitting diodes and light

detectors, the IBM tongue track point
technologies, piezoelectric sensors,

and a tongue-based Joystick (Jouse3)

[8,42–45]

3.2.1. Tongue Drive System

The first device, the Tongue Drive System (TDS) [8], used a magnetic field generated
by a magnetic actuator-tracer on the patient’s tongue to detect instructions based on a set
of tongue-based gestures [22]. The authors designed a headset with a pair of lateral poles
arranged with sensors to detect and measure the variation of the magnetic field, correlated
to the tongue-based gestures. The detectors were four tri-axial magnetic sensors. The
communication to the receiver was wireless. The authors used a Texas Instrument device.
The frequency was set at 2.4 GHZ [23–25]. The interface used the software Labview for
both the A/D conversion and display [26].

3.2.2. Intraoral Tongue Drive System

An evolution of the TDS [8,27–29] considered the placement of the receiver in the
mouth. This new architectural design improved the detection of the magnetic field cor-
related to the tongue-based gestures, as the detectors were closer to the actuator-tracer
placed on the tongue [30]. The receiver was anchored on the teeth. This allowed for
better steadiness and discretion (with the system being hidden inside the mouth) [31].
Two evolutions were proposed. The first version used a custom system-on-chip de-
vice placed in the center of the device’s printed circuit board (PCB). Four 3-axial mag-
netic sensors were affixed on the four corners of the PCB. The system used a dual band
(27 MHZ, 433 MHZ). The system communicated the data similarly to the previous system.
The second version [32] proposed an arch-shape device, placed on the lower jaw, with the
electronics located in the buccal shelf area. The frequency used was the same. The reception
on the receiver side was improved using a super-regenerative approach.

3.2.3. Standalone Tongue Drive System

The design of a device that could fit completely inside the mouth, i.e., a standalone
device, was the next step [8]. The first device used a common open-source miniaturized
platform, named Beagle Bone Black (BBB) [8]. The calibration based on an ARM A8
processor included a classifier designed by means of a support vector machine. This system
allowed for successful interfacing with an electronically driven wheelchair [33]. Another
device included a field programmable gate array (FPGA). The FPGA collected digitized
raw information from the detectors using a serial peripheral interface [34,35]. A properly
designed classifier algorithm based on the Earth’s magnetic field attenuation and logistic
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regression was implemented in the FPGA. Bluetooth low energy (BLE) was also used to
interface with the pc or the smartphone.

3.2.4. Multimodal Tongue Drive System

The integration of the TDS with further assistive technologies has been proposed [8].
The authors named it the Multimodal Tongue Drive System [36]. It integrated a head tracker
and a speech recognition system [36]. The head tracker used an Inertial Measurement Unit
comprising both one 3D gyroscope and one 3D accelerometer. The Dragon Naturally
Speaking tool was used as an interpreter/speech-to-text translator.

3.2.5. The Inductive Tongue Control System

A further device used inductive sensors [8,37–41]. It was proposed at Alborg Univer-
sity in Denmark. It comprised: (a) a ferromagnetic actuator-tracer placed on the tongue;
and (b) a group of 18 inductive switches placed on a PCB designed to be affixed on the
palate. When the actuator touches the switches, the result is a voltage change and therefore
a command. We will return to this later in the paper (see Section 3.3).

3.2.6. Further Tongue-Based Systems

Further approaches [8] in progress are using light-emitting diodes and light detec-
tors [42], the IBM tongue-track-point technologies [43], piezoelectric sensors [44], and
a tongue-based Joystick (Jouse3) [45].

3.3. The Tongue Piercing in Assistive Technologies in Quadriplegia Today: The Two Most
Important Approaches

Different technological approaches have been followed in the use of assistive systems
based on the movement of the tongue. It was possible to carry out the categorization
shown in Table 4. Surely, future efforts will be directed towards the bringing of all the
ICT inside the mouth, and pushing towards miniaturization, towards greater comfort of
the Stand-Alone Tongue drive system (Position 3, Table 3), and towards the expansion of
Multimodal Tongue Drive Systems (Position 4, Table 3).

Looking from another perspective, however complementary, in line with the objectives
of the study, which intends to address the processes of inserting the barbell piercing into
these systems, we can focus on the Tongue Drive System and its intraoral evolution
(Position 1-2, Table 3) and on the Inductive Tongue-Based System (Position 5, Table 3). In fact,
two different approaches [12,13] have been proposed by scholars in the past, evolving in
the recent two decades that use the movement and the multiple capabilities of the tongue,
providing a specific tongue cockpit, which led to the insertion of the barbell piercing.
One approach is the Tongue Drive System device, also available in the intraoral version
(iTDS). Another approach is the Inductive Tongue Control System (Itongue). A description
of the functioning and of the evolution of the two systems is provided below.

3.3.1. The Tongue Drive System (TDS) in detail

The TDS designed and developed initially at the North Carolina State University is
a wireless and portable human–computer interface. The device consists of a small magnetic
disk, attached by means of a dental adhesive onto the tongue, capable of generating
a magnetic field [13]. The movements of the tongue induce variations in the magnetic field,
which are detected using a kit of sensors positioned on an earphone. The signals are then
sent wirelessly from a control unit, placed in the headset, to a receiver that processes them
and translates each movement into a specific function defined by the user, such as moving
the cursor on the screen of a computer, dialing a phone number, driving a wheelchair, or
turning the light on and off. The TDS was capable of detecting six positions in the mouth,
which are activated when reached by the tongue and translated into six commands. The
TDS featured several important upgrades. Figure 2 shows a sketch of the first release. We
report here two important upgrades (see in Figure 3 the sketch of the two upgrades).
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Table 4. The Search Keys in Section 3.4.

Search Key

1

(“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR
“tongue computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR

((“tongue”[MeSH Terms] OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue
s”[All Fields]) AND “elaborator”[All Fields] AND (“interface”[All Fields] OR “interface

s”[All Fields] OR “interfaced”[All Fields] OR “interfaces”[All Fields] OR
“interfac-ing”[All Fields]))) AND (“accept”[All Fields] OR “acceptabilities”[All Fields] OR
“ac-ceptability”[All Fields] OR “acceptable”[All Fields] OR “acceptably”[All Fields] OR
“acceptance”[All Fields] OR “acceptances”[All Fields] OR “acceptation”[All Fields] OR

“accepted”[All Fields] OR “accepter”[All Fields] OR “accepters”[All Fields] OR
“accepting”[All Fields] OR “accepts”[All Fields])

2

(“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR
“tongue computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR

((“tongue”[MeSH Terms] OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue
s”[All Fields]) AND “elaborator”[All Fields] AND (“interface”[All Fields] OR “interface
s”[All Fields] OR “interfaced”[All Fields] OR “interfaces”[All Fields] OR “interfacing”[All

Fields]))) AND (“comparison”[All Fields] OR “comparisons”[All Fields])

3

(“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR
“tongue computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR

((“tongue”[MeSH Terms] OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue
s”[All Fields]) AND “elaborator”[All Fields] AND (“interface”[All Fields] OR “interface
s”[All Fields] OR “interfaced”[All Fields] OR “interfaces”[All Fields] OR “interfacing”[All
Fields]))) AND (“legislation and jurisprudence”[MeSH Subheading] OR (“legislation”[All
Fields] AND “jurisprudence”[All Fields]) OR “legislation and juris-prudence”[All Fields]
OR “regulations”[All Fields] OR “social control, formal”[MeSH Terms] OR (“social”[All

Fields] AND “control”[All Fields] AND “formal”[All Fields]) OR “formal social
control”[All Fields] OR “regulate”[All Fields] OR “regulates”[All Fields] OR

“regulating”[All Fields] OR “regulation s”[All Fields] OR “regulative”[All Fields] OR
“regulator”[All Fields] OR “regulator s”[All Fields] OR “regulators”[All Fields] OR

“regulated”[All Fields] OR “regulation”[All Fields])

4

(“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR
“tongue computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR

((“tongue”[MeSH Terms] OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue
s”[All Fields]) AND “elaborator”[All Fields] AND (“interface”[All Fields] OR

“interfaces”[All Fields] OR “interfaced”[All Fields] OR “interfaces”[All Fields] OR
“interfacing”[All Fields]))) AND (“safety”[MeSH Terms] OR “safety”[All Fields] OR

“safeties”[All Fields]))
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The first important upgrade in the year 2014 consisted of inserting a magnet inside
a barbell piercing to maintain the greatest level of efficiency over time. The magnet that
generates the magnetic field was placed inside the dorsal sphere of a titanium barbell
piercing, internally drawn, to which, after insertion into the tongue, a retainer is screwed
in the ventral position, like a common lingual piercing. A medically performed tongue-
piercing method was developed and tested for use with the TDS by people with high-level
SCIs [46,47]. The piercing attached to the magnetic disc with adhesive has different impli-
cations due to the stable implant inserted into a body part (the tongue). The adhesive disk
is not a stable device; however, it is useful for running some proof-of-concept experiments.
The patients involved in the study evaluated the TDS as effective in interfacing with com-
puters, driving wheelchairs, dialing telephone numbers, and other tasks, as described later
in the paper. This device turned out to be even easier to use than the sip-n-puff device, as
described later in the paper (see Section 3.4).

The second important upgrade eliminated the headset. In this device, named Internal TDS
(iTDS), the control unit was inserted into an apparatus similar to an orthodontic appliance
(Figure. 3). The use of the iTDS by patients showed better compliance in comparison with
the TDS, due to the absence of the earpiece [34].

3.3.2. The Inductive Tongue Control System (Itongue) in Details

The Itongue was developed at the Center for Sensory–Motor Interaction at Aalborg
University in Denmark [39,48–50].

This device, like the previous one, allows persons with severe motor impairments and
loss of limb functionality to directly type a text or command a pointing device in order to
control, for example, an electric wheelchair or a personal computer. The system consists
of an orthodontic appliance (OA) placed on the palate (see the sketch in Figure 4) which
contains two blocks of inductive sensors (in total 18) organized in a front panel (8 sensors)
that can be used as a pointing device (mouse, joystick) and a rearmost panel (10 sensors)
that can function as a keyboard.

Inductive sensors are activated using an activation unit on the OA, which changes the
inductance. The activation unit consists of a small cylinder of ferromagnetic material. The
activation unit is placed inside the upper sphere of a barbell piercing which is inserted into
the tongue and activates a given sensor every time the tongue selects it. The raw activation
signals are sent wirelessly to an integrated electronic component (embedded controller)
which processes and transforms the data, and sends them to a composite USB peripheral.

129



Healthcare 2023, 11, 101

The USB peripheral then interacts with the PC through a standard USB interface [48]. The
high number of sensors and their particular arrangement allows the system to be used
both for writing, by the use of each sensor as a key (keyboard mode), and to obtain the
functionality of the joystick (mouse mode) combining sensor signals. In addition, the ability
of the system to interact with the PC through the USB interface, and therefore without
customized software, means that the device can be used with any PC, even one that is not
your own. The use of this device gave encouraging results in terms of speed and accuracy
from the point of view of the acceptance [39] as described later in the paper (see Section 3.4).
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3.4. Incorporation in the Health Domain: Acceptance, Safety, Comparison, Regulation Issues

One of the key aspects of the use of these devices is integration into the health domain.
This integration is based on an accurate assessment of aspects related to interoperability,
comparison with the other devices, safety, and the regulations. Targeted searches were
carried out on Pubmed, as it is the reference database for the subject of integration into
the health domain. Other databases and websites (including institutional ones) were also
analyzed in order to complement and integrate the available information. Table 4 shows
the key search terms used.

3.4.1. Acceptance

The search of studies on acceptance was performed by means of the key in Position
1 of Table 4. The study reported in [51] analyzed the acceptance of the intraoral induc-
tive tongue system interface in typing text. Both able-bodied and tetraplegic persons
were recruited. The experimentation lasted five days. The average error-free typing rate
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ranged between 11.6 correct characters/min for all participants and 15.5 correct charac-
ters/min for those participants familiar with the piercing. The functionality of inductive
systems was demonstrated in two quadriplegic subjects and two able-bodied participants in
a study reported in [41]. It was particularly appreciated that the device was invisible.
A maximum speed of 1.4 s has been reached for the repeated typing of a correct character
with the use of the mouse function. The results highlighted both the effectiveness and the
aesthetic acceptability of the device. The effectiveness of these devices was also evaluated
in an application that involved both the interaction of the TDS with the computer and
interaction with the driving systems of an electric wheelchair [52]. Moreover, in this case,
both able-bodied participants and participants with spinal cord injuries were recruited [52].
Comparisons were also made with the sip-and-puff (SnP) system, with which patients
with spinal cord injuries were already familiar. These comparisons showed that the lin-
gual device obtained three times better speed performance than the SnP. The acceptance
of these systems was also investigated in the control of Apps available in the stores for
smartphones. A Bluetooth module was used that emulated the interactions of the fingers
on the touchscreen [53]. The study was carried out on able-bodied people. The errors were
negligible at the typing speed measured.

3.4.2. Comparison

The search of studies on comparison was performed by means of the key in Position 2 of
Table 4. The search returned studies focused on comparison with other systems and on the
learning process of the use of these ATs [21,54,55], also highlighting in some cases that these
systems could be useful in healthy people to fast control elaborators and mechatronics (e.g.,
robots). In the study reported in [21], the authors suggested that the inductive tongue
control system allowed the user control over the environment. The Cartesian control of
an assistive robotic arm was mapped with the device. Two healthy participants were re-
cruited. Trials compared the tongue interface with the manual control based on a keyboard.
The results showed that the tongue-based system performed better than the keyboard
with an increase in the task duration of up to 30%. The study available in [54] assessed in
18 health participants the ability of the tongue tip to accurately select intraoral targets
enclosed in a palatal device. The outcome showed: (a) that the performances were
faster and more accurate for targets located farther away from the base of the tongue;
(b) an improvement in the speed and accuracy of the learning and familiarity; (c) the evolu-
tion of the medical knowledge on the processes of learning related to tongue interaction.
Nine able-bodied participants, who already had tongue piercings, were enrolled in another
study lasting 5 weeks. The study was focused both on the learning processes on this device
and on the limiting factors [55]. Medical knowledge on the human factors affecting the use
of these ATs was obtained thanks to the comparison with the index-finger-keypad tools.

3.4.3. Regulation and Safety

The search on regulations with the key in position 3 of Table 4 did not produce re-
sults. This indicates: (a) the need for scholars to focus internationally on these aspects;
(b) fragmentation and non-uniformity at an international level, with regard to the applica-
ble regulations. This fragmentation is already present with regard to medical devices, for
those with high technological innovation [56]. This causes scarce initiatives and scholarly
interest in these issues [56].

The paths for the process of the commercial introduction of these devices, as with
the other ones, depend on the country or area (for example, Europe) where they are used,
and on the intended use and the relevant application. In fact, there are different legislative
frameworks introduced as the country or area changes. These different regulatory frame-
works determine different approval and insertion procedures. Thus, the approach, just to
give an example, is different if we are in the USA, where the FDA follows a certain road
map, than if we are in England, where Nice follows a different approval process, or if we
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are in Europe where, at the community level, the regulations are determined and must then
be implemented in the countries belonging to the community.

These ATs can be used in different applications and with different intended uses. They
can be used in clinical or non-clinical applications. They can be used in home automation
both to drive electric wheelchairs and to interact generally with the automated home
environment. They can be used as a high-tech medical aid to help with expressive language
and for communication, or as a part of a mobility or rehabilitation aid. They can be used in
a standalone mode or in connection with a network (e.g., local area network, world area
network), with different potential implications for cybersecurity.

Regarding safety, AT systems have some requirements to consider relating to the
insertion of sensors, actuators (e.g., the barbell piercing), and electronics into the oral cavity.

With these devices being based on electronics, electronic medical safety and electro-
magnetic compatibility must also be considered. In light of all these considerations, it is
evident that a detailed analysis would be impossible and far from the scope of this study
given the multifaceted characteristics of the possible applications and their intended uses.
With the idea of considering a more general and less specific possible framework, we report
the European regulatory framework as an example that is applicable here.

If we focus on the European reality, we find that all the systems in free commerce
must follow both the General Product Safety Directive [57] on general product safety and
the Directive 85/374/EEC on liability for defective products [58], which together regulate
the safety of products on the market and the responsibility for their defects. Furthermore,
these AT systems, based on their destination of use, can be classified as a specific medical
device (MD). Medical Devices are regulated by (Regulation (EU) 2017/745) [59], which
from the year 2020 replaces the previous directive. As electro-medical devices, based on the
application, they must comply with the CEI EN 60601-1 standard in force in Europe [60].
As far as electromagnetic compatibility is concerned, the reference standard is Directive
2014/30 /UE EMC [61]. There are three documents that regulate cybersecurity in the
EU [62–64]:

• The EU Cybersecurity Act (Regulation (EU) 2019/881) which launched an EU certifi-
cation path dedicated to cybersecurity [62].

• The directive on the security of the network and the information systems (commonly
referred to as the NIS Directive) that provides procedures for improving cybersecu-
rity [63].

• The General Data Protection Regulation (GDPR) which necessitates the design of
suitable actions to counter cyber risks [64].

The first document made available a procedure for a purely voluntary certification
process. The last two documents delegate and pass on security matters to the providers in
the health domain.

As for biocompatibility, there is ISO 10993 [65], although it is not mandatory, (this is
also applicable in dentistry). It establishes the parameters for the biological evaluation of
all medical devices in contact with the human body.

A search on Pubmed, dedicated to safety (Position 4, Table 4), highlighted three
important studies [46,66,67] in this field. The study reported in [66] investigated the
biological consequences of the titanium-magnet tongue implants of the TDS. The authors
reported an oromotor and tongue-tissue response in the miniature pig, having a tongue
similar to the human tongue. The results suggested the safety of the material used in the
implants. Another study addressed this issue [67]. The authors analyzed the behavior of
a smooth steel spherical implant in the anterior tongue of the rat. The study showed that the
device did not create migration problems or tissue biocompatibility problems. Furthermore,
it also showed that tongue functionality was not affected. The study also supports the use
of these devices in humans.

In the study reported in [46], the authors designed and tested a tongue-piercing
protocol and the application of the magnet barbell piercing to the tongue. They concluded

132



Healthcare 2023, 11, 101

that by using both careful procedures and medical protocols, the risk could be controlled
and strongly minimized.

The regulatory framework, with reference to Europe, is of a general nature. It
was reported considering the most general and broadest possible cases. It is not cer-
tain that, according to the intended use and applications, all regulations must always
be applied to these ATs, such as for example what is reported for cybersecurity and
electromagnetic compatibility.

Based on the above, an assessment of the marketing status of these devices requires
a country-by-country analysis. For the sake of completeness, we report that an inductive
operating device is marketed in Europe and is accessible at the site https://tks-technology.
dk/en/produkter/#itongue/ (accessed on 7 November 2022) [68].

4. Discussion
4.1. Highlights from the Study

The study in the first part recalled that: - quadriplegia has an important impact
on the autonomy and quality of life of the citizen.-The assistive technologies have both
an enormous potential for supporting the communicative functions of people with tetraple-
gia and are the theme of important studies relating to engineering developments and
clinical application. -Among the assistive technologies used in quadriplegia, there are
technologies based on the tongue barbell piercing. In the second part of the study it
was analyzed the evolution of the tongue piercing as an assistive technology, reporting
four points of view. The true added values of the study are the four points of view.

The first point of view made a map point on the evolution of the scientific literature
on Pubmed. It reported the scientific production trends. It showed that the scientific
production in this sector (see Figure 1) started before the smartphone boom [9] and has
not increased, unlike other technologies that the tongue-based systems are capable of
controlling, such as the robots used in assistance and rehabilitation. In fact, a search on
Pubmed by means of the key “robotics”[Title/Abstract] AND (“assistance”[Title/Abstract]
OR “rehabilitation”[Title/Abstract])” shows how in the latter sector, the growth up to the
year 2021 (the year 2022 is not yet closed) of the scientific production shows a positive
pseudo-exponential trend [69]. On the contrary, in the sector of rehabilitation and assistance
robots, which these ATs are able to pilot, there has been a disruptive growth of interest. It is
therefore important to ask ourselves about the reasons for this disinterest and the factors
that influenced it.

The second point of view reported the technological advances and the categorization
(see Table 3) according to the position of the scientific literature [8]. These systems have
evolved, from time to time, with the evolution of the technologies and processes of minia-
turization and have relied on the use of specific microprocessors, FPGAs, protocols based
on Bluetooth LTE, interface systems, advanced software (see for example Labview), and
typical algorithms of artificial intelligence.

The third point of view, with reference to the barbell piercing, described the two domi-
nant architectural approaches in mouth sensorization (of which, however, there are different
evolutions and additions), without the aim of finding the best of the bunch, (it was not the
objective of the study). One of these approaches was based on magnetic sensors arranged
on orthodontic equipment [32], while another approach was based on palatal equipment
with inductive sensors [37]. Even if it was not the objective of the overview to find the best
of the bunch, the study suggests that HTA or comparative assessment technology (CAT)
studies, focused on the two different systems, could bring a benefit to the development and
diffusion of these ATs for the assistance of frail people. Of course, the feasibility of a CAT
depends on the availability of both scholars in general and of the two groups responsible
for the history of these systems.

The fourth and last point of view discussed the integration of these ATs into the health
domain focusing on the acceptance, comparison, safety, and the regulatory issues. From one side,
the interesting acceptance characteristics of these devices were highlighted, such as:
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• The invisibility, which can improve privacy aspects and compliance [41].
• The high typing-speed performances [21,41,51–53].
• The better performances than the SnP systems in subjects with SCIs [52].
• The ability to improve the use with the increasing time of practice and learning [58,59].
• The effectiveness of control in home automation applications, such as in the control of

the electronic wheelchair or of a robotic arm [21,52–54].

On the other side, the fragmentation of the legislation at an international level was
highlighted. Some key considerations were reported, in some cases with reference to
clinical studies [46,66,67] and in other cases with reference to the European regulatory
situation [57–64]. It was highlighted that:

• The Pubmed search did not report specific studies on the legislation, useful as
an indication for these devices.

• These devices may have different applications and destinations of use. Furthermore,
regulatory reference requirements change based on this and according to the coun-
try/area of reference.

• Safety covers various aspects (which must be respected in the processes of inclusion in
free commerce based on adherence to regulatory requirements) such as, by way of non-
exhaustive example and even if not all of these are always applicable: electrical safety
and electromagnetic compatibility [60,61]; cybersecurity [62–64]; and the biocompati-
bility of materials [65]. Regarding this last point, in some studies, also based on animal
models, scholars have shown how with such systems it is possible to obtain the risk
control based on accurate procedures and appropriate medical protocols [46,66,67].

4.2. The Tongue-Based Systems versus the Other Assistive Technologies: Pros and Cons

Many technical and psychophysical factors influence the degree of acceptance of
a given assistive technology. Among the important factors are the ease of use and the
simplicity of learning how the AT works. The device should also be small, discreet,
aesthetically acceptable, and of a low cost.

There are currently several AT solutions, with pros and cons [5,16].
The Brain–Computer Interface (BCI), for example, is a technology based on the ability to

read neuronal activity, to process signals, and to send commands to the outside world.
Two approaches are used in the BCI. The first one is Electrocorticography, (ECoG)

which is based on intracortical electrodes allowing access to even more intense brain signals.
However, these electrodes often cause reactions in the neural tissue in the insertion area.
For this reason, the use of these systems is limited to a few cases in which their use is
justified, such as in epilepsy. The second approach uses electroencephalography (EEG). In
this case, the signals are distant from neurons, resulting in signal attenuation limitations
and unreliable performance.

The Eye Tracker (ET) captures the movement of the eye and in particular the position
of the pupil using a digital camera. This system is influenced by the lighting conditions,
sometimes generates eye fatigue, and requires a high level of concentration. There are also
alignment problems. In fact, it is necessary, when using it, to maintain the front position
with respect to the monitor. False detections may also happen because it is sometimes
difficult to distinguish if a point is really of interest for the user or if it is casually pointed.

Head pointers (HP) are only suitable for subjects with good residual ability in neck and
head movement. They often cause fatigue in the neck and shoulder muscles.

The Voice recognition systems (VRS), dedicated to subjects with an intact ability to speak,
are efficient for writing but are slow and not very intuitive when you want to carry out
home automation control.

The SnP system is one of the most popular ATs. It is based on the pressure value
applied to a tube and whether negative or positive pressure is applied (inhalation and
exhalation, respectively). This device, although easy, only allows a few direct commands.
It also assumes that the user has good control of the diaphragm and airflow, a condition
that, for example, limits its use in people who need mechanical ventilation.
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These tongue-based systems have shown important potential [8,70–72] for wheelchair
navigation, computer access, robotic rehabilitation, exoskeleton-based rehabilitation, home
automation applications, and in the control of the home environment.

These systems, unlike the tools already in widespread use, seem very flexible and
discreet, since they are also able to be hidden [41]. The tongue is connected to the brain
by the hypoglossal nerve, which generally escapes serious damage even in spinal cord
injuries. The tongue is also the last organ to be affected in most neuromuscular degenerative
disorders. It has many degrees of freedom and can move very quickly and accurately within
the oral cavity. With the tip of the tongue, you can touch every single tooth, so it is an organ
suitable for manipulating this type of auxiliary device. The tongue muscle tires slowly.
Therefore, a device based on the tongue motion can be used continuously for long periods,
guaranteeing the user a certain degree of privacy, since it remains hidden in the mouth.

These systems: (I) are less invasive than BCI-ECoG using intracortical electrodes;
(II) can be used on subjects without voice (who cannot use VRSs); (III) can be used on
subjects who do not have head movement (who cannot use head pointers); (IV) are totally
wearable and invisible; (V) do not need complex alignments as in the case of the ETs; and
(V) can be used on subjects with displacement problems in the diaphragm (who cannot use
the SnP).

However, as highlighted, the paths of adherence to the regulations are complex. The
device, with the control electronics, sensors, and an actuator, goes into a cavity of the
human body, the oral cavity. This makes the initiatives to be undertaken around regulation
certainly more complex than those envisaged for other devices such as HP, VRS, SnP, and ET.
Furthermore, the high and complex technology together with the low diffusion increases
the costs and engenders a vicious circle that hinders the diffusion of these ATs.

4.3. Recommendations from the Study

The WHO is suggesting changing the vision [2] for the better diffusion of ATs, giving
great attention to both the needs and acceptance of citizens.

According to the ICDH-2 [2], great attention must be given to the components of health
and to the residual capacities of the citizen. The designers of the tongue-based-systems
have shown great kindness to persons with tetraplegia through both the improvement
and the adaptation of the technology to the various application environments [8,16–21],
also comprising in some cases the integration of augmented reality and of artificial intel-
ligence [73]. The most commercially available devices are not automatically suitable for
everyone as there are different residual capacities, health components, and psychological
acceptance aspects to consider in a person.

There is a lack of studies that address the use and applications of these technologies
in multiple domains. They must include comparisons, costs, acceptance, dissemination
problems, regulatory aspects, ethical aspects, and other issues important for integration
into the health domain. Studies on health technology assessment, comparative technology
assessment, and consensus conferences are therefore now recommended. This would also
allow for a better tailoring of the AT devices to the citizen and a wider diffusion of niche
devices, such as the ones investigated in this study.

There is therefore the need to invest energy into agreement tools that both support the
actors in the health domain through recommendations and give a stimulus for stakeholders
and researchers. In robotic rehabilitation (a theme that we have seen connected to this
topic), for example, the need to face consensus conferences that include experts from
various sectors (usually hundreds) was highlighted, and the experiment in progress in Italy
that was reported in [74], later concluded in [75]. The issues that should be addressed in
a desirable consensus conference for these ATs should include: classification and intended
use; clinical and not-clinical use; models of use and research direction: organizational
models; training; regulations and ethics.

We hope that this review can be a stimulus for this topic.
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4.4. Limitations

This study based on a narrative review focused on the integration of these devices
into the health domain and used Pubmed as the main database, as it is the reference for
the interoperability of the devices in the health domain. In some search integrations, other
databases focused on technologies and websites (including institutional ones) have been
used. As far as the regulatory aspects are concerned, we wanted to give a local example,
as the search showed that the international situation is fragmented. We referred to the
European situation. Further studies are encouraged to expand the regulatory theme to
include other local realities.

5. Conclusions

This overview was intended to make a map point on the development of ATs based
on lingual control with barbell piercing and their integration into the health domain.

The overview provides four points of view. The first point of view highlights how:
(a) the scientific production, which began in this area in the year 2006, has not grown
over time; (b) two international research groups have given the greatest impetus in this
area. The second point of view reported the categorization of these devices together with the
relevant elements of technological evolutions. It has been highlighted here that both the
emerging innovations of microelectronics and the improvements of the miniaturization
processes have been used to achieve the performing results. The third point of view, with
reference to the use of barbell piercing, reports the two dominant approaches in the device
design of the sensorization–activation chain in the mouth. These approaches have been
proposed by two international research groups. The fourth point of view addresses the aspects
of integration into the health domain: acceptance, comparison, safety, and the regulatory
approach. Important studies and results were highlighted, with concern to performance
(three times better than SnP), the learning processes, the high study participant approval
of the invisibility of the device, and the biocompatibility and safety studies of the device
components. The fragmentation of the legislation on medical devices, for this device, as
with all highly innovative technologies, does not help with diffusion. This study highlighted
the high potential of these devices. They can also be used by those patients with very low
residual capacities, who, for example, cannot use the VRS, HP, or SnP. Stakeholders are
advised to invest energy in agreement tools for ATs, such as consensus conferences that
allow for, through specific recommendations, the centered and targeted diffusion and use
of ATs, including these devices.
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Exploring the Presence of Humanoid Social Robots at Home
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Abstract: Background: Social robots have the potential to bring benefits to aged care. However, it is
uncertain whether placing these robots in older people’s home is acceptable and whether human-
robot interactions would occur or not. Methods: Four case studies were conducted to understand the
experiences of older adults and family caregivers when humanoid social robot Ka Ka was placed in
homes for two weeks. Results: Four older adults and three family caregivers were involved. Older
adults interacted with the social robot Ka Ka every day during the study period. ‘Talking to Ka Ka’,
‘listening to music’, ‘using the calendar reminder’, and ‘listening to the weather report’ were the
most commonly used features. Qualitative data reported the strengths of Ka Ka, such as providing
emotional support to older adults living alone, diversifying their daily activities, and enhancing
family relationships. The voice from Ka Ka (female, soft, and pleasing to the ear) was considered
as ‘bringing a pleasant feeling’ to older adults. Conclusions: In order to support aging-in-place and
fill the gaps of the intensified shortage of health and social manpower, it is of prime importance to
develop reliable and age-friendly AI-based robotic services that meet the needs and preferences of
older adults and caregivers.

Keywords: humanoid social robot; older adults; living alone; loneliness; social isolation; home-based

1. Introduction

The global population is rapidly aging. In Hong Kong, 2.37 million (31.1%) people will
be aged 65 or over in 2036 [1]. In 2016, about 150,000 older adults in Hong Kong lived alone,
and almost 300,000 lived with their older spouse [2]. Living alone or with a spouse (who
is also an older adult) may exacerbate loneliness in old age [3]. Moreover, 75% of older
adults and 45% of soon-to-be-aged (aged 45 to 64) people in Hong Kong were suffering
from one or more chronic diseases [4]. It is well reported that older adults are vulnerable
to loneliness due to health deterioration and age-related losses, which prevent them from
participating in social activities and engaging in interpersonal relationships [5].

In the concept of healthy aging, person-centered holistic care highlights the importance
of enabling older people and their significant others (e.g., older spouses or other family
caregivers) to establish healthy relationships so as to improve older adults’ physical and
psychosocial wellbeing [6]. Daily communication within the family and with friends is crucial
for older people and this is impactful on their psychological and mental health [6]. Given the
complexity of providing care to older adults living alone at home, which typically involves
family companionship or social connection, personalized services such as healthy lifestyle
promotion, chronic disease management, and adopting and integrating robotic technology in
home-based aging care, seems to be reasonable and potentially benefits the older people [7].
Researchers have been exploring ways to utilize different robotic technologies to help and
provide care for older adults, particularly socially-assistive robots, which are used to assist
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older adults with specific physical tasks and meet social and psychological needs [8,9]. Social
robots are designed to interact autonomously with people through various application features
which adopt the same repertoire of social signals used by humans [10]. Studies suggest that
social robots contribute to the reduction of loneliness and social isolation in old age and
become a kind of social capital in their homes [11,12]. For example, the Japanese-made baby
seal shape Paro was tested in cognitively impaired individuals and was found to significantly
reduce negative emotions and behavioral symptoms, and improve social engagement and the
quality of life of older participants [9,13,14].

There were numerous clinical trials on the application of robots in aged care, in
particular for people with dementia and those who are living in residential care facilities [15].
Research on home-based robotic support is very limited. Robotic pets were tested among
community-dwelling older adults in New York and suggested that it could be an effective
solution for alleviating loneliness in older adults, especially among those who live alone,
have fewer social connections, and live less active lifestyles [16]. A recent study showed
that older Chinese adults were highly interested in having social robots during dining
and entertainment in home-based aged care [17]. However, more evidence is needed to
examine the acceptance and feasibility of a social robot at home [18]. Especially whether
older adults, their spouses, or other family caregivers at their homes accept, use, and even
live with a robot. Their experiences and perspectives on using robots are important to
determine the use of technology in supporting ageing-in-place. Therefore, the aim of these
case studies was to understand the experiences and perspectives of older adults and their
family caregivers on using a humanoid social robot over a two week period at home and to
explore the potential benefits and barriers of human-robot interactions at home.

2. Materials and Methods
2.1. Description of the Humanoid Social Robots

The main platform utilized in this study was the robotic-mediated interactive system
embedded in a humanoid social robot called Ka Ka, which is around 30 cm tall, 20 cm wide,
and weighted 2 kg (Figure 1). This robot is designed in a way that it simulates human-
robot interactions with a human voice from the robot responding to a human’s verbal
instructions or initiating conversations by the robot to a human at a specific time. This
cultivates an environment for human-robot interactions and human-human interactions
via the robot. There are many features in this robot. However, for the sake of testing the
acceptance of the robots by older people, we minimize the features of the robot in this study.
Four features were selected based on the findings of the literature review as well as the
comments from the potential users of the robot (the community-dwelling older adults):
(1) interactive modalities, (2) calendar planning and task reminder, (3) promoting healthy
lifestyle, and (4) puzzle games. The interactive modalities allow older people to listen to
music, stories, weather reports, and the news, and this is initiated by voice commands (that
is, older people instruct the robots to turn on the music players by saying ‘Ka Ka, listen to
Teresa Teng [a pop singer who sang Chinese songs in 1970s]’. Using the feature ‘calendar
planning and task reminder’, older adults received voice reminders from the robot for
the scheduled important events (such as meeting friends on 12 September 2022 at 10 am)
and health-related activities (such as taking medicines at 11am, drinking water, and doing
exercise). Moreover, schedules can be set up in the robots to guide older adults when and
how to work out (doing stretching exercise). The robot also provides puzzle games and
quizzes for older adults to stimulate and practice their cognitive functioning.
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Figure 1. The participant was engaging with Ka Ka at home.

2.2. Recruitment

Purposive sampling was adopted in study recruitment. Advertisements (in Chinese)
were distributed in media and community elderly centers. Those who were interested
in participating in the study were directed to contact the study team. People with differ-
ent genders, ages, educational backgrounds, and occupations were included to reflect a
diversity of views. The inclusion criteria for older adults were (1) ethnic Chinese aged
60 years and above, (2) need home-based care/assistance from family caregivers, including
spouse, (3) live with a family caregiver in the same household or in another household
but with regular contacts (at least once per week), and (4) are able to communicate in
Cantonese or Putonghua. The exclusion criteria were those with (1) acute mental illness
(such as PTSD) or severe physical disabilities (such as cerebral palsy), and (2) those who
have limited access to electricity and no Wi-Fi at home. HKD$200 (~U$26) supermarket
shopping vouchers were provided to each participant as incentives to compensate the time
they spent on interviews after using the robot.

2.3. Ethical Approval

We obtained ethics approval from the Human Subjects Ethics Sub-committee of the
[anonymized] University (Reference No. HSEARS20220113001). An information sheet was
provided to participants and written consent was gained before commencing data collection.
The purpose and methods used in the study were explained to them. Pseudonyms were
used in the reporting of findings to protect the confidentiality of participants.

2.4. Robot Set-Up

For the sake of personalized the features of the robot, we collected information about
the preference of the user (older adult). For example, the older adult’s profile, favorite
songs, and important events (including the time to take medicines and the date for next
medical appointment). All information was installed into the robots through the Aged Care
app (see Figure 2). To increase the affiliation with the robot, we introduce the robots
to the older adults/family caregivers by naming ‘Ka Ka’ which is a common name in
Chinese society. Older adults/family caregivers were encouraged to update and manage
the calendar reminder by themselves. When setting up Ka Ka at home, we carefully assessed
the environment, older adults’ daily activities and preferences, and we identified a safe and
comfortable place together with the older adult/family caregiver to make Ka Ka visible and
accessible to the users.
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Figure 2. The Aged Care app captures the older person’s preferences in music, books, news reading,
physical activities and the family members’ contacts.

2.5. Train Older Adults and Family Caregivers

We provided on-site training and showed older adults and family caregivers how to
operate Ka Ka through verbal commands and how to update the calendar through the Aged
Care app. We set up a technical support hotline so that older adults can easily contact the
technical support team at any time. If necessary, the technical support team paid home
visits to solve the technical issues.

2.6. Data Collection

We encouraged each older adult engage with different features of Ka Ka every day for
2 weeks. Login frequency and duration of the human-robot interaction was collected in the
backend management system. We utilized the data to examine older adults’ engagement
with the robot and preference of specific features. Upon completion of the 2-week trial,
we conducted individual face-to-face interviews with the older adults at their home and
telephone-interviews with the family caregivers. We selected a qualitative descriptive
methodology, which enabled participants to describe their experiences of engaging with
Ka Ka in their own language [19]. Each interview lasted for approximately 20 min and all
of them were digitally recorded. Semi-structured interview guidelines for older adults and
family caregivers were developed and derived from the literature (Table 1).
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Table 1. Interview guide for older adults and family caregivers.

No. Interview Guide for Older Adults

1
What is your experience when the robot is placed at your home? (can you tell me how
you think about this robot, which feature do you think is the most helpful and which
one is not very helpful)?

2 What do you think about the acceptability or satisfaction of using the robot at home?

3 Do you think the robot can be used as part of your daily life activities? How does the
robot help you in daily life?

4 Do you think the robot is easy to use? What are the difficulties when you are using it?

5
Have you tried to use the robot to contact other people? How do you feel about it? Do
you think you would like to keep this robot at home in the future (shall we give this
kind of robot to other older people living by themselves)?

No. Interview Guide for Family Caregivers

1 What do you observe when the robot is placed at your mum’s/dad’s home?
2 Which features do you consider as helpful to your mum/dad/spouse?
3 Did the robot help to promoteyour relationship with your mum/dad/spouse?
4 What other features should be included into this kind of robot?
5 Do you think the robot is suitable for older people living alone at home?

2.7. Data Analysis

Descriptive statistics were utilized to summarize the sociodemographic characteristics
of older adults and the human-robot interaction. Descriptive data were presented in fre-
quency (n) and percentage (%). Interviews were transcribed verbatim by a trained research
assistant and independently checked by the project team. Thematic coding and content
analysis were undertaken independently by two project team members to inductively
explore older adults and family caregivers’ experiences of engaging with the robot Ka Ka at
home [20]. An audit of 15% of the coded segments was performed, discussions were made,
and agreements were reached.

2.8. Rigor

Rigor was established through credibility, confirmability, and transferability [20]. The
interviewers were young adults, trained registered nurses, familiar with Ka Ka, and situated
themselves as outsiders throughout the interview sessions. To achieve credibility, they
bracketed themselves and did not assume how acceptable or user-friendly Ka Ka was
and held frequent debriefing meetings and encouraged peer scrutiny to reflect on their
positioning [21]. Secondly, data sources triangulation (collected data form older adults and
their family caregivers) were carried out to gain multiple perspectives in the study [22].
Confirmability was established by recording coding and further supporting quotations
from participants for each theme. Transferability was achieved by providing a detailed
study design and process to enable readers to understand the findings from the dataset.

3. Results
3.1. Case Information

Four older adults completed this 2-week trial. Case 1 was an 81-year-old woman who
lived alone and independently at home. She spent most of her time at home by herself. Her
favourite things to do every day at home were to watch TV and listen to a radio station. Her
daughter, who lived in another flat in the same neighbourhood, visited her every day. She
was concerned about changes in her mother’s memory and the lack of external stimulus to
her which may have impacts on brain activities. Case 2 was a 76-year-old woman, living
by herself at home. Her husband lived in a local nursing home, but she has not seen him
in person for a long time due to the COVID-19 visitor restriction policy. She participated in
community and church group activities actively. She was well-connected with her daughter,
who provided regular visits and assistance with domestic matters. Case 3 was an 86-year-old
woman living alone in a retirement village. She had worked and lived in the United States
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before she retired. She sometimes joined activities arranged by the retirement village. She
showed her worries about using a laptop and the internet. Case 4 was a 65-year-old man
living with his spouse. This couple support and look after each other. They used to have a
dog as a pet but they lost it. They still missed the dog’s companion and kept its photos at
home. Due to the social distancing of the COVID-19 pandemic, they mostly stayed at home.
See Table 2 for the detailed demographic information of the participants.

Table 2. The demographics of the participants.

Case 1 Case 2 Case 3 Case 4

Age 81 76 86 65
Gender Female Female Female Male

Living status Living alone Living alone Living alone Living with spouse
Occupation Retired Retired Retired Retired

Marital status Widowed Married Widowed Married
Education level Primary Primary Secondary Secondary

3.2. Interaction with the Robot in Two Weeks

We collected data on the engagement with Ka Ka by the participants (see Figure 3).
Records from the robotic system showed that older adults used the features of Ka Ka every
day, but the frequency of human-robot interaction varied, ranging from 2 to 26 times per
older adult per day. A total of 506 human-robot interactions were recorded in these two
weeks (with an average of 126 interactions per older adult). There was a significant increase
in human-robot interactions in the last two days of the trial.
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Figure 3. Frequencies of human-robot interactions in two weeks.

Figure 4 shows the timeslots of participants interacted with Ka Ka in a typical day.
A general timeframe for human-robot interactions was from 6:00 AM to 8:00 PM. All
participants preferred to interact with Ka Ka from 2:00 PM to 5:00 PM. Other two peak
time slots were from 8:00 AM to 1:00 PM and from 7:00 PM to 8:00 PM, respectively. The
majority of the participants stopped interacting with Ka Ka after 9:00 PM.

146



Healthcare 2023, 11, 39

Healthcare 2023, 10, x FOR PEER REVIEW 7 of 13 
 

 

were from 8:00 AM to 1:00 PM and from 7:00 PM to 8:00 PM, respectively. The majority of 

the participants stopped interacting with Ka Ka after 9:00 PM.  

 

Figure 4. Older adults’ interaction with Ka Ka during a typical day. 

‘Talking to Ka Ka’, ‘listening to music’, calendar reminders, and weather report were 

the most commonly used features. All participants listened to music via Ka Ka, although 

the frequency varied across the participants. Two participants (50%) listened to the stories 

and only one watched the videos in Ka Ka on how to do physical exercise. Figure 5 shows 

the frequencies of use in each feature of the robot by the four participants in two weeks. 

 

Figure 5. The use of different features by the four older adults over two weeks. 

3.3. Qualitative Findings  

Three key benefits and two aspects for improvement were identified in the qualita-

tive interviews. The strengths of Ka Ka include providing emotional support to older 

adults living alone, diversifying older people’s daily activities, and enhancing the dyadic 

relationship between older adults and family caregivers.  

3.3.1. Providing Emotional Support to Older Adults Living Alone  

0

1

2

3

4

1
2

:0
0

 上
午

1
:0

0
 上
午

2
:0

0
 上
午

3
:0

0
 上
午

4
:0

0
 上
午

5
:0

0
 上
午

6
:0

0
 上
午

7
:0

0
 上
午

8
:0

0
 上
午

9
:0

0
 上
午

1
0

:0
0

 上
午

1
1

:0
0

 上
午

1
2

:0
0

 下
午

1
:0

0
 下
午

2
:0

0
 下
午

3
:0

0
 下
午

4
:0

0
 下
午

5
:0

0
 下
午

6
:0

0
 下
午

7
:0

0
 下
午

8
:0

0
 下
午

9
:0

0
 下
午

1
0

:0
0

 下
午

1
1

:0
0

 下
午

N
u

m
b

er
 o

f 
o

ld
er

 a
d

u
tl

s 

0

20

40

60

80

100

120

140

160

Talk to Ka
Ka

Report
weather

Puzzle
games

Listen to
music

Listen to
story

Calendar
reminder

Physical
exercise

Fr
eq

u
en

ci
es

Case 1 Case 2 Case 3 Case 4

Figure 4. Older adults’ interaction with Ka Ka during a typical day.

‘Talking to Ka Ka’, ‘listening to music’, calendar reminders, and weather report were
the most commonly used features. All participants listened to music via Ka Ka, although
the frequency varied across the participants. Two participants (50%) listened to the stories
and only one watched the videos in Ka Ka on how to do physical exercise. Figure 5 shows
the frequencies of use in each feature of the robot by the four participants in two weeks.
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Figure 5. The use of different features by the four older adults over two weeks.

3.3. Qualitative Findings

Three key benefits and two aspects for improvement were identified in the quali-
tative interviews. The strengths of Ka Ka include providing emotional support to older
adults living alone, diversifying older people’s daily activities, and enhancing the dyadic
relationship between older adults and family caregivers.

3.3.1. Providing Emotional Support to Older Adults Living Alone

The utilization of Ka Ka was reported to reduce feelings of loneliness and boredom
among older adults living alone. As a family caregiver stated: ‘having a short conversation
with Ka Ka, even just asking Ka Ka to report weather could be a kind of external stimulation for
my mother and this probably reduces her feelings of loneliness’ (Family caregiver 1). Verbal
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interactions with Ka Ka provided older people with a sense of warmth and encouraged
older people to live more actively, especially for the older people who did not have any
friends and were unwilling to socialize with others or had no hobbies. An older lady
expressed her experience as ‘Ka Ka reminded me to eat food every day, which made me feel so
warm. I am happy to follow Ka Ka’s reminder’ (Case 2). One older man appraised Ka Ka as
‘a family member’ because it played a companion role in providing daily reminders and
talking to him at any time. This benefit was expressed by both older men and his spouse
as follows:

‘Ka Ka presents an extra voice at our home. We regard Ka Ka as another family member’
(Case 4). ‘Ka Ka’s voice was soft and charming, which made us feel comfortable and
calmed us. I think the female voice of robot is adorable. The reminder function is helpful
for my husband’s decreased memory.’ (Family caregiver 4)

3.3.2. Diversifying the Daily Activities of Older Adults

To the participants, Ka Ka was found to diversify and enrich the lives of older adults
who live alone and improve their quality of life. Ka Ka as a platform provides different
categories of audio and videos, covering music, voice-led physical exercises, voice-led
interactive puzzle games, and storytelling. Older adults can ask Ka Ka to play a song
directly through verbal command, which is considered ‘simple and convenient’. In addi-
tion, Ka Ka has functions such as reporting daily news and weather forecasts. One older
adults described:

‘I am highly satisfied with the music function, and I used it every day’ (Case 1); ‘I
followed the video to do some physical exercises every day. Ka Ka even encouraged me
and cheered me up when I was doing it’ (Case 2); and ‘I found that the news reported
by Ka Ka was the timely ones, which is useful for me to know what has happened in the
community.’ (Family caregiver 4).

3.3.3. Enhancing the Dyadic Relationship between Older Adults and Family Caregivers

Some family caregivers indicated that they received direct benefits from the utilization
of and interaction with Ka Ka. To them, Ka Ka is a channel to enhance the dyadic relationship
between older adults and family caregivers. In the interviews, some family caregivers
asserted that they worked with their care recipients (older adults) to explore how to interact
Ka Ka (make Ka Ka react with them), discuss the functions in Ka Ka, share their experiences
of engagement with Ka Ka and find out solutions to issues, if any. The mutual relationship
was improved by sharing experiences and having more common languages. As one older
adult asserted:

‘Ka Ka has amplified my conversations with my wife’ (Case 4). A family caregiver also
shared that ‘Ka Ka is a new member, and it has become a new and common topic among
the family members’ (Family caregiver 4).

3.4. Two Aspects for Improvement in the Design of the Robot

Older adults and family caregivers suggested two main aspects of design that could
be improved to enhance the acceptability of robots at home. They raised a connection
issue between the robot and tablet, hoping that the robot can be more user-friendly and its
response to a human could be enhanced.

3.4.1. Connection between Robots and Tablets

Ka Ka does not have a monitor; therefore, it is connected to a tablet or a laptop so
that pictures or videos could be shown to the robot users. Some older adults criticized
that such an external device was inconvenient to them. On a few occasions, Ka Ka and the
laptops/tablets were disconnected, and the older adults were very worried. As the older
adults and their family caregivers stated:

‘The connection with a laptop made it quite hard for me to use it.’ (Case 3)
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‘My mom tried her best to explore the features of robot; however, I felt there were too
many technical issues for her to handle.’ (Family caregiver 2)

Technical issues related to the robot seem to be a concern to the participants. Some
participants suggested connecting the robot with a phone or web-based application rather
than a laptop or tablet, as they felt that they were more familiar with their own mobile
phone than a laptop.

3.4.2. Enhancing Robot’s Response to Human

Another suggestion was to enhance Ka Ka’s ability to respond to humans’ verbal
commands. Older adults expected Ka Ka to be ‘smarter’ and be able to respond to their
questions instantly. Some older adults indicated that the voice volume of Ka Ka was not
loud enough, and they have difficulties hearing what Ka Ka said. Another older adult
wished that Ka Ka could be moveable in the future so that they can hear Ka Ka’s voice in
another room.

Older adults wanted Ka Ka to help them in their daily lives as if it was a private
secretary (e.g., scheduling daily activities for them and reminding them to take medicine),
or serve as an encyclopedia where they could easily find information. As two older adults
expressed their expectations:

‘I hope Ka Ka can entertain my life but also help me with household chores, read stories or
long novels for me’ (Case 3).

‘I hope the robot can remind older adults about health and safety matters, such as take
medicine, measure blood pressure . . . , in a timely manner. She could remind me turn off
the gas fire and electrical appliances’ (Case 4).

Although older adults expressed their wishes to involve Ka Ka in their daily lives, one
family caregiver (Case 4) exclaimed that ‘the feeling of freshness with a robot could last for one
week maximum’.

4. Discussion

This study provided evidence of the presence of a humanoid social robot Ka Ka at
home for four older adults. This contributes to the limited knowledge we have in the field
of gerontechnology and social robotics in a home-based setting. We found that older adults
interacted with Ka Ka every day during the whole study period, continuously engaging
with Ka Ka as if it is one of the family members at home. Both older adults and family
caregivers agreed that Ka Ka was a good companion for older adults at home, and they
expected some other features that can support older adults living alone or only with
their spouses. This finding was consistent with the finding of a cross-sectional study in
which 67% of the Chinese immigrants (including older adults) who felt lonely accepted the
companionship of robots and considered technology as a way to alleviate loneliness [7].

The participants in this study indicated positively with regard to the feasibility and
usability of Ka Ka in their own homes, which was aligned with a recent scoping review
that older adults reported good feasibility and usability of using social robots in care
home settings [23]. According to a recent systematic review, acceptance of social robots in
healthcare was found to be mixed and can vary considerably in relation to the function
and appearance of the robot [24]. The use of artificial intelligent (AI) in social robots
is uncommon. Previous studies only reported the use of AI in diagnostic procedures
like AI olfactory systems or medical images [25,26]. The current study added our new
understanding of the feasibility of using technology to support older adults in real-life
settings (their own homes) where no professionals are available. The interaction with the
robot solely rests on older adults’ self-initiatives or the pre-set timer when the robot talks to
the older adults at specific time (such as reminding them to take medications or take their
breakfast). Such interactions are valuable to older adults who live alone by themselves
or with their spouses, because the robot act as a member of the family. The personalized
feature of Ka Ka, such as calendar planning and reminders, was helpful in supporting older
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adults’ daily home life. It was beyond the function of companion robots (such as Paro) in
which Paro’s companions were evidenced to reduce older people’s emotional loneliness
effectively [11]. As medication adherence and good nutritional intake are two big issues in
aged care, Ka Ka seems to play an important role in these particular aspects of care.

While identifying various benefits of social robots for therapies or companionships [27],
previous studies also pointed out that social robots could never replace human presence,
especially their family members [28]. A recent experimental study provided evidence that
our brain reacted differently in human-human and human-robot eye contact [29], indicat-
ing that humans can easily distinguish communication with social robots from humans.
Nonetheless, social robots could be an option when human-being care is not available. The
contradiction could be overcome by personalizing the older adult’s real situations.

In this study, the most frequently used features of Ka Ka were verbal interactions
and playing music. One possible reason was that older people can instruct the robot
through verbal commands, which fits older people’s abilities. They found that the feature
of verbal interaction and listening to music was easy to access. This was consistent with a
previous study that many older people did not prefer text messaging due to their lower
writing ability than the younger generation [30]. The interaction of older adults with robots
was reported to require effective verbal feedback, which was significantly preferable and
increased the engagement with the robot of the older participants [31]. The second reason
was that verbal interactions with and remainders from Ka Ka played an essential role in
providing emotional support to older adults in this study, particularly those living alone at
home. The qualitative interview suggested that Ka Ka enriched the daily activities of older
adults who lived alone and spent most of their time at home watching TV or listening to
radio stations. A novel finding of this study was that the robot’s voice (female, soft, and
pleasing to the ear) could also bring a pleasant feeling to older adults. An older adult and
his family caregiver regarded Ka Ka as a family member due to the voice of a ‘new member’
presented at home. An emotional tie was built up among them, and they even wanted to
keep the robot for a longer time. The finding that Ka Ka might positively impact upon the
person’s mood is consistent with previous studies concluding that social robot-mediated
intervention was promising to improve interaction/engagement and reduce loneliness and
depressive symptoms for older adults [15]. The last possible reason was that personalized
content in the robot enhanced its usage. For example, the songs were prepared according
to the users’ recommendations and preferences. Except for offering some entertainment
value, the personalized robot features could create some feelings of being cared for by
older adults [23].

We have observed that the frequencies of engagement with Ka Ka were comparatively
high during the first week and the last two days when we contacted older adults to schedule
a time to complete the study and return the robot to the research team. Older adults seem
to engage with Ka Ka in a regular manner, usually in the morning after breakfast and in the
afternoon between lunch and dinner. We found that older people were more likely to follow
a stable and fixed rhythm of life. They seemed to use features of verbal communication and
listening to music more frequently during this time to fill their spare time. Moreover, some
older adults showed activity when we contacted them but became passive afterwards in
using Ka Ka, and this pattern was consistent to previous studies that technology-related
fear might inhibit older people to engage with technologies [32,33]. The fear includes the
possibility that technology may be hard or impractical to use, the possible negative effects
of sensor radio waves on their personal health, and that extra burden may be brought to
their adult children [33]. We have observed a fear of breaking the robot as indicated by an
older adult at the time when we intend to recruit her to the study. Two older adults in this
study expressed their barriers to using the laptop connecting to the robot. In future studies,
more attention should be paid to supporting their acceptance through hands-on training
and providing a clear user guide to meet their unique personal needs [34].

Hearing ability may affect the use of robots at home. We found that older adults in
this study had different requirements on the voice volume of Ka Ka due age-related hearing
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loss problems. A cross-sectional study in Hong Kong reported that about 28% of older
adults living in the community had hearing impairments [35]. It suggests that hearing, as
well as other sensory function changes, should be considered by robot designers.

Although Ka Ka has artificial intelligence, its responses are based on a verbal command
database and this can only be enriched by frequent interactions with humans. Ka Ka is
the first Cantonese-speaking humanoid robot, and this first trial inspires the subsequent
establishment of a verbal command database in the Cantonese-speaking community. A
further study is needed to examine the research gap in science and inform subsequent
robotic development works.

Limitations

There are some limitations of this study. First, users’ experiences might have been
disturbed by technical issues and Chinese older adults may have had hesitations about
contacting the project team for concern of ‘botheriing’ others. The challenges in technology
may hinder older adults from using the robots. Second, this sample cannot represent
the heterogeneous aging population, as we only have four cases in this study. Further
investigation should be made with more people with different age ranges, socioeconomic
status, and cognitive levels. Moreover, due to the ‘Hawthorne’ effect [36], participants might
modify their behaviours or performance when they are aware that they are being observed.
To avoid this effect, establishing rapport and making the subjects feel relaxed in the presence
of a participant observer are warranted in future studies. Third, the involvement of family
caregivers is limited in this study and cannot represent all caregivers. The current findings
should be considered as exemplars. It remains unclear if the results could be applied to
other aged populations in Chinese society. Further research is clearly necessary.

5. Conclusions

Older adults and family caregivers in this study were open to the use of social robots
in their daily lives. In order to support aging-in-place and fill the gaps of intensified
shortage of health and social manpower, it is of prime importance to develop reliable and
age-friendly robotic services that are tailored based on the needs and preferences of an
older adult.
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Abstract: Brain tumors (BTs) are an uncommon but fatal kind of cancer. Therefore, the development
of computer-aided diagnosis (CAD) systems for classifying brain tumors in magnetic resonance
imaging (MRI) has been the subject of many research papers so far. However, research in this sector
is still in its early stage. The ultimate goal of this research is to develop a lightweight effective imple-
mentation of the U-Net deep network for use in performing exact real-time segmentation. Moreover,
a simplified deep convolutional neural network (DCNN) architecture for the BT classification is pre-
sented for automatic feature extraction and classification of the segmented regions of interest (ROIs).
Five convolutional layers, rectified linear unit, normalization, and max-pooling layers make up the
DCNN’s proposed simplified architecture. The introduced method was verified on multimodal brain
tumor segmentation (BRATS 2015) datasets. Our experimental results on BRATS 2015 acquired Dice
similarity coefficient (DSC) scores, sensitivity, and classification accuracy of 88.8%, 89.4%, and 88.6%
for high-grade gliomas. When it comes to segmenting BRATS 2015 BT images, the performance
of our proposed CAD framework is on par with existing state-of-the-art methods. However, the
accuracy achieved in this study for the classification of BT images has improved upon the accuracy
reported in prior studies. Image classification accuracy for BRATS 2015 BT has been improved
from 88% to 88.6%.

Keywords: clinical decision; U-Net; CNN; CAD system; brain tumor; classification; segmentation

1. Introduction

Multiple stakeholders are involved in providing intelligent healthcare, including med-
ical professionals, patients, hospitals, and academic research institutions. It is an organic
totality that incorporates numerous dimensions, such as the prevention and monitoring of
diseases, the diagnosis and treatment of illnesses, the management of hospitals, the making
of decisions regarding health care, and the conducting of medical research [1]. Smart health-
care employs technology such as wearable sensors, artificial intelligence, and the internet
to dynamically access healthcare-related information. This information is then used to
intelligently control and respond to medical ecosystem demands. Smart healthcare can
encourage interaction among all healthcare stakeholders, ensuring that participants receive
the services they require, assisting parties in making informed decisions, and facilitating
the logical allocation of resources [2]. Smart healthcare’s utilization of these technologies
has the potential to drastically lower healthcare costs and risks while simultaneously mak-
ing tailored medical treatment the norm [3]. Clinical decision support systems, disease
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prevention and risk monitoring, and patient self-management [4] are some examples of the
services that may be provided by smart healthcare systems. Artificial intelligence (AI) has
the ability to improve the quality and safety of clinical decision-making systems. Currently,
AI is successfully integrated into decision support systems for diagnosis in data-intensive
disciplines, such as pathology and radiology. These systems, which include computer-
aided diagnosis systems for classifying lesions in a variety of diseases [5,6], are examples
of the types of clinical applications that have recently benefited from the application of
artificial intelligence.

Tumors of the central nervous system (CNS) are a form of cancer that are uncommon
but deadly. These tumors frequently rob patients of their basic quality of life. Patients
who have CNS tumors have a poor prognosis, notwithstanding the progress that has
been made in our understanding of the disease processes that are associated with CNS
tumors. In order to aid in the detection and treatment of CNS malignancies, improved
techniques for characterization, diagnostics, and monitoring are required. Utilizing more
recent imaging methods is an essential component of neuro-oncology’s toolbox of available
options for treatment. Magnetic resonance imaging and computed tomography (CT) are
the two imaging techniques that are currently considered to be the best models for the
radiographic evaluation of neuro-oncological diseases [7]. Imaging and computer-aided
diagnosis systems in medicine assist in avoiding the need for diagnostic biopsies.

The early diagnosis of brain tumors not only saves lives but also reduces the likelihood
of disability. With early detection, there will be less manipulation and surgical removal
of tissue from the brain, the most delicate organ in the body [8]. The manual diagnosis
of the condition requires a radiologist to record a 3D image for initial understanding.
Then, a specialist is consulted for image analysis and treatment planning. As reported by
Johnson et al. [9], examining the accuracy of manual brain tumor diagnosis indicates that
expert reviewers differ. According to reports, between 90% and 95% of professionals agree
on the diagnosis of a brain tumor manually. For multiclass classification, such as medul-
loblastoma, and glioma, the experts’ agreement drops to 77% and 58%, respectively [9].
As a result, developing AI-based assistive tools for accurate detection of brain tumors
is required.

MRI is recommended for the CAD system of brain tumors, because there is no risk of
ionizing radiation and it can identify blood flow in veins correctly [10]. Several strategies
for CAD systems for brain tumors have been developed in recent years, including con-
ventional machine learning (ML) [11] and deep learning (DL) [12–14]. The identification,
segmentation, and classification of brain tumors have been the focus of numerous research
efforts to date, but studies in this field are only getting started. The comprehensive review
conducted by Ali et al. [15] of the relevant literature revealed that deep learning technology
ultimately produces fantastically realistic performances in the processing of brain tumor
images. Classical machine learning, such as the support vector machine (SVM) is a dom-
inant method for the classification of brain MRI. Deep learning algorithms, on the other
hand, are the most successful, with deep convolutional neural networks leading the pack.

The primary modules of the CAD system for detecting brain cancers are image pre-
processing and enhancement, brain skull stripping, brain tumor segmentation, feature
extraction and selection, and classification of benign and malignant tumors [16–18]. The
most crucial stage in the entire CAD system is brain image segmentation, which affects the
yielded accuracy [19]. Image segmentation is the process of extracting regions of interest
(ROIs) from 3D image data (MRI). The primary purpose of segmenting these data is to
identify parts of the anatomy that are needed for a specific study [16]. Manual segmentation
for a huge number of MRIs is time-consuming, but new advancements in AI techniques
are making it quicker to execute regular tasks [20,21]. This study introduces deep learning-
based automatic segmentation of brain MRI images for developing a computer-aided
diagnosis of brain tumors—gliomas. Specifically, we propose a modified version of the
U-Net convolutional neural network architecture that should improve the performance
of automatic brain MRI segmentation. The architecture of U-Net convolutional neural
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networks has been used in this study since it has demonstrated superior performance in
comparison to the present state of the art in the segmentation of MRI images [22]. The
phase of image segmentation is preceded by automatic feature extraction and classifica-
tion, both of which are accomplished through the utilization of a five-layer convolutional
neural network.

This article proposes a lightweight, effective U-Net deep network implementation,
with the ultimate goal being precise real-time segmentation. To do this, U-Net’s input
layer had to be modified to accommodate images of a smaller resolution. In contrast to the
initial version of U-Net, where input images were always 572 by 572 pixels in size, we have
used images as small as 32 × 32 pixels. The U-Net model accepts images of 32 × 32 pixels.
The encoding part of the U-Net model decreases the pixels of the image and extracts tiny
features from low-resolution images. The U-Net model, which consists of an encoder and a
decoder, is utilized for the segmentation stage, while the CNN model is employed for the
classification. We believe that our method is more efficient and less time-consuming than
competing methods. Our approach was tested and proven accurate on a benchmarking
dataset—BRATS 2015.

In order to highlight the significance of the work that we are introducing, the following
is a list of the contributions provided by the present study:

• Introducing an enhanced lightweight and effective U-Net deep network architecture,
with the ultimate goal being precise real-time segmentation of brain MRIs.

• A simplified CNN-based architecture for BT classification is presented for automatic
feature extraction and classification of the extracted regions of interest.

The manuscript is organized as follows. Section 2 is devoted to the literature review.
In Section 3, the suggested methodology, proposed framework, and description of the data
used are provided. The findings are analyzed in Section 4. Sections 5 and 6 present the
study’s conclusion and suggestions for future research, respectively.

2. Literature Review

Healthcare organizations are starting to implement AI and related technologies, since
they are becoming increasingly common in industry [23–27] and society broadly [28]. Many
areas of patient care and administrative procedures within provider, payer, and pharmaceu-
tical organizations stand to benefit from these innovations [29]. Medical diagnosis [30–32]
is an area where numerous studies have shown AI to be on par with or even superior
to human practitioners. ML/DL algorithms [33–35] are currently more accurate than
radiologists in detecting cancerous tumors, and they are also helping researchers figure
out how to build study populations for expensive clinical trials. Machine learning is a
branch of AI that is dedicated to constructing methods that “learn from data to improve
performance on some set of tasks.” Machine learning is one of the most widespread types of
AI: 63% of companies surveyed in 2018 [36] whose organizations were already pursuing AI
used machine learning in their operations [26,29]. The most prevalent use of conventional
machine learning in the healthcare field is precision medicine, which predicts the treatment
protocols that are likely to be effective on a patient based on numerous patient traits and
the treatment context [37]. The vast number of machine learning and precision medicine
solutions need a training set with predefined outcome variables—supervised learning. The
foundation of machine learning and deep learning in medical imaging is the artificial neural
network (ANN). Layers of nodes in an ANN can range from the hundreds to the millions.
Deep learning makes use of multilayered artificial neural networks (for example, >8), and
is generally considered a more advanced version of ML that can analyze more data and
sophisticated inputs [38]. Each node is fed by data from the other nodes, and the contri-
butions of each node are taken into account when calculating the final score. When used
properly, the ANN should increase the proportion of right responses.

Because of the increased computing power of today’s graphics processing units (GPUs),
such models may contain thousands or even tens of thousands of features that have been
concealed from view. The detection of possibly malignant tumors in medical imagery is
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one of the most common applications of deep learning in the healthcare industry [6,39–45].
Radiomics, the detection of clinically significant patterns in imaging data that are invisible
to the naked eye, is becoming an increasingly popular use of deep learning [46]. Oncology-
specific image analysis typically employs both radiomics and deep learning. Together, they
offer improved diagnostic precision and accuracy in CAD systems.

Many researchers have lately advocated the use of artificial intelligence to automat-
ically discover and diagnose brain abnormalities in MRI scans. Table 1 summarizes the
present state of the field and the weaknesses of each strategy based on recent research that
has used ML/DL algorithms to detect brain cancers. The table helps to highlight the most
important features of the new system. The table helps to highlight the most important
features of the new system.

Amulya and Prathibha [47] proposed an ML-based method for distinguishing be-
tween tumors and non-tumors in brain MRI images by making use of a KNN machine
learning algorithm and extracting features using scale invariant feature transform (SIFT)
and speeded up robust features (SURF). They conducted their experiments on a total of
101 MRI scans obtained from the MR-TIP database. Accuracy was 94% when utilizing
SURF alone and 96% when using SURF and SIFT together. They conducted experiments
using several classifiers, including the fuzzy C-mean and SVM, but found that their own
proposed technique yielded the best results overall. The detection of brain tumors using
another classical ML-based method was introduced by Virupakshappa and Amarapur [48].
Gabor wavelets [49] and a statistical feature extraction method were used to extract the
texture features. When separating objects, they turned to the fuzzy C-mean method.
One hundred MRIs were utilized to evaluate the system, with sixty images used for testing
and forty used for training. Artificial neural networks (ANNs) were used for tumor classifi-
cation. The performance of the system was measured using precision, recall, and accuracy,
with an overall accuracy of 85% being achieved in this study.

Raj et al. [50] have created a system for the classification of MRI obtained from District
Hospital Palakkad, Department of Neurosurgery, India. They have applied four phases
on the images: image preprocessing, segmentation, feature extraction and classification
of brain tumors. For segmentation, they used K-means clustering. For feature extraction,
the GLCM and Gabor filters were used, and KNN was used to classify brain tumors. The
accuracy was determined by comparing the obtained results to ground truth values, and
this study achieved 95% accuracy. Ahmet et al. used novel techniques for brain tumor
detection [51]. The primary goal of this study was to clearly identify the tissue that had
been damaged by cancer. For preprocessing, they used morphological operations. The
threshold-based approach was used for segmentation, and the median filter was used for
filtering. In this study, 100 MR images from the TCIA database were used. They achieved a
96% average accuracy. Devkota et al. [52] proposed a CAD method for early-stage detection
of brain tumors. They segmented 19 brain MR images affected by four different types of
tumors (glioma, metastatic adenocarcinoma, meningioma and sarcoma). The median filter
was used for preprocessing, and Mathematical morphological operations were used for MR
image segmentation. They classified brain tumors using SVM and achieved an accuracy of
92% on a small dataset.

The work done in [53] presented a framework for brain tumor classification in MRIs.
For feature selection, they combined 2D DWT and 2D Gabor Filter techniques. Backpropa-
gation neural network classifier was used to classify such tumors as meningioma, glioma,
and pituitary. They used 3064 slices of T1-weighted MRI scans. They achieved an overall
accuracy of 91.9% for meningioma, glioma, and pituitary. In [54], a novel method for
brain tumor classification and segmentation using genetic algorithms was introduced. For
preprocessing, adaptive constraint enhancement was used, and for enhancement, skull
scripting was used. A total of 22 images from the DICOM dataset and 44 images from the
web brain dataset were used in the analysis. They used various techniques in this paper,
including watershed segmentation, FCM, direction cosine transform (DCT) segmentation,
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and bakery wavelet transform (BWT), and the technique with the highest segment score
was chosen. They were 92.03% accurate.

Rajesh et al. proposed a new method for feature extraction based on rough set theory
in [55]. For preprocessing, differential-based adaptive filtering (DAF) was used, and the
region growing algorithm was used for segmentation. For classification, the PSONN tech-
nique was used. The MRI dataset comprised 90 MR images, 60 of which were tumorous
and 30 of which were not. The data were obtained from the Government Medical College
Hospital in Trivandrum, India. Sensitivity, specificity, and accuracy were used as evaluation
metrics to assess the system’s performance. They achieved a 96% accuracy rate. In [56],
Shree et al. proposed a method for detecting brain tumors. PNN was used to classify
tumors from MR images. In this study, two datasets were used: one for training and one for
testing. The training dataset was obtained from the DIACOM website. They removed noise
and smoothened the images during preprocessing. DWT was used for image decomposi-
tion, and GLCM was used to extract textural features. On the test dataset, 95% accuracy
was achieved.

Recent research has shown that the CAD system for brain tumors can be much im-
proved with the help of deep learning algorithms [57–65]. Brain images were classified
into four types of tumors using a DCNN [66]. Fuzzy C-means was used to segment the
images, and DWT was used to extract the features. PCA was used to reduce the features.
The sevenfold cross-validation technique was used for classification and training of the
seven-hidden-layer DNN model. The dataset used in this study comprised 66 brain MRIs
with four types of brain tumors: normal, sarcoma, metastatic bronchogenic carcinoma,
and glioblastoma. It was obtained from the website of Harvard Medical School. Recall,
precision, F-measure, classification rate, and area under the curve were used to evaluate the
proposed method’s performance. They achieved an average classification rate of 97.96%
for all four tumor classes. A CNN-based deep learning algorithm was used to classify
tumor type from a collection of MRIs [67]. In this study, three different datasets were used:
REMBRANDT from Cancer Imaging, Brain Images of Normal Subjects (BRAINS) Image
Bank repository of the University of Edinburgh, and MIRIAD. The images are classified
into five categories: astrocytoma, glioblastoma, oligodendroglioma, healthy tissue, and un-
known tumor. The overall average F1 score was 99.46%. Jude et al. introduced a modified
architecture of the DCNN model [68] for the classification of abnormal brain MRI scans.
They used an assignment method for estimation of weights in the fully connected layer
instead of gradient descent to update the weights, and modification in the conventional
DCNN was performed in this layer. They used 220 brain MR scans that were obtained from
M/s. Devaki Scan Centre in order to carry out the experiment, and as a result, they were
able to achieve an accuracy rate of 96.4%.

We have compared the proposed U-Net–CNN approach to other studies that have
used the same dataset, BRATS 2015, to better illustrate the unique features of our proposed
end-to-end segmentation and classification system for brain tumor MRIs. With this, we
were able to gauge the significance of the U-Net–CNN method. BRATS 2015 is a challenging
dataset encompassing many types of brain MR images. The BRATS challenge was held in
connection with an international conference on medical image computing (MICCAI) to
assess the present state of the art in automatic BT segmentation and to compare alternative
methodologies. The BRATS dataset was generated for this aim as a one-of-a-kind collection
of MR scans of LGG and HGG glioma patients with successive manual tumor catego-
rizations by different human experts. Quantitative assessments demonstrated significant
disagreement among human raters in segmenting distinct cancer subregions (Dice ratings
ranging from 74% to 85%), highlighting the difficulties of this task. As a result, much effort
has been expended on this benchmarking dataset. Some of them are mentioned in Table 1
and reviewed in this section to demonstrate the current state of the art for the accuracies
attained with it to the present time. In 2015, Vinay Rao [69] suggested a DCNN model for
brain tumor classification and segmentation. For this investigation, they employed the
BRATS 2015 dataset. They used pixel-by-pixel categorization. Each pixel joins to generate
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a multimodal image based on its surroundings. They employed a stochastic gradient to
classify each pixel that was surrounded by patches. ReLu was employed in association
with the final hidden layer to enhance gradients and obtained 67% accuracy.

In 2016, Pereira et al. [70] used the DCNN for tumor segmentation and detection using
BRATS 2015 data. They acquired a greater sensitivity rate of 86% by using neural network
hyperparameters such as dropout, leaky rectifier linear units, and tiny convolutional
kernels. They trained two architectures, one for each, to ensure the HGG and LGG. After
combining LGG and HGG, they reached 0.87 DSC for the entire tumor (LGG, and HGG
together). Utilizing data from the BRATS 2015 challenge, Casamitjana et al. [71] developed a
3D convolutional neural network (CNN) for segmenting BT. This work established a robust
connection between three separate models. Two fully convolutional 3D CNN architectures
were presented, both of which took their inspiration from popular 2D models employed for
generic image segmentation. A third model was trained, and it was a two-pathway deep
medic network variation. By subtracting the volume’s mean and dividing by the volume’s
standard deviation, they normalized the data inside each input volume. Training data with
up-sampling layers can enhance effective batch size with low memory and computational
costs. They achieved 84% for the Dice score for segmenting the whole tumor subregion of
single-resolution images.

In 2017, Dong et al. [72] introduced the U-Net framework for the segmentation of the
BRATS brain MR images dataset. This study made use of the BRATS 2015 dataset, which
included HGG and LLG. They employed fivefold cross-validation and obtained a DSC
of 0.86 for the combined results of HGG and LGG to properly identify the entire tumor.
Mengqiao et al. suggested a 3D CNN for glioma segmentation [73]. They developed a
22-layer network and employed leaky rectifier linear units as activation functions in each
activation layer until the last one, which used softmax as an activation function. The model
was trained using 20 MR pictures and tested using 100 MR images collected from the
BRATS challenge repository. DSC, PPV, and sensitivity were utilized to evaluate the model,
and they reached 0.84, 0.88, and 0.82 for the entire tumor region, respectively.

In 2018, Wang et al. [74] employed CNN to detect brain tumors with an accuracy of
80%. This investigation was carried out using a dataset of 480 MR images obtained from the
BRATS challenge. A total of 320 MR scans were used for training and 160 for testing. They
preprocessed the input before submitting them to the CNN. They eliminated noise and tissue
that were not part of the brain during preprocessing and then improved the contrast to assure
the quality of medical images. They employed active contour to separate the tumor area from
the surrounding areas, and the segmented images were then fed into CNN for classification.
In this study, fourfold cross-validation was performed and the attained sensitivity, specificity,
and accuracy were 85.7%, 86.5%, and 86.0%, respectively. In [75], Cui et al. introduced an
automatic segmentation method from MRI data containing brain gliomas. The work that was
proposed was founded on a cascaded deep learning convolutional neural network. This network
was comprised of two subnetworks: a tumor localization network (TLN) and an intratumor
classification network (ITCN). Determining the location of the tumor on an MRI slice was the
primary objective of the first subnetwork. After that, the ITCN was utilized to assign labels to
multiple subregions within the previously defined tumor region. On the datasets from BRATS
2015, the proposed method was evaluated. On the combined HGG and LGG MRIs, the DSC
and sensitivity values obtained from the experiments came in at 0.89 and 0.80, respectively. A
CNN-based classification model for brain tumors was introduced through the work of Lang
et al. [76]. This method combines the CNN model that was optimized with the SVM model
in order to make full use of the strengths of both methods. The newly proposed method was
tested on the BRATS 2015 database, and the results showed that it had an accuracy of 0.88%.
Li et al. [77] developed a U-Net-based model for the segmentation of MRIs taken of brain
tumors. The newly presented model is capable of automatically generating segmentation maps
slice by slice. The proposed model has been shown to be accurate by both the BRATS 2015 and
BRATS 2016 studies. The experimental results have achieved a DSC of 0.89 for the BRATS 2015
training dataset and 0.87 for the BRATS 2017 training dataset.
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In 2019, Peng et al. developed a deep learning model for segmenting brain tumor MR
images. The model is built on a 3D U-Net architecture that employs many U-Net blocks to
record long-distance spatial features at various resolutions. They attained Dice scores of
0.85, 0.72, and 0.61 for the whole tumor, tumor core, and enhancing tumor, respectively, on
the BRATS 2015 testing set.

3. Materials and Methods
3.1. Clinical Brain Image Dataset

The data used in this work were obtained from a public dataset—the Multimodal
Brain Tumor Segmentation Benchmark (BRATS 2015) [79]. The clinical image data are
comprised of 65 multicontrast MR scans obtained from glioma patients [80]. Magnetic
resonance imaging (MRI) is one of the most commonly utilized medical imaging analysis
techniques for diagnosing problems of the nervous system [81] and the brain due to its
outstanding soft tissue resolution and lack of potentially dangerous radiation effects [82].
Since each glioma is unique in terms of its size, form, and structure, several MRI sequences,
such as T1-weighted, T1c, and T2-weighted, as well as FLAIR, are utilized in order to
examine the tumors. These sequences are analyzed to determine the various subregions
of the tumor and offer information relating to those findings. Therefore, appropriately
segmenting gliomas and the structures found inside the tumor through the application
of various MRI sequences is important for research and can provide extra assistance to
medical professionals when formulating a diagnosis strategy.

A total of 65 multicontrast MR scans from glioma patients make up the clinical image
data utilized in this study, 14 of which were taken from patients with low-grade gliomas
(astrocytomas or oligoastrocytomas) and 51 from patients with high-grade gliomas (anaplas-
tic astrocytomas and glioblastoma multiforme tumors). The scans were taken both before
and after treatment, with resections visible in two of the volumes. They were gathered over
the course of several years from four institutions (Bern University, Debrecen University,
Heidelberg University, and Massachusetts General Hospital) using MR scanners from
four different vendors, with two different field strengths of 1.5T and 3T, and two different
implementations of the imaging sequences—2D and 3D.

The training dataset includes the ground truth as an input. The image dataset is found
in the file format known as Meta Image (.mha). All of the images have already had the skull
removed, and the resolution in all of the MRI sequences is very clear. Within this particular
dataset, each patient undergoes a total of four MRI sequences. The acronyms FLAIR,
T1-weighted, T1c, and T2-weighted describe these images. Necrosis, edema, enhancing,
and nonenhancing are the four categories that are used to classify the tumor tissue in this
set of data. Image processing techniques can be used to identify the different class regions,
since each region in the class has unique radiological features that can be distinguished
from one another. Different sequences can provide crucial information about the different
intratumoral locations due to the complicated nature of gliomas. The quantitative eval-
uations were carried out on the basis of three different tumor regions: the whole tumor,
the core tumor, and the enhancing tumor. Complete tumor consists of all tumor regions,
including necrosis, edema, enhancing, and nonenhancing, while core tumor consists of all
three regions save edema, and enhancing tumor consists of only enhancing region. The
BRATS 2015 dataset includes a total of 220 MRIs of high-grade gliomas as well as 54 MRIs
of low-grade gliomas. FLAIR, T1, T1-contrast, and T2 are the four different MRI sequences
that can be performed on each individual participant. For the purpose of determining
how well our model works, we employ a 10-fold cross validation. Specifically, the data are
divided at random into three sets: training, validation, and testing, with 70%, 15%, and 15%
the percentages of division between the training, validation, and testing sets, respectively.
In Table 2, we list the total number of images that were used across all three phases of the
experiment: training, validation, and testing.
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Table 2. The distribution of BT data throughout the several classes that are used in training, validation,
and testing.

High Grade Gliomas MRIs Low Grade Gliomas MRIs

Training (70%) 616 120
Validation (15%) 132 28
Testing (15%) 132 28

3.2. Experimental Setup

Python 3.7.3 (64-bit) is used as the implementation language for this study. Conv3D,
MaxPooling3D, UpSampling3D, concatenation, flatten, and dense are some of the Keras
layers utilized by the U-Net and CNN model. We used a 16 GB Intel Core i5 machine with
a 2.00 GHz x64-based processor.

3.3. Proposed Framework

In this study, an integrated framework based on U-Net CNN and DCNNs is introduced
for CAD of brain MRI images. Such a CAD system involves five main stages including
image preprocessing and enhancement, brain skull stripping, brain tumor segmentation,
feature extraction and selection, and classification of benign and malignant tumors. The
proposed U-Net and CNN cascaded framework for the segmentation and classification
of brain tumor MRIs is depicted in Figure 1. During the image preprocessing step, many
operations on the data are performed. Some examples of these operations include image
scaling, removing noise from an image, and enhancing contrast. Improving the data so
that it can be processed further is the goal of this step. The original image resolution for
the BRATS data used in this investigation was 240 × 240 × 155. The data contained four
different MR sequences: T1, T1c, T2, and FLAIR. After being scaled down to a format
measuring 32 × 32 × 32, these images are then provided as input to the segmentation
model. The MRI sequences that make up this data are presented as a 3D color image
and in the format of Meta Image. The U-Net model is used to automatically segment the
preprocessed brain MRIs and hence extract the regions of interest (ROIs). After the ROIs
have been automatically extracted, they are used to train and test a deep CNN that can
distinguish between tumor and healthy tissue samples.

3.3.1. U-Net Model for Brain MRI Segmentation

The goal of brain tumor segmentation is to automatically and precisely locate a brain
tumor in MR images. In contrast to ML [83] and non-AI [84] methods, the DL segmentation
methods MRNet [85], and U-Net [86] are fully automated. Further, DL techniques are
superior to ML and non-AI approaches when it comes to segment medical images [87,88].

U-Net is a convolutional neural network (CNN) that is fully connected and is utilized
for effective semantic segmentation of images [86]. The architecture of U-Net is founded
on an autoencoder architecture, which means that the network will duplicate its inputs
to its outputs. An autoencoder is a deep NN that compresses the input matrix into a
latent-space representation. This is just a demonstration of the images in compact form
that indicates which pixels are the closest together. In order to produce an output, the
compressed data must first be reconstructed. An encoder and a decoder make up each of
the two pathways that make up an autoencoder network. The data is first compressed into
a latent-space representation by the encoder, and then the decoder is employed to recreate
the inputs from the latent-space representation. U-Net makes use of a convolutional
autoencoder architecture, which means that the convolutional layers are utilized both
during the encoding process as well as during the decoding process. The input image
to U-Net is captured by its encoder route, which contains a stack of convolutional and
pooling layers. Accurate localization is achieved by transposed convolutions in the decoder
path. U-Net consists solely of stacks of convolutional layers and max-pooling layers—it
lacks a fully linked feedforward layer. U-Net can be simply adjusted to function with any
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image dimension [89], despite being created for 572 × 572 images. Adding many stacked
convolutional layers allows the network to acquire more accurate information from the
input images with less compression [90].
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Figure 1. The proposed U-Net and CNN cascaded framework for the segmentation and classification
of brain tumor MRIs. (a) The U-Net layers for the segmentation of input images. (b) The CNN layers
for the classification of the segmented ROIs.

In this work, an efficient lightweight implementation of U-Net deep networks is
proposed with the goal of providing accurate real-time segmentation. This has been
accomplished by altering the input layer of U-Net to accept lower sizes of input images.
The results have been quite promising. Instead of working with the default size of input
images in the original version of U-Net, which was 572 by 572 pixels, we have utilized
images of smaller sizes, including 32 by 32 pixels. In addition, we have incorporated a
more extensive and deeper stack of convolutional layers into the proposed architecture
(four convolutional blocks, where each block has two convolutional layers). This has
assisted us in obtaining more precise information from the input images while also reducing
the amount of compression.
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The architecture of the proposed U-Net model is shown in Figure 1a. Along the
encoding path, which is sometimes referred to as the down-sampling path, there is a total
of four convolutional blocks. Each block has two convolutional layers, each of which has a
filter size of 3 × 3, and they are separated from one another by a stride size of 1. Although
the ReLU is typically used as an activation function in convolutional layers, the ELU has
been used in this study as an activation function because it is more suitable for use in
applications involving image segmentation. This is in contrast to the general practice,
which is to use the ReLU. Because of this, the ELU activation function plays a significant
role in the segmentation model that we provide. A convolutional layer that contains an
activation function has the potential to increase the number of feature mappings from 4 to
64. Every single convolutional block uses a max-pooling layer that has a stride of 2 × 2 in
order to cut down on the overall size of the feature maps that are needed for the process.
After decoding, a feature map with 32 × 32 pixels is shrunk to one with only 2 × 2 pixels.
In addition, the extraction technique makes use of four convolutional blocks to handle
the data. At the start of each block, a Conv3D layer is added, and its stride size is set to
2 × 2, and its filter size is set to 3 × 3. The feature maps included in this section range in
size from 2 × 2 grids to 32 × 32 grids (the original size of the input image). The feature
maps that were generated by the decoding path and the upsampling path are concatenated
in a concatenation that occurs later in each block after the convolutional layer has been
processed. Padding of a similar nature is utilized in order to keep the spatial dimensions of
the input and output layers consistent with one another. Finally, a Conv3d 1 × 1 layer is
utilized to partition the original feature map into the tumor region and the rest of the brain.
At the final convolutional stage, Sigmoid is employed as the activation function. We tested
the network’s functionality at 2, 3, and 4 depths.

3.3.2. DCNN Classification Model

After the ROIs have been automatically extracted using the U-Net model described in
the preceding subsection, the ROIs are utilized to train and test a deep CNN that is able to
differentiate between samples of healthy and malignant tissue. The deep convolutional
neural network has quickly become the most popular tool for usage in the field of image
processing due to its better pattern-recognition capabilities [91–95]. CNNs have a variety of
different layers. Convolutional layers, pooling layers, and completely connected layers are
the most common [96]. The primary layer of a CNN architecture is the convolutional layer.
Image features such as edges and colors can be extracted with its help. The dimension of
the collected features is reduced through the use of the pooling layer, which reduces the
complexity and the processing time. The fully connected layer is the final stage of the CNN
model, which aims towards linearity within the networks.

A schematic of the proposed CNN model architecture for BT tissue classification is
shown in Figure 1b. The input layer of the proposed model takes in the input images,
ROIs, which have the size of 32 × 32. The input layer is followed by a set of convolutional
layers. The proposed model contains five convolutional layers to extract the significant
features from the ROIs. As segmented images are input to our model, we chose max
pooling because we only cared about the most informative features in the tumor tissue.
Using a max-pooling layer after each convolutional layer is used to improve the accuracy
of the final result. The convolutional layer we utilized has 3 kernels and 2 strides. ReLU is
used in all convolution layers. Edges can be protected from data loss by using padding.
The padding applied to inputs and outputs is identical. After each convolution layer, a
batch normalization is applied to further optimize the findings and hasten the network’s
convergence. “Fully linked layers” of 64 neurons are used. Softmax classifier is used at the
output layer.

4. Results and Discussion

Because of the large dimensionality of deep neural networks, solving the challenge of
choosing the parameters that should be used to train them in order to achieve the maximum
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possible performance is a challenging optimization problem. As a direct consequence of
this, techniques based on stochastic optimization are utilized frequently. In this work, the
adaptive moment estimation (ADAM) optimizer is used using the learning parameters that
are laid out in Table 3. These parameters were determined by keeping an eye on the test
results for validation, and they were used for all networks for easy comparison of their
outputs and computational costs.

Table 3. Hyperparameters for training the proposed model.

Hyperparameter Value

Initial Learning rate 10−3

No. of Epochs 200
Image Batch size 16

L2-Regularization 0.0004

In order to assess the effectiveness of the suggested CAD framework, the Dice similar-
ity coefficient (Dice) [97], accuracy, and sensitivity have been utilized. DSC is a performance
indicator that can be used to evaluate how significant the autonomous segmentation actu-
ally is. The Dice coefficient, depicted by Equation (1), is a measurement that determines
how similar two sets of data are to one another. The primary application for it is in the anal-
ysis of the segmentation models. We put it to use to determine how closely the segmented
image and the ground truth image were related to one another.

Dice =
2TP

2TP + FP + FN
(1)

TP is for “true positive,” FP stands for “false positive,” which indicates that the
number was actually negative, but our model predicts it as positive, and FN stands for
“false negative.”

Sensitivity is utilized for the purpose of predicting the real positive cases that were
predicted as positive. It is also referred to as recall, and it is expressed as Equation (2).

Sensitivity =
TP

TP + FN
(2)

The accuracy refers to how well the predicted value and the actual value match up
with one another. It is utilized in the method of performance analysis of the system. It is
expressed as Equation (3), specifically.

Accuracy =
TP + TN

TP + TN + FP + FN
(3)

Experiments were performed on three-dimensional MR images of a brain tumor.
Images in three dimensions are those whose colors are produced by combining the red,
green, and blue color channels. The information for each of the three channels—red, green,
and blue—is stored in the image’s individual pixels. By providing the height, breadth, and
depth dimensions, we are able to conceptualize a three-dimensional image. As stated in
the dataset section, there are four types of tumor necrosis, edema, enhancing, and non-
enhancing tumors, and the MRI sequences used to detect these tumors are FLAIR, T1, T1c,
and T2. To detect these cancers, the image annotation is provided for all of these sequences.
There is just one annotated image that includes all of these kinds as intratumor areas.

To demonstrate the quality of input images, we represent several renderings of the
input images in various sizes (Figures 2–4). Figure 2 displays the visualization of HGG
BRATS data for the MR sequences of T1, T1c, T2, and FLAIR at a resolution of 32 × 32 × 32.
Images were transformed in the preprocessing phase. Tumor details were more easily
discerned by viewing the identical pictures in a 64 × 64 × 64 matrix (Figure 3). A clearer
view of brain tumor images with dimension of 128 × 128 × 128 is presented in Figure 4.
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The illustration depicts the afflicted area of brain that may be evaluated better than the
prior dimensions.
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Figure 4. T1, T1c, T2, and FLAIR rendered at a resolution of 128 × 128 × 128.

We fed the preprocessed images into the U-Net model, which segmented out the brain
tumor regions. At first look, the model appears to be divided into two phases: encoding and
decoding. The goal of the encoding is to reduce spatial information while improving feature
mapping by utilizing various blocks of the convolution and max-pooling layers. Following
the encoding phase, the decoding step uses upsampling, convolution, and concatenation
layers in blocks to split the input image into two parts—the tumor and the background. As
a result, the suggested model will provide us with a segmented view of the brain tumor
region. We conducted the experiment on both high-grade gliomas (HGG) and low-grade
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gliomas (LGG). Figures 5 and 6 illustrate the segmentation of HGG and LGG brain tumors
from four MRI sequences (FLAIR, T1, T1C, and T2), respectively, using the U-Net model.
Each MRI sequence (FLAIR, T1, T1C, and T2) is displayed in three different views: the
input view, the ground truth view, and the segmented view.

By calculating the Dice score and the sensitivity performance metrics, we were able
to assess the feasibility of the U Net architecture for the task of segmenting brain tumors
for HGG and LGG cases. The results that were retrieved were accomplished through the
utilization of a 10-fold cross-validation test. Table 4 provides an illustration of the cross
validation test by outlining the retrieved Dice score, sensitivity, and accuracy metrics for
the complete type of the BT during the course of a 10-fold test.
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T2), respectively, using the U-Net model. Left column: input image; middle column: ground truth
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Table 4. Evaluation of the proposed U-Net–CNN over 10-fold tests.

Fold
HGG LGG

Dice Score (%) Sensitivity (%) Classification
Accuracy (%) Dice Score (%) Sensitivity (%) Classification

Accuracy (%)

Fold 1 87.16% 88.61% 85.54% 80.5% 77.02% 80.04%
Fold 2 89.1% 88.92% 88.76% 85.3% 79.5% 79.96%
Fold 3 87.98% 89.8% 89.03% 83.6% 80.64% 80.2%
Fold 4 88.74% 89.53% 89.2% 82.1% 81.2% 81.4%
Fold 5 88.95% 88.76% 88.12% 85.84% 79.14 83.5%
Fold 6 88.97% 88.81% 89.98% 86.23% 80.65% 84.6%
Fold 7 88.47% 89.5% 88.73% 86.41% 80.12% 86.73%
Fold 8 88.62% 90.14% 88.91% 85.33% 80.79% 84.1%
Fold 9 89.68% 89.94% 87.66% 85.98% 80.2% 85.9%

Fold 10 89.83% 89.97% 90.22% 85.96% 80.74% 85.3%
Avg. (%) 88.8 89.4 88.6 84.7 80 83.1

The attained results for all types of BT are summarized in Table 5 for the segmentation
and classification of several brain tumor regions, including complete, core, and enhancing,
for both low-grade gliomas and high-grade gliomas. As can be seen in Table 5, the greatest
possible values for the DSC, the sensitivity, and the classification accuracy for HGG patients
in the complete brain tumor region are 88.8%, 89.4%, and 88.6%, respectively. These figures
represent the best conceivable values in each of these categories. The learning model is
adequate when seen through the lens of these values. The values 84.7%, 80%, and 83.1%
are produced for the same measures when they are applied to the cases of low-grade
gliomas that are found in the same location. The learning model’s accuracy in detecting
malignancies in other brain tumor regions, such as the core and enhancing brain tumors, is
lower than the values achieved for the complete brain tumor region. This is because the
core and enhancing brain tumors are part of the complete brain tumor region. The obtained
values for the DSC score, sensitivity, and classification accuracy for the core brain tumor are
83.2%, 80%, and 85.1% for high-grade gliomas, and 70.5%, 69%, and 71.5% for low-grade
gliomas, respectively. In addition, the obtained values for the DSC score, sensitivity, and
classification accuracy for the enhancing brain tumor are as follows: 71.8%, 73%, and 74.31%
in the high-graded gliomas, and 60.2%, 64.3%, and 65.4% in the low-graded glioma.

Table 5. The attained Dice score, sensitivity, and accuracy metrics of the U-Net architecture for
the task of segmenting and classifying the brain tumors for HGG and LGG cases in the BRATS
2015 MRI scans.

Brain Tumor Regions
HGG LGG

Dice Score (%) Sensitivity (%) Classification
Accuracy (%) Dice Score (%) Sensitivity (%) Classification

Accuracy (%)

Complete 88.8% 89.4% 88.6% 84.7% 80% 83.1%
Core 83.2% 80% 85.1% 70.5% 69% 71.5%

Enhancing 71.8% 73% 74.3% 60.2% 64.3% 65.4%

We evaluated the relevance of the U-Net–CNN approach by comparing its accuracy to
that of the most advanced segmentation and classification systems for brain tumor MRI
scans by utilizing the BRATS 2015 database. This allowed us to determine how significant
the U-Net–CNN approach is. The comparison between the suggested method and the
existing standard of practice is presented in Table 6. The obtained values for the DSC and
sensitivity performance metrics are significant compared to the current state of the art for
deep learning-based segmentation of brain tumors in the public BRATS 2015 benchmarking
dataset. This comparison takes place using the dataset that was made public in 2015.
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Table 6. Comparing the attained segmentation, and classification accurateness to the state-of-the-art
brain tumor MRI scans using the BRATS 2015 database.

Author Techniques Task BT Type Accuracy Dice Score Sensitivity Specificity

Vinay Rao et al. [69] CNN Classification HGG 67% - - -
Sergio Pereira et al. [70] DCNN Segmentation HGG - 87% 86% -
Casamitjana et al. [71] 3D CNN Segmentation HGG - 84% - -

Dong et al. [72] U-Net Segmentation HGG - 86% - -
Mengqiao et al. [73] 3D CNN Segmentation HGG - 84% 82%

Heng Wang [74] CNN Classification HGG 86.0% - 85.7% 86.5%

Cui et al. [75] Cascade
DCNN Segmentation HGG - 89% 80% -

Lang et al. [76] CNN,
SVM Classification HGG 88% - - -

Li et al. [77]
Modified

U-Net
model

Segmentation HGG - 89% - -

Peng et al. [78] 3D U-Net
model Segmentation HGG -

85% (Whole BT)
72% (Core BT)

61% (Enhancing BT)
- -

Proposed method
U-Net

and CNN
Cascaded

frame-
work

End-to-end
system for the
segmentation

and classification
of BT

HGG
88.6% (Whole BT)
85.1% (Core BT)

74.3% (Enhancing BT)

88.8% (Whole BT)
83.2% (Core BT)

71.8% (Enhancing BT)

89.4% (Whole BT)
80% (Core BT)

73% (Enhancing BT)
-

LGG
83.1% (Whole BT)
75.5% (Core BT)

65.4% (Enhancing BT)

84.7% (Whole BT)
70.5% (Core BT)

60.2% (Enhancing BT)

80% (Whole BT)
69% (Core BT)

64.3% (Enhancing BT)
-

When we assess the efficacy of our presented framework in light of the studies
that were covered earlier in this part, we discover the following. The newly developed
framework has achieved a level of performance that is superior to that accomplished by
Vinay Rao et al. [69], Mengqiao et al. [73], and Casamitjana et al. [71]. When contrasted with
the work done by Sergio Pereira et al. [70], Dong et al. [72], Heng Wang [74],
Cui et al. [75], Lang et al. [76], Li et al. [77], and Peng et al. [78], the presented frame-
work has acquired somewhat higher values for the Dice score, sensitivity, and accuracy.

5. Conclusions

This research introduces a unified framework for CAD of brain MRI images, with
support from U-Net and deep convolutional neural networks. Image preprocessing and
enhancement, brain skull stripping, brain tumor segmentation, feature extraction and
selection, and benign/malignant tumor classification are the five basic stages of this type of
computer-aided diagnosis system. We have created a model that is based on deep learning
techniques so that automatic tumor segmentation and detection are performed using MRI
scans of the brain. The model has two phases. In the first phase, ROIs are segmented.
In the second phase, the tumor is classified into one of four categories: necrosis, edema,
enhancing, or nonenhancing. The U-Net model is applied to the BRATS dataset to segment
the image into the regions of interest.

The introduced lightweight U-Net model is composed of four convolutional layers.
Two convolutional layers, each with a filter size of 3 × 3, are separated by a stride size of 1
within each block. The proposed CNN model’s input layer takes 32 × 32 ROIs. Convolu-
tional layers follow the input layer. Five convolutional layers are used to extract information
from ROIs. We picked max pooling because we only care about the most informative tu-
mor tissue traits. After each convolutional layer, a max-pooling layer improves accuracy.
We used three kernels and two strides in convolutional layers. Convolution layers use
ReLU. Padding protects data at edges. Inputs and outputs have identical padding. After
each convolution layer, batch normalization optimizes the findings and speeds network
convergence. Connected layers of 64 neurons are used, as well as output layer Softmax
classifier. In conclusion, the obtained results showed that the proposed model achieves
better performance than existing models in terms of DSC and sensitivity on segmentation
results and classification accuracy as well.

6. Limitations and Future Work

There is always opportunity for progress in the realm of research, and the medical
sciences in particular have a pressing need for a highly precise model. The model can
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be applied to other datasets to extract and categorize the tumor types, expanding the
suggested work of tumor identification in the medical area and assisting clinicians. There
are a variety of ways in which this model could be improved. First, the U-Net model
we used for tumor segmentation in BRATS 15 is transferable to the newer versions of the
dataset that can be downloaded from the Multimodal BRATS website. BRATS 20, the
latest and greatest edition, now features 3D graphics. The model can be adjusted to fit
new datasets. Improved segmentation results on the BRATS 20 dataset are attainable by
modifying the model’s featured layers. Second, different activation functions and CNN
model layers can be tried out to find what produces the most reliable predictions. One can
also offer the hybrid model by making use of the already existing one. Tumor detection in
3D images may potentially benefit from the U-Net model trained with GNN. Additional
preprocessing techniques can be used for the hybrid model as a last resort for improved
segmentation and classification results utilizing the current model.
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Abstract: Torque calculation is essential for selecting the appropriate motor to achieve the required
torque at each joint of a hybrid exoskeleton. In recent years, the combined use of functional electrical
stimulation (FES) and robotic devices, called hybrid robotic rehabilitation systems, has emerged
as a promising approach for the rehabilitating of lower limb motor functions. Specifically, the
implementation strategy of functional electrical stimulation walking aid combined with the design of
the exoskeleton part is the main focus of our research team. This work copes with issues of the design
process of a robotic exoskeleton. The importance of robotic exoskeletons for providing walking
aid to people with mobility disorders or the elderly is discussed. Furthermore, the approaches to
calculating the joint torques are investigated, and the mathematical models and parameters of interest
are identified. This further includes the comparative data for servo motors: robotic exoskeleton
characteristics and actuator analysis in the robotic exoskeleton. The aforementioned is used to
propose a mathematical model based on previous models (Zatsiorsky BSP and Dempster BSP body
segment parameters models, forward kinematics models), which was extended to include added
adjustable parameters such as length, area, volume, mass, density, the centre of mass, human body
characteristics, and considering both static and dynamic parameter extraction. Then, an analytic
method is presented, exploiting the results from the mathematical model to select the appropriate
motor for each joint of the lower extremities. The detailed description of the method is followed
by examples, experimental measurements, and statistical analysis of qualitative and quantitative
characteristics. The results showed deviations from typical calculation methods, offering a better
understanding of the motor requirements for each joint of the exoskeleton and avoiding selections of
marginal functionality features of the motors. In addition, researchers are offered a tool for replicating
the results of this work, allowing them to configure the parameters associated with the servo motor
features. The researcher can either use the embedded library developed for this work or enter new
data into it, affecting the calculated torques of the model joints. The extracted results assist the
researcher in choosing the appropriate motor among commercially available brushed and brushless
motors based on the torques applied at each joint in robotic articulated systems.

Keywords: robotic exoskeletons; servo motor; brushless; brushed; actuators; torque; centre mass

1. Introduction

Lately, exoskeletons are designed to provide strength in gait and heavy transport
loads. There are also designs for assisting people with disorders in motion or older adults.
Gait rehabilitation is one of the most significant challenges for society in the coming years
due to population ageing and the increase of diseases affecting motion. Partial or total
paralysis of one side of the body due to injuries in the motor centres of the brain is called
Hemiplegia. Hemiplegia is a disorder that causes one-half of the human body to fail to
perform its functions. This disorder is caused mainly due to stroke, and in many cases, it is
hereditary. Recovery from a stroke is complex, and the treatment is prolonged. Wearable
robotics is an area that provides solutions for such problems. A wearable robot extends,
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complements, or empowers the human limb where it is worn. These kinds of robots are
classified according to the function they perform:

• Empowering robotic exoskeletons: These kinds of robots are known as extenders
since they extend the strength of the human hand beyond its natural ability while
maintaining human control of the robot.

• Orthotic robots: An orthosis maps the anatomy of a limb to restore lost functions. The
robotic counterpart of orthosis is robotic exoskeletons that complement the ability of
the limbs. Exoskeletons are also capable of restoring handicapped functions.

• Prosthetic robots: These robots are devices that fully substitute lost limbs [1].

Figure 1 shows two examples of wearable robots. The scientific community differen-
tiates exoskeletons from orthosis by defining the former as the devices that enhance the
physical capabilities of wholesome users and the latter as the devices that assist persons
with limb impairments [2]. Specifically, in Figure 1, the lower extremity of an orthotic
exoskeleton for mobility problems is presented as developed by the authors, and the lower
extremity of a prosthetic robot, according to work in [1], is presented in Figure 1b. Despite
their differences, both devices act in parallel with the limb. In the medical field, in combina-
tion with rehabilitation therapies, exoskeletons can help patients with spinal cord injuries,
strokes, and lower limb paralysis caused by hemiplegia [1].

Figure 1. (a) Lower limb orthotic exoskeleton, (b) lower limb prosthetic robot [1].

The studies of the calculation of torque equations in each lower extremity exoskeleton
joint were based on the kinematic analysis. Specifically, in [3], forward kinematics was
applied to find the foot’s position when values were given for the corners of the joint.
The torque required on each joint is determined using free-body diagrams of different
joints. The work found in [4] proposed the lower limb robotic exoskeletons (LLRE) model.
The free-body diagram of force on the knees and hips was constructed. Dynamic hip
and knee models were obtained, considering the hips and knees as support points. The
torque equations of the lower limb joints were calculated according to the parameters of
the specific model. Another approach to calculating the joint torques was also based on
kinematics. The kinematic analysis is applied through forward and inverse kinematics
as proposed in [1]. The Euler–Lagrange method is used to obtain the dynamic equations
of the exoskeleton. The literature review was performed by querying the Google Scholar
database. To identify papers on robotic lower limb exoskeletons, we mainly focused on
electric actuation technologies. The results were filtered based on the officially used torque
calculation models to determine the percentages. Nearly 600 scientific articles have been
published in the last three years on robotic exoskeletons for the lower extremities based on
kinematics (thus, excluding the upper extremities cases).
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Nearly 32% are surveyed on the topic, and 35% mainly present simulations of proposed
models based on the formally used torque calculation models. The rest include works on
reducing cost or power dissipation and applications of ML in the control of the exoskeleton.
As the works above show, the researchers of robotic exoskeletons calculate the torques of
the lower limb exoskeleton joints based on their model’s kinematic analysis.

It was noted by the authors that there is a lack in the international literature on
the measurement of lower extremity joint torques embedding the physical part of the
implementation, which differentiates significantly by both the building components of the
exoskeleton and the user’s physical characteristics.

Thus, the following are issues that motivated this work, and the proposed approach
to offer a combined solution is presented in the rest of this work.

1. Lack of a well-defined framework for calculating the torques of the joints based on
multiple factors.

2. Creation of a set of parameters for simulating the operation and calculating the torques.
3. Inclusion of the user’s physical data in the calculation of the parameters for calculating

the torques.
4. Use of the motor characteristics to assess their suitability or not for the targeted

solution (exoskeleton).

Most authors seem to agree that clinical gait analysis (CGA) data sources are a good
start for the initial design of the actuation to be used in their prototypes [5]. However,
Beyl, in his work [6], remarks on the large variability observed in gait data and cautions
designers of actuated exoskeletons to be careful in interpreting CGA data and formulating
design recommendations based on those data. Joint torque data determine the required
characteristics for the actuation to be applied at each assisted joint. The intensity of the joint
torques fluctuates within the gait cycle [5–8], and therefore, in most cases, designers use
maximum values (peaks) as requirements for the sizing of their actuators [5–7]. However,
in [9], the authors used optimisation methods and models of human motion to estimate the
required torques for their passive, assistive systems. The aforementioned shows the need
for a method to optimise the torque calculation based on the characteristics of the human,
the exoskeleton, and the motors selected to decrease the time-to-production and achieve
smooth motion.

According to the above literature references, the mathematical model in this article
differs from other models in terms of its variability. First, the user can configure multiple
parameters that affect the robotic exoskeleton, taking into account the characteristics of
the human body (weight, height, etc.) and the characteristics of the robotic exoskeleton
(exoskeleton weight, actuator weight, etc.). Second, the proposed solution considers the
self-correction of the model by allowing its dynamic modification.

Figure 2 shows the robotic exoskeleton drawing showing the joints of the actuators. We
are developing a hybrid rehabilitation system (FesRobex) combining Functional Electrical
Stimulation (FES) and an exoskeleton to control patients’ gait with lower limb mobility
problems. This study aims to use the mathematical model to calculate the torque at each
joint and analyse the individual characteristics that influence the mathematical model for
the appropriate selection of motors in exoskeleton joints.

First, in Section 1.1, an introduction to servo motors is offered, and Section 2 presents
the proposed approach. Then, in Section 3, the evaluation of the proposed model and the
calculations are offered, as well as its effectiveness in selecting the appropriate motors for
embedding on a targeted exoskeleton. Finally, the paper concludes with Section 4 featuring
the discussion and Section 5 outlining the conclusions of the mathematical model.
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Figure 2. Robotic exoskeleton design plan of the Hybrid Exoskeleton FesRobex (Autocad design).

1.1. Introduction to Servo Motors

In this section, an introduction to servo motors that are used in the design and imple-
mentation of exoskeletons is provided. This part of the work is considered significant to
highlight the variety of the available servo motors and emphasise the parameters that need
to be considered when embedded in an exoskeleton.

1.1.1. Research on Servo Motors

Servo motors have been used in automatic control systems for many years, especially
in applications that require speed, position and torque control of the motor shaft. Classic
examples include robotic arms, automatic machine tools, remote-controlled models, and
automatic navigation systems for ships and aircraft [10].

The essential characteristics of the servo motor

• The motor torque is proportional to the applied control voltage that the amplifier
develops due to the error at its input.

• The direction of the torque is determined by the control voltage’s polarity (instanta-
neous value).

Servo motors are structurally very similar to ordinary motors but are not identical.
They differ because they contain measurement devices and a feedback system that is used
in conjunction with a servo-drive mechanism to control torque, speed, or position [11].

1.1.2. Criteria for the Selection of Servo Motors

The criteria for selecting servo motors are response speed, accuracy, and errors due
to external distortions combined with the cost, availability, and reliability of the motor.
Another important selection criterion is that the performance should cover both the power
of the load (due) and the friction (losses) of the device. In addition, the servo motor must
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operate at the desired speeds and provide the required acceleration for the rotor and the
load [12].

1.1.3. Characteristics of the Servo Motor

(a) Mechanical and geometric

• The size, weight and inertia of the motor.
• The placement of the motor and the way it is connected to the moving mechanism.

(b) Electromechanical

• Required power and concentration of motor power (power to mass ratio).
• Torque requirements and characteristics.
• Speed range and response to changes.
• Sensitivity to changes in servo motor parameters [13].

1.1.4. Features of Electric Servo Motors

• DC Servo motors

There are various types of electric servo motors, such as permanent magnet servo
motors, rotor-controlled servo motors, stator-controlled servo motors, and stator and rotor
servo motors in series.

• R/C Servo motors

R/C servo motors are special compact servo motors that include a complete servo
motor system consisting of a motor, a gearbox, a feedback device, and a drive and control
circuit (Figure 3). The main parts constituting it are the following:

• DC electric motor;
• An electronic circuit controls the end drive shaft and gearbox position.

Figure 3. Operation RC Servo.

The final drive shaft does not perform complete rotations but rotates between two
extreme positions. The servo operation requires (Figure 3) the provision of the appropriate
electrical voltage and a signal that determines the position of rotation of the final shaft. The
control of the servo requires a specialised controller, and the open-loop control method is
used. The main disadvantage of RC servo motors is the inability to perform complete and
continuous rotation (Figure 4).

Nevertheless, these servomechanisms have essential advantages such as:

• Low cost.
• Small dimensions and easy-to-use shape, which surrounds all parts.
• Produce high torque values.
• The use of sensors and feedback circuits is not required to determine the position of

the driveshaft.
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Figure 4. Schematic of an RC servo motor [14].

Servo motors are essential in robotics as they facilitate intelligent and natural move-
ment. They are used in robotic systems of all kinds and can transmit information about
the rotation of the motor on its axis so that the robot can “know” the movements of its
various parts. The realisation of the desired movement of a robotic mechanism requires the
combined movement of its joints. This is achieved by using a servo motor, which drives
a mechanical system as a whole. In recent years, with the development of biomedical
technology, servo motors have had broad applications in medicine and specifically in
robotic medical systems [12].

1.2. Brushless and Brushed DC Motors

DC motors are used in applications where DC power sources are available, such as
aircraft, automobiles or robotic systems. However, this type of small motor has some
drawbacks. The main disadvantage is the excessive scintillation and wears on the brushes.
Small and fast DC motors are too small to use compensation winding and auxiliary poles.
The reinforcement reaction and the effects L di

dt tend to create sparks in the transducer
brushes. In addition, the high rotation speed of these motors increases the wear of the
brushes, thus requiring shorter maintenance. In some applications, the maintenance
required by the brushes of these DC motors may not be acceptable. A typical example is
the DC motor in an artificial heart, where an incision must be made in the patient’s chest
for maintenance. In addition, sparks in the brushes are dangerous, as they can cause an
explosion and excessive RF noise. This developed a fast, small and reliable direct current
motor with low noise and long life. This is a combination of a small motor that is very
similar to a permanent stepper motor and has:

1. A cursor position sensor; and
2. An electronic circuit breaker.

These motors are called brushless DC motors (S.R.) because they are powered by a
direct current source without switches and brushes. They are also called Modern Permanent
Magnet Motors [15].

The S.R. motors without brushes have many advantages such as:

1. Size and low weight.
2. Relatively high performance.
3. Long service life and reliability.
4. Minimal or no maintenance.
5. Very low RF noise level compared to S.R. motors with brushes.
6. High-speed capability (50,000 rpm).
7. High torque.

Their main disadvantage is the high purchase cost.
Finally, in the introduction, we note that most studies use clinical gait analysis (CGA)

data and human motion models to estimate the required torques for their passive support
systems. As a result, there is no possibility of parameter variability (mass, length of body
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parts, height and weight of a person, the mass of actuators, etc.). Most studies use ready-
made data from libraries and data they extract from their model with specific characteristics,
as we mentioned in the introduction to the bibliographies. Therefore, they do not have
the option to vary the characteristics of the robotic exoskeleton or the characteristics of
the human body over a wide range to calculate the joint torque. The aim of the article is
to fill the gap that has been created, i.e., the computation of torque with the possibility of
changing parameters of the exoskeleton and human characteristics. The purpose of this
work is to model the best choice of the appropriate motor (in the physical implementation
phase) for each lower limb joint of the hybrid exoskeleton.

2. Materials and Methods

In this section, the materials of interest are initially presented along with their pa-
rameters. Then, the theoretical approach, according to the evidence from the literature, is
explored, aiming at the comparative data for servo motors. Collecting the servo motors’
data is critical since introducing any servo motor to a robotic component dynamically
affects the system’s characteristics, especially in the case of the inclusion of heterogeneous
servo motors to various joints of the exoskeleton. The collected data are organised in a
database to allow the selection of the appropriate motor for the targeted joint. The following
two subsections refer to the parameters of the exoskeleton that should be considered for
calculating the joints’ torques and the characteristics of the actuators that may be used.
This concludes the extraction of the parameters and values of interest, developing the
proposed mathematical model to calculate the torques of heterogeneous motors installed
on an exoskeleton’s joints.

After the presentation of the materials and their characteristics, the methodology
to select the appropriate motor for each joint follows. Next, the mathematical model
is analysed, and the steps to be followed are presented. The proposed methodology
has two steps. During initialisation, the parameters of the user are set based on the
user’s characteristics (e.g., weight, height, etc.) and the coefficients derived from known
models. In the first step (A), the masses for the exoskeleton are calculated, and the motors’
characteristics are considered as a penalty on masses. In the second step (B), the joint torque
is calculated and verified with the desired one. If the achieved torque is sufficient, then the
motor is selected. Otherwise, the process is repeated until an appropriate configuration
is found.

2.1. Comparative Study of Servo Motors

In many automation control applications, the main competitors of servo motors are
stepper motors. Both types of motors have their advantages and disadvantages. Their
differences relate mainly to their performance because they are differently designed. For
example, a rotor motor’s poles are much larger than the poles of a servo motor, so a rotation
requires a larger current to flow through its windings. In addition, the stepper motor at
high speeds degrades its torque, which is a phenomenon that can be reduced using a higher
supply voltage. In contrast, the large number of poles of a stepper motor has a beneficial
effect at lower speeds, thus giving it a torque advantage over a servo motor of the same size.
Another difference is the way each type of motor is controlled. The open-loop method is
used to control the stepper motors. This reduces the cost, as no feedback device is required
(e.g., encoder for most positioning applications). However, in stepper motor systems, the
excess power is converted into heat, thus generating a significant amount of heat in the
motor and drive, which must be considered in various applications, especially those in the
medical and healthcare field. Servo control solves this problem by supplying the motor
with the current needed to move or hold the load. It can also provide maximum acceleration
torque, which is often more significant than the maximum continuous torque of the motor.
However, an encoder can also control a stepper motor in a complete closed-loop servo
system. In terms of equipment, stepper motors are more superficial than servo motors.
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Therefore, they are much easier to maintain and cost less, especially in small motor
applications. When they operate within the design parameters, they do not lose their steps
and do not require encoders. At the same time, when they are at rest, they remain stable,
holding their position without any fluctuations, especially in dynamic loads. Specifically,
a Brushless Direct Current (BLDC) generally operates better for speeds below 2000 RPM,
lower acceleration values, and high retention torque. Servo motors are best in applications
that require speeds above 2000 RPM and high torque at high speeds or where a high
dynamic response is required. In conclusion, servo motor control systems respond better
to high speeds and high torque applications involving dynamic load changes. BLDC
motor control systems are less expensive than their respective servo motors and are ideal
mainly for applications that require relatively low acceleration values, high holding torque,
and flexibility to operate in an open or closed-loop system. For a complete picture of the
differences between a Servo Motor SR (Brushed) and Step Motor (Hybrid) or BLDC motor,
the table below shows the characteristics of a DC servo motor with a collector–brush system
and a BLDC brushless motor (Table 1) [16].

Table 1. Comparison of SR servo motor with brushes and hybrid stepper motor or BLDC motor.

Features Servo Motor
SR (Brushed)

Step Motor (Hybrid)
or BLDC Motor

Cost

The cost of a servo motor or servo
system is greater than the cost of a
step motor system with the same

rated power.

Step motors are generally cheaper
than servo motors that have the

same rated power value.

Size

They are available in a wide
variety of sizes from small to very

large motors and can operate
huge machines.

In the step motors, there are not as
many size options as in servo

motors, especially for large sizes.

Noise Servo motors produce very little
noise compared to step motors.

They produce a small hum due to
the screening process. However, a

high-quality driving system
reduces the level of this noise.

Power range
They are available in DC and AC
motors and thus have a very wide

range of available power.

The range of available power in
step motors is smaller than in

servo motors.

Performance

In general, servo motors are very
efficient motors. In small loads

mainly, a yield of 80–90%
is reported.

The step motors consume enough
power, a lot of which is converted

into heat. Usually, their
performance is at about 70% and
depends on the driving system.

Life
Coolers every 2000 h of operation

must be replaced. Codecs may
also be needed to replace them

The only place that wears out is
the bearing. This gives the step

motors a slight lead.

Low speed high torque
They work very well in low-speed
applications, mainly due to very

low friction.

They provide more torque at low
speeds (RPM).

High speed high torque
They maintain rated torque at

about 90% of their speed
without load.

Step motors lose up to 80% of
their maximum torque, at 90% of

their maximum speed.

Power ratio by weight/size

Given the effectiveness of the
servo motors, they have an

excellent power ratio in terms of
weight and size.

Step motors are less efficint than
servo motors. This usually means

a lower motor size
power–weight ratio.

We consider that the two motors are of the same quality and have the same rated
power. There are many designs of robotic exoskeletons proposed for different purposes
in the literature. Table 2 summarises some of the primary active projects in the scientific
community with the types of motors they use, which have been reported in journals and
conferences [1].
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Table 2. Robotic exoskeletons around the world.

Foundation Name Purpose Technical
Data

Control
Method

Yonsei University
South Korea

Help walking
an exoskeleton
of the lower

extremity

Patients with
lower limb
paralysis

1. 200 W DC motor
without brushes
2. Harmonic movements
3. Torques:
Hip: 79.3 nm
Knee: 42.2 nm

1. Active kinematic
control
2. Stability check

Tsukuba
University
Japan

HAL3
Patients with
lower limb
paralysis

1. Servo Motor DC
2. Harmonic joint reducers

1. Conscious
recognition based
on plant pressure
and torso angle

Automation
Robotics
Centre Hispania

ATLAS Quadriplegic
patients

1. Brushless motors (Maxon)
2. Harmonic reducers
3. Maximum torque 57 nm (hip)

1. CoP stability
check
2. Conscious
recognition

Berkeley Robotics
and Human
Engineering
Laboratory USA

Lower
extremity
exoskeleton

(BLEEX)

Allow personnel
the ability to
carry major loads
such as food,
rescue equipment,
first-aid supplies

1.DC brushless motors
2.Harmonic reducers

1. CoP stability
control
2. Conscious
recognition

2.2. Robotic Exoskeleton Features

Exoskeletons are anthropomorphic mechanical devices worn by an operator that
closely match the body’s anatomy and work in coordination with the user’s movements.
Among the main requirements of an exoskeleton to be taken into account when designing
are the following:

• The design must be anthropomorphic: Current designs have an abnormal shape;
another limitation of exoskeletons is the lack of direct exchange of information between
the human nervous system and the wearable robotic part.

• The design must be flexible: The length of the thigh, stem, and waist must be ad-
justable, and the variation in length and the stem is approximately 6 cm for average
people, from 1.60 to 1.80 m. The length of the torso is approximately 0.246 times the
height, and the length of the thigh is about 0.245 times the height.

• Increase joint strength: Exoskeletons do not transfer the substantial load to the
ground but augment joint torque. This consideration might be used to reduce joint
pain or increase joint strength in paralysed or weak joints.

• Selection of Degrees of Freedom (DoF): The exoskeleton must comply with the free
movement of the joints. Table 3 shows the DoF of a lower extremity exoskeleton.

• The exoskeleton robot actuator: It must have a high output-to-weight power ratio
and features such as low inertia, fast response, high accuracy, etc. [1].

The joints in the lower limb of the human body are the hips, knees, and ankles. Each
joint has different abilities to move or DoF, as shown in more detail in Table 3. The types of
lower limb exoskeletons based on joint motions are differentiated into several types based
on how the actuators drive the exoskeleton. The actuators can drive just the hips, the knees,
or the ankles.

In a small number of studies, exoskeletons have multiple actuators to drive a combina-
tion of joints. These combinations of actuators are hips and knees, knees and ankles, and
all three joints (hips, knees, and ankles) [17].
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Table 3. DOF design for lower extremity exoskeleton.

Joints DOF/
Movement

Freedom
Range

Driving Power
Required (N/m)

Hip 3/Flexion–extension −120◦/65◦ 80–100
Hip 3/Addition–abduction −30◦/40◦ Spring
Hip 3/Rotation −30◦/30◦ Spring

Knee 2/Flexion–extension −30◦/40◦ 45–70
Ankle 2/Pretonation–rotation −15◦/30◦ Spring
Ankle 3/Dorsal bending–bending of the fingersn −20◦/50◦ Spring
Ankle 3/Dorsal bending–bending of the fingersn −30◦/20◦ Spring

2.3. Analysis of Actuators in Robotic Exoskeletons

Most types of actuators used in robotics cannot be used in exoskeletons since this
application requires high speeds during operation at higher speeds than most actuators
can provide. Electric, pneumatic, hydraulic, and Series Elastic Actuators (SEA) are the
leading candidates available for use as actuators in exoskeletons. The design and selection
of actuators was based on the average torque and power of each subject during normal
walking (not pathological) at average speed. In addition, a study of different potential
candidates was evaluated. The most relevant criteria for selecting activation technology for
driving human joints were specific strength (activator power ratio to actuator weight) and
portability. In this respect, linear hydraulic and pneumatic actuators have a high power
density but are usually massive and present internal leakage and friction problems.

They have been used in some recovery devices but still face a standard limitation on
the constant spring of the tyre element that is stable. Harmonic coordination of strength
and position between patient and exoskeleton is complex between different subjects. The
literature shows that the use of electric motors provides a reduction in energy consumption
during walking. DC motors meet the criteria of the necessary power with a compact and
portable solution for portable devices. Based on this, brushless DC motors connected to a
harmonic drive gearbox were selected. Torque calculation is necessary to construct robotic
exoskeletons and specialised robotic devices using servo and DC brushless motors [18].

2.4. Methodology of Selecting the Appropriate Motor

As mentioned in this section, the proposed methodology comprises two steps. Initially,
the characteristics of the user are set, and the parameters regarding the skeleton are set.
Then, the coefficients are calculated based on known models, namely the Zatsiorsky BSP
and the Dempster BSP (body segment parameters). In Step A, the masses of the exoskele-
ton’s parts are calculated, considering the collateral effect of installing a specific motor at a
joint. This is a novel approach, since this effect was included (or not) in the mass of the body
parts. The approach allows a more precise exploration of the motor under consideration,
its effect on movement, and the motor’s verification (hence, selection) with the desired
behaviour. In Step B, the torques are calculated using additional parameters set by the
user or a group of sensors to calculate more precise data during kinematic analysis. At the
end of this step, the torques are reported, and the motor is either characterised as appro-
priate, or the process is repeated from the start, rejecting the motor as unsuitable. Steps
A and B have been implemented in the LabView for verification reasons and to facilitate
researchers to implement these steps (see Figure 5, flow chart). The calculations include the
extensive mathematical model and the database of DC motor characteristics. In this way,
selecting the appropriate DC motor per articulation is automated. The implementation
of the mathematical model for calculating lower extremity joint torques may be found on
GitHub [19]. The fact guarantees the commonality of this methodology that it utilises the
extended mathematical model, takes into account the characteristics of the available DC
motors, takes into account their effect on the behaviour of the robotic exoskeleton and
automates the selection of the appropriate DC motor at the joints’ lower extremity.
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Figure 5. Flow chart Model.
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The calculations are based on the proposed extended mathematical model, which has
as its fundamental principle that each lower limb robotic exoskeleton is an interconnected
part of the human body. According to this assumption, every variable of the human body,
such as weight, and height, affects the calculation of the mathematical model. Accordingly,
the variables of the robotic exoskeleton, such as its total weight and the weight of actuators
in the joints, should also be considered. It is essential to point out that the mathematical
model can be used by any lower limb robotic exoskeleton researcher who wants to calculate
the joint torques to choose correctly between brush and brushless DC motors at each joint. It
has the ability to configure the parameters of the human body and corresponding variables
of the robotic exoskeleton. It can also use a database of data on electric motors DC for
robotic exoskeletons.

In Section 2.4.1, the extended mathematical model is presented in detail regarding
calculating the masses of the variables that affect each part’s mass, as shown in Figure 6.
Then, in Step B of the methodology, as depicted in Figure 7, the calculation of the length of
parts and torques of each part of the lower limb to the total mass (kg), its height (cm) and
the change of the angles of each joint, as it is analysed in Section 2.4.2, is performed. The
methodology allows the user to interact with a database containing characteristics of brush
or brushless, as analysed in Section 2.4.3.

Figure 6. Force balance diagram of the lower leg.
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Figure 7. Calculation of the torques of each joint of the lower extremity.

2.4.1. Extended Mathematical Model for Calculation of Segment Masses, Centres of Mass

The mathematical model in Step A calculates the masses and centres of mass (COM)
of the lower limb of the human body, such as the hip centre of mass (COMhip), the knee
centre of mass (COMknee), the foot centre of mass (COM f oot), and mass of the knee joint.
The user can choose between two mass calculation models, the Zatsiorsky BSP and the
Dempster BSP, and the gender (male or female), as seen in Figure 8, which is the Graphical
User Interface (GUI) developed in LabVIEW.

Dempster’s method is reflected in Table 4, which gives the coefficients affecting body
parts’ mass or centre mass. Cadaver data from Dempster (1955) are applied to water
displacement data obtained from 135 living subjects (35 men and 100 women) to obtain
the weight, centre of gravity, and radius of gyration for the segmented extremities. Some
subjects (33 in total, 15 men and 18 women) were examined to obtain the weight of the
segments of the trunk using the water displacement method, and 16 of these subjects (7 men
and 9 women) were examined to locate the centre of gravity of each trunk segment [20]. In
1990, Zatsiorsky et al. determined the centre of mass for different human body segments.
Each human body segment was divided according to the bony landmarks defined by
Zatsiorsky. Data for this operation were collected via means of gamma-ray scanning,
and the measurements were completed on 100 male and 15 female Caucasian subjects
aged between 19 and 25 years old [21]. In 1993, de Leva observed that data provided by
Zatsiorsky lead to many errors in the body COM calculation of USA college athletes. The
source of those errors was caused by the body segmentation method, specifically by setting
the reference points at bony landmarks. To obtain more precise results, de Leva decided to
change the reference points from bony landmarks to the axis of rotation of body segments.
To simulate the kinematic and dynamic behaviour of the body in movement, the body
should be simulated. Segmentation methods allow the body to be modelled as connected
segments are reduced to their centre of mass [22]. Zatsiorsky’s method is reflected in
Table 5, where the coefficients affecting body parts’ mass or centre mass are given.
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Figure 8. Calculation of Segment Masses, Centres of Mass and Length of Segment in LabView.

Table 4. Body segment coefficients as calculated for Dempster model.

Dempster b

Segment Weight/Total Body
Weight

Centre of Mass/
Segment Length

Length Relative
to Height

Female Male Female Male Female Male

Thigh 0.1050 0.1175 0.428 0.433 0.242 0.245
Knee 0.1525 0.1710
Foot 0.0143 0.0133 0.500 0.500 0.151 0.152

b Based on Plagenhoef et al. (1983), based on Drillis and Contini (1966), based on Dempster et al. (1955) [23].

Table 5. Body segment coefficients as calculated for Zatsiorsky model.

Zatsiorsky a , as Modified by de Leva

Segment Weight/Total Body
Weight

Centre of Mass/
Segment Length

Length Relative
to Height

Female Male Female Male Female Male

Thigh 0.1478 0.1416 0.3612 0.4095 0.3685 0.422
Shank–Lower Leg 0.0481 0.0433 0.4416 0.4459 0.4323 0.434
knee 0.1849 0.1959
Foot 0.0129 0.0137 0.4014 0.4415 0.2283 0.258

a Zatsiorsky et al. (1990), as modified by de Leva.
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In addition, the user sets the total body mass in kg (see Figure 9). In Figure 8, the code
for calculating the masses in LabVIEW is shown by applying the above coefficients to each
calculation of mass and centres of mass of lower body parts (see Figure 7). Masses are
calculated according to the following general relationship:

m = tm + mex×Coe f (1)

tm = Total mass body
mex = Total mass robotic exoskeleton - mass actuator (mactuator)
Coef = Coefficients affecting the mass or centre of mass of body parts.

It is possible to adjust the mass of actuators at each lower limb joint (actuator mass
selection at hip joint, actuator mass selection at knee joint, actuator mass selection at ankle
joint) for each brushless motor or brushed motor (grams). The user in Figure 9 defines them
according to the motor selection present in the database (see Figure 10).

Therefore, according to the above, the mass of the hip, the mass of the knee, the
mass of the leg, the mass of the knee joint, the mass of the actuator at the hip joint, the
mass of the actuator at the knee joint, and the mass of the actuator at the ankle joint are
considered. They will then be used in the calculation of the torques that are analysed in the
following section.

Figure 9. The mass of each part of the lower limb is calculated in relation to its total mass.
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Figure 10. Characteristics of motors from database.

2.4.2. Calculation of the Torque of Robotic Exoskeleton Joints

Figure 6 shows the Power Balance Chart of the lower leg, which shows the forces
acting on the hip, knee, and ankle joints, that help determine the torque required on
each joint. Using the robotic exoskeleton, the authors have designed and considered
similar exoskeleton robots, such as robotic exoskeleton (LLRE) [4], and the following torque
equations were calculated.

• Hip torque calculation model equation:

T1 = mhip×g×sin(θ1) + m1×g×sin(θ1)×(l1/2) + (m4 + mknee)×g×sin(θ1)×l1 + m2×
g×(sin(θ1)×l1 + sin(θ2)×l2/2) + m3×g×(sin(θ1)×l1 + sin(θ2)×l2 + cos(θ3)×(l3/2))

+ (m3 + mAnkle)×g×(sin(θ1)×l1 + sin(θ2)×l2)

(2)

• Knee torque calculation model equation:

T2 = mknee×g×sin(θ2) + m2×g×sin(θ2)×(l2/2) + (m3 + mAnkle)×g×(sin(θ1)×(l1) + sin(θ2)

×(l2)) + m3×g×(sin(θ2)×l2 + cos(θ3)×(l3/2))
(3)

• Ankle torque calculation model equation:

T3 = mAnkle×g×sin(θ3) + m3×g×cos(θ3)×(l3/2) (4)

• Parameters of calculations:
m1 = centre of mass of the hips;
m2 = centre of mass of the knees,
m3 = centre of mass of the foot;
m4 = mass of the knee joint;
mhip = mass of actuator at hip joint;
mknee = mass of actuator at knee joint;
mAnkle = mass of actuator at ankle joint;
g = 9.81m/s2 gravitational acceleration;
l1 = length of thigh;
l2 = length of shank;
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l3 = length of foot;
T1 = torque required in the hip joint;
T2 = torque required in the knee joint;
T3 = torque required in the ankle joint.

In Step B of the mathematical model, the torques at each joint of the lower limb are
calculated, as shown in Figure 7, which is the GUI. In this step, the lengths of the lower limb
body segments are calculated, selecting the person’s height. The user adjusts the angles
(θhip, θknee, θankle) of the lower limb joints or with motion sensors. Since calculating all the
above quantities, the mathematical model calculates the torques in each joint using the
equations of motion mentioned above, which are integrated into the proposed mathematical
model (see Figure 8).

2.4.3. Reference Database

The proposed methodology considers the characteristics of brushed and brushless
motors from the database storing the motor characteristics. Figure 10 depicts the GUI of
LabVIEW, in which the elements of the motors are entered in the panels brushless and
brushed. The GUI allows collecting torque data (torque hip, torque knee, and torque ankle)
and deleting and plotting the torques from the mathematical model, as shown in Figure 11.
According to the data collected in the database, a researcher can choose the appropriate
actuator needed in each joint of the robotic exoskeleton he will implement. It can also
change every element in the mathematical model, as already mentioned in the flow chart
of the model in Figure 5, and feedback of the robotic exoskeleton.

Figure 11. Joint torque calculations and SQL database storage (GUI).

3. Results

Experimental measurements were performed for the proposed methodology, imple-
menting it in LabView. Groups of males and females were considered, considering each
individual’s height and weight parameters and the Dempster and Zatsiosky models, as
shown in Tables 4 and 5. All parameters are adjusted by the mathematical model as de-
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scribed before. According to the data collected, the following descriptive statistics for
qualitative and quantitative characteristics were reported, exploiting the SPSS statistical
analysis suite.

3.1. Quality Characteristics of Motors

Table 6 presents the quality characteristics of the brushless and brushless motors. The
advantage of brushless over brushed is the greater lifetime, the high efficiency, the low
inertia of the rotor, and the low electrical noise. Brushless motors have many positive
quality features. The question is whether they cover the needs of the parameters (torque,
weight) of the joints of the body’s lower extremities. The following subsection explores the
use of the brushless over brushed motors by analysing the quantitative characteristics.

Table 6. Quality Characteristics of Brushless and Brushed Motors.

BLDC Motor Brushed Motor
Commutation Electronic Commutation

Based on Hall Sensors
Brushed

Commutation
Maintenance Less Periodic
Life Longer Shorter
Efficiency High Moderate
Rotor inertia Low Higher

Electric Noise Low Arcs in brushes
generate noise

Control Complex, expensive Simple, inexpensive

3.2. Quantitative Characteristics of Motors

Table 7 contains a comparison of brushless quantitative characteristics (BLDC) and
brushed motors. The characteristics of brushless and brushed motors are from the Maxon
library [24] and are registered in the database (SQL Server). Additionally, the user can add
motor data from other company libraries to the database. This allows them to be compared
with the data collected and processed in the mathematical model. In the descriptive
statistics of Table 8, the maximum values of torques that can be used for each motor are
found, allowing a numerical comparison. Finally, in the table, the results derived from
the mathematical model in LabView are offered regarding the torques at each joint of the
body’s lower limbs.

Table 7. Comparison Quantitative Characteristics: Brushless (BLDC) and Brushed Motors.

Servo Motor Min Max Mean Std.
Deviation

Brushless Torque
(mNm) 1010.00 1560.0 1282.00 190.42

(BLDC) Weight (gr) 964.00 988.00 975.40 12.00
Power (W) 269.00 600.00 432.00 128.60
Speed (rpm) 1960.00 2110.00 2041.00 62.20
Voltage (V) 18.00 60.00 36.00 16.70
Price (€) 217.00 235.00 229.60 5.90

Brushed Torque (mNm) 501.00 839.00 1282.00 190.42
Weight (gr) 2100.00 2100.00 2100.00 0.00
Power (W) 250.00 250.00 250.00 0.00
Speed (rpm) 2960.00 4090.00 3602.00 414.75
Voltage (V) 24.00 70.00 52.20 16.42
Price (€) 790.00 790.00 789.74 0.00
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Table 8. Report Torque (Nm).

Sex Torque Hip Torque Knee Torque Ankle

Male Mean 78.9534 19.2694 2.6254
Std. Dev/tion 38.2399 9.5207 2.0741
Minimum 7.2119 2.3286 0.1082
Maximum 145.7430 33.9808 5.9167

Female Mean 45.4926 11.5044 2.4046
Std. Dev/tion 24.2209 5.6196 1.3984
Minimum 13.8903 4.6761 0.5725
Maximum 91.8309 19.9213 5.8193

Total Mean 69.0198 16.9642 2.5598
Std. Dev/tion 37.7666 9.2258 1.8904
Minimum 7.2119 2.3286 0.1082
Maximum 145.7430 33.9808 5.9167

The mathematical model calculates the torques of the joints, the masses and the central
masses of the parts of the lower extremities, as well as their lengths. It is essential that
for the correct choice of motors in the joints, all the parameters related to the robotic
exoskeleton must be taken into account: that is, the weight of the motors (entered in the
mathematical model from the database) and the individual weights that are calculated
by adjusting the weight of each body. This is the necessity of the descriptive statistics in
Table 8 with the SPSS software in groups of men and women. The torques at each lower
extremity joint through Table 8 give important information regarding the difference in
motors selection at each joint, specifically a maximum torque at 145.75 Nm for males and
91.83 Nm for females, 34 Nm the knee for males and 20 Nm for females, and at the ankle 6
Nm for both groups.

The parameters of the mass and the centres of mass of the lower extremity parts of
the body are essential. Therefore, they are also considered in calculating the extended
mathematical model as a function of the body’s total mass and separate masses of parts.
Furthermore, they are also considered in the calculation from the extended mathematical
model as a function of the body’s total mass and separate masses of parts. Therefore, the
descriptive statistics of the masses in Table 9 allow selecting the appropriate motors based
on the torque and considering the weight of each joint of the body.

Table 9. Report Mass and Centre Mass (Kg).

Sex Total
Mass

Thigh
m1

Knee
m4

Lower Leg
m2

Foot
m3

Male Mean 79.141 11.697 15.504 3.806 3.806
Std. Dev. 15.151 2.239 2.967 0.728 0.728
Min 60.640 8.960 11.880 2.920 2.920
Max 108.800 16.080 21.310 5.230 5.230

Female Mean 54.214 7.154 9.561 2.407 2.407
Std. Dev. 7.019 1.668 1.870 0.251 0.251
Min 47.590 5.000 7.260 2.060 2.060
Max 63.650 9.010 11.770 2.760 2.760

Total Mean 66.021 9.306 12.376 3.070 3.070
Std. Dev. 17.034 3.008 3.867 0.884 0.884
Min 47.590 5.000 7.260 2.060 2.060
Max 108.800 16.080 21.310 5.230 5.230
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4. Discussion

Below, we mention methods of selecting electric actuators and calculating joint torques.
Calanca et al. in [25], presented a methodology based on a graphical tool that matches
the actuator’s capabilities with the task’s requirements. The proposed approach obtains
the operating torques and speeds through experimental tests. A motion capture system
allows positions and velocities to be acquired, while joint torques are calculated via inverse
dynamics in a multi-body human exoskeleton model. Similarly, Barjuei et al. in [26],
proposed an approach for selecting a brushless BLDC motor and a gearbox transmission
based on optimisation through an analytical human–robot dynamic interaction model
and a mathematical relationship between the weight and technical characteristics of its
components. Finally, Belogusev and Egorov in [27] proposed an automatic measurement
procedure for determining the starting torque of an electric gear actuator for an exoskeleton.
In this work, a methodology is proposed for selecting the appropriate motor during the
design phase, hence, at a higher abstraction level, avoiding experimental tests of the
exoskeleton. Additionally, this work considered not only the characteristics of the human–
robot interaction model but also the effect of candidate motors at each joint.

In the results presented in Table 7, the maximum torques of brush and brush motors
in mNm were obtained from the database, as shown in Figure 12. Furthermore, the graph
in Figure 13 calculates torques at each joint at the lower end over time, according to the
extracted parameters resulting from the mathematical model. Therefore, according to the
previous data, a thigh motor is suitable if it offers a maximum torque of at least 150 Nm.
Similarly, a knee motor is suitable if it offers a maximum torque of at least 35 Nm, and an
ankle motor is suitable if it offers a maximum torque of at least 10 Nm.

Figure 12. Comparison Torque (mNm) Brushless (BLDC) and Brushed Motor.

Since the maximum torque range, as shown in Figure 13 (torques at each joint per time
from the mathematical model), does not achieve the target torque, a gearbox (Harmonic
Drive, CSD-20-160-2AGR [28]) is connected to the motor shaft to reduce speed and increase
torque. So, at the peak torque from Figure 12, the 1560 mNm (1.56 Nm) brushless motors
will be closer to the desired thigh torque values. A ratio of 160:1 gives each combination a
continuous net torque of 71 Nm and peak torques of 180 Nm. Therefore, the average hip
actuator torque of 71 Nm is considered sufficient for most patients.
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The choice of brushless motors is an option because of the coverage of the maximum
torque and other factors such as their weight. According to Table 7, there is less weight
(1000 g) in brushless motors compared to brushed motors (2000 g). Conversely, choosing
heavier motors will increase the overall weight of the robotic chassis. The weight of the
robotic exoskeleton is critical to the system’s human factor stability, which highlights this
work’s impact.

Figure 13. Simple Bar Mean of Torque Model Calculator.

In Figure 14 and Table 8 (Total torque), the calculation of the joints of the lower
extremities in the male and women groups is shown. The torques at the knee and ankle
joints have negligible differences in their maximum value between males and females,
Tknee = 34 Nm and Tankle = 6 Nm. Thus, the motor required for the knee joint should
perform a maximum torque Tknee = (34 + std. Deviation = 10N m) = 44 Nm. Likewise, the
motor required for the ankle joint should perform a maximum torque Tankle = (6 Nm +
std. Deviation = 2 Nm) = 8 Nm. According to Table 7, the torques of the joints in nominal
torque (max. Continuous torque) = 1560 mNm or 1560 Nm.

The above calculations of the torques at the joints of the lower limbs of the human body
and the calculation of the masses of the lower limbs and the masses of the actuator joint
of the robotic exoskeleton, combined with the qualitative characteristics, were compared
between brushless and brushed motors, as reported in Section 2.1. The following motor
choices result in each joint of the robotic lower limb exoskeleton.

Initially, a choice of a motor (EC 90 flat Ø90 mm, brushless, 600 W [24]) for the thigh
and knee was made at 15,600 mNm with the addition of a gearbox (Harmonic Drive [28],
CSD-20-160-2AGR) connected to the motor shaft to reduce speed and increase torque.
Regarding the ankle, the motor choice was based on a brushless one (EC 60 flat Ø60 mm,
brushless, 100 Watt [29]) with the addition of a gearbox (Harmonic Drive [28], CSD-20-160-
2AGR), which is connected to the motor shaft to reduce the speed and increase the torque,
i.e., Tankle = (nominal torque, max. continuous torque = 227 mNm); (transmission ratio
160: 1) = 36Nm. Regarding the choice of the specific motors, their masses have been taken
into account (1000 gr, brushless < 2000 gr, brushed) and nominal speed 1620 rpm (EC90),
3840 rpm (EC60) due to the use of a gear unit.
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Figure 14. Simple Bar Mean of Calculated Torque—Male, Female.

5. Conclusions

As we presented in the Introduction, the mathematical model proposed in this paper
differs from other models in terms of its variability. As from the discussion above, the
mathematical model has several positive elements. In the automated mathematical model,
researchers for the lower limb robotic exoskeleton experiment with various parameters
(centres of mass, common masses, total body weight, mechanical exoskeleton weight, actu-
ator masses at each joint, human body height, and joint angles). Based on the mathematical
model, the methodology calculates the torques at the joints of the lower limb and compares
them with the motor database elements. So, it selects the appropriate motor at each joint.

Weaknesses in the mathematical model were also identified, such as the need to
evaluate more parameters affecting the stability of the robotic exoskeleton. However, due
to the uniqueness of the walking pattern, it is difficult for the lower limb exoskeleton robot
to adapt to the different walking patterns of users. Therefore, embedding an AI model
for walking patterns may be considered for future improvement. This will adjust the
mathematical model based on the different walking patterns of the users and provide the
appropriate motor selection in each joint for achieving the optimal solution.
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Abstract: Parkinson’s disease (PD) is a progressive movement disorder caused by the death of
dopamine-producing cells in the midbrain. PD is the most prevalent movement disorder of the
central nervous system and affects more than 6.3 million people in the world. The changes in
the motor functions of patients are not easy to be clearly and on-time observed by the clinicians
and to make the most well-informed decisions for the treatment. The aim of this paper is the
monitoring PD by designing, developing, and evaluating a prototype mobile App using a pressure
pen, which collects quantitative and objective information about PD patients, thus allowing clinicians
to understand better and make assumptions about the severity and the stage of Parkinson’s disease.
This study presents a dynamic spiral test that can only be performed with tablet and pen pressure.
Furthermore, the handwriting samples by PD patients and healthy controls individuals are collected
by a computerized system, and the measurements of Spiral Deviation, Total Time, and Pen Pressure
are processed. The results showed an accurate evaluation of the stage of Parkinson’s disease. Thus,
the clinician may use the proposed PD telemonitoring system as a screening test, storing the history
of all the patient’s measurements.

Keywords: testing; motor coordination; screening tool

1. Introduction

Parkinson’s disease (PD) is a long- term degenerative disorder of the central nervous
system that mainly affects the motor system. As the disease worsens, non-motor symptoms
become more common. The symptoms usually emerge slowly. Early in the disease, the
most obvious symptoms are shaking, rigidity, slowness of movement, and difficulty with
walking. Thinking and behavioral problems may also occur. Dementia becomes common in
the advanced stages of the disease. Depression and anxiety are also common, occurring in
more than a third of people with PD. Other symptoms include sensory, sleep and emotional
problems. The main motor symptoms are collectively called “parkinsonism”, or a “parkin-
sonian syndrome”. The cause of Parkinson’s disease is unknown but is believed to involve
both genetic and environmental factors. The motor symptoms of the disease result from the
death of cells in the substantia nigra, a region of the midbrain. The results are not enough
dopamine in this region of the brain. The cause of this cell death is poorly understood,
but it involves the build-up of proteins into Lewy bodies in the neurons. Diagnosis of
typical cases are mainly based on symptoms, with tests such as neuroimaging used to rule
out other diseases. There is no cure for Parkinson’s disease. Treatment aims to improve
the symptoms. Initial treatment is typically with the antiparkinson medication levodopa
(L-DOPA), followed by dopamine agonists when levodopa becomes less effective [1]. As
the disease progresses and neurons continue to be lost, these medications become less effec-
tive while at the same time they produce a complication marked by involuntary writhing
movements. Evidence for treatments for the non-movement-related symptoms of PD, such
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as sleep disturbances and emotional problems, is less strong [2]. In 2015, PD affected 6.2
million people and resulted in about 117,400 deaths globally. Parkinson’s disease typically
occurs in people over the age of 60, of whom about one percent are affected. Males are
more often affected than females at a ratio of around 3:2.

Today, many researchers have turned their attention to upgrading the medical ap-
proach to understanding the stage and the severity of PD via medical equipment or intro-
ducing innovative extra examinations, except from CT tomography, biomarkers, and other
blood tests. In fact, the research “A novel computer-based technique for the assessment of
tremor in Parkinson’s disease” is focused on the suitability and clinical value of a low-cost
computer-based system as an aid to the diagnosis of PD, in particular the presence of
tremor. All participants (12 patients and 10 controls) performed a shape-tracing task using
a graphic tablet attached to a laptop. To assess the presence of tremors in the collected data,
a statistical spectral analysis of the moment-to-moment fluctuations in the position signal
of the output from the digitizing tablet was performed. This allowed the comparison of
power spectrums obtained from the control and patient responses respectively. A peak in
log power between the 5 Hz and 6 Hz can clearly be identified in the patient’s spectrum
and is indicative of Parkinson’s related tremor and no similar peak could be seen in the
control’s spectrum, suggesting this type of sequential task and automated data analysis
may be useful in the diagnosis of tremor [3].

Moreover, Muhammed Erdem Isenkul et al. [4] proposed an alternative solution to
the traditional method of paper and pencil of Spiral Static Test drawings (SST), which
can be replaced by Dynamic Spiral Test (DST) that is realized on a tablet. They collected
handwriting samples of patients who have been admitted to the Department of Neurology
in Cerrahpaşa Faculty of Medicine, Istanbul University via a graphics tablet and the
researchers compared SST and DST drawings of PD patients and healthy control subjects.
The analysis demonstrates that the acceleration of SST is statistically closer to that of DST
for control subjects when compared to the PD patients. It can be concluded that the SST and
DST tests can be applied together in order to measure the cortical and motor performance
of the subjects and can find use in diagnosis and telemonitoring applications of PD and
some other similar neuropathological conditions.

Poonam Zham at al. [5] has proposed the use of the Composite Index of Speed and
Pen-pressure (CISP) of sketching as for analyzing the severity level (SL) of PD. The par-
ticipants drew an Archimedean spiral and speed, pen-pressure, and CISP were measured
and analyzed to obtain their correlation with the severity of the disease. The correlation of
speed, pen-pressure, and CISP with the severity of PD was −0.415, −0.584, and −0.641,
respectively. The Mann–Whitney U test confirmed that CISP was suitable to distinguish be-
tween PD patients and healthy subjects, while the non-parametric k-sample Kruskal–Wallis
test confirmed that it was significantly different for PD SL-1 and PD S-3. This shows that
CISP during spiral sketching may be used to differentiate between CG and PD and between
PD SL-1 and PD SL-3 but not SL-2.

Somayeh Aghanavesi et al. studied the measurement of temporal irregularity score
(TIS) for patients at different stages of PD during each medication time points [6]. Both PD
patients and healthy controls participated in the survey and the spiral tests on a smartphone
were investigated before a single levodopa dose and at specific time intervals after the dose.
Three movement disorder specialists rated videos of the patients based on UPDRS and the
Dyskinesia scale. The differences in mean TIS between patients and healthy controls were
estimated and there were proven when PD patients were in an advanced stage as well the
capacity of TIS to detect changes from baseline (before medication) to later time points was
assessed. TIS had good test-retest reliability and it was responsive to single-dose levodopa
treatment. Since TIS is an upper limb high-frequency-based measure, it cannot be detected
during clinical assessment.

Manuel Gil-Martín et al. [7] proposed the use of analyzing a convolutional neural
network (CNN) for PD detection from drawing movements, which combines the feature
extraction (convolutional layers) and classification (fully connected layers). The CNN has
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inputs which are the module of the Fast Fourier transform in the range of frequencies
between 0 Hz to 25 Hz. Using the public dataset: Parkinson Disease Spiral Drawings Using
Digitized Graphics Tablet dataset, they analyzed into X and Y directions the discrimination
capability during drawing movements of individuals. The accuracy of this work is 96.5%, a
F1-score of 97.7%, and an area under the curve of 99.2%.

Iqra Kamran et al. presented an approach of patients’ handwriting samples for early
diagnosis of PD [8]. They include different Parkinson’s datasets, which are PaHaW dataset,
HandPD dataset, NewHandPD dataset, and Parkinson’s Drawing Datasetand, and applied
deep transfer learning algorithms to overcome the challenge of high variability in the
handwritten material. In their analysis, they evaluated six main transfer learning architec-
tures, namely AlexNet, GoogleNet, VGGNet-16/19, and ResNet-50/101. They succeed in
excellent PD identification performance with 99.22% accuracy on the illuminated tasks of
combined HandPD, NewHandPD, and Parkinson’s Drawing datasets, demonstrating the
superiority of our approach over current state-of-the-art methods.

Elina Kuosmanen et al. [9] proposed a work related to this work, which describes the
implementation of the digitized version of the spiral drawing test for Android devices. In
this application, they have introduced both the spiral test and the square-shape drawing
and in the survey eight PD patients and six healthy controls participated and the error rate
and the drawing speed were measured. The results of the trials were a clearly different
accuracy between the PD patient and the healthy individuals between the two drawing
tasks.

Besides focusing only on Parkinson’s disease, Andrius Lauraitis et al. [10] presented a
new approach which addressed other degenerative disorders of the central nervous system,
such as Huntington’s disease, Alzheimer’s Disease, mild cognitive impairment, and demen-
tia. They proposed a smart application, called “Neural Impairment Test Suite” (NITS), for
Android smartphones and tablets which concerns the self-administered cognitive testing
(SAGE) methodology that used finger tapping and voice features acquired from the sensors
of the device. The experiments were realized in patients with neurological disorders (one
with Parkinson’s disease, three with Huntington’s disease, one with early dementia, one
with cerebral palsy, one post-stroke) and eight healthy controls. The data are collected in
an Android device and measure cognitive, hand tremor, energy expenditure, and speech
features of subjects. According to the statistical analysis, they used 13 classifiers for com-
bined finger tapping and SAGE features, and 96.12% accuracy was achieved and using
bidirectional long short-term memory (BiLSTM) (94.29% accuracy) for speech analysis
features.

Benjamin I Ferleger et al. [11] proposed a pilot study about a tablet and a mobile-based
application for remote diagnosis and analysis of movement disorder symptoms. More
specifically, in this application, the patients are called to follow, with a pen, a drawing
task, especially with the spiral and line-drawing tasks of the Fahn–Tolosa–Marin tremor
rating scale serving as the task in this survey. The data are collected in a cloud, which is
analyzed quantitatively, and drawing smoothness, pressure applied, and other measures
are estimated. The maximum cross-validated classification accuracy on a preliminary
sample set was 98.3%.

Except for applications that specialize only in spiral drawings, Hung N. Pham et al. [12]
introduces a novel study that incorporates voice and spiral drawing for better detection of
PD severity level. In their study, they use various machine learning models and succeed
with a great accuracy level for PD recognition. Using pairwise correlation and k-means
clustering techniques the highest accuracy of 95.89% is obtained using an ensemble of 3
classification models. The best accuracy of 99.6% is achieved using the k-Nearest Neighbors
classifier in the Dynamic Spiral Test (DST) and accuracy of 98.8% and 94.9% are achieved us-
ing the Logistic Regression classifier and the Adaptive Boosting classifier on the Static Spiral
Test (SST) and Stability Test on Certain Point (STCP). Finally, the trials were implemented
into a touch-enabled smartphone-based application.
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The objective of this study is to design, develop, and evaluate a prototype digital
application for mobile appliances and tablets using a pressure pen, which collects quan-
titative and objective information about the PD patients’ handwriting dexterities, thus
allowing clinicians to monitor the deterioration of motion or response to treatment and to
make assumptions about the prognosis severity and the stage of Parkinson’s disease. A
cardinal sign of PD is the lack of coordination of fine movements of the hand for a common
procedure such as writing or drawing. Clinicians often offer a piece of paper to the patient
and ask them to draw geometric shapes in order to decide the effect of the disease on this
function. A digital tool, easy to be used in routine visits (and even at home), characterized
for accuracy and reproducibility, would be a valuable asset to neurologists and caregivers.

2. Materials and Methods
2.1. Description of the Mobile App

As described in Section 1, the aim of this study is to design a novel mobile application,
which will be a useful tool to the medical society and will be effective in the diagnosis and
monitoring of Parkinson’s disease. The main novelty of the presented tool is that it may be
used for generating real-time data on the writing ability of the patient and creating datasets
in historical order. The data are then read by the neurologist and the evolution of the
PD is assessed. In contrast to other works adopting the spiral test, the digital application
is offering an accurate and timely assessment of the PD patient status. The use of the
application by the PD user may occur in any environment, apart from the clinic, with the
assistance of the caregiver.

For the evaluation of the application, it was installed on a tablet. Then, the handwrit-
ing dataset was constructed using a pressure pen as the input device, for recording the
movement and the applied pressure. Specifically, the tablet is connected with the Sonar Pen,
which is a pressure pen that estimates the pressure or the applied force by the patient on
the screen of the tablet. Unlike the traditional tests, using a pencil and paper, the patient’s
digitized handwriting gives valuable digital features which are accurate x-y-z coordinates,
the precise pressure applied to the screen, the pen grip angle, and the total time that the
patient required to complete the drawing task.

The procedure to initiate the test and capture the results is simple and is described
in the following. Initially, the clinician launches the app, which is found in the installed
apps of the mobile or tablet, and fills in the fields with the required information, such as
“surname”, “name”, “birth year”, “sex” and “patient type”, as seen in Figure 1. In the field
“patient type” the clinician indicates if the Parkinson’s test is realized in a healthy person or
a PD patient. The application, also, gives in every addition a unique “code number”, which
is incremental, to indicate the new registered patient/user. Selecting the option “ADD”
the addition of a new patient is confirmed. The clinician then has the option to search
for any registered patient, by surname or code number, and access the previous tests and
assessments associated with the particular patient. There is also the option to delete an
addition using the “DEL” option. The last option available to the clinician is to perform a
new test, that is recording new data regarding the handwriting movement of the user, by
selecting the option “NEW RECORD”, which brings to the forefront the spiral test screen.

In the spiral drawing task screen, the clinician initiates the test by selecting the “START”
option. Then the patient, using the pressure pen, follows the spiral line trying to draw
accurately the spiral shape. The movement is inwards out, as seen in Figure 2.

When the patient completes the spiral test, the clinician selects the “STOP” option
to indicate the completion of the test. Then, the drawn shape is depicted over the initial
spiral shape, to indicate the deviations in the drawing and also the pressure (red for high
pressure and shades of red for low pressure), as shown in Figure 3.
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Figure 1. The initial screen of the Dynamic Spiral Test.

Figure 2. Second screen of Dynamic Spiral Test—the spiral drawing task.
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Figure 3. Screenshot of the application showing the spiral drawn by the patient using the SonarPen.

The Dynamic Spiral Test application offers three different assessments of the completed
task:

• The measurement “Spiral Deviation” is the ratio of the area between two lines of
the spiral test to the screen size multiplied by 10,000. With this value, the clinician
can draw the right conclusions about the ability of the patient to lead the line of the
spiral. More specifically, the malfunction of the fingers is observed due to tremor and
in combination with the above two measurements, the symptoms of bradykinesia,
tremor, and malfunction are examined by the clinician.

• The measurement “Time” relates to the total time needed by the patient to complete
the spiral test. A long time for a patient to complete the task is directly associated with
the stage of the PD disease, as described in previously mentioned works.

• The calculation “Pen Pressure” relates to the exercised pressure by the patient. If the
pressure is greater than the expected one (as derived by tests by healthy users), then
the line is more intense, red, and thicker, whereas if the exercised pressure is weak
then the color of the line approaches the pink color, as in the Figure above. If the
patient has tremor at a great scale, the exercised pressure, which is expected by the
pen on the tablet will be weaker, so the patient will try to increase the pressure to
achieve the stability of the pen.

Thus, the suggested three values of the application offer an indication of the severity
of Parkinson’s disease.
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2.2. Application Program Design

The proposed application was developed targeting Android-based smartphones and
tablets. It was developed in Java with Android Studio v3.52 for Linux, using an object-
oriented methodology.

The application contains five main parts:

• The first part handles the graphic user interface (GUI). It uses Android SDK functions
and consists of two screens, the one that shows the patient’s data and the other the
spiral sketch graph (API level 29). This approach is the most popular and common way
for Android App development, supported by Google Inc., Mountain View, CA, USA.

• The second part is responsible for the calculation of the surface between the curve
drawn by the patient and the spiral displayed on the screen (Spiral Deviation). A
special algorithm is used for this. For each point of the curve drawn by the patient
(curve with red color in screenshot) the application stores the following values: x
position, y position, time in milliseconds, pressure on this point, and its spiral angle.
The Spiral angle is a value that starts with the value of 90 (the polar angle of the first
point) and it is increased by 720 degrees (two full circles up to the final point). In
this way, each point of the patient’s curve is related to a point of the test spiral. The
calculation of the spiral deviation uses the distance of these two points.

• The third part is responsible for acquiring and displaying the relative pressure values
of the Sonar pen as sampled from the Tablet’s microphone input.

• A fourth part is aimed to generate a dedicated audio signal/tone, which is forward
to the stereo audio output (L-R) of the Tablet. This signal is used to implement the
battery-less pressure sensing of the Sonar Pen.

• Finally, a fifth part is used to store and fetch data from internal storage.

2.3. The Pressure Pen

The pressure pen selected for the application is the Sonar pen. The Sonar pen is a
smart stylus, which is used for digital drawing and has all the standard features (e.g.,
position, angle, and pressure capturing), at a relatively low cost (compared to other similar
devices). The de facto standard of a smart pen is to offer the following functions (if not
all): pressure sensing, palm rejection, and shortcut button. The technology of the Sonar
pen is based on the earphone solution, which eliminates the costs of expensive electronics,
controlling circuits, Bluetooth, and rechargeable batteries and replaced them with a circuit
that communicates with the tablet through the standard audio channel. To detect the
pressure, the Tablet sends a dedicated audio signal waveform to the stereo audio output
(L-R), the signal waveform passes through a simple voltage divider circuit using a force-
sensitive resistor which changes according to the pressure applied to it, such in Figure 4.
The modulated waveform is then sent back to the Tablet using the microphone input,
for reading the voltage drop over the force-sensitive resistor which relates to the applied
pressure.

Figure 4. Connection between the Sonarpen and the Tablet.
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2.4. Assessment of the Test Procedure for the PD Patients

The tests took place at the University General Hospital of Patras “Panagia h Bohthia”
at the Neurological Clinic with the guidance of Dr Zinovia Kefallopoulou, Neurologist,
and Dr. Elisabeth Chroni, Neurology Professor of the Department of Medicine. The tests
were realized by PD patients and a healthy control group. The patients signed a detailed
informed consent form before participating in the tests and they had the opportunity of
rejection. The form assured participants of medical confidentiality and concealment of
their personal information. The patients who participated in the tests were selected with
two criteria. The first is that all the PD patients were in the same severity stage of the
disease. It was complicated to discriminate among all the patients of the clinic the patients
who presented the same behavior and characteristics, limiting the patients, however, to
adequate sample size. In addition, the second criterion was that the patients follow the
same medication for a quite long time. It is important to be noticed that all the patients
suffered from PD for over a decade. Twelve PD patients and twelve healthy controls
participated in the tests. For PD patients, there were 4 women, 2 in the decade of 40–50
and 2 in the decade of 50–60, and 8 men, 4 in the decade of 40–50 and 4 in the decade
of 50–60, and for healthy controls, there were 6 women, 3 in the decade of 40–50 and 3
in the decade of 50–60 and 6 men, 3 in the decade of 40–50 and 3 in the decade of 50–60,
were recruited in repeated spiral drawings of the application using the tablet with the
Sonarpen. The tablet has 9.6 inches touch screen with a screen resolution of 1280 × 800 and
recorded both positions (x and y coordinates). No participant in the study had cognitive or
visual problems to the extent to which it could influence their test performance. Firstly, the
clinician was noticing the personal information of the patient or the individual from the
healthy control group. The subjects were informed by the clinician how to draw the spiral
test and afterward, they performed the test. They were seated on a chair and performed the
tests using the pressure pen with the tablet, which was on a stable spot. All data collected
was then stored in a file of the application in the device’s storage memory. Figures 5 and 6
are examples of dynamic spiral tests of healthy controls and PD patients respectively.

Figure 5. Spiral Tests of Healthy Control.
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Figure 6. Spiral Tests of PD Patient.

Statistical analysis was performed using the parametric statistical procedure T-test. In
the study, T-test hypothesis tests were performed for statistical analysis of the parameters of
independent samples in the following different cases. In each different case mean, Standard
Deviation, and Standard Error Mean were observed and their values are placed in each
table separately. Moreover, Levene’s test is also used in the study, which is an inferential
statistic used to assess the equality of variances for a variable calculated for two or more
groups.

3. Results

• In Table 1, which is organized as follows, the independent variable is HEALTH
(indicating whether the tests were performed by PD patients or healthy individuals)
and dependent values are Standard Deviation (SD in %), Total Time (TT in sec), and
Pen Pressure (PP as a number corresponding to the sum of the pixels multiplied by the
difference of the force applied force (Newton—N) to the typical pen pressure (1.4–1.5
N)—the bigger the number the higher the pressure in many points, while typical
handwriting pressure tends to zero) separately:

Table 1. Group Statistics—HEALTH variable.

HEALTH N MEAN Std.
Deviation

Std. Error
Mean

SD PATIENTS 12 33.1750 7.2267 2.0862
(% pixels) HEALTHY 12 29.8333 5.3229 1.5366

TT PATIENTS 12 20.1250 7.1106 2.0526
(sec) HEALTHY 12 12.7250 5.1517 1.4872
PP PATIENTS 12 47,696.1080 26,647.0019 7692.3269

(N * pixels) HEALTHY 12 0.0191 0.0088 0.0026

• In Table 2, for PD patients the mean value of SD was 33.175 and for healthy was 29.833.
As expected, PD patients present a greater deviation in SD value in drawing test, as
result of the tremor and difficulty in moving of the hand of the disease. Additionally,
the mean value of the TT variable, for PD patients, is 20.13 while for healthy it is 12.73.
The total time to complete the spiral test is quite longer in the patient, as opposed to
the healthy controls due to bradykinesia and other motor symptoms of Parkinson’s
disease. In PD patients the mean PP is 47,696.11 and for healthy it is 0.02. Because of
the motor symptoms of the disease, PD patients exercise significantly greater pressure
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in their attempt to complete the dynamic spiral test in comparison with the healthy
controls, who have no difficulties.
For SD: Testing for comparison of sample variances: Levene’s Test for Equality
of Variances (H0: variances do not differ). From the importance of this control
Sig. = 0.286 > 0.05 we conclude that there is no significant difference in variances
and therefore we conclude that variances do not differ. The significance of the test is
Sig. = 0.211 > 0.05 we conclude that the variance SD does not depend from the health.
The results are not statically significant. Thus, we infer that both of healthy controls
and patients present spiral deviation of the dynamic spiral test of our application.
From our sample it follows that the SD does not depend on whether you are healthy
or PD patient.
For TT: Testing for comparison of sample variances: Levene’s Test for Equality
of Variances (H0: variances do not differ). From the importance of this control
Sig. = 0.235 > 0.05 we conclude that there is no significant difference in variances
and therefore we conclude that variances do not differ. Because the significance of the
test is Sig. = 0.008 < 0.05 we reject the null hypothesis and conclude that the total time
depend from the health and there is a statistically significant difference in the value of
TT between patients and healthy. Indeed, once again we confirm that patients need
more time to complete the dynamic spiral test in relation with healthy subjects.
For PP: Testing for comparison of sample variances: Levene’s Test for Equality
of Variances (H0: variances do not differ). From the importance of this control
Sig. = 0.00 < 0.05 we conclude that there is a significant difference in variances and
therefore we conclude that variances differ. From the statistical analysis we observe
that the the significance of the test is Sig = 0.00 < 0.05, so the pen pressure depends
from whether is healthy control or PD patient. Actually, there is a statistical difference
between healthy and patients regarding the variable PP.

Table 2. Independent Samples Test—HEALTH.

Levene’s Test T-Test for Equality of Means
for Equality
of Variances 95% Confidence Interval of the Difference

Mean Std. Error
F Siq. t df Sig. 1 Difference Difference Lower Upper

SD Equal variances assumed 1.195 0.286 1.290 22.000 0.211 3.3416 2.5909 −2.0317 8.7150
Equal variances not assumed 1.290 20.221 0.212 3.3416 2.5909 −2.0592 8.7426

TT Equal variances assumed 1.490 0.235 2.919 22.000 0.008 7.4000 2.5347 2.1432 12.6567
Equal variances not assumed 2.919 20.054 0.008 7.4000 2.5347 2.1134 12.6865

PP Equal variances assumed 28.269 0.000 6.200 22.000 0.000 47,696.0892 7692.3268 31,743.1797 63,648.9987
Equal variances not assumed 6.200 11.000 0.000 47,696.0892 7692.3268 30,765.3919 64,626.7865

1 Sig. (2-tailed).

• In Table 3, only PD patients are analyzed and the age is considered as the independent
variable, while SD, TT, PP are dependent variables (separately).

Table 3. Group Statistics—PD patients—age variable.

Age N MEAN Std.
Deviation

Std. Error
Mean

SD 50–60 6 37.8667 5.18716 2.11765
40–50 6 28.4833 5.92973 2.42080

TT 50–60 6 20.8167 8.00185 3.26674
40–50 6 19.4333 6.78636 2.77052

PP 50–60 6 59,088.3666 20,674.8706 8440.4805
40–50 6 36,303.8500 28,691.5870 11,713.2913
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• The results for the age variable are summarized in Table 4: For people aged 50–60
years, the mean SD is 37.87 while for 40–50 years it is 28.48. Here, we can conclude
that the age affects the SD of the patients and is probably due to the fact as the age
group increases, the tremor and the other motor symptoms, such as instability, are
increased too.
For people aged 50–60 years, the mean of the TT variable is 20.82 while for the 40–50
years old it is 19.43. We notice that the longer a patient has been affected by the
disease, despite being under the influence of medication, the more complicated it is to
complete the test, and therefore it takes longer to complete the dynamic spiral test.
For people aged 50–60 years, the average of the PP variable is 59,088.37 while for
40–50 years it is 36,303.85. As it is mentioned above, and at this point we observe
that the greater age group needs more pressure to performing the dynamic spiral
test. We come to the conclusion that although medication reduces and exacerbates
the symptoms of the disease, it appears from our analysis that over time all three
variables are affected. For SD: Testing for comparison of sample variances: Levene’s
Test for Equality of Variances (H0: variances do not differ). From the importance of
this control Sig. = 0.740 > 0.05 we conclude that there is no significant difference in
variances and therefore we conclude that variances do not differ. The significance
of the test is Sig. = 0.015 < 0.05, thus we conclude that the variance of SD depends
from the age of patients there is a statistically significant difference in the value of SD
between the patient group of 50–60 years and patient group of age between 40–50.
Actually, as the age of the patients increases, we notice that the value of the spiral
deviation increases too.
For TT: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.511
> 0.05 we conclude that there is no significant difference in variances and therefore
we conclude that variances do not differ. The significance of the test is Sig. = 0.753
> 0.05 and we make the conclusion that there is no statistically significant difference
in the value of TT between 50-60 years and 40-50. The SD variance does not depend
from the age of the patient.
For PP: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.281
> 0.05 we conclude that there is no significant difference in variances and therefore
we conclude that variances do not differ. The significance of the test is Sig. = 0.146
> 0.05, so we conclude that the PP variance does not depend from the age group of
patients.

Table 4. Independent Samples Test—PD patients—age.

Levene’s Test T-Test for Equality of Means
for Equality
of Variances 95% Confidence Interval of the Difference

Mean Std. Error
F Siq. t df Sig. 1 Difference Difference Lower Upper

SD Equal variances assumed 0.116 0.740 2.917 10.00 0.015 9.3833 3.2163 2.2169 16.5497
Equal variances not assumed 2.917 9.83 0.016 9.3833 3.2163 2.1997 16.5669

TT Equal variances assumed 0.464 0.511 0.323 10.00 0.753 1.3833 4.2833 −8.1606 10.9273
Equal variances not assumed 0.323 9.74 0.754 1.3833 4.2833 −8.1952 1.9619

PP Equal variances assumed 1.300 0.281 1.578 10.00 0.146 22,784.5166 14,437.5519 −9384.3538 54,953.3871
Equal variances not assumed 1.578 9.09 0.149 22,784.5166 14,437.5519 −9826.3746 55,395.4080

1 Sig. (2-tailed).

• In Table 5, only PD patients are analyzed and the sex is considered as the independent
variable, while SD, TT, PP are dependent variables.
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Table 5. Group Statistics—PD patients—sex variable.

Sex N MEAN Std.
Deviation

Std. Error
Mean

SD FEMALE 4 35.2750 3.51888 1.75944
MALE 8 32.1250 8.54296 3.02039

TT FEMALE 4 18.3250 7.72933 3.86466
MALE 8 21.0250 7.14638 2.52663

PP FEMALE 4 45,035.0500 27,235.2282 13,617.6141
MALE 8 49,026.6375 28,139.7772 9948.9136

• The results for the sex variable are summarized in Table 6: For women, the mean of SD
is 35.28 while for men it is 32.13. The women present a little greater SD in comparison
with men.
For women, the mean of TT is 18.33 while for men it is 21.03.
For women, the average PP is 45,035.05 while for men it is 49,026.64.
From these three valuable variables emerge the conclusion that the symptoms of the
disease affect a greater percentage of women compared to men. However, in women,
the development of symptomatic PD may be delayed by higher physiological striatal
dopamine levels, possibly due to the activity of estrogens. This could explain the
epidemiological observations of a lower incidence and higher age at onset in women.
Women also presented more often with tremor which, in turn, is associated with milder
motor deterioration and striatal degeneration. Taken together, these findings suggest
a more benign phenotype in women with PD, according to [13]. So, combining these
results with our conclusions, the treatment of Parkinson’s disease which is focused on
oestrogens works more effectively on symptoms in men than in women although the
disease occurs more in the male population.
For SD: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.138
> 0.05 we conclude that there is no significant difference in variances and therefore
we conclude that variances do not differ. The significance of the control is Sig. = 0.503
> 0.05 we conclude that there is no statistically significant difference in the value of
SD between women patients and men patients. For TT: Testing for comparison of
sample variances: Levene’s Test for Equality of Variances (H0: variances do not differ).
From the importance of this control Sig. = 0.807 > 0.05 we conclude that there is no
significant difference in variances and therefore we conclude that variances do not
differ. The significance of the control is Sig. = 0.561 > 0.05 we conclude that there is
no statistically significant difference in the value of TT between women and men in
our sample. The value of TT does not depend from the sex of patients.
For PP: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.799
> 0.05 we conclude that there is no significant difference in variances and therefore
we conclude that variances do not differ. The significance of the control is Sig. = 0.820
> 0.05, so we conclude that there is no statistically significant difference in the value
of PP between women and men in our sample.
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Table 6. Independent Samples Test—PD patients—sex.

Levene’s Test T-Test for Equality of Means
for Equality
of Variances 95% Confidence Interval of the Difference

Mean Std.
Error

F Siq. t df Sig. 1 Difference Difference Lower Upper

SD Equal variances assumed 2.598 0.138 0.69 10.00 0.50 3.150 4.533 −6.951 13.251
Equal variances not assumed 0.90 9.90 0.39 3.150 3.495 −4.649 10.949

TT Equal variances assumed 0.063 0.807 −0.60 10.00 0.56 2.700 4.486 −12.696 7.296
Equal variances not assumed −0.58 5.67 0.58 2.700 4.617 −14.160 8.760

PP Equal variances assumed 0.068 0.799 −0.23 10.00 0.82 −3991.587 17,067.735 −42,020.872 34,037.697
Equal variances not assumed −0.23 6.29 0.82 −3991.587 16,864.765 −44,802.306 36,819.131

1 Sig. (2-tailed).

• In Table 7, only healthy individuals are analyzed and the age is considered as the
independent variable, while SD, TT, PP are dependent variables.

Table 7. Group Statistics—Healthy individuals—age variable.

Age N MEAN Std.
Deviation

Std. Error
Mean

SB 50–60 6 30.0000 4.81664 1.96638
40–50 6 29.6667 6.25033 2.55169

TT 50–60 6 12.7167 3.63891 1.48558
40–50 6 12.7333 6.71913 2.74307

PP 50–60 6 0.0194 0.00919 0.00375
40–50 6 0.0187 0.00932 0.00381

• The results for the age variable are summarized in Table 8:
For people aged 50–60 years, the mean of SD is 30.00 while for 40–50 years it is 29.67.
For people aged 50–60 years, the mean of the TT variable is 12.72 while for the 40–50
years old it is 12.73.
For individuals aged 50-60 years, the mean of the PP variable is 0.01943 while for the
age group 40–50 it is 0.1869.
Comparing, the tables of the second case with the present case, where in both the age
is the analyzing variable, we observe that exist an important difference in SD, TT and
PP measurements, as we expected. Although the patients are under their medication
for a long time, there is exist difficulties due to motor symptoms.
For SD: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.277
> 0.05 we conclude that there is no significant difference in variances and therefore
we conclude that variances do not differ. The importance of control is Sig. = 0.920
> 0.05. We make the conclusion that the SD variance does not depend from the age
group of 40–50 and 50–60.
For TT: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.219
> 0.05 we conclude that there is no significant difference in variances and therefore
we conclude that variances do not differ. The significance of the test is Sig. = 0.996 >
0.05, so we conclude that there is no statistically significant difference in the value of
TT between 50–60 years and 40–50.
For PP: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.686
> 0.05 we conclude that there is no significant difference in variances and therefore
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we conclude that variances do not differ. The significance of the control is Sig. = 0.92
> 0.05 and we conclude that there is no statistically significant difference in PP value
between 50–60 years and 40–50. The value of PP is not affected from the age group on
healthy controls.

Table 8. Independent Samples Test—Healthy individuals—age.

Levene’s Test T-Test for Equality of Means
for Equality
of Variances 95% Confidence Interval of the Difference

Mean Std.
Error

F Siq. t df Sig. 1 Difference Difference Lower Upper

SD Equal variances assumed 1.321 0.277 0.103 10.00 0.920 0.3333 3.2214 −6.8445 7.5111
Equal variances not assumed 0.103 9.39 0.920 0.3333 3.2214 −6.9082 7.5748

TT Equal variances assumed 1.716 0.219 −0.005 10.00 0.996 −0.0166 3.1195 −6.9673 6.9340
Equal variances not assumed −0.005 7.70 0.996 −0.0166 3.1195 −7.2592 7.2259

PP Equal variances assumed 0.174 0.686 0.139 10.00 0.892 0.0007 0.0053 −0.0111 0.0126
Equal variances not assumed 0.139 9.99 0.892 0.0007 0.0053 −0.0111 0.0126

1 Sig. (2-tailed).

• In Table 9, only Healthy individuals are analyzed and the sex is considered as the
independent variable, while SD, TT, PP are dependent variables.

Table 9. Group Statistics—Healthy individuals—sex variable.

Sex N MEAN Std.
Deviation

Std. Error
Mean

SD FEMALE 6 30.5000 4.03733 1.64823
MALE 6 29.1667 6.70572 2.73760

TT FEMALE 6 13.2000 4.85551 1.98225
MALE 6 12.2500 5.85414 2.38994

PP FEMALE 6 0.0215 0.01024 0.00418
MALE 6 0.0167 0.00728 0.00297

• The results for the sex variable are summarized in Table 10:
For women, the mean of SD is 30.50 while for men it is 29.17.
For women, the mean of the TT variable is 13.20 while for men it is 12.25.
For women, the mean of PP is 0.0214 while for men it is 0.0167.
We observe that there is no significant difference between healthy men and women
For SD: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.143
> 0.05 we conclude that there is no significant difference in variances and therefore
we conclude that variances do not differ. The significance of the test is Sig. = 0.685 >
0.05 we conclude that there is no statistically significant difference in the value of SD
between women and men. The SD variance does not depend from the sex of healthy
controls.
For TT: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.763
> 0.05 we conclude that there is no significant difference in variances and therefore
we conclude that variances do not differ. The significance of the control is Sig. = 0.766
> 0.05 we conclude that there is no statistically significant difference in the value of
TT between women and men. Thus, the TT value between women and men remains
unaffected.
For PP: Testing for comparison of sample variances: Levene’s Test for Equality of
Variances (H0: variances do not differ). From the importance of this control Sig. = 0.323
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> 0.05 we conclude that there is no significant difference in variances and therefore
we conclude that variances do not differ. According the significance of the control is
Sig. = 0.371 > 0.05, so we conclude that there is no statistically significant difference
in the value of PP between women and men.

Table 10. Independent Samples Test—Healthy individuals—sex.

Levene’s Test T-Test for Equality of Means
for Equality
of Variances 95% Confidence Interval of the Difference

Mean Std.
Error

F Siq. t df Sig. 1 Difference Difference Lower Upper

SD Equal variances assumed 2.526 0.143 0.417 10.00 0.685 1.3333 3.1954 −5.7866 8.4533
Equal variances not assumed 0.417 8.204 0.687 1.3333 3.1954 −6.0037 8.6703

TT Equal variances assumed 0.096 0.763 0.306 10.00 0.766 0.9500 3.1050 −6.9673 7.8684
Equal variances not assumed 0.306 9.669 0.766 0.9500 3.1050 −6.0006 7.9006

PP Equal variances assumed 1.080 0.323 0.937 10.00 0.371 0.0048 0.0051 −0.0066 0.0162
Equal variances not assumed 0.937 9.027 0.373 0.0048 0.0051 −0.0067 0.0164

1 Sig. (2-tailed).

Visualization of the Statistical Analysis

The following is a statistical analysis using bar charts. In Figures 7–9 the Patients’
Frequency bar charts for the three parameters are depicted.

In Figure 7 we observe that most patients of the sample present a value between 35–40
of Spiral Deviation measurement.

Figure 7. Barchart showing the frequency of the PD patients and the clustering of SD values.

In Figure 8 we observe that most patients of our sample use a total time of 15–20 s for
completion of the spiral test, whereas the mean value of the total time is greater, i.e., the
most patient of our sample use less time than the total mean time of the group to complete
the motive test.

In Figure 9 we observe that most patients achieve values between 60,000–80,000, but
the total mean value of Pen Pressure measurement is the lowest, which means that most
patients exercise more pressure on the pen to draw the spiral test.

Following are bar charts (as depicted in Figures 10–12) for patients with the mean
values of the variables depending on the age group.
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Figure 8. Barchart showing the frequency of the PD patients and the clustering of TT values.

Figure 9. Barchart showing the frequency of the PD patients and the clustering of PP values.

Figure 10. Barchart for patients with the mean value of SD by age.
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Figure 11. Barchart for patients with the mean value of TT by age.

Figure 12. Barchart for patients with the mean value of PP by age.

4. Discussion and Conclusions

This study presents a novel tool for the quantitative estimation of movement disorders.
The aim was to develop a flexible test, suitable for clinical practice that will allow monitor
of certain muscle activities during the progress of the disease. It could also be useful for
the assessment of drug or surgery treatment response. The preliminary application of
the developed tool in several PD patients was successful. All patients as well as healthy
controls followed the instructions and perform the test. No more than three repetitions
were necessary in order to complete the task.

The main conclusion was that there is a statistically significant difference between
healthy and PD patients for total time and pen pressure, reflecting the bradykinesia and
rigidity of the patients respectively. Specifically, the poverty movement and the slow
reaction to perform daily activities, which are characteristics of PD resulted in increased
time spent to complete this specific task. Another characteristic of PD, i.e., increased muscle
tone, known by the term rigidity was reflected by the enhanced pressure exerted on the
pen. On the other hand, inter-group comparison of the spiral deviation did not reach a
significant level, possibly because in PD voluntary activity is not predominately affected.
The coordination of hand movements and is not deranged in PD, at least early on. Likewise,
a tremor is often called a resting tremor, since it is not interfered with the intended motion
as in an idiopathic senile tremor. It would be interesting to perform the same test in patients
with idiopathic tremor or ataxia where it is expected to find severely abnormal values of
spiral deviation.
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The spiral deviation was higher in older patients, perhaps suggesting the greater
disease severity. No other meaningful statistical results were obtained. In addition, one
technical advantage of the application is the digitization and the automation of the results.
In the traditional way, clinicians who are occupied with Parkinson’s disease, such as
physiotherapists etc., could observe only the tremor of the patient with the observation of
the distance between the patient’s line and the motive’s line. Now with the application,
clinicians can observe automatically the exercised pressure of the patient on the tablet and
the time that the patient needs to complete the test, except from the distance. The main
limitation of this study is the small sample size both for patients and healthy volunteers.
It is possible that PD patients at a later stage of the disease demonstrate higher deviation
from normality. The role of age should be examined in a future study as well. The next
step would be the application of this test in a large sample of patients with extrapyramidal
syndrome, as well as in patients with spasticity (pyramidal syndrome) or cerebellar ataxia
in order to detect disease-specific differences.

The contribution of this work in relation to the other projects is not only the digitization
of the quantitative measurements, such as the spiral deviation, the motive completion time,
and the pressure that the patient exercise on the tablet with the pen, but this work is
observing and analyze statically the differences between the age groups of patients and the
differences between the sex of patients, each time different dependent and independent
variable.

In brief, a novel custom-made software was developed in order to provide clinicians
with a practical tool for the evaluation of movement disorders. Its preliminary application
was successful allowing differentiation between PD and healthy subjects. Estimation of its
specificity and sensitivity would require future studies in a large cohort of patients.
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Abstract: Children in hospitals endure a variety of stressful situations. Children feel friendly toward
and have fun with robots. Care robots are considered to be an alternate technique to relieve stress
after hospitalization. A mixed-methods study was conducted on caregivers to understand the ideal
care robot. One hundred and fifty caregivers of pediatric patients participated in a quantitative online
survey, and eleven participated in focus group interviews for qualitative analysis. Quantitative data
underwent descriptive statistics. Content analysis was conducted for qualitative data. Regarding the
overall awareness and necessity of a care robot, the caregivers thought it would help patients adapt
to the hospital environment more quickly. The caregivers’ preferred character-shaped robots of child
height. For sound, they preferred an animated character’s voice. For movement, they preferred the
robot to roll on wheels. Regarding functions, medicine was the item for which they most wanted
to use game elements. For the educational element, the caregivers wanted to teach children the
reasons for and methods of medicine administration. Four themes were derived from the qualitative
results. The findings are expected to contribute to the future development of care robots that can
assist pediatric patients.

Keywords: child patient; care robot; caregiver; hospitalization

1. Introduction

Children in hospitals endure a variety of stressful situations, including physical dis-
comfort and fear, which make it difficult for them to adjust to their new surroundings [1].
Pain from treatment, in which attention conversion therapy is an example of a pain reduc-
tion approach, is one of the most common pressures faced by pediatric patients [2].

Using robotics technology, care robots follow individual health goals and promote
health [3]. Because children feel friendly towards and have fun with robots, care robots
are considered to be an alternate technique to relieve stress after hospitalization [4]. The
following are the different types of care robots that have been developed and utilized in
hospitals for children.

The Probo robot was created to provide knowledge and spiritual support to children,
as well as to console children undergoing treatment [5]. The MediRobbi robot is an
interactive robot designed to assist and guide medical procedures [6]. The Nao robot
is a humanoid robot that relieves children’s physical discomfort during flu vaccines [7].
Pleo is a dinosaur robot that helps children have a cheerful attitude while fighting disease,
which enhances therapy effectiveness and the well-being of hospitalized children [8,9]. A
bear-shaped, huggable robot was made to help children with stress, worry, and pain [10].
The Arash robot was created to help children cope with the discomfort of cancer treatment
by entertaining and supporting them [11]. The Pepper robot helps children learn in the
home environment, serve as a companion to older adults, and coach elderly people with
psychiatric disorders through rehabilitation and recreational activities [12]. The above
robot studies mainly targeted children with autism spectrum disorder, and most of them
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focused on the emotional aspects of children, except for the Pepper robot. According to
the literature review, previous studies have focused on evaluating children’s distraction
potential during medical procedures using robots, as well as the emotional support and
well-being of children during hospitalization [13]. Therefore, this study tried to develop a
new robot that helps with children’s general hospitalization in detail. We determined at
which age they most need robots, where to place them, what functions the robots should
have, and what role the robot should play.

For understanding the potential use before development, researchers have identified
care robots’ proactive role in children’s hospitals from the nurse’s point of view through
interviews [14]. There are many limitations to the ability of health care providers to
understand the full needs of children with limited communication skills.

The system-development life-cycle methodology is used in the development of new
technologies. It consists of four steps: needs analysis, design, implementation, and evalua-
tion [15]. Needs analysis is the first step in this process. We intended to analyze the need
for robots that help children adapt to hospital life through the use of caregivers who take
care of the children closest to them.

This study intended to provide basic data for the development of care robots that help
children adapt to hospitalization by examining the need for robots. However, toddlers are
limited in their ability to express themselves freely and have limitations due to their lack of
understanding of terms. According to the research conducted so far, children are used to
playing with robots that have already been developed and analyzed through very simple
yes or no questions [16]. Moreover, in Korea, when a child is hospitalized, it is the cultural
norm that their caregiver stays in the room with them and looks after them, so parents
are effective in verbal and nonverbal communication with the child [17]. Therefore, it is
meaningful to investigate and analyze the needs of the caregivers who understand them
best because they care for the children closest to them.

Scholars have pointed out that it is necessary to use different methods of data collection
or analysis according to the content, object, and purpose to be grasped through demand
analysis. In existing papers, most of the statistical processing uses questionnaires, so it is
necessary to use a mixture of two or more methods to find a complementary relationship,
rather than using one method [18]. For effective data collection, it is necessary to use two
or more methods (e.g., questionnaire and interview) [19].

The mixed research method, which combines both methods, is a disadvantage of
quantitative research, in that it is difficult to understand the research subjects’ situational
context, and it is difficult for direct opinions and statements to reflect the research data.
The disadvantage of qualitative research is researcher bias. As a research method that
overcomes the excessive reflection of this problem or the difficulty in generalizing research
results, it has the advantage of complementing the shortcomings of the two research
methods [20].

While building a care robot, it is critical to understand what kind of robot children
require from the perspective of the caregivers who are closest to them. From the perspective
of caregivers, the goal of this study was to suggest the appearance, function, and role of a
care robot that could be deployed in children’s hospitals.

2. Materials and Methods
2.1. Study Design

This mixed-methods study included caregiver questionnaires and focus group inter-
views with children aged 3 to 18 who had been hospitalized in the previous 3 months. The
research questions were as follows:

• Quantitative Question 1: Do you think care robots are needed in children’s hospitals?
• Quantitative Question 2: What do you think the appearance of the care robot should

be for hospitalized children?
• Quantitative Question 3: What do you think is the most necessary function of a care

robot for hospitalized children?
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• Quantitative Question 4: Where would be the best place to locate the care robot?
• Qualitative Question 5: What do you think a care robot’s role should be for hospital-

ized children?

2.2. Participants

The participants in this study were caregivers of children aged 3 to 18 who had been
hospitalized for at least 3 days within the previous 3 months. Caregivers of children with
chronic diseases, cancer, or in need of intensive care were excluded from the study. All
participants filled in consent forms for participation in the study.

2.3. Data Collection

The online survey for caregivers of hospitalized children was commissioned by Korea
Research, a specialized research institute, and the survey period was from 16 March to
21 March 2020. The researcher sent the research participant selection criteria, research
participant recruitment letter, research participant explanation and consent form, and
questionnaire to the academic research officer of Korea Research, and then the person in
charge produced it according to the survey frame of Korea Research. The researcher then
confirmed it. In addition, Korea Research established an online survey web link for to be
sent to the survey subjects for testing, and the researcher launched the survey after checking
the contents of the web link. The subjects of the survey read the research participant
recruitment statement and the research participant explanation presented through the
online survey web link from Korea Research. If they did not click a button indicating they
agreed to participate, then the survey automatically closed and the session ended. We
did not use demonstration programs or videos to investigate the need to develop a robot
that helps children adapt to hospitalization. If the caregiver saw or experienced a video or
demonstration of a robot that was already developed, they may have preconceived thoughts
about it. We recognized that these are suitable for usability evaluation research. For the
qualitative focus group, interviewees were recruited through Korea Research, and an online
survey was conducted from 16–21 March 2020. On 31 January 2020, the researcher divided
11 participants into two groups and interviewed them for about 60–90 min each in the
seminar room of Seoul National University’s College of Nursing; all contents were recorded.

Participants were also asked seven open-ended questions about the experience of their
children’s hospitalization and the need for and role of a care robot (Table 1).

Table 1. Guiding Questions for the Focus Groups.

Type Question Topics

Introduction • Share the sociodemographic characteristics (gender, age, child’s age, child’s
diagnosis, period of hospitalization)

Opening • During hospitalization, share your daily routine with your child
• What was the most memorable challenge you faced while in the hospital?

Exploratory

• Do you think care robots are helpful to your child during hospitalization?
• Could you recommend a care robot’s functions that would help with the

difficulties of hospitalization?
• Please describe in detail the role of the robot you expect in the ward.

Closing
• Share a summary of the discussed content.
• (After summarization) Was it well summarized?
• Do you have any comments you would like to add?

2.4. Data Analysis

The results of the online survey were analyzed using SPSS 23.0 for Windows. The
percentages, means, and standard deviations were calculated according to the survey items
for each field of the questionnaire. Interview data recorded in the focus group interviews
were transcribed and analyzed in the language used to establish the reliability of the data.
Qualitative content analysis was used to analyze the collected interview data.
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Qualitative content analysis is a research method that analyzes the patterns and topics
of content through a coding process and a systematic classification method based on the
overall understanding of vast textual data, such as interview data [21]. Without using a
software program, two researchers analyzed the content in the following way. The specific
analytical steps were as follows: First, the researcher repeatedly read the transcription and
tried to understand it. Second, the representative main concepts and contexts were coded
in the overall content. Third, if commonalities were found between the extracted codes,
they were grouped separately and classified into topics.

2.5. Verifying the Validity of the Research Results

After revising a questionnaire developed by the researcher for nurses to suit the
purpose of this study, four experts modified it to ensure content validity [22]. The experts
consisted of one person enrolled in a PhD program in child nursing, one with a PhD in child
nursing, and two professors of nursing informatics. Each expert calculated the content
validity score for each item, assigning 4 points if it was valid, 3 if it was somewhat valid,
2 if it was somewhat invalid, and 1 if it was not valid at all. We then calculated the content
validity index for each item and guided the experts to present their opinions freely. Three
items with a content validity index of 0.8 or less, and those with ambiguous meanings,
were excluded. As a result, quantitative data were used to define seven questions on
general characteristics, seven on overall awareness and necessity of care robot, four on the
appearance of care robots, two on the function of care robots (one on game elements and
one on educational elements), and one on the place for a care robot.

As for qualitative data, findings of the care robot role were verified according to
credibility, auditability, fittingness, and confirmability suggested by Sandelowski [23]. For
the credibility of the data, subjects were recruited using the random sampling method from
a Korean company that conducts research. To ensure auditability, we recorded all processes
of the actual steps from the planning to the reassurance of all study findings from the
participants. Six professionals who were experts in their fields (three nursing researchers,
two health researchers, and one qualitative researcher) refined the final contents for testing
fittingness and confirmability. As for the validity of the qualitative results, we asked each
focus group the same set of questions.

3. Results
3.1. Quantitative Result
3.1.1. General Characteristics

A total of 150 participants took the online survey for quantitative data collection. The
online survey of caregivers drew a total of 63 men and 87 women. Regarding age, 47.3%
were in their thirties, and most of the caregivers had school-aged children. The average
age of the participants was 40 ± 5.9 years. The average length of stay in the hospital was
6 days, ranging from 3 to 26 days, and many children were primarily hospitalized for
pneumonia (Table 2).

3.1.2. The Overall Awareness and Necessity of Care Robots

The participants responded based on a five-point scale (1—definitely no, 2—no, 3—yes,
4—definitely yes, 5—neither). The scores for each category were all over 3 when it came to
general perceptions and the requirement of a care robot. “A care robot is needed in pediatric
wards” scored 3.41 ± 0.94; “A care robot will reduce the fear of hospitalization” scored
3.33 ± 0.82; “A care robot will assist child patients to adapt to the hospital environment
more quickly” scored 3.33 ± 0.73; “A care robot will enhance child patients’ cooperation
with treatment” scored 3.37 ± 0.71; “A care robot will reduce the fear of treatment” scored
3.32 ± 0.73; and “A care robot will ease the burdens of parents looking after their children”
scored 3.25 ± 0.77.
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Table 2. General Characteristics of the Caregivers in the Quantitative Analysis (n = 150).

Characteristics n (%)

Gender
Male 63 (42)

Female 87 (58)

Age

20 s 2 (1.3)
30 s 71 (47.3)
40 s 66 (44)
≥50 s 11 (7.3)

Mean ± SD = 40 ± 5.9

Education

High school 14 (9.3)
College 16 (10.7)

University 101 (67.3)
≥Graduate school 19 (12.7)

Job

Homemaker 39 (26.0)
Office clerk 64 (42.7)

Tradesperson 3 (2.0)
Professional 26 (17.3)

Public official 6 (4.0)
Private business 10 (6.7)

Other 2 (1.3)

Hospitalization Experience Currently hospitalized for 3 days or more 16 (10.7)
Have been hospitalized within the last 3 months 134 (89.3)

Child’ age
Preschool 50 (33.3)

School 63 (42)
Adolescence 37 (24.7)

Child’s diagnosis

Pneumonia 35 (23.3)
Enteritis 25 (16.7)
Fracture 22 (14.7)

Influenza 21 (14.0)
Other 47 (31.3)

Kindergarteners (37.9%) were the age group most in need of a care robot according to
the caregivers. Daycare was 26.4%, lower elementary school was 22%, upper elementary
school was 5.1%, middle school was 5.4%, and high school was 3.2%. The caregivers
thought children in kindergarten were the right age to benefit from a care robot, claiming
that children would like to have one. They also stated that children in hospitals become
frustrated and bored, but that if they had a care robot, they could be friends with it. Hospital
beds, according to the caregivers, are the places where care robots are most needed.

3.1.3. The Appearance of Care Robots

Character-shaped robots were the most popular among the caregivers (including
animation characters). When asked why they preferred character-based robots (including
animated characters), the caregivers said it was because they seemed comforting and nice
to the children.

When asked what size the care robot should be, 42.3% said it should be the same
height as the young patients; 46.5% indicated an animated character’s voice would be
preferred for the care robot’s sound. In terms of the way the care robot should move, 56.9%
thought it should be on wheels (Table 3).

3.1.4. The Function and Place of a Care Robot

When asked if gaming elements relating to nursing services should be utilized to
encourage taking medicine, 32.3% of the caregivers said yes. The caregivers’ arguments
for choosing this item were that they would enjoy it if children were encouraged as if they
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were being rewarded for taking medicine, and that children would be more willing to take
medicine if they were made to feel better through games (Table 4).

Table 3. Care Robot Appearance: Choosing Children’s Preferred Robot Characteristics from Care-
givers’ Perspectives (Multiple Choice).

Type Ranking Item n (%)

Design

1 Character-shaped robot (including animated characters) 138 (45.5)
2 Animal-shaped robot 108 (35.6)
3 Humanoid robot 35 (11.6)
4 Other (monitor-shaped robot, etc.) 22 (7.3)

Size

1 The height of the pediatric patients 90 (42.3)
2 Taller than the height of the pediatric patients 52 (24.4)
3 Smaller than the height of pediatric patients 36 (16.9)
4 Pediatric patient is sitting on a bed 28 (13.1)
5 The height of an adult 7 (3.3)

Sound

1 Animated character voice 128 (46.5)
2 Familiar to pediatric patients 83 (30.2)
3 A sound that expresses various types of music 37 (13.5)
4 Sound like a real animal 27 (9.8)

Movement
1 Rolls on wheels 111 (56.9)
2 Walking 67 (34.4)
3 Fixed form 17 (8.7)

Table 4. Care Robot Function (Multiple Choice).

Element Ranking Item n (%)

Game
(Items to be implemented
using game elements in

nursing procedures)

1 Medication 103 (32.3)
2 Injections 90 (28.2)

3 Measure blood pressure, body temperature, and
pulse 44 (13.8)

4 Food rejection 42 (13.2)
5 Diet survey 19 (6.0)
6 Inspection 11 (3.4)
7 Changing clothing in hospital 10 (3.1)

Educational
(Topics to be taught to the

children through care robot)

1 Reason for and method of medicine
administration 68 (20.7)

2 Overall description of the disease 48 (14.6)
3 Reason for and method of inspection 42 (12.8)
4 Infection management education 40 (12.2)
5 Inpatient education 21 (6.4)

6 Other (discharge education, type of inspection,
result of inspection, etc.) 110 (33.4)

When asked what information they would like their pediatric patients to learn via a
care robot, 20.7% of the caregivers said the reason for and method of medicine adminis-
tration. When asked why they chose this item, the caregivers replied that children would
listen better if the care robot explained the purpose for medicine administration (Table 4).

The caregivers of hospitalized children accounted the hospital bed to be the place
where a care robot was needed 30% of the time. This was followed by the treatment room
(25.5%), hospital corridor (20.1%), nurse station (9.9%), EMR (electronic medical record)
cart (9.6%), and school in hospital (4.8%).
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3.2. Qualitative Result
3.2.1. General Characteristics

We interviewed eleven participants in the focus group for the qualitative research. The
caregivers who took part in the focus group interviews were all full-time, stay-at-home
mothers, with an average age of 41 ± 4.2. The children were divided into six girls and five
boys, with an average age of 9 years and a 6-day hospitalization. The most common reason
for hospitalization was pneumonia (Table 5).

Table 5. General Characteristics of the Caregivers in the Qualitative Analysis (n = 11).

Number Gender Age Period of
Hospitalization Child’ Gender Child’ Age Child’s Diagnosis

1 F 31 5 F 3 Bronchopneumonia

2 F 40 6 M 3 Bronchopneumonia

3 F 43 4 M 9 Supernumerary Teeth

4 F 44 9 F 12 Mycoplasma Pneumonia

5 F 46 4 M 14 Acute appendicitis

6 F 39 5 F 7 Pneumonia

7 F 45 4 M 14 Fracture

8 F 44 9 F 6 Obstructive pulmonary Disease

9 F 39 10 F 10 Pneumonia

10 F 42 8 M 15 Accessory Navicular Syndrome

11 F 39 6 F 6 Pneumonia

3.2.2. The Role of a Care Robot

The following are the outcomes of the focus group interviews, which provide the
perspectives of both hospitalized children and their caregivers (Table 6).

Table 6. The role of care robot in children’s hospital.

Domain Sub-Domain Quote

Children’s perspective

Relieving fear by providing
familiar elements

I believe that a care robot would be ideal for removing the fear of being
admitted to the hospital for the first time

Expecting that care robot
can be a friend

I hope the care robot is like a friend. My child is anxious, (..) even child is left
alone for a short time. A robot can communicate when a child asks something

Educating tool I’d like a care robot to explain the disease to the child in a timely manner

Caregivers’ perspective Relieving stress to provide a
little break

If [the care robot] plays with their child for even an hour, I believe it will be lot
less stressful and more pleasant for caregivers

3.2.3. Children’s Perspective

• Relieving fear by providing familiar elements

According to the caregivers, hospitalization is a scary event for children. The caregivers
claimed that the kind expression of a care robot could help decrease fear in children on the
day of their admission. Children would prefer it if the familiarly characterized care robot
complimented, cheered, or encouraged them when they had to do tasks they disliked, such
as taking medicine or traveling to the treatment room.

“I believe that a care robot would be ideal for removing the fear of being admitted to the
hospital for the first time . . . . He was unwell and sensitive, but he was abruptly placed
in an unknown atmosphere, so the odd devices and injections were terrifying to him. I
believe the care robot will be beneficial to youngsters” (Participant 5, Focus Group 1).
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“You had a rough day today, right?’ the care robot asked. ‘Isn’t it excruciating? Let us,
on the other hand, take good care of ourselves today.’ . . . I felt [the care robot] would be
able to help people cope with their fear” (Participant 1, Focus Group 1).

• Expecting a care robot to be a friend

The caregivers expressed their desire for a care robot to be a friend who speaks to and
plays with the child patients. Patients admitted to the hospital said that boredom was one of
the biggest difficulties they faced because they spent most of their time watching YouTube
without any activity. In particular, the unfamiliar environment maximizes the fear of the
first day of hospitalization. At this time, friends other than family could alleviate this fear.
Therefore, they hoped care robots could be friends who talk to or connect with patients.

“I hope the care robot is like a friend. My child is anxious, so when I go to restroom, she
worries and tells me to come right away, even child is left alone for a short time. At times
like this, a robot can communicate when a child asks something. If the care robot with no
reaction, I think it’s not much different from tablet PC.” (Participant 2, Focus Group 2).

“Some children have cell phones, but many do not. I think it would be good to use the
[robot’s] Wi-Fi function to make video calls possible and connect to talk with or see the
faces of their friends or mother.” (Participant 4, Focus Group 2).

• Educating tool

Children are fascinated by care robots, so if the robots teach them lessons to which they
ordinarily do not listen (e.g., hand cleaning or respiratory therapy), they are likely to accept
them. The caregivers also suggested that a care robot could explain to children why they
should do tasks they dislike, such as taking medicine or receiving injections. Furthermore,
in this scenario, children may forget information shortly after learning it; therefore, it would
be beneficial to reinforce it is using a care robot. The caregivers expressed their desire for
the care robot to assist children in navigating an unfamiliar environment when they were
admitted to the hospital.

“I’d like a care robot to explain disease to the child in a timely manner at a level the child
could understand. “Could a child be taught to wash his or her hands if the lesson were
presented as a children’s animation? The surgery will proceed in this manner. Therefore,
don’t worry when you’re done, do something with me.” (Participant 5, Focus Group 1).

3.2.4. Caregivers’ Perspective

• Relieving stress to provide a little break

One caregiver said she could not sleep because she had to care for her child 24 h a day
and that it was very difficult to feed their child and administer medicine to them when the
child was hospitalized. Furthermore, the caregiver stated that she struggled physically and
mentally when her child was unwell, cranky, or upset. In this scenario, the caregiver stated
that she would be able to rest briefly if the care robot talked to or played with the child.

“The mother can take a break while the child converses with the robot. As a result, I
believe it will benefit me emotionally because I will be able to take a break.” (Participant 5,
Focus Group 1).

“If [the care robot] plays with their child for even an hour, I believe it will be lot less
stressful and more pleasant for caregivers.” (Participant 2, Focus Group 2).

3.3. Suggestion for the Adaption of a Care Robot for Children’s Hospitalization

From the perspective of the caregivers, the installation location, the care robot’s
appearance, the type of care robot that hospitalized children are most likely to prefer, and
the care robot’s implementation function are proposed as follows (Table 7).
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Table 7. Suggestion for the adaption of a care robot for children’s hospitalization.

Category Sub-Category Detail

Main target population 3–10 years old (daycare, kindergarten, lower elementary school)

Care robot location Hospital bedside

Care robot’s
appearance

Design Character-shaped robot (including
animated characters)

A round monitor in the face part allows children to set their
favorite cartoon character on their own.

Size The pediatric patient’s height A height adjuster is installed on the robot’s leg so that the
height can be adjusted based on the child’s height.

Sound Animated character voice Children can choose from kindergarten and lower elementary
characters and franchises, such as Pororo and Marvel.

Movement Rolls on wheels Wheel-based legs are utilized, as on the Pepper robot.

Care robot’s function

Game element

Medication The care robot functions as a serious game. A child
administers medicine to a character. Every time the character
administers medicine, the child’s health level will increase.
The child will receive coins, badges, etc., each time they take
medication or undergo a medical procedure.

Injections
Measure blood pressure, body
temperature, and pulse
Food rejection

Educational
element

Reason for and method of medicine
administration The care robot functions as a serious game. The child receives

training from the chosen character through a face-shaped
monitor. If the child listens carefully to the educational content
and solves a problem, they will receive a coin or badge.

Overall description of the disease
Reason for and method of inspection
Infection-management education

4. Discussion
4.1. Overall Awareness and Necessity of a Care Robot

Regarding the overall perception of and necessity for care robots, in the category of
“Using care robots, the burden on parents caring for hospitalized children will be reduced”,
the caregivers of hospitalized children scored high. This result was also consistent with the
theme of “Relieving stress to provide a little break”; therefore, it is judged that care robots
are expected to relieve the stress of care.

The caregivers of hospitalized children said that preschool age is the age at which care
robots are most needed. Preschool is a time when peers are important, and children can
play with friends using rules [24]. Moreover, during this stage, they begin to feel interested
in playing with their friends. Based on these characteristics, it is said that if a care robot
becomes a friend and plays with a pediatric patient, it will help the child’s adaptation to
hospitalization life by aiding cognitive and emotional development by accepting roles and
resolving realistic frustration.

4.2. The Care Robot Appearance

From the standpoint of the caregivers, a cartoon character-based robot was the favored
type of care robot. A character-based robot was also the favored form of care robot in a
study of pediatric nurses [22]. This result was the same as another study of children aged
4–7 years [25]. The preferred size was discovered to be around the same height as the child
in this investigation.

Other research has revealed that children prefer smaller robots to larger robots [26].
When it came to the movement of the care robot, the caregivers favored it rolling on wheels.
According to previous surveys, nurses and doctors preferred that the robot move on wheels
(71.1%) [27]. The robot’s movement, according to Jin and Kim [22], preferred walking shape.
The researchers believe that rolling with wheels is more stable and does not hurt patients.
As a result, we believe it is important to develop a care robot around these requirements.
According to Arnold et al. [26], when designing products for children, their opinions need
to be gathered if they are to be considered. Therefore, young patients should be included in
the design of care robots.

4.3. The Care Robot Function

The caregivers preferred medication in the game elements to provide a reason for and
method of medicine administration in an educational manner via a care robot. Medication
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was the second-most prevalent item that might be implemented when utilizing game
features according to pediatric nurses [22]. Baek et al. [28] found that, among children aged
6 to 12, 32.6% of children owned a smartphone and used game functions the most.

For children, games are a very familiar tool. Therefore, it is believed that if children
experience taking medicine as a serious game, they will be more willing to actively partici-
pate in treatment. The other recommendations in the survey included discharge education,
type of inspection, result of inspection, outpatient treatment, medication precautions, bed-
sore education, hospital tours (location), fall prevention education, explanation of surgery,
education before and after surgery (deep breathing, fasting, and position), wound dressing,
nursing method according to disease, and growth and development (characteristics of each
age group).

Robots that employ game elements have an emotionally supportive effect on children.
Pourteimour and Kazemi [29] showed that, when preschool children were hospitalized,
a robotic game kit could be used to lower the children’s separation anxiety and fears of
physical injury.

4.4. The Role and Place of a Care Robot

The caregivers anticipated that their children would be friends with a care robot. They
wanted a robot that could converse with children, as well as encourage and play with
them. The most significant responsibilities of a care robot are to bring comfort to inpatients,
reducing anxiety, discomfort, and suffering, while enhancing the motivation to be treated
and raising attentiveness [30]. Liang et al. [14] reported that nurses thought care robots
were efficient and effective in providing hospital guidance for hospitalized children and
their guardians, and that care robots programmed for education provided education for
patients in the absence of nurses. Nurses thought robots could play a role in complementing
the reinforcement of a patient’s knowledge and their self-management ability.

4.5. Limitations

This study investigated the necessity for a care robot that can assist children in ad-
justing to hospitalization. However, children were not included in this study due to being
unable to identify differences in need due to these variables. Future research should con-
sider various factors related to the characteristics of various age groups, disease severity,
and disease type.

5. Conclusions

In this study, we used a mixed research method with the caregivers of hospitalized
children so that we could understand the needs for the development of care robots regard-
ing children’s adaptation to hospitalized life. As a result of this study, we discovered that
the preferred care robot for children’s adaptation to hospitalization was a character robot
with the voice of an animated character, a height similar to that of a hospitalized child, and
wheels for movement. For developing a care robot, we required software that selects a
child’s favorite animated cartoon character, hardware that utilizes a face-shaped monitor
representing the selected character and possesses the capability of height adjustment. In
addition, we found that there was a high demand for education on the reasons for and
methods of medicine administration by adding an element of fun through serious games.
The caregivers hoped that a care robot could relieve fear by providing familiar elements,
serving as a friend and an educational tool for hospitalized children, and relieving stress in
order to provide a little break to caregivers.

Based on the findings of this study, it is envisaged that care robots that assist hospital-
ized pediatric patients will be produced in the future.
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Abstract: Today, there is growing interest in artificial intelligence (AI) in the field of digital radiology
(DR). This is also due to the push that has been applied in this sector due to the pandemic. Many
studies are devoted to the challenges of integration in the health domain. One of the most important
challenges is that of regulations. This study conducted a narrative review of reviews on the interna-
tional approach to the regulation of AI in DR. The design of the study was based on: (I) An overview
on Scopus and Pubmed (II) A qualification and eligibility process based on a standardized checklist
and a scoring system. The results have highlighted an international approach to the regulation
of these systems classified as “software as medical devices (SaMD)” arranged into: ethical issues,
international regulatory framework, and bottlenecks of the legal issues. Several recommendations
emerge from the analysis. They are all based on fundamental pillars: (a) The need to overcome a
differentiated approach between countries. (b) The need for greater transparency and publicity of
information both for SaMDs as a whole and for the algorithms and test patterns. (c) The need for
an interdisciplinary approach that avoids bias (including demographic) in algorithms and test data.
(d) The need to reduce some limits/gaps of the scientific literature production that do not cover the
international approach.

Keywords: regulation; artificial intelligence; digital radiology; medical devices

1. Introduction
1.1. Background

AI is increasingly bursting into many sectors of the health domain. One of the areas
where the introduction of AI is increasingly being discussed is that of DR. Many healthcare
activities seem to be able to benefit from AI. The benefits range from workload assistance,
quality control, and clinical decision automation [1]. However, there are important steps
that must be followed before the complete introduction of AI in a standardized way in
clinical routine.

This review looks at the evolution of regulations with interest. The regulations are
among the topics considered of great interest in the Special Issue “Assistive technologies,
robotics and automated machines in the healthcare sector” [2] as they are connected to the
standardization processes in the introduction of AI in the healthcare sector.

Recent experiences of use during the pandemic seem to have given an important push
towards the affirmation and integration of AI in the health domain [3,4].

It is foreseeable that more and more studies dedicated to the transfer of evidence-based
medicine to healthcare will be undertaken. Agreement tools used in the health domain
will be useful and have been successfully used in many sectors. It is foreseeable that tools
such as health technology assessment or comparative effectiveness research tools [5] will
be increasingly used. Other methods, such as consensus conferences, may also have a
successful application as in other sectors, such as that of care robots [6,7]. All this will allow
us to obtain guidelines [8] on the use of AI in DR. At the basis of all this, there will be the
regulatory aspects that will be essential and preparatory in the processes of integration of consent
through the tools listed above.
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1.2. Related Work

The Pubmed search had the following key [9]:
Search: ((artificial intelligence[Title/Abstract]) AND (radiology[Title/Abstract])) AND (regulation)

Sort by: Most Recent “artificial intelligence”[Title/Abstract] AND “radiology”[Title/Abstract] AND
(“legislation and jurisprudence”[MeSH Subheading] OR (“legislation”[All Fields] AND “jurispru-
dence”[All Fields]) OR “legislation and jurisprudence”[All Fields] OR “regulations”[All Fields] OR
“social control, formal”[MeSH Terms] OR (“social”[All Fields] AND “control”[All Fields] AND
“formal”[All Fields]) OR “formal social control”[All Fields] OR “regulate”[All Fields] OR “regu-
lates”[All Fields] OR “regulating”[All Fields] OR “regulation s”[All Fields] OR “regulative”[All
Fields] OR “regulator”[All Fields] OR “regulator s”[All Fields] OR “regulators”[All Fields] OR
“regulated”[All Fields] OR “regulation”[All Fields]). It is noted that scientific research activity
in this area is relatively recent with scientific works starting from 2018, demonstrating that
it is a hot topic in relation to regulations and has only recently been addressed.

A total of 41 scientific papers emerge from the search, of which 16 are revisions demon-
strating a still-limited scientific production. In the last 2 years (2021–2022), there are 16
contributions including 8 reviews. The contributions based on full scientific articles [10–17]
dealt with various issues related to the regulations ranging from barriers for the radiolo-
gist [10], to the knowledge of this figure through surveys [13], to local experiences [12–16], to
the implication of ethics [14], and the importance of federative activities [11]. Nair et al. [10]
highlighted that there are barriers that radiologists should be aware of prior to implement-
ing Artificial Intelligence in daily practice. Barriers include regulatory compliance, ethical
issues, data privacy, cybersecurity, AI training bias, and safe integration of AI into routine
practice. Castellanos et al. [11] faced the importance of the data federation in this field. Data
federation offers a way to get data moving from multiple sources, providing advantages in
healthcare systems where medical data is often hard to reach because of regulations or the
lack of reliable solutions that can integrate on top of protocols such as FHIR, HL7, and DICOM,
among others. They proposed an architectural solution that may provide the core capabilities to
implement a data federation approach in a healthcare system to enable AI. Yy et al. [12] reported
the regulatory approach proposed in their country, Korea. Eiroa et al. [13] focused on Spain and
reported on an experience-based survey of radiologists, where regulation was among the
topics. They concluded that, although there is a lack of knowledge about AI among Spanish
radiologists, there is a will to explore such topics and a general belief that radiologists
should be trained in these matters. Based on the results, a consensus is needed to change
the current training curriculum to better prepare future radiologists. The contribution by
Batle et al. [14] is a report of the ACR Data Sharing Work group, where the regulation issues
are dedicated to Data Ethics of Privacy, Consent, and Anonymization. Allen et al. [15]
focused on the algorithms, discussed why regulatory clearance alone may not be enough
to ensure AI will be safe and effective in all radiological practices, and reviewed strategies
and available resources for evaluation before clinical use and monitoring performance of
AI models to ensure efficacy and patient safety. Kenny et al. [16] reported on the ethics
and standards in the use of artificial intelligence in medicine based on the Royal Australian
and New Zealand College of Radiologists. Harvey et al. [17] discussed the uncertain legal
environment. In particular, they examined the nature, exposure, and theories of liability
relevant to musculoskeletal radiologist practice with a particular focus on the negligence,
vicarious liability, and product liability frameworks.

1.3. Problems, Research Question, and Purpose of the Study

Now, scientific production in this area is rather scarce. As highlighted, scientific works
have only recently been recorded in this area [9]. The topic of regulation is very important
to allow the introduction of this technology in stable routine applications in the health
domain. This regulation must address a wide range of issues that include many aspects,
such as, to name a few, the development of algorithms, the certification of medical devices,
ethical aspects, and workflows.
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In this perspective, scientific studies based on reviews have the task of cataloguing
and categorizing the various experiences in the international arena, to provide practical
tools both to scholars and also to stakeholders. They can be useful, for example, as a
starting point for addressing the production of guidelines, or as a support for consensus
conferences. The main objective of this study is, therefore, to analyze how the regulatory
aspects have been analyzed by these reviews, and aimed at answering the question “How it
is faced the regulation of artificial intelligence in Digital Radiology in scientific productions based
on the reviews” and make a map point on the issues where scholars have focused most. The
main contribution of the study is to understand, through the analysis of these reviews, what
the research trends are in this technological sector. The issues addressed by the reviews
give an important idea, on the one hand, of the macro-research most faced by the scholars
and, on the other hand, indirectly, on what the absent themes are in which it is necessary to
insist the gaps be overcome.

2. Methods

The narrative review followed a standard narrative e checklist [18,19] and a qualifi-
cation approach. The qualification methodology used an assessment based on a scoring
scheme (with a score assigned to defined parameters) applied by two external experts
not involved in the article, to include each reference. The followed checklist allowed to
structure the design according to a standardized structure.

The experts were also required to add a comment to support their assessment.
Table 1 shows the parameters used in the scoring system. The score ranges from “1”

(minimum-poor) up to ”5” (maximum-excellent). It was also checked and assessed for the
exclusion/inclusion the conflicts of interest (declared, not declared, possible, etc.).

The work was included when all parameters had an assessment ≥3.

Table 1. Parameters used for the qualification (standardized table).

PARAMETER ASSESSED

Is the rationale for the review in the introduction clear?

Is the design of the review appropriate?

Are the methods described clearly?

Are the results presented clearly?

Are the conclusions based and justified by results

The Pubmed and Scopus Databases were analyzed and only publications in peer
reviewed journals were considered.

The following search key was applied [20]:
Search: ((artificial intelligence [Title/Abstract]) AND (radiology [Title/Abstract]))

AND (regulations) Filters: Review Sort by: Most Recent
(“artificial intelligence”[Title/Abstract] AND “radiology”[Title/Abstract] AND (“legislation

and jurisprudence”[MeSH Subheading] OR (“legislation”[All Fields] AND “jurisprudence”[All
Fields]) OR “legislation and jurisprudence”[All Fields] OR “regulations”[All Fields] OR “so-
cial control, formal”[MeSH Terms] OR (“social”[All Fields] AND “control”[All Fields] AND
“formal”[All Fields]) OR “formal social control”[All Fields] OR “regulate”[All Fields] OR “regu-
lates”[All Fields] OR “regulating”[All Fields] OR “regulation s”[All Fields] OR “regulative”[All
Fields] OR “regulator”[All Fields] OR “regulator s”[All Fields] OR “regulators”[All Fields] OR
“regulated”[All Fields] OR “regulation”[All Fields])) AND (review[Filter]).

3. Results

The search on Pubmed returned 16 papers [21–36] (Scopus returned 4 further works,
which, being works at congresses in accordance with the qualification procedure, were
excluded), all studies from 2018 to today.
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The process of inclusion that was followed showed that:

• The number of reviews produced is very low, which denotes a low interest on the part
of researchers in addressing the sector of AI regulations regarding digital radiology.

• No studies showed problems concerning the conflicts of interest.
• Two papers could be excluded [23,32], as they were not completely centered on the theme.

The study in [23] was excluded because radiology was treated marginally (as a neu-
roimaging tool) in the context of mental health care processes. It was considered from the
analysis that the contribution relating to the regulatory aspects in this area was minimal.

The study in [32] was excluded as it was a sentiment analysis based on Twitter.
The regulatory aspects were dealt with, but as a necessity that emerged from the tweets.
Additionally, in this case it was considered that the contribution was minimal.

Figure 1 shows the outcome of the assessment procedure.
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analysis that the contribution relating to the regulatory aspects in this area was minimal. 

The study in [32] was excluded as it was a sentiment analysis based on Twitter. The 
regulatory aspects were dealt with, but as a necessity that emerged from the tweets. Ad-
ditionally, in this case it was considered that the contribution was minimal. 

Figure 1 shows the outcome of the assessment procedure. 
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reaching reviews. Twelve reviews [21,25–31,33–36] out of fourteen were focused on radi-
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The analysis showed that the scientific literature has produced important and far-
reaching reviews. Twelve reviews [21,25–31,33–36] out of fourteen were focused on ra-
diology in general, two reviews were more specific, one review was focused on nuclear
medicine [24], and one on imaging in gastrointestinal pathology [22]. As far as the reg-
ulatory aspects were concerned, some interesting issues emerge. Two papers addressed
the issue from a more general point of view [21,28] by relating the regulations to the chal-
lenges. One focused exclusively on the ethical issues [26], other studies focused on the
European [25,33] and American [25,29,33] situations, in some cases also making compar-
isons [25,33]. One study was related to the Canadian situation [30]. Two other studies offered
new and important points of view on the regulatory aspects in this area; one focused on AI in
DR, stressing the concept of software as medical device (SaMD) [27]; the other one dealt with the
importance of providing certified datasets in training AI systems [31]. The three most recent
reviews focused on some heterogeneous problems of AI regulation [34–36]. The review pro-
posed in [34] faced the problems of regulating the workloads and the relevant implications.
In addition, the hurdles of the legal issues to AI autonomy have been faced in [35], where
the ambiguity of the legal management and the impact on all the actors were stressed. The
imaging-based algorithms validated by the FDA were analyzed in [36] with the focus also
on the emerging problems.

Artificial intelligence/machine learning (AI/ML) algorithms have been analyzed in [36].
What emerged from the search suggests an organized analysis based on the following

topics: (a) Ethical issues in the scientific literature. (b) The regulatory framework in the
scientific literature. (c) Bottlenecks of the legal issues.
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3.1. The Ethical Issues in the Scientific Literature

Mudgal et al. [26] proposed a study entirely focused on the ethical issues. This review
covered the different ethical issues of a harmless and justifiable deployment of AI in every
part of the training, incorporation in the health domain, and regulation. According to the
study, the managed data must: be appropriately evaluated, refined, purified, and managed
in a centralized and non-dispersive way; be processed through methods that provide
for anonymization, consent, and information to patients; represent all demographics.
Transparency and security, according to the authors, must have central roles and all systems
must follow authorization processes by the competent authorities. Ethical issues have been
extensively addressed together with other issues in three other studies [21,24,30].

The review by Harvey et al. [21] considered both the power to redefine the practice of
radiology and the nascent phase with the related largely untested aspects in the clinical
space. The uncertainty of the legal-regulatory environment (also related to the ethical
issues) according to the authors affected the introduction of AI. The study reported: (a) the
challenges, tracing the various pathways toward approval by the FDA. (b) The future of
government oversight. (c) The privacy issues. (d) The ethical dilemmas. (e) The practical
considerations related to implementation in radiologist practice. The authors highlighted
how, for nuclear medicine, careful considerations were needed for reliability, safety, non-
maleficence, beneficence, justice and fairness, data privacy, data security, data confidentiality,
minimization of bias, clearness, autonomy, and clarification ability. Jaremko et al. [30] produced
a study for the Canadian Association of Radiologists focused both on regulatory and on
ethical issues. The study reported a framework of the legal and ethical issues, with reference
to the Canadian health domain.

The review by Currie et al. [24] focused specifically on nuclear medicine. The study
reported the strong opportunities of an “ethical AI” in terms of productivity and workflow,
strengthening of the research, and clinical use.

3.2. The Regulatory Framework in the Scientific Literature

Two studies among the overviewed ones faced the regulatory framework both for
the European Union and for the US [25,33]. The study by Pesapane et al. [23] analyzed
the regulation focusing on the legal framework of the Medical Devices (MDs) in the US
and Europe. The study reported that European bodies were producing new regulations on
cybersecurity, data protection, regulation of integrations, MDs, and in vitro MDs regulation.
The FDA was controlling the scene in the US. The study emphasized that regulations
for privacy protection, ethical use, and safety were required, and that AI applications
must be considered MDs dedicated to diagnosis/detection. The approach in US and in
Europe was different. Europe dedicated, for example, particular space to the cybersecurity,
continuity of the services, and to the notification process. The regulations in the US were
particularly focused on the processing and consent of the use of data and on the consent
of the user/consumer. The review by Muehlematter [25] raised concerns on the approval
processes for the AI-based MDs in Europe and the US. They identified 240 MDs approved
in Europe and 222 in the US. They found that these numbers had increased considerably
since 2015. Very few of these MDs were approved as high-risk MDs. The study concluded
that the high number of approved MDs suggested ensuring severe regulation and a well-
defined pathway for these MDs was lacking both in Europe and in the US. The authors
recommended more transparency on the process of approval and management of these
MDs and a complete, freely reachable database dedicated to these MDs.

Harvey et al. [29] focused on the US and remarked on the position in [25,33]. Further-
more, the authors analyzed the process of AI approval by the FDA. They reported that
the FDA had proposed an innovative approach capable of minimizing the regulatory burden
incumbent on the designers. The proposal of the FDA looked to the current good manufacturing
practices and proposed to adopt a total product lifecycle method. Jaremko et al. [30] provided
a study focused on Canada on both regulatory and ethical issues. Recommendations for
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patient data, algorithms, and practice were reported [30] with reference of the healthcare of
this country.

The regulation of AI in radiology is increasingly being linked to the concept of MDs
as shown by the studies reported in [25,33]. The review by Arora et al. [27] remarked that
AI is recognized as a “Software as a Medical Device (SaMD)” and is looked at with this
vision by the regulators. Authors turned around this concept, reporting that there is a
strong interconnection between these AI systems with the Internet of Things, genetic data,
and patient records. These important synergies must therefore be enclosed and considered
when facing these MDs. The input data for testing a SaMD are also strategic. When it comes
to SaMD, the problems are even more relevant. The study by Allen et al. [31] was in this
direction. They reported that commercial algorithms were affected by gender, ethnic, and
social bias. This shows important and dramatic implications in the design of algorithms
in healthcare. They also reported that it is important to prevent biases in healthcare by
means of a strong connection among the actors to assure robust and bias-free algorithms
and datasets. They described a proposal solution at the ACR Data Science Institute. Here,
a synergy among different institutions allowed the development of robust datasets and
algorithms incorporating standards to mitigate biases.

3.3. The Bottlenecks of the Legal Issues

The last three reviews published on these issues have focused specifically on bottle-
necks in regulatory aspects [34–36] and represent mutually complementary and overall
exhaustive contributions. Alexander et al. [34] focused on the impact of workload on the
decision correctness. Many studies also focused on biology have shown that the decision
speediness is inversely connected to the correctness. The study analyzed this issue in
radiology also considering the impact of the AI. The authors concluded that regulating
the workloads without a proper scientific approach could be more dangerous than the not
regulating them. Mezrich [35] focused on the legal liability on the errors interconnected to
AI use. The review identified several critical issues. One of these issues is the enforcement
of the AI-based product liability law adopted in the US. The study identified ambiguities
in the legal treatment of AI. The authors believe that this could profoundly affect the
integration of AI into the health domain and the trust of all actors involved.

Ebrahimian et al. [36] focused on FDA-regulated AI algorithms. They reviewed 127
regulated software with the aim to classify the available and reported information. They
recorded (when available) the number of studies included with other parameters, for
example, the specificity, the receiver operating characteristic area under the curve, and the
sensitivity. They reported an increasing number of MDs regulated by the FDA from the
year 2008 up to 2021. Their review, very importantly, concluded that insufficient public data
on the validation/testing datasets in different algorithms are not able to justify applications
in healthcare as the generalization and/or the incidence of biases cannot be deduced.

4. Discussion

A deep analysis conducted on social media highlighted a growing attention on the
integration of AI in DR within the health domain [32]. Surely, the COVID-19 pandemic that
people are experiencing has also represented an important push in this direction [37–39]
and given an important lesson for the future [40]. An improvement in equity of care is also
expected from the integration of AI in DR into the health domain [41]. It is quite clear that
integration into the health domain involves major challenges and processes of acceptance
of consensus.

In a previous study [42], the following was addressed: (a) the challenges in the growth
and incorporation of AI in healthcare. (b) The acceptance and consensus on the integration
of AI in healthcare.

Among the many important challenges, the study highlighted the consolidation of an
AI system as a MD and of the related regulatory framework, including ethics and emerging
risks. Our overview conducted in Pubmed and Scopus focused precisely on this point.
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The number of reviews produced is very low, which denotes a low interest on the part
of researchers in addressing the sector of AI regulations regarding digital radiology. This
denotes a need for more efforts in this area by scholars.

The selected reviews focused on some specific aspects. They, therefore, gave a scientific
contribution on certain aspects and problems. Some studies have focused on DR in gen-
eral [21,25–31,33–36], while other contributions have investigated specific sectors [22,24].
Some studies faced this from the point of view of the challenges [21,28]. Other studies have
focused on the European, American, and Canadian conditions [25,29,30,33]. An approach
such as SaMD shines through in these studies. In fact, the need to address this issue consid-
ering that AI in DR is a SaMD appears evident in specific studies such as in [27]. The need
to certify the datasets used in the SaMD is also considered indispensable [31]. Other studies
have addressed specific aspects, such as ethics [16] and regulatory bottlenecks [34–36].

4.1. Added Value of the Review

The proposed overview aimed to give an added value by acting as a connector between
all the specific issues addressed in this field to date, to give the scholar a vision of the facets
that emerge in the research. Precisely all these facets that emerge together with the real
fragmentation of regulatory approaches suggest to scholars from all over the world to meet
and start consensus conferences to propose important recommendations that trigger both
stakeholders and legislators. An indirect added value is represented by the discovery of
the gaps/limitations emerging in the scientific literature production analyzed in the form
of reviews.

4.2. Limitations of the Reviews

The subject of regulations is a subject that affects all nations and continents. The
analysis of the reviews shows that scholars have focused essentially on European, US, and
Canadian regulations. What one would expect from these reviews is that they address the
problem with a greater angle and a more international and less local vision, i.e., not only
the US, Europe, or Canada, which among other things are showing a mixed position. They
should answer also to other important key questions, for example: How is the regulation
in Asia and Africa? For example, from the National Medical Products Administration
(NMPA), the Chinese agency for regulating drugs and medical devices (formerly the China
Food and Drug Administration or CFDA)? From the Web, the position of the NMPA on
these issues was found. The NMPA released three guidelines to regulate and support the
rapid development in digital health also facing AI [43]:

Guideline for Artificial Intelligence in Medical Devices Registration.
Guideline for Medical Device Software Registration.
Guideline for Medical Device Cybersecurity.
These guidelines represent an international harmonization effort. They are partly

inspired by the position of the FDA and partly by the position of the IMDRF and are
particularly focused on risk factors and product total life cycle management. In addition,
additional reports and specific guidance documents are made available on AI and also
with reference to DR [44]. It is evident that the international scientific literature should also
give space through reviews to these initiatives that move towards processes of a uniformity
of approach.

The regulatory impact relating to ethics is also addressed more from a local point of
view. In the reviews, experiences and documents of a non-international nature are not
shared, which could make a contribution, however, as regards a uniformity of approach.

In Europe, for example, it is possible to find several documents oriented towards this
theme produced by the European community, such as a document dedicated to guidelines
for a trustworthy AI and a document that addresses the impact [45] on public services [46].

In summary, there seems to be a fragmentation, or rather, a separation, between the
production processes of scientific literature and what is present on public services in the
governmental WEBs dedicated to this topic.
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4.3. Comparison with the Recent Research Trends

If we compare what emerges from the overview of reviews with the dedicated studies
based on full scientific articles of 2021–2022 [10–17], it emerges that there is a coincidence
of issues, such as the problem of barriers and critical issues of the issues [10] in relation to
the introduction of AI in the health domain, the need for a federative approach [11], the
importance of ethical aspects [16], and the interest in local situations as in [13,16].

However, what would have been expected from the overview of reviews is a role of
cultural and scientific mediation between the various experiences. The analysis did not
show this role.

There are studies, for example, on regulations in Korea [13], or studies on regulations
in Australia and New Zeland [16], that have not been taken into consideration, preferring a
discussion and analysis on the realities in Canada, Europe, and the USA.

The same goes for ethics, where other interesting studies have been found on the
Australian continent that have not been resumed [16].

The need to overcome an analysis of regulatory realities with a patchy approach emerges
strongly from this comparison with the studies based on full scientific articles [10–17] but also
from the survey reported above of some government websites, where the regulatory approach
is described [43,44] also with reference to ethics [45,46].

4.4. Limitations

Our study, based on a narrative review, has several limitations. The review considered
papers written in English. The reviews in different languages were not considered. PubMed
and Scopus databases, and only peer reviewed papers available here, were considered in
the review. A possible enlargement of the overview could consider databases including
conference papers, preprint sources, and governmental WEBs. The theme faced in this
study is very wide and included several sub-themes (e.g., regulations in MDs, regulations
in the production of the datasets). Future enlargements could comprise reviews directed in
the identified sub-themes.

5. Conclusions

The development of a solid regulatory framework is indispensable today in the field
of AI in DR. This study conducted a narrative overview on reviews to make a map point in
this field and explore trends and gaps in the scientific literature production.

It is possible to detect some achievements in brief.

5.1. Achievements in Brief

The first achievement is that the overview reported a patchy approach limited to some
countries showing a not uniform approach.

The second achievement is the need of a more transparent approval process, from an
international and contemporary point of view, and the need for open database sources for
Medical Devices, algorithms, and datasets.

The third achievement is the need of a process of harmonization at the international
level of the approach.

The fourth achievement is for the ethics, where the need of avoiding demographic bias
in the datasets and algorithms was highlighted.

The fifth achievement consists in the detected bottlenecks, such as, for example, the
difficulty in identifying the workloads for the radiologists and the insufficient transparency
in the validation of the datasets, not justifying the use in some applications.

5.2. Conclusions in Detail

In conclusion, the overview highlighted a low production (only 16 reviews) in this field
and the need for more efforts of the scientists. The review has identified three important
areas of intervention: ethics issues, international regulatory framework, and bottlenecks in the
regulatory development. Regarding ethics, the areas of intervention have been identified,
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which, in addition to the traditional ones of the use of technologies in healthcare, include
new ones due to the specificity of AI connected to the production of the algorithms, datasets,
and avoiding the bias in them. Studies on regulations, before all, highlighted that those
emerging regulatory approaches were not uniform and differed in the case of the US,
Europe, Canada, or other countries. Different approaches were used to address emerging
issues, such as cybersecurity in MDs. The studies have revealed several critical issues, and,
in particular, the need to assure a well-defined and rigorous pathway for the approval and
the maintenance of the AI-based MDs. Among the recommendations for these issues, more
transparency on the approval and post-approval process and the design of a full, openly
reachable database dedicated to these MDs was proposed. Bottlenecks were also identified
with particular reference to the workload, showing that regulating it without a scientific
principle may be more dangerous than no regulation at all. Reference was also made to the
insufficient public data on the validation/testing of the datasets in different algorithms not
justifying applications in healthcare as the generalization and/or the incidence of biases
cannot be deduced. Most importantly, limitations and gaps emerge in these reviews. It
emerged that they limit themselves to considering regulatory experiences that do not cover
the international approach. For example, some significant experiences are not considered,
such as those of the NMPA, which may have a role of legislative mediation between
multiple positions. Also with regard to ethical aspects, it would be advisable to better share
important documentary production experiences, such as those available in Europe.
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Abstract: Background: Undiagnosed human immunodeficiency virus (HIV) infection remains a
public health challenge. We explore Facebook (FB) advertisement (Ads) cost per new HIV diagnosis
using non-targeted Ads, a routine testing model against targeted Ads, and a focused testing model in
Texas. Methods: On 14 October 2021, we created (without launching) Texas-based, USD 10 targeted
(using criteria matching HIV populations at risk) and non-targeted FB Ads for 10 days. In the process
of creating the Ads, we collected estimated audience size, daily reach, and daily clicks. We estimated
Ad cost for each new HIV diagnosis for targeted and non-targeted Ads using new HIV diagnosis
rates from focused and routine testing campaigns. Results: The Ad costs per new HIV diagnosis from
the targeted model were 4.74, 2.86, 5.28, and 2.88 times lower for men, Black, Hispanic, and all age
groups, respectively, when compared to the non-targeted model. The wider the gap was between new
HIV diagnosis rates in a population for focused and routine testing, the more cost-effective targeted
Ads became. Conclusions: Among HIV populations at risk, targeted FB Ads are more cost-effective
for detecting new HIV infections than non-targeted Ads. This cost-effectiveness increases in locations
where focused testing increases new HIV diagnosis rates, compared to routine testing.

Keywords: Facebook advertisements; personalized advertisements; social media; precision medicine;
public health informatics; public health communications; consumer health informatics; population
health; human immunodeficiency virus; diagnosis; acquired immunodeficiency syndrome

1. Introduction

Human immunodeficiency virus (HIV) morbidity and mortality affect the United
States of America (USA) regions disproportionately [1]. Southern states have the highest
rates of new HIV diagnoses (estimated to constitute 51% of new HIV cases annually,
nationally) and, subsequently, have a larger, more geographically dispersed population
of people living with HIV (PLWH) [1]. The high rates of HIV incidence and prevalence
in the South are accompanied by high rates of social determinants of health (SDOH) risk
indicators, including lack of insurance, vacant housing, household incomes below the
federal poverty level, and rural populations [2]. These observations warrant new initiatives
to reduce HIV infections in the South [3].

Texas has one of the highest rates of new HIV diagnoses among the Southern states,
with 18.2 new cases per 100,000 people. Texas also has a proportionally lower estimated
rate of pre-exposure prophylaxis (PrEP) coverage compared to other states. Including
the undiagnosed HIV population, Texas has the highest estimated incidence rate of HIV
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nationally, with 4500 new cases and a prevalence rate of 113,300 HIV cases per 29 million as
of 2019 (1 out of every 256 Texans) [2]. With a rate of 18.4%, the state of Texas also has the
highest burden of uninsured persons nationally and one of the highest rates of households
living below the federal poverty level (10.5%) [2].

The burden of HIV and associated SDOH are not only disproportionately distributed
regionally, but are also more likely to affect certain race/ethnicity groups and different
age groups. In the South, Black/African Americans and people 25–34 years old have the
highest rates of new HIV diagnoses, regardless of urban or non-urban environments [4].
In Texas in 2018, the highest number of new HIV diagnoses were among Hispanic males
(42% of all HIV diagnoses + males) and Black females (51% of all HIV diagnoses + females).
While the age group of 25–34 years had the highest rates of new diagnoses, women tended
to be diagnosed at a later age than males. Among Texas metropolitan areas, Dallas eligible
metropolitan area (EMA) (25%) and Houston EMA (31%) accounted for 56% of Texas PLWH
in 2018 [5].

New, innovative public health approaches are needed to reach populations at risk for
HIV to increase testing and reduce the incidence of undiagnosed and untreated HIV. In
the last decade, social media advertisements (Ads) have enabled health organizations to
identify populations with characteristics that match risk factors for diseases [6–8] and to
reach populations at risk for research recruitment [9–15]. Among social media platforms,
Meta Inc., (Menlo Park, CA, USA) continues to lead the market, with 2.91 billion active
users monthly in the fourth quarter of 2021 [16]. The platform’s high penetration and the
wide array of permitted detailed targeting criteria allow researchers to use Facebook (FB)
Ads to recruit difficult-to-reach populations [17–19].

Data from a randomized control trial of HIV and substance use interventions showed
that gender minority adolescents and young adults were easier to recruit on social media
platforms compared to in-person for HIV interventions [20]. Recent international studies
that used social media to promote sexual health resulted in increased HIV testing and
linkage to care in high-risk and difficult-to-reach young men who have sex with men
(MSM) [21,22]. Similarly, the Keeping it LITE study and the START study were nationally
successful in recruiting gender minority participants effectively and efficiently from social
media Ads [23,24]. Compared to other social media platforms, FB Ads for HIV prevention
have yielded the lowest cost per eligible contact for young MSM, and Instagram Ads have
yielded the highest proportion of eligible contacts who were racial or ethnic minorities [25].

In this study, we aim to evaluate the feasibility of FB Ads to reach MSM at high risk for
HIV infection in Texas. We compare the cost and efficacy between targeted FB Ads followed
by the focused HIV testing of individuals at the highest risk of HIV acquisition (targeted
model) against non-targeted FB Ads followed by routine HIV testing (non-targeted model).
To estimate the cost for each new HIV diagnosis in both models, we use the FB platform
Ad estimates, the healthcare industry average conversion rate on FB (percentage of visitors
to a website that do what the advertiser wants them to do, e.g., get tested) [26], and the
rates of new HIV diagnoses from focused and routine testing [5].

2. Materials and Methods

FB provides estimates for Ad reach and Ad clicks based on adjusted Ad budgets even
prior to running the Ads. On 14 October 2021, we created (without actually launching)
10-day, Texas-based, USD 10 targeted and non-targeted FB Ads for different age groups in
Texas counties with high HIV prevalence. Ads placements included FB, FB Messenger, and
Instagram. For the targeted FB Ads group, we used the following FB criteria to match the
MSM population at highest risk for HIV: men with FB-defined interests in LGBT culture,
LGBT community, homosexuality, same-sex marriage, and same-sex relationships.

We attempted to target the age group category at highest risk in the 2018 Texas HIV
epidemiologic profile. However, we had to adjust the age group from 15–24 to 18–24, as FB
does not allow the granular targeting of users younger than 18 years. Similarly, FB does not
allow race/ethnicity-based targeting, and we used interests in African American culture
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and Hispanic cultures as a proxy for the African American and Hispanic populations.
For transgender women and men, we used their interest in transgender issues and their
corresponding gender for our FB targeting criteria.

For each targeted group/subgroup, we collected the FB-provided estimated audience
size, estimated daily reach, and estimated daily clicks per Ad. We then estimated the
average Ad cost for each new HIV diagnosis for targeted and non-targeted Ads. We
leveraged new HIV diagnosis rates from focused testing and routine testing campaigns in
Texas based on the following formula:

Estimated Ad cost per new diagnosis = daily Ad cost/(estimated daily clicks × average
healthcare conversion rate × average rate of new diagnosis)

Using a USD 10 budget for a 10-day-long Ad translated into a daily Ad cost of USD 1.
We used the daily cost to compare the FB-provided estimated daily reach and estimated
daily clicks for all age groups. We used the average healthcare industry conversion rate
on Facebook to estimate the percentage of Facebook users who would convert as a result
of the Ads, which in this case translated to undergoing HIV testing. Based on subgroups,
we estimated the rates of new HIV diagnoses based on the 2018 Texas HIV epidemiologic
profile. For the targeted model, we used the rates of new HIV diagnoses from focused
testing (testing a population that is more at risk for HIV). For the non-targeted model, we
used HIV new diagnosis rates from routine testing (testing patients independent of their
HIV risk).

3. Results

On 14 October 2021, the estimated audience size for the model targeting MSM in
Texas included 1,350,000 individuals compared with an estimated 11,050,000 Texan men
in the non-targeted model. The cost for each new HIV diagnosis was 4.7 times lower for
the targeted model (targeting MSM in Texas: USD 33.06) compared with the non-targeted
model (targeting all Texan men: USD 156.74).

The average Ad cost per new HIV diagnosis was lower in the targeted model for all
subgroups (Table 1). The costs for targeted campaigns were half in all age groups (Figure 1)
and 2.4 times lower in the main affected Texan metropolitan areas (Figure 2). In Hispanic
and Black/African American men, the targeted model’s costs for each new HIV diagnosis
were 5.3 and 2.9 times lower, respectively (Figure 3).
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Figure 1. Estimated Ad cost per new HIV diagnosis comparison between targeted and non-targeted
models for age groups in Texas, USA.
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Table 1. Average Ads cost per new HIV diagnosis among targeted and non-targeted models in
Texas, USA.

Targeted Ads Followed by Focused Testing
(Targeted Model)

Non-Targeted Ads Followed by Routine Testing
(Non-targeted Model)

New
Diagnosis

Rate

Average Estimated
Audience Size on

Facebook

Average Cost
Per New HIV

Diagnosis

New
Diagnosis

Rate

Average Estimated
Audience Size on

Facebook

Average Cost
Per New HIV

Diagnosis

Men 1.0% 1,350,000 USD 33.06 0.2% 11,050,000 USD 156.74

Black 0.8% 289,550 USD 64.94 0.2% 2,100,000 USD 185.53

Hispanic 0.8% 784,300 USD 73.31 0.1% 3,050,000 USD 386.85

18–24 0.8% 326,450 USD 113.64 0.1% 4,800,000 USD 534.76

25–34 0.9% 483,300 USD 91.83 0.2% 6,900,000 USD 181.82

35–44 0.8% 236,250 USD 103.31 0.1% 4,900,000 USD 371.06

45–54 0.6% 125,000 USD 144.30 0.1% 3,400,000 USD 363.64

55–64 0.3% 76,700 USD 224.47 0.1% 2,350,000 USD 356.51

65+ 0.2% 60,000 USD 413.22 0.0% 2,050,000
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Fort Worth 0.9% 162,000 USD 91.83 0.1% 3,100,000 USD 371.06

Houston 0.7% 288,500 USD 123.69 0.1% 4,750,000 USD 404.04

San Antonio 0.6% 121,400 USD 168.35 2,050,000

Rest of Texas 0.8% 189,150 USD 126.26 0.1% 9,700,000 USD 356.51
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Figure 2. Estimated Ad cost per new HIV diagnosis comparison between targeted and non-targeted
models for Texan metropolitan areas in Texas, USA.

Among the Texas metropolitan areas, Dallas had the highest rate of new HIV diagnoses
through focused and routine testing. Dallas also had the lowest estimated cost for each
new HIV diagnosis for targeted and non-targeted Ads. Austin had the lowest rates for
new HIV diagnoses and the highest cost for new HIV diagnoses (targeted or not). The
ratio of costs for new diagnoses for the targeted and the non-targeted model was lowest
in Dallas, which also had the lowest ratio between new diagnosis rates from focused vs
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routine testing (1/0.3). The cost ratio was highest in Fort Worth, which also had the highest
ratio between new diagnosis rates from focused vs routine testing (0.9/0.1).
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Figure 3. Estimated Ad cost per new HIV diagnosis comparison between targeted and non-targeted
models for race/ethnicity in Texas, USA.

4. Discussion

The “Ending the HIV Epidemic: A plan for America” initiative, empowered by the U.S.
Department of Health and Human Services (HHS), has launched work with communities,
aiming to leverage critical scientific advances in HIV prevention, diagnosis, treatment, and
outbreak response and redirect resources to areas where HIV transmission occurs most
frequently. The initiative has the goal to reach a 75% reduction in new HIV infections by
2025 and at least a 90% reduction by 2030 [27].

To explore the most cost-effective means of reducing HIV infections, we compared
FB Ads’ cost per new HIV diagnosis from targeted and non-targeted models in five Texas
counties (Bexar, Dallas, Harris, Tarrant, Travis) from the targeted 57 priority jurisdictions in
the cross-agency HHS initiative. In all Texas areas, age groups, and race/ethnicity (Table 1),
Ad cost per new HIV diagnosis was lower in the targeted model (targeted Ads followed by
focused HIV testing) than the non-targeted model (non-targeted Ads followed by routine
HIV testing).

The targeted model’s lower Ad cost per new HIV diagnosis was in part caused by the
higher new HIV diagnosis rates from focused HIV testing. FB Ad cost also varied among
each targeted population, as FB uses an Ad auction to determine the best Ad to show to a
person at a given point in time [28]. The FB Ad auction is designed to show the Ad with
the highest total value to FB users. The Ad total value is based on three major factors: Ad
bid, estimated action rates, and Ad quality. The three variables that determine Ad total
value, along with seasonality, are the main factors that affect the cost of FB Ads at any
point in time. In our study, we collected data on the same day using the same video Ad
design and budget to control seasonality and Ad quality among all groups. However, the
two other variables that contribute to FB Ads’ total value are audience specific: the Ad
bid compared to other Ads targeting the same audience, and the estimated action rates
based on the FB-estimated probability that showing an Ad to a person leads to the desired
outcome of the advertiser.

The results from our study also cast light on the effect of different rates of new HIV
diagnoses from routine and focused testing in a certain population on the cost of FB Ads.
We observed that the wider the gap in a population between new diagnosis rates from
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focused HIV testing and new diagnosis rates from routine testing, the more cost-effective
targeted FB Ads become in the same population. This finding can guide the allocation of
resources based on focused/routine testing rates and can be used to prioritize reach models
for each population at risk for HIV.

We focused on populations at risk for HIV in Texas to explore feasibility. However,
considering the input variables, this strategy can be applied to any population at risk for a
given disease if a population can be represented through a set of targeting criteria/interests
on FB Ads and public action rate data are available. In 2021, An et al. [15] proposed a
novel precision public health campaign framework to structure and standardize the process
of designing and delivering tailored health messages to target population segments on
social media, demonstrating their framework through two case studies: breast cancer
screening in Qatar, and public health campaigns for promoting flu vaccination in Qatar. In
the proposed framework, defining priority audience and evaluation metrics are key factors
of the first stages of a social media public health campaign. Our MSM/HIV at-risk audience
definitions on FB, FB Messenger, and Instagram, along with our model characteristics, can
help public health communities in these first stages of building a public health campaign
framework to tackle the HIV epidemic.

Other social media platforms including Twitter, LinkedIn, Snapchat, and TikTok also
allow promoters to use basic demographic traits for targeting their audience; however, these
rich demographic traits are only available on FB and Snapchat [15]. Platform penetration in
a specific population’s demographic also plays a key role in selecting the best platform. For
example, considering the highest rates of undiagnosed HIV are among the 13–24 age group,
platforms such as TikTok or Snapchat that have high penetration in this demographic
should also be considered.

While targeted Ads on social media can be effective and cost efficient for HIV preven-
tion, there exists an ethical concern of privacy when targeting vulnerable populations (e.g.,
Blacks, Hispanics, LGBTQ), whereby an identifiable digital trail is maintained [29,30]. It is
thus imperative for researchers and public health officials to act as stewards of this potential
untapped resource and to advocate for these vulnerable populations when using these
platforms. Additionally, other platforms, including Google and TikTok, have measures
in place to protect the privacy and safety of teens. While these measures limit targeting
adolescents (where underdiagnosed HIV is highly prevalent), it is important to create
collaborative initiatives between public health communities and social media platforms,
similar to the COVID-19 response, to aid in ending the HIV epidemic in digital America
by 2030.

5. Conclusions

Targeted FB Ads are more cost-effective than non-targeted Ads among HIV popula-
tions at risk, across all age groups, and in locations where focused testing yields substan-
tially higher new HIV diagnosis rates compared with routine testing. Our study results can
guide public health agencies and local communities in optimizing their resource utiliza-
tion to address the HIV epidemic, as social media Ad strategies are useful for improving
HIV prevention, testing, and treatment. Our future efforts will aim to compare FB Ads’
outcomes from launched FB Ad campaigns, including social media Ad metrics, conversion
rates, and cost per action among different FB Ad targeting strategies based on FB-defined
interests and locations targeting MSM populations at risk for HIV locally in Dallas, TX, in
collaboration with a local community initiative.

6. Limitations

Our study has several limitations that must be acknowledged. Firstly, our proposed
model is subject to the limitations of the social media platform and will continue to evolve
while the platform tools evolve. Our modeling was based heavily on estimates provided
by the FB Ads platform without running Ads. The audience size and reach estimates were
provided by FB algorithms based on active FB and Instagram users which we were unable
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to validate. The adjusted targeting criteria were not designed to match a census population.
The Ads’ estimated daily reach and daily clicks were also subject to the platform algorithms
and could vary based on Ad auction factors, as explained in-detail in the discussion section
of this study.

Secondly, the conversion rate may also vary based on the Ad quality and its appro-
priateness to the viewing users. In our model, we used the average healthcare conversion
rate on FB by WordStream based on a sample of 256 of their US-based clients in all indus-
tries who were advertising on FB between November 2016 and January 2017 [26]. Our
study also did not examine the effect of different Ad designs that could variably affect
the Ad outcomes, as this would have required user interactions on launched Ads for
optimum testing.
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Abstract: Upper-extremity injuries and diseases rarely have life-threatening consequences, but failure
to manage them properly can result in severe dysfunction. This article presents the current state of
using virtual reality to support the rehabilitation process of patients with injuries and diseases of the
upper extremities and points out their effects on upper-extremity functions. A scoping review was
conducted to provide a comprehensive overview of the field of virtual reality for upper-extremity
rehabilitation. PubMed, Web of Science, and the Cochrane Library were searched by two independent
researchers between April and May 2021 to identify relevant publications and were examined
according to inclusion and exclusion criteria. As a result of the literature review, 11 studies of
various target groups were identified. Virtual-reality technologies were categorized into multisensory
high-end systems and game-based systems. With respect to functional recovery, technologies based
on virtual reality were not inferior to traditional rehabilitation. In addition, the users were highly
motivated and satisfied. The results emphasize the need for stronger evidence-based virtual-reality
technologies for rehabilitation of injuries and diseases of upper extremities.

Keywords: rehabilitation; virtual reality; upper extremity; virtual rehabilitation

1. Introduction

Injuries and diseases that concern the apparatus of movement and truss pose a long-
term threat to both professional and individual performance, as well as participation in
social life. In 2018, diseases of the musculoskeletal system were the most frequent reasons
for outpatient rehabilitation among women (74%) and men (67%) in Germany [1]. Most
of the complaints affected the upper extremities [2]. Rehabilitation is considered essential
for the recovery of patients suffering from injuries and diseases of upper extremities and
regaining quality of life.

Rehabilitation is a multifaceted long-term process ranging from inpatient or outpatient
rehabilitation up to subsequent rehabilitation services. Accordingly, the conservative
treatment includes a multitude of interventions, such as physical therapy, psychological
treatment, and activities such as swimming or yoga [3,4]. To maintain the success of
rehabilitation, an ongoing execution of acquired changes and a long-term provision of
subsequent rehabilitation services are required [5]. With the dissemination of technological
innovations, new opportunities arise to redesign rehabilitation services.

A technical innovation highly relevant for rehabilitation is virtual reality (VR). VR is
the computer-animated simulation of a three-dimensional environment that can be used
in real time [6]. Rehabilitation through VR describes an assistive health technology that
is used to recover motor or sensory skills lost due to accident or illness through a virtual
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but interactive environment [7]. VR consists of a range of technologies that can be used
to artificially generate sensory information in the form of a virtual environment that is
interactive and perceived as similar to the real world. In addition, audiovisual feedback
functions can improve compliance and therapeutic effectiveness [7].

In rehabilitation, VR represents a valid and reliable tool for joint and function [8]. It
is a cost-saving alternative and enables personalizing treatment, motivating patients, and
increasing their compliance and functional recovery [9]. VR is also generally commercially
available and can be used for home-based rehabilitation [10,11]. This may reduce the work
burden on professionals, because it requires minimal supervision [12]. An increasing num-
ber of VR technologies are supplemented by playful concepts, whereby various elements,
dynamics, and mechanics are used. For example, it is possible for virtual environments to
be presented on screens or displayed in VR glasses, augmented with simultaneous audi-
tory presentations, closely approximating the complexity of the everyday world [13]. In
combination with three-dimensional motion analysis, VR technologies have great potential
for the rehabilitation of upper-extremity functions [14]. The design of the systems is often
similar; one or more forms of sensor technology record the user’s movements, which are
presented in a playful and everyday manner [15]. Thorough system design, the patients
should be able to implement the idea of movement specification. At the same time, it is
possible for professionals to change the structure and severity of training [14].

The effectiveness of VR in neurorehabilitation has been studied extensively in indi-
viduals with cerebral palsy [16] and especially stroke [15,17]. In spite of VR´s promising
effects for rehabilitation, it lacks routine use in practice. Moreover, its effectiveness for the
rehabilitation of upper extremities beyond neurological disorders is insufficiently explored.
Patients with neurological diseases might suffer from upper-extremity dysfunction, but
there might be differences in treatment goals, which require consideration. Therefore, the
aim of this scoping review was to present the current state of VR technologies being used in
the rehabilitation of upper-extremity injuries and diseases other than neurological disorders
and to examine their impact on functional recovery.

2. Materials and Methods

This scoping review was conducted using the framework of Arksey and O’Malley [18],
described in detail by Levac et al. [19]. The databases PubMed, Web of Science, and the
Cochrane Library were searched between April and May 2021. The search was updated
in January 2022. Using relevant search terms and Medical Subject Headings (MeSH)
such as “rehabilitation”, “virtual reality”, and “upper-extremity diseases”, a search syntax
was developed.

Two independent reviewers judged the eligibility of retrieved studies by title and
abstract, as well as according to inclusion and exclusion criteria. Duplicates were sorted
out, and appropriate studies were included in a second screening. Thus, in the next step,
the studies were assessed on the basis of full texts and with renewed consideration of
inclusion and exclusion criteria. Studies that were not published in English or German,
were available as abstracts only, or focused on neurological diseases solely were excluded.
Studies that used rehabilitation approaches based on VR as a training tool, reported at
least one outcome related to functional recovery, and were published in English or German
between the years 2011 and 2021 were included. If disagreement existed, a consensus was
reached through discussion.

A standardized data extraction form was used to collect information related to the
following aspects:

• Authors,
• Country,
• Study design,
• Sample size,
• Study population,
• Intervention characteristics,
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• Relevant outcomes and results.

These data were used for precise planning and preparation of the qualitative synthesis.

3. Results

The initial search procedure retrieved 681 articles. After duplicate removal and screen-
ing, 11 studies were considered eligible for inclusion (see Figure 1).
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3.1. Study Characteristics

Of the included studies, five studies were conducted as pilot randomized controlled
trials [20–24]. Three studies each were designed as pilot studies [25–27] and randomized
controlled trials [28–30]. Sample size ranged from six to 57 participants when intervention
and control groups were summed up. There was variability with regard to study population.
Four studies considered functional disorders after burns of the upper extremities [21–23,30],
while two studies considered functional disorders of the upper extremities after surgical
treatment of breast cancer [26,28]. Further indications were chronic pain syndrome of upper
extremity [25], shoulder injuries [20], impingement syndrome [29], frozen shoulder [27],
and rheumatoid arthritis [24].

Consequently, there was heterogeneity in the parameters measured and assessment
methods used in the studies, with a predominant focus on pain perception and dysfunction of
the upper extremity. The most common evaluation methodology used was the visual analog
scale (VAS) to assess pain and range of motion (ROM) to assess upper-extremity function.

The VR technologies described in the studies can be divided into two categories.
The first constituted multisensory high-end systems that enable complete immersion. In
the pilot study of Chau et al. (2020), participants used the HTC Vive VR system, which
consisted of a wired headset and two handheld motion controllers. Participants were
approved for up to 10 sessions of VR therapy, with each session lasting approximately
45 min to 1 h. The sessions consisted of guided visualization exercises and interactions
with the virtual environment. Activities included, for example, washing hands, sorting
dishware, or arranging utensils [25]. The BrightArm Duo Rehabilitation System in the pilot
study of House et al. (2016) is an integrative virtual rehabilitation game system consisting
of different exercises for motor, emotive, and cognitive function. For instance, participants
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were asked to use paddle avatars to bounce a virtual ball toward an array of crates. The
duration of the VR therapy sessions progressed from 20 to 50 min of training over a period
of 8 weeks, with two sessions every week. All games had progressively higher difficulty
levels over the study duration, which were combined with higher gravity loading and
longer training sessions to keep the participants challenged [26]. In the study of Lee et al.
(2016), an interactive motor training VR system was designed to formulate a goal-directed
shoulder rehabilitation, which assisted participants with motor rehabilitation. Sensors were
secured to the shoulder joints to measure and record ROM, while participants underwent
various exercises consisting of shoulder ROM exercises, shoulder muscle strengthening, and
core muscle strengthening. The exercise sessions were 40 min twice a week for 4 weeks. The
practice time for each exercise was based on the participants’ progress and was determined
by the therapists [27]. In the study of Joo et al. (2020), the VR rehabilitation tool RAPAEL
Smart Glove was designed for the distal upper extremities. All participants received a
4 week intervention, consisting of 20 sessions for 60 min per day. Participants of the
intervention group received 30 min of standard therapy and 30 min of exercises with the
VR system. Exercises of the VR system demanded volitional movements such as forearm
pronation/supination or wrist flexion/extension. Visual and audio feedback informed
participants of success or failure. Participants of the control group received 60 min standard
therapy, which comprised ROM exercises or strengthening exercises. The exercises in both
groups were comparable and adapted to each participants’ performance. The intervention
frequency and duration did not differ between both groups. Three therapists who had
experience with VR systems and conventional therapy supervised the study [30].

On the other hand, there are commercially available game-based systems, such as Nin-
tendo Wii and Xbox Kinect, which are designed to be lower-threshold and less expensive.
The majority of the studies included in this work (N = 7) used game-based systems for
upper-extremity rehabilitation [20–24,28,29].

Participants in the study of Dahl-Popolizio et al. (2014) performed a protocol of active,
active assistivem and passive ROM exercises for six sessions using Microsoft Kinect, where
the movements attempted to match the movements of an avatar, which was displayed on
a screen. Participants in the control group received similar exercises for six sessions but
without Microsoft Kinect and with minimal therapeutically support [20]. In the study of
Voon et al. (2016), all participants were requested to attend the study for 1 week and to
perform two 30 min exercise sessions daily. Participants in the intervention group were
asked, for each session, to perform 15 min of routine physiotherapy exercises followed
by a minimum of 15 min of Xbox Kinect game play, consisting of exercises such as darts
or bowling. Participants in the control group performed, for each session, a minimum of
30 min of the same routine physiotherapy regime [23]. Similarly, in the study of Feyzioglu
et al. (2020), the participants of the intervention group received Xbox Kinect therapy, while
the control group received standardized routine physiotherapy. Both groups received
the therapy for 45 min per session and two times a week for 6 weeks. Additionally, all
participants were given the same home exercise program except for the session days [28].

In the study of Yohannan et al. (2012), all participants received three consecutive
sessions of traditional passive ROM and joint-specific exercises for 15 min. This was
followed by an additional 15 min of Nintendo Wii exercises consisting of games such as
wall finger climbs, overhead ball toss, or bouncing a physioball for those in the intervention
group or 15 min of a therapist-chosen exercise for those in the control group. In the control
group, although therapy was tailored by interventional therapists, the movements were
comparable with the intervention group. Interventional therapists were guided by scripts
to provide standardized therapy [21]. The study of Parker et al. (2016) lasted a maximum of
7 days. During this time, in addition to their individualized routine exercises, participants
of the intervention group completed up to five individual days of twice-daily exercise with
Nintendo Wii, whereby each session lasted 20–30 min. The sessions were self-directed and
consisted of an individual playing specific games with a standardized order according
to the injury and the limb involved. Participants in the control group received routine
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individualized exercises that were comparable with the intervention group [22]. In the
cross-sectional study of Zernicke et al. (2016), participants of the intervention group started
with exercises using Nintendo Wii, while participants in the control group completed
conventional physical exercises for 12 weeks. Afterward, participants were crossed over
for another period of 12 weeks. Participants in the intervention group could select from
at least 46 exercises of different fields such as aerobic, muscle strengthening, or balance.
Exercises in the control group were designed by physiotherapists and based on strength
training, coordination, joint mobility, and relaxation. According to the training schedule,
each participant was stimulated to exercise three times a week for approximately 30 min
per session [24]. Participants in the study from Pekyavas and Ergun (2017) were included in
the intervention group receiving supervised exercises with Nintendo Wii for 6 weeks, two
days per week, and 45 min for day. The sessions consisted of warming and cooling periods
and several training games comprising boxing, bowling or tennis games accompanied by
an avatar. Participants in the control group received a home exercise program for 6 weeks,
two days per week, and 45 min per day. Exercises were similar to the intervention group
and consisted of resistive and non-resistive exercises [29].

In two studies, participants using the VR technology received continuous support
from trained professionals [21,26]. In another two studies, participants received audiovisual
feedback on movement execution [20,30].

3.2. Effectiveness of VR Technologies

The results of the pilot studies in pre–post design showed significant improvements
with regard to pain and upper-extremity function [26,27]. The study by Chau et al. did not
find any statistically significant improvements in the parameters measured [25].

Varying results were obtained in the randomized controlled trials. Rarely, the VR
technologies in the included studies were associated with measurable benefits related to
pain perception and upper-extremity function. For example, the study results of Parker
et al. showed significant improvements in pain (p = 0.0019) favoring the intervention group
using the VR technology, while no statistically significant differences were detectable in
range of motion [22]. In contrast, the intervention group in the study by Joo et al. was
associated with statistically significant improvements in the subscales “picking up small
objects” (p < 0.001) and “pain” (p = 0.002) of the Jebsen–Taylor hand function test (JTT) [30].
Pekyavas and Ergun also obtained similar results, where, in terms of single parameters of
functionality and pain perception, the intervention group using the VR technology was
superior to traditional rehabilitation, while, in other parameters, no statistically significant
differences were detectable [29]. Four studies found no statistically significant differences
at all with regard to upper-extremity function or pain between participants using the VR
technology and participants receiving traditional rehabilitation [20,21,23,24].

Beyond that, results related to user satisfaction and motivation were mostly consistent.
Overall, users were satisfied with the interventions used [20,23,30] and motivated to
complete training sessions [24–26]. All analyzed studies are summarized in Table 1.
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4. Discussion

Numerous reviews [15,17,31] have already shown the successful use of VR technolo-
gies for rehabilitation, especially in the field of neurological disorders. For rehabilitation
of musculoskeletal diseases, in contrast, only a few publications can be found [32,33].
Therefore, this scoping review aimed to provide an overview of VR technologies used for
rehabilitation of upper-extremity injuries and diseases beyond neurological impairments.

Existing evidence of VR technology effectiveness in patients with upper-extremity
injuries and diseases is inconclusive yet promising. Findings from this scoping review
indicate that VR-based interventions are not inferior to traditional rehabilitation and might
have an added advantage for functional recovery and pain reduction. Future studies of
high quality are necessary to reach a more solid conclusion.

The number of studies that used game-based VR technologies is remarkable. The
integration of low-cost game-based VR technologies can allow healthcare specialists to pre-
cisely create, deliver, and control complex and dynamic environments for user interaction.
Although such systems were not explicitly developed for rehabilitation, they might be moti-
vating and cost-effective alternatives. As such, game-based VR rehabilitation exercises that
are easily adapted to individual user needs will become a valuable adjunct to conventional
therapy in inpatient, outpatient, and home-based care settings. However, limited options
for customizing and adapting game-based contents to the needs of particular injuries or
diseases could also be a disadvantage. Furthermore, visualization of content includes many
different elements and stimuli, which might be overwhelming. Additionally, movements
to be performed are often too nonspecific and incompatible with therapeutic goals [34].

Future research directions should consider the potential of VR-based systems to in-
crease the efficiency of training in terms of human resources [35]. With VR, therapy sessions
can be automated and, therefore, can be completed without the constant supervision of a
therapist. Furthermore, a VR system can even be designed for a patient’s home, removing
the burden of clinical visits. While the vision for home-based rehabilitation is compelling
for economic and technical reasons, professional and user-centered issues will also need to
be considered concomitantly as the technology evolves [36]. Thus, the appropriate devel-
opment and use of the VR systems must always be governed by evidence-based guidelines.
Indeed, this is also important for user perspectives [37]. Several studies addressed the
challenges of VR in a general or specific field from the user’s perspective [38,39]. In this
context, three categories of technical, practical, and user-based challenges for implementing
and using a VR-based system have been discussed [40]. One main limitation includes the
requirement for specialist technical skills [41]. It is necessary to educate and train clinical
experts, as well as patients, in the proper and professional use of VR systems as useful
tools for rehabilitation. The method of training users for the necessary skills should be
performed considering their age, level of technical literacy, and previous experience with
VR systems [42]. It is obvious to educate specialists to gain an important impact on the
more effective use of VR.

Most of the VR technologies used in the studies included motion detection systems,
in which the virtual environment is presented on large screens. Thus, the user sees the
simulated environment and can interact with it. An advantage of this is that the system
might encourage users to perform movements naturally. Consequently, VR-based rehabil-
itation is an effective way for people with upper-extremity injuries and diseases to cope
with their motor impairment and regain the ability of performing activities of daily living
(ADL) and self-care, which refer to the activities carried out to live an independent life,
e.g., grooming or preparing food [43]. Examples that leverage VR for the rehabilitation of
ADL include the use of a virtual kitchen for training meal preparation task or the use of a
virtual supermarket for practicing shopping tasks [44] for people suffering from traumatic
brain injury [45]. Another example is the training of manual skills with an exoskeleton
robot also equipped with an actuator to assist shoulder movement. ADL tasks such as
cooking, cleaning, and using a ticket machine were trained using the VR system, where
the assist-as-needed strategy was adopted to provide guiding force when necessary [46].
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Additionally, for successful rehabilitation, motivation of patients is a driving factor [6]. By
embedding repetitive exercises in a playful and everyday manner, through virtual environ-
ments, motivation and adherence might be achieved [9]. This provides the opportunity to
train in real-world scenarios but in a risk-free, graded fashion. The majority of the studies
included in this review consisted of up to 10 training sessions and approximately 30 min of
exercise time per session, whereby the difficulty and intensity of exercises were adaptable
to individuals’ performance. This is important to consider when designing VR exercises
since the Yerkes–Dodson law, first explained by Yerkes and Dodson in 1908, describes
a relationship between arousal or motivation and performance. It indicates that a low
level of task difficulties elicits linear responses. Reaching a higher level of difficulty, the
relationship becomes inverse, and increases in arousal or motivation could cause a decrease
in performance [47]. An intensive training could reach a point when a higher intensity is
necessary to push the functional improvements and patient motivation further, e.g., longer
session duration or more sessions per week [48]. Furthermore, the use of VR allows the
user’s movement to be quantified and saved for analysis and tracking of performance. Spe-
cialists can benefit from the recording of performance data to analyze quality of movement
and track patient progress within and across sections. Users may benefit from being able
to view visualizations of their activity from different perspectives. Additionally, specific
and immediate feedback on movement performance might also have a positive effect on
motivation and adherence.

It is important to note a few limitations. First, only articles in the English and German
language were included. Furthermore, studies that assessed neurological disorders were
excluded. Because of this, only 11 studies could be identified, which again highlights that
the potential of VR technologies for the rehabilitation of upper-extremity diseases and
injuries is still underexplored. The heterogeneity of endpoints and assessment tools, as well
as the small sample sizes in the studies, limits the comparability and interpretation of the
results. Additionally, it was not possible to obtain conceptual or concrete content-related
details of VR technologies.

5. Conclusions

In conclusion, this scoping review showed that especially game-based VR systems
are highly prevalent in the context of rehabilitation and seem to be gaining importance
to enhance motivation and support therapy. As presented, the literature to date strongly
suggests that these technologies are poised to have a major impact on evaluation and
intervention for motor and functional rehabilitation because of the unique attributes of
VR-based therapy. These attributes make it highly suitable for the achievement of many
rehabilitation goals, including the encouragement of active learning, the provision of
challenging but safe environments, the flexibility of individualized and graded treatments,
the power to motivate patients to perform to their utmost ability, and the capacity to record
objective measures of performance.

VR systems are being directed at the rehabilitation of motor deficits to help provide
recreational opportunities for people with upper-extremity dysfunction. VR-mediated
rehabilitation has yielded significant improvements in upper-extremity recovery, especially
regarding range of motion and pain reduction. VR systems show promise for training in
activities of daily living, including use of a virtual kitchen, street-crossing, and wayfinding
environment. Evidence from this scoping review suggests that VR technologies have the
potential to become an effective tool in the rehabilitation of upper-extremity functions.
Although the results do not indicate VR systems to be significantly more beneficial than
routine physiotherapy, VR systems are comparable with existing traditional rehabilitation
procedures and can be used as an alternative or adjunct for the rehabilitation of upper-
extremity injuries and diseases. Advantages are mainly seen in the increased motivation to
perform therapy tasks and the simulated and risk-free training of functional exercises with
a stronger intensity than traditional rehabilitation.
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Overall, VR offers a unique medium in which rehabilitation can be offered within
a functional, purposeful, and motivation context, which can be readily graded and doc-
umented. Especially game-based VR technologies are becoming more accessible and
cost-effective; however, they are not yet fully provided in regular care. The successful and
extensive implementation of VR technologies in rehabilitation might be possible when the
technologies are easily integrated in the everyday life of patients and professionals. For this
purpose, it will be necessary to design and evaluate VR technologies in a participatory and
user-oriented way. It remains exciting to learn about the effects that future developments
will report, including user-specific perspectives.
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Comment

The Perspective of mHealth in the Self-Assessment of the
Parkinson’s Disease. Comment on Kalafati et al. Testing of
Motor Coordination in Degenerative Neurological Diseases.
Healthcare 2022, 10, 1948
Daniele Giansanti

Centre Tisp, The Ialian National Institute of Health, 00161 Rome, Italy; daniele.giansanti@iss.it;
Tel.: +39-06-49902701

Regarding the research article “Maria Kalafati, Athanasios Kakarountas and Elisabeth Chroni,
Testing of Motor Coordination in Degenerative Neurological Diseases”, published in Health-
care [1], I found that this is a stimulating work in the field of Biomedical Engineering with
interesting clinical perspectives.

As you highlighted in the study [1]:

(1) Parkinson’s disease (a progressive movement disorder caused by the death of dopamine-
producing cells in the midbrain) is the most prevalent movement disorder of the
central nervous system and affects more than 6.3 million people in the world;

(2) Changes in the motor functions of patients are not easy to be clearly observed on time
by the clinicians and to make the most well-informed decisions for the treatment;

(3) It is important in light of points (1, 2) to develop bioengineering methods integrated
with modern mobile technologies, capable of (a) being easily used by patients with
Parkinson’s Disease (PD) and (b) providing useful parameters to allow decisions
based on quantitative data within the PD.

Your study [1] details the designing, developing, and evaluating of a mobile app using
a pressure pen, which collects quantitative and objective information about PD patients,
thus allowing clinicians to understand better and make assumptions about the severity
and the stage of Parkinson’s disease. The app described by you allows the execution of a
dynamic spiral test through a pen pressure and obtaining a series of important parameters
such as Spiral Deviation, Total Time, and Pen Pressure through a computerized system.
The study reports the potential of the system as a telemonitoring method within the PD to
remotely perform screening tests and maintain the history of all the patient’s measurements.

I believe it is very important to introduce app-based systems and, more generally,
mHealth solutions that allow the health domain to provide quantitative data on a pathology
as important as Parkinson’s disease. I also believe that these systems are, so to speak, also
pioneers based on the introduction of wearable tools for mHealth-based self-assessment for
PD. Moreover, this is very motivating because mHealth seemed to be more concentrated
only on specific diseases such as diabetes, heart, and lung diseases [2–4].

When the Special Issue “Assistive Technologies, Robotics, and Automated Machines in
the Health Domain” https://www.mdpi.com/journal/healthcare/special_issues/Assistive_
Technologies_Robotics_Automated_Machines_Health_Domain (accessed on 5 March 2023) [5]
was launched, one of the objectives [6] was to give scholars the opportunity to broaden the
boundaries of studies in this area.

mHealth is recently increasingly arousing the interest of scholars in various sectors
of the health domain. A brief search on Pubmed [7] with the search key (mobile health
[Title/Abstract]) AND (self assessment [Title/Abstract]) shows reviews of a growing attraction
under different and new perspectives [8–12].
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The study by Alanzi [11] revealed that various applications were developed during the
COVID-19 pandemic, also available in Google Play, for different functions such as contact
tracing, awareness building, appointment booking, online consultation, etc. However, only
a few applications have integrated various functions and features such as self-assessment,
consultation, support and access to information.

The study by Claessens et al. [10] reported that numerous digital tools to self-assess
visual acuity were introduced and concluded that these have the potential to increase
access to eye care, also considering it is expected that the accuracy of the current tools will
improve with every iteration in technology development.

Bonnechere et al. [9] highlighted that mHealth is a promising tool for the self-assessment
and rehabilitation of people with multiple sclerosis, even if more studies and works are
needed to put these solutions in stable routine applications.

Ni et al. [8] faced the use of mHealth for self-assessment in lung cancer. They showed
that patients with lung cancer have diversified supportive care needs after discharge. A
bottom-up and stepwise approach to developing mobile health-based self-management
support tools has been demonstrated to be feasible and valuable.

Santo and Redfern [12] described how recent research has shown that mHealth
apps can be beneficial in terms of improving hypertension self-assessment, treatment,
and control, being especially useful to help differentiate and manage true and pseudo-
resistant hypertension.

I am convinced that it could be useful and stimulating to enlarge the concept of self-
assessment also in PD. In the past, before the smartphone boom, I was interested in using
wearable methods to obtain quantitative parameters in PD.

Together with other coauthors, we developed a specific pedometer for patients with
Parkinson’s disease, the parameters connected with the path being strategic and also for
the diagnostic monitoring of this pathology [13].

Subsequently, other authors and I developed a system for personal computers for
monitoring the activity on the video terminal [14], which made it possible to record the
trajectories of the movement of the mouse even in the execution of tasks. Nevertheless,
with great scientific honesty, I must remember that we never had the idea of using it in
PD [8].

I believe that mHealth today allows, as you have also highlighted [1], new opportunities
in PD monitoring/assessment.

Based on what I wrote above, I would like to open a discussion on this topic with this
comment with you or with other authors interested in the discussion.

In particular, I would like to have an opinion on how you or other authors see the
development of mHealth self-assessment technologies on PD.

I would, therefore, very much appreciate a reply in this regard.

Conflicts of Interest: The author declares no conflict of interest.
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