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As an integral part of patient care, nursing is required to constantly adapt to changes in

the healthcare system, as well as the wider financial and societal environment. Among the

key factors driving these changes is the aging of population. Combined with an existing

shortage of nursing and caregiving professionals, accommodating for the patients and

elderly needs within hospitals, elderly-care facilities and at a home setting, becomes a

societal challenge. Amongst the technological solutions that have evolved in response to

these developments, nursing and assistive robotics claim a pivotal role. The objective

of the present study is to provide an overview of today’s landscape in nursing and

assistive robotics, highlighting the benefits associated with adopting such solutions in

standard clinical practice. At the same time, to identify existing challenges and limitations

that essentially outline the area’s future directions. Beyond technological innovation, the

manuscript also investigates the end-users’ angle, being a crucial parameter in the

success of robotics solutions operating within a healthcare environment. In this direction,

the results of a survey designed to capture the nursing professionals’ perspective toward

more informed robotics design and development are presented.

Keywords: nursing robots, socially-assistive robots, physically-assistive robots, healthcare robotics, connected

health, robotics, eHealth

INTRODUCTION

Nurses constitute the backbone of the healthcare industry and the nursing profession itself has
typically been the largest segment of the healthcare workforce. Steadily rising healthcare costs and a
population that is gradually aging are both factors impacting the healthcare systems and the nursing
profession. A notable fact is that population aging is becoming a global phenomenon with wider
financial and social implications. In the European Union alone, it is projected that older people
(≥65) will rise from 101 million in 2018 to 149 million by 2050. From a percentage angle, there
will be an increase of 17.6 and 60.5% of people aged between 65–74 and 75–84, respectively in
the EU-28, while the highest expansion growth is expected for very old people (≥85) at a rate of
130.3%. On the opposite end, people aged <55 years will shrink by 9.6% during this period. At
the same time, the old age dependency ratio (OADR) is expected to climb from 30.5% in 2018
to 49.9% in 2050 (i.e., from ∼three persons of working age between 15 and 64 for every older
adult in 2018 to two persons in 2050), with the global OADR projected to reach 28% (1, 2). At
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a personal level, elderly individuals are challenged in various
aspects including social (neglect, isolation, fear, loneliness,
boredom), financial (low income, fear of becoming a burden,
lack of insurance), psychological (depression, poor memory,
dementia, insomnia), physiological (decline of mental abilities,
less efficient reflexes, muscle weakness, weak body balance, falls,
fragile bones) (3). For the above reasons, older people require
special care that friends and relatives are often unable to provide
and this commonly leads to institutionalization.

In response to the existing shortage of nursing and
caregiving professionals, along with the rising healthcare
costs, the employment of various technological solutions
has been proposed. Technologies which have evolved to
support the independent living and aging-in-place concepts
include “Ambient Assisted Living” (4). The purpose of these
technologies, also referred to as “smart home” technologies, is
to support independent living using a combination of sensors
appropriately installed in a house setup (stationary or wearable).
Such sensors include magnetic switches, temperature sensors,
photosensors, water flow sensors, motion sensors, force sensors,
smoke detectors, and biosensors for vital signs (5). Ambient
monitoring systems may capture activities of everyday living,
which can then be exploited in two distinct ways: identify short-
term emergencies; identify long-term variations in health status
(6). Despite the relevance of these technologies to patient and
elderly care, further consideration is beyond the scope of the
present work, which focuses on robotics-related technologies.

From a robotics perspective, specially-designed systems have
the potential to ease the burden on nursing staff within hospitals
and nursing homes but also to undertake general assistive roles
at home, without compromising quality of care while improving
quality of life. Consistent to the above roles is the distinction
between nursing and assistive robots:

a. Nursing robots may serve as supplemental healthcare workers
in hospitals, elderly-care facilities, and at home. They
can perform logistics and laborious physical tasks, combat
loneliness and inactivity in the elderly population, or
assigned routine tasks such as measuring patients’ vital signs.
Remote-controlled telerobots can handle interactive caretaker
duties and serve as interfaces for doctors and/or nurses to
communicate with patients and/or the elderly over distance.

b. Assistive robots may enable disabled and/or elderly people to
pursue healthy, independent and productive lives. Depending
on their primary role, assistive robots are grouped into:
“Socially-assistive” and “Physically-assistive.” The former,
provide assistance to end-users through social interaction
while the latter through physical interaction.

Enhanced capabilities for the above robotics technologies exist
within the wider scope of telerobotics and telemedicine. Nursing
and assistive robots are in fact part of the wider field of
healthcare robotics, which also include the medical robotic
systems. The latter has been an area of active research and
various systems have already been established in clinical practice.
Robotic systems are currently involved in surgical specialties
including general surgery, orthopedic and neurosurgery, as well
as other therapeutic procedures, such as radiation treatments

(7). Realistically, employment of nursing and assistive robotics
involves numerous challenges: technological, clinical, financial,
insurance, psychological, social, ethical and legal. From a
technological perspective challenges include indoor navigation,
manipulation, safety, telecommunications, and integration of
robots with existing in-hospital technologies. Key integration
examples involve the connection to the hospitals’ enterprise
resource planning (ERP) and electronic health records (EHR)
software systems. Corresponding tasks for nursing robots include
performing logistics operations and vital signs measurements,
respectively. On the other end, user perceptions and attitudes
toward nursing and assistive robots are expected to have a
decisive role on the future and the impact of these technologies.
This is relevant both from the patients and the elderly point-of-
view, as well as the nursing professionals and caregivers (8).

The purpose of this work is to provide an overview of the
emerging fields of nursing and assistive robotics in order to
highlight their potential and identify the involved challenges.
The latter provides guidelines for robot design and directions
for future developments in these areas. Informed design may
constitute robotic solutions more usable and effective allowing
them to better serve their purpose. The paper is organized
as follows. It starts with an overview of nursing robots in
section Nursing Robots and the discussion extends to socially-
assistive and physically-assistive robots in sections Socially-
Assistive Robots and Physically-Assistive Robots, respectively. In
these sections, the added-value and potential of these robotic
solutions are portrayed. Then, the enhancements in nursing and
assistive robots facilitated via the integration with telerobotics
technologies is highlighted in section A Role for Telerobotics.
The emerging robotics role in disease outbreaks is discussed
in section Robots in Times of Disease Outbreaks. Section
Robots in Healthcare Environments: Endorse Concept Case
Study examines the introduction of robots in the healthcare
environment through a case study of the EU-funded ENDORSE
project and a survey designed to capture end-user views upon
different aspects of nursing robots. Challenges pertinent to future
developments in the areas of nursing and assistive robotics are the
topic of section The Challenges Ahead. The last section presents
the conclusions.

NURSING ROBOTS

A role for nursing robots exists both in hospitals and elderly-
care facilities. Robots may effectively relieve burden from nurses
allowing them to concentrate on tasks pertinent to their primary
duties. Robotic machines have already been considered to
support processes including distribution of food trays, medicines,
and laboratory specimens throughout a hospital. Robots may
also automate logistics tasks relevant to medical equipment
and supply storage. Beyond these tasks, an upgraded role for
robots includes working alongside or collaborating with nurses
to support their work and enhance efficiency. Moreover, robot
nurses can help reduce occupational exposure of human nurses
to hazardous infections or chemicals. Following special training,
nurses may undertake the role of coordinating and overseeing the
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duties of a robotic fleet within a hospital; thus, creating a new
professional specialization.

Specially-designed robotic systems that help with patient
transfers, ambulation, and lifting may significantly reduce
physical stress on nurses. It is common for caregivers to
suffer from back pain and job-related illnesses. Specially-
designed robotic devices may be assigned laborious tasks,
such as transferring and moving patients (9). This aspect also
directs to the wider research on wearable exoskeleton devices.
Exoskeletons may enhance a person’s physical capabilities
allowing lifting of heavier weights (power extenders), while
preventing musculoskeletal disorders. In fact, exoskeletons
provide an alternative to fully-automated robotic solutions,
effectively preserving the human skills in the job.

Nursing robots may also provide services for telemedicine
purposes (10). Robotic nurses accommodating telepresence
platforms can effectively serve as interfaces for doctors to
communicate with patients over distance. Typical scenarios
involve routine virtual visits where the robot navigates to hospital
wards employing the onboard screen to establish the required
visual contact with the examined patients. Toward this direction,
endowing robots with autonomous navigation capabilities is a
particularly attractive feature, which relieves the necessity of
operators manually navigating robots until a specific patient is
located. Additionally, the robot may also capture the patient’s
vital signs at various intervals as required for a diagnosis
and typical clinical protocols. In principle, the latter scenario
further extends to the patient’s home setup bringing specialized
care to citizens and healthcare centers situated in remote and
isolated areas.

Overall, electromechanical caregivers have unique advantages
over their human counterparts including the capacity to
work continuously throughout the day. Being programmable
machines, robots have the potential to personalize care and adapt
to varying needs. Importantly, robots can be integrated with
other hospital technologies, such as cloud-based EHR systems,
facilitating access to a patient’s complete medical history and thus
ensuring continuity of care.

SOCIALLY-ASSISTIVE ROBOTS

A socially-assistive robot is a type of assistive robot, which
provides assistance to end-users through social interaction (11).
A natural human tendency to attribute human characteristics and
intentions to mobile physical entities, constitutes robots more
effective than any computer program or a smartphone mHealth
application. Potential uses of socially-assistive robots suggested in
literature are discussed below and include: (i) companion robots;
(ii) supporting adults with dementia; (iii) motivating physical
exercise; and (iv) providing post-stroke rehabilitation.

Companion robots have emerged as a special category within
assistive robotics. A primary role has been to act as interfaces
for the elderly to enrich their social lives, while connecting with
their families and friends (12). Among the capabilities of socially-
assistive robots is to monitor elderly patients via video and
also provide alerts to caregivers on patient activity. Moreover,
robots may provide older citizens with news and entertainment
information, reminders for medication adherence, as well as

facilitate physical exercise. On a different note, robotic pets have
received considerable attention in an attempt to reduce stress and
depression, while avoiding the effort and risks involved in animal
care (11). Another key area of socially-assistive robots concerns
supporting people suffering from dementia (13–16).

Regular physical exercise is essential in elderly individuals to
maintain and improve health status, support mental and physical
well-being, and reduce the likelihood of depression. Robots have
been designed to engage elderly users in physical exercise (17)
facilitating workout sessions, while evaluating user performance
and providing real-time feedback. Two potential implementation
challenges for these robots were identified in Görer et al. (18).
First, is the automatic analysis of the coach’s gestures toward
being adequately reproduced, and second, is the different physical
embodiment that a robot possesses compared to the coach. Use of
robotics also extents to post-stroke exercising and rehabilitation,
which typically involves carefully designed repetitive, passive or
active exercises (11). In either case, a movement therapy robot
may provide a diagnostic (measurement and assessment) or
therapeutic (improvement of function) benefit.

PHYSICALLY-ASSISTIVE ROBOTS

Two key elements of independent living that are directly
associated to quality of life of both the elderly and patients
(19) are: (a) The preservation of mobility; (b) The ability to
manipulate objects. In elderly populations, a wide variety of
medical conditions ranging from strokes and neurodegenerative
diseases, to bone fractures and decline of muscular power,
lead to the loss of mobility. To combat this situation, robotic
solutions have been proposed to provide assistance required
to stand-up, sit and walk (20). Robotic wheelchairs provide
users with autonomy, enhanced mobility and safety (21).
With an appropriate mechanical structure for the robotic
wheelchair, architectural barriers may be overcome, including
curb ascending and descending (22). In terms of control, a
robotic wheelchair may hierarchically combine: (i) low-level
functions (e.g., obstacle/collision avoidance, corridor centering)
and (ii) high-level functions (e.g., directing the wheelchair) (23).

Appropriately-designed assistive robotic manipulation
systems can support people with motor impairments such as
limited hand and arm movements, high-level spinal injuries or
tremors. Surveys have identified the relevant needs of disabled
people in this group regarding assistive devices to carry out
activities (23): eating and drinking (feeding assistive devices);
personal care (washing, shaving, applying cosmetics); handling
objects (books, devices); mobility and access (opening doors);
general reaching and moving tasks. Manipulation systems
addressing aforementioned challenges can be either fixed or
wheelchair-mounted (24).

A ROLE FOR TELEROBOTICS

Within the wider field of healthcare, teleoperated medical
robotic systems have been successfully employed allowing
procedures such as surgeries, treatments, and diagnoses to be
conducted across distances, while utilizing wired and/or wireless
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communication networks. Recent developments in telerobotics
and their enabling technologies [robotic manipulation, video
streaming; (25), telecommunications] constitute nursing and
assistive robots more effective and widen their application
fields (26). Robotics hardware enhances telepresence to a more
natural and effective level through mobility and performance
of manipulation tasks in the remote environment. Telerobotics
solutions pertinent to nursing may facilitate the doctors’ virtual
visits scenario. Using an onboard adjustable camera, the user
may remotely drive the robot to locate a patient in the clinic
and/or provide a set of destination points to which the robot will
autonomously navigate. Bidirectional video conferencing then
allows the doctor to appear on the robot’s screen and engage in
a dialogue with the patient to assess his/her current clinical status
(telehealth). Real-time medical charts can further complement
and enhance this remote clinical assessment using a robot-
mounted device equipped with vital signs acquisition capabilities
and EHR connectivity, such as the ENDORSE concept discussed
in section Robots in Healthcare Environments: Endorse Concept
Case Study.

Telepresence robots supporting elderly persons at home may
facilitate social interaction, help the elderly to remain socially
engaged, and allow relatives to make virtual visits and experience
the feeling of close proximity. They also enable contact with
doctors and nurses to remotely monitor their health and provide
the required support. Compared to video calls, a telepresence
robot enhances interaction to a more natural level through the
mobility of the system. Enhanced capabilities for telerobotic
systems are possible through their inherent compatibility with IT
technologies, including internet-of-things (IoT), as for example
the IoT-enabled telerobotics application in home care proposed
in Zhou et al. (27). In (28), various telepresence robotic systems
are reviewed and three main areas of application of telerobotics
in elderly care become apparent, namely: telemedicine, remote
interactions with other people, and telehealth monitoring.

ROBOTS IN TIMES OF DISEASE
OUTBREAKS

In times of outbreaks of contagious diseases, healthcare workers
are in high risk for infection due to direct contact with patients.
This exposure can be minimized when robots undertake some
nursing duties (29). In that case, nursing robots play analogous
roles to emergency response robots deployed in contaminated
sites (e.g., following a nuclear plant accident). In either case,
robots become frontline actors preventing human exposure to
health hazards. Through the novel coronavirus crisis (COVID-
19) in 2020 has emerged a renewed interest in robotics solutions
as effective resources to combat a pandemic (30). Despite
the research and development in the fields of nursing and
service robotics, the robotics community was found unprepared
to drastically deploy effective solutions following COVID-19
pandemic. However, an upgraded role for nursing robots has
emerged regarding their potential to reduce personal physical
contact and exposure. Various robot applications have been
identified including autonomous robots deployed to disinfect

hospital wards using non-contact ultraviolet (UV) surface
disinfection methods, deliver medicine, food trays and medical
supplies, or handling of contaminated waste within a hospital.
An indirect benefit is that robots help reduce the usage (and
need for reuse) of personal protective equipment and also avoid
contamination during its removal.

When large-scale screening programs are implemented,
robots may contribute in the collection of samples, while limiting
physical contact and increasing the coverage of a study. Robotic
manipulation systems can then be employed in laboratory testing
by automating the processing of large sample quantities. For
diagnosis and screening purposes robots can also undertake
temperature measurements in public areas and ports of entry.

The previously mentioned roles envisioned for assistive
robotics (see sections Nursing Robots, Socially-Assistive Robots,
Physically-Assistive Robots, A Role for Telerobotics) also become
relevant toward addressing quarantine and social distancing
implications. Socially assistive robots may provide patients and
elderly with companionship and sustain social contact, while
physical visits are not possible. Also, robots may physically
support elderly/patients at home and facilitate health monitoring
when family, friends or caregivers become less available.
Rehabilitation therapies may continue without the physical
presence of a physiotherapist, and physical exercise sessions at
home or elderly care facilities can be carried out without an
instructor. On a different note, mobile robots can be used to
supervise social distancing rules in public areas, check usage
of protective equipment and provide reminders and alerts.
Furthermore, ground or aerial robotic vehicles can assist in
policing quarantine areas and border control operations.

Moreover, teleoperated robotic manipulation systems can
play a role in diagnosis and health monitoring without physical
presence of a medical expert. In particular, telesonography
robots [e.g., (31, 32)] can be used for pulmonary condition
examinations and prevent cross-contamination in suspected
patients. Recently, a telerobotic ultrasound system was
considered for cardiopulmonary assessment of COVID-19
patients, as presented in Zhou et al. (27).

ROBOTS IN HEALTHCARE
ENVIRONMENTS: ENDORSE CONCEPT
CASE STUDY

Despite the documented clinical value and commercial potential,
there is a limited market penetration of mobile robotic solutions
in hospital environments today. The latter is further amplified by
the fact that only a handful of solutions exist, which are purpose-
oriented and do not adequately scale to accommodate the wide
range and high demand of clinical services and logistics tasks
that would translate into wider adoption. Moreover, vendors
often overlook the importance and necessity of integrating their
solutions with existing healthcare systems, while robotic fleets
are vulnerable to cybersecurity attacks, and typically involve time
consuming and costly infrastructure setups (33–35). These areas
are currently attracting considerable research interest worldwide.
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FIGURE 1 | ENDORSE project proof-of-concept mobile robotic fleet [http://

www.endorse-project.eu/]. Robotnik’s RB-1 robot is used with different, easily

swappable, and mountable hardware modules. From left to right, a robotic

arm (Universitat Politecnica de Valencia, Spain), a carrier component for

logistic tasks (Robotnik, Spain), and an e-diagnostic module for vital signs

acquisition (StreamVision, France) and communication to a cloud-based

electronic health record (EHR) system (University of Cyprus, Cyprus).

The ENDORSE Concept
ENDORSE Concept is a European funded project aiming to
address afore-described technological challenges and broaden
the functional scope of mobile robotic solutions in indoor
healthcare settings (36) (Figure 1). More specifically, innovation
in ENDORSE is centered around the following four pillars:

(i) infrastructure-less indoor navigation of a mobile
robots fleet;

(ii) intelligent Human-Robot Interaction (HRI) toward
optimizing the seamless sharing of crowded spaces between
humans and robots;

(iii) integration of ENDORSE software modules with corporate
software solutions, complying with the latest EU regulations
on data security;

(iv) development of modular hardware mechanisms to
accommodate a diverse set of tasks and services by simply
swapping reconfigurable component modules.

ENDORSE functionality will be demonstrated via the integration
of an e-diagnostic support module for vital signs monitoring on
a fleet of mobile robots, facilitating connectivity to cloud-based
Electronic Health Records (EHR), and validated in an operational
hospital environment for realistic assessment.

Survey on Nursing and Assistive Robots
Within the context of the ENDORSE project, a questionnaire was
drafted aiming to capture end-users views upon different aspects
of the ENDORSE concept in particular and robotics solutions

in general. As such, the questionnaire was tailored with a focus
primarily on nurses and secondarily on healthcare professionals
and stakeholders, involved in the provision of clinical care in
healthcare indoor settings. The latter, was the result of three focus
groups that took place prior to finalizing the questionnaire. The
first two focus groups involved senior nurses and experiences
researchers, respectively, while the final one brought together
both groups. The questionnaire was primarily circulated amongst
the students and alumni of the Department of Nursing, Faculty
of Health Sciences, of the Cyprus University of Technology
(CUT) during September 2019. Secondarily, the questionnaire
study involved experienced researchers in the broader electronic
health and robotics areas. Here, it is important to highlight that
a second questionnaire is scheduled as a part of ENDORSE
research activities, aiming to capture the perceptions of patients.
A total of 115 responders participated in the survey, of which
more than 80% were nurses (16% of which were university
students), 15% researchers with academic experience, 75% were
aged between 18 and 34 years old, 75%were University graduates,
and approximately two-thirds were females.

The questionnaire consisted of the following sections: (i)
Demographics, (ii) Perceived behavioral control, (iii) Subjective
norm, (iv) Safety and privacy considerations, (v) Operational
perspective, and (vi) Management and financial perspective.
An explanatory section highlighting the ENDORSE project’s
objectives (see section The ENDORSE Concept) preceded the
survey questions, aiming to introduce the involved concepts to all
participants. A link to the project’s website and contact details for
additional information were further provided. In what follows,
key observations extracted from the analysis of 115 responses that
were collected are described.

A Perceived Behavioral Control
The opening section of the questionnaire consisted of 6 questions
and its primary goal was to capture the end-users perceived
behavioral control. A promising 72% of the participants, as
depicted in Figure 2A, considered themselves technologically
competent, while only 7 out of 115 participants (disagree: ∼6%)
considered themselves the opposite. Approximately 1/5 neither
agreed nor disagreed with being technologically competent and
familiar with technology. A very large percentage (∼65%),
received some form of robotic education/interaction during
his/her undergraduate and graduate studies. This percentage
aligns with the percentage of responders that stated being
technologically competent. The latter emphasizes and reiterates
the importance of bringing robotic education in university
courses, and especially in health sciences and not just in computer
science and engineering disciplines. Importantly, an impressive
∼61% were aware of the DaVinci surgical robot, also showing
the wide acceptance and penetration in clinical care this robotic
solution enjoys over the past decade. Moreover, an interesting
36.5%, ∼34, and 27%, were familiar with exoskeleton robotic
solutions, robots used for assisted living applications, and mobile
robots used for logistic applications, respectively. On the other
hand, approximately a fifth of the participants were not aware
of any of the listed robotic solutions. More than 80% expressed
their strong confidence in their ability to learn how to interact
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FIGURE 2 | (A,B) Perceived behavioral control.

and operate a mobile robot if one was to become a part of their
healthcare unit. A similar percentage of ∼73% strongly agreed
or agreed that they are confident in their ability to learn how
to guide their colleagues in operating mobile robots working
in indoor healthcare spaces. Only 8.6% disagreed while 18.3%
neither agreed nor disagreed. An elevated 23% (compared to
the previous two questions) neither agreed nor disagreed with
respect to the statement that they feel confident in guiding
patients on how to use and accept the use ofmobile robots in their
daily care routine. On the opposite end, ∼70% (strongly agree:
∼25%; agree: ∼45%) felt that learning how to guide patients
coexist with indoor mobile robots should not be a challenge,
as shown in Figure 2B. The last three questions do show a
trend, that between 20 and 30% of responders are somehow
skeptical with the idea of adopting a mobile robot in standard
clinical care, with the underlying cause being how to convince
patients or educate new colleagues in operating/interacting with
mobile robots.

Subjective Norm
The subjective norm section of the questionnaire (7 questions)
complements the perceived perspective, and was designed with
the dual objective of first, capturing how healthcare professionals
believe their colleagues would react in the adoption of mobile
robots operating in a healthcare environment, and second, what
they actually expect of that robot in practice.

An impressive 89.5% of the participants was enthusiastic of
adopting an ENDORSE-like solution in their workplace, should
this was linked to increasing the quality of the provided care, as
highlighted in Figure 3. Importantly, there was only one response
disagreeing on this particular question. However, in the following
question, the participants appear to hesitate on how this would
be received by their colleagues, with∼44% responding as neither
agreeing nor disagreeing in the statement that their broader
workplace sees the adoption of robotic solutions in indoor
healthcare environments in a positive angle. Approximately
10% were pessimistic (believe the opposite) while ∼46% were
indeed optimistic (agree with the statement). The same trend was
further documented in a follow-up question, trying to capture
one’s view with respect to their immediate colleagues. Again,

53% (against 44% in the previous question) selected a neutral
response, depicting that they do believe that adopting mobile
robots into daily healthcare routine and tasks is not a trivial
task.More than one third however responded positively (strongly
agree and agree: ∼38%) while only a minor percentage of ∼8%
disagreed. In a similar question, that was phrased a bit differently,
stating that colleagues would strongly resist the adoption of such
solutions, a ∼27% agreed (strongly agree: ∼9%; agree: ∼18%).
This was the highest documented response for a potentially
negative statement, showing that healthcare professionals do
not take for granted that their colleagues share the same
perceptions with respect to adopting a potentially transforming
robotic solution. Still, the highest percentage of ∼41% was
neutral while almost 3 out of 10 (∼29%) disagreed; being
convinced that no technology-oriented opposition would appear.
A great sign of solidarity was document in the next question,
where about two thirds or ∼68% responded that healthcare
professionals would help each other, with any matter that
should arise directly or indirectly, with the adoption of robotic
solutions (see Figure 3). The next two questions revealed two key
characteristics expected of robotic solutions that should be taken
into careful consideration during design and development to
facilitate user-acceptance.More specifically,∼76 and 85%, expect
from a mobile robot to respond promptly to its tasks and be
available 24/7, respectively (see Figure 4A). Only∼7 and 3.5% of
responders did not have these expectations (the remaining being
neutral), respectively.

Safety and Privacy Considerations
Six questions, addressing broader security (physical and cyber-
security) and privacy considerations composed the present
section of the questionnaire. The introductory question aimed
at assessing whether the end-users felt that the introduction
of mobile robots tasked with various operations that have so
far been undertaken by clinical personnel (e.g., nurses), can
potentially pose a threat to their occupation in the future. The
responses were balanced, with 35% acknowledging that the latter
scenario could become a reality, while 41% did not perceive
the abovementioned statement as a threat, as demonstrated
in Figure 4B. Approximately 24% gave a neutral response.
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FIGURE 3 | Subjective norm.

FIGURE 4 | (A) Subjective norm and (B) Safety and privacy considerations.

Here, it is important to highlight an observed trend that has
been evident throughout the questionnaire. Individuals that
strongly feel technologically competent have a more positive
predisposition and are typically less concerned with any negative
developments that might arise from robotic solutions in a
healthcare indoor setting. The opposite holds for individuals
that do not feel adequately secured from a technological
competencies angle.

The responses to the next question, whether such a
development could incur any security issues, deliberately phrased
in a high-level manner, were again balanced. The highest
percentage, or 43%, gave neutral responses, while ∼27 and 23%
responded positively and negatively, respectively (see Figure 5A).
Safer conclusions can be drawn from the next question, where
specific examples concerning physical, infrastructure, and robot
security were listed. More than half of the responders or ∼56%
considered the specific examples possible, which emphasizes
that a secure-by-design robotic fleet development is of primary

essence and a catalytic factor in user acceptance in a full-scale
deployment scenario.

With respect to privacy considerations, responses to the
general question if such a deployment could pose privacy
issues, positive responses were slightly elevated compared to the
corresponding question on security, as depicted in Figure 5A. In
particular, ∼38% believe that a privacy compromise is likely to
occur, with 36% giving a neutral response, and ∼27% (the same
as above) giving a negative response (i.e., do not believe that a
privacy breach is a true risk). Indeed, responses in the specific
examples in the following question were slightly elevated. In
fact, a ∼37% was concerned of a privacy compromise of his/her
personal data. Again, more than 4 out of 10 participants or∼43%
considered that all listed privacy concerns are possible.

Operational Perspective
The operational perspective section consisted of 6 questions
and provided significant insights with respect to the projected
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FIGURE 5 | (A) Safety and privacy considerations and (B) Operational perspective.

operational benefits of adopting an ENDORSE-like solution in
routine daily care. An impressing 83.5% expects that physical
burden will be significantly reduced, while 2/3 project that they
will save time from tasks that do not relate to their primary
mission of providing care, such as transfer of linens, food, waste,
and other. In fact, only one responded that mobile robots are not
suitable for such operations, demonstrating the physical and time
burden experienced by healthcare professionals attributed to
non-clinical tasks. Perhaps one of the most alerting responses of
this questionnaire is associated to the next question, highlighted
in Figure 5B, documenting the amount of time spent on non-
clinical tasks. An extraordinary 89% responded that non-clinical
tasks consumemore than 15% of their time, of which∼65%more
than 25%, ∼40% more than 35%, and 20% more than 45%. The
latter, is a key driving andmotivating factor for designing efficient
and effective robots that would assist healthcare professionals in
their clinical, but more importantly, in their non-clinical tasks,
allowing more time to be allocated for providing the appropriate
levels of clinical care. Importantly, ∼73% believe that patients
would welcome mobile robots undertaking the above-mentioned
non-clinical tasks.

Further extending their acceptance to clinical tasks, more
than half of the end-users participating in this survey, responded
positively to the 5 listed clinical operations suggested in the next
question. In fact, in 3 out of the 5 examples, the acceptance
rate climbed to two out of three participants. In line with
the aforementioned, 60% responded that they would trust a
mobile robot undertaking certain clinical tasks such as the
ones mentioned in this questionnaire (i.e., vital signs and
medical data capture, electronic health records connectivity
and medical data display, broader telemedicine and telehealth
services, etc.), with only 10.5% declaring the opposite. Moreover,
a noteworthy ∼69% believe that patients would welcome and
accept a robotic solution undertaking certain clinical tasks,
should the involved healthcare professionals allocated the time to
explain and convince them that such a development is for their
own benefit (see Figure 6). On the other hand, ∼31% replied
that their feeling is that patients would be skeptical about such
a scenario.

FIGURE 6 | Operational perspective.

Management and Financial Perspective
The key objective of these two sections is to document an initial
reaction of potential end-users concerning ENDORSE solution
incurred costs as well as associated healthcare expenditures
savings. While the questionnaire does not provide adequate data
for a fair expenditure estimation, the documented opinions are
nevertheless important for future reference. Moreover, a second
objective was to document potential barriers to adoption. The
first question indeed reveals the two most important barriers
to wide mobile robots deployment in indoor healthcare spaces
according to end-users. The first is the associated financial
burden, with more than 80%, showing that based on the provided
information, end-users expect ENDORSE solution to be costly.
The second, with ∼60%, is the patient acceptance, another key
factor that has to be taken into consideration, provided that
it is not technology-related. Other barriers that were ranked
relatively high included end-user acceptance (∼53%) and privacy
issues (∼52%).

Importantly, ∼89% of the participants, were not aware
of robotic solution like the one ENDORSE is proposing,
highlighting the innovation potential of the proposed solution.
However, for the financial part of this questionnaire, we opted
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to include only those who responded positively to the above
question, in an attempt to receive more realistic cost estimations.
Unfortunately, we only received 13 responses, of which ∼46%
anticipate the ENDORSE solution to cost between 100 and 200 k
and another 23% more than 200 k. The latter suggests that
robots are still considered an expensive technology and not a
commodity. In the last question, results were balanced, with half
of the responders believing that ENDORSE solution would save
<100 k annually, for a 3-story hospital with 100 beds, and the
other half more than a 100 k.

THE CHALLENGES AHEAD

Among the key challenges to successful implementations
of nursing and assistive robotics is the user acceptance.
Of relevance are the perceptions of patients/elderly as well
as nurses/caregivers. The role of geographical and cultural
differences may not be underestimated, as for example the case of
China that is discussed in (37). On behalf of the patients/elderly
there exists a natural concern that robot deployments at home
may replace personal contact and assistance, leading to a loss
of companionship and increased isolation. Robots also have the
ability to learn and process personal information, which is in
effect a privacy violation. The presence of robotic systems at
home creates the feeling of being under continuous surveillance.
Interestingly, from a different perspective, robotic technologies
may in fact increase the level of privacy by avoiding the need for
human assistance for tasks which are perceived as private. From
a psychological perspective, a prominent non-physical risk is the
attachment to the robot and deception about its abilities.

Many nursing professionals are accustomed to emerging
technologies impacting their work and daily duties. Relevant
robotics content is slowly becoming part of nursing education
(38). However, an innate concern that the introduction of
robotics is likely to threaten their job security may become an
obstacle to the adoption of nursing robotic solutions. Along user
acceptance, technological challenges pertinent to the robotics
technology itself remain to be addressed. For mobile robots
operating within crowded, dynamic spaces (e.g., a hospital or a
house setup) (36), standard sensing, localization and navigation
techniques as applied in structured environments (e.g., a
production facility) are not readily applicable. Likewise, safety
concepts applied to manipulation systems, which have been well-
established in industrial setups, also need to be reconsidered. The
ENDORSE concept has been contributing toward that direction.
Specifications for nursing robots should include sterilizability so
that the robot is prevented from becoming a contamination agent
itself; this is particularly important in robot deployments during
contagious disease outbreaks. Pertinent to communications and
integration of cloud technologies, a potential safety risk related
to robotic nursing is the possibility of unauthorized access to
healthcare databases and sensitive private information; hence,
data security technologies become relevant.

The success of nursing and elderly-care robots requires the
safe and effective interaction between human and machine,
which is a topic for human factors engineering. For elderly-care

purposes, interfaces for human-robot interaction should be
usable and appealing to older generations, also considering their
relatively limited exposure to modern ICT applications. In that
respect, personalization can be used, which is an advantage
inherent in programmable robots. For an effective human factors
design, a requirement is the sound understanding of the user
characteristics, possibly associated to diseases, accidents, aging,
and birth defects. Specific to elderly populations there exist three
principal categories of disabilities (39): (1) Physical impairments,
including motor limitations, limit an individual’s ability to reach
and manipulate controls. (2) Perceptual impairments (sensory
limitations) impair an individual’s ability to receive information
and feedback. (3) Cognitive limitations impair an individual’s
ability to process information.

The appearance and aesthetics of physically and socially-
assistive robots is in general considered important to users
(23). Appearances may take different forms including machine-
like, humanoid, and software agents with human faces. In the
bibliography it has been widely recognized that a robot’s physical
appearance leads to social expectations; a human appearancemay
lead to unrealistic expectations beyond the actual capabilities
of the robot (40). Regarding motion systems, the majority of
mobile robots are wheeled, given the advantage of lessmechanical
and control complexity. Despite their complexity, a main
advantage of legged/anthropomorphic robots is their readiness
to operate in environments and use tools originally designed
for humans.

To fulfill their duties both nursing and assistive robots
require some degree of autonomy, but is important that high-
level control remains in the hands of the user. Widening the
use of autonomous robotic technologies will require a legal as
well as ethical framework to provide a foundation for further

TABLE 1 | Design requirements summary using the “Design for X” framework.

Life-cycle

phase

X design parameter

Development • Simplicity

• Safety

• Reliability

• Quality

• Modularity

• Reprogrammability

• Interchangeability

• Expandability

• Upgradability

• Integrability

• Standards/

Regulations

• Price

Production/

Manufacturing

• Manufacturability

• Assembly

• Testing

• Integration

• Cost

• Materials

Use • Usability

• Human Factors

• Ergonomics

• Error-Resistance

• Aesthetics

• User-

Friendliness

• Customizability

• Personalization

• Clinical Relevance

• Multi-Use

• Autonomy

• Energy

Autonomy

• Mobility and

Speed

• Maneuverability

• Manipulability

• Stability

• Energy-

Efficiency

• Cost Effectiveness

• Load Capacity

• Sterilizability

• Maintainability

• Serviceability

• Physical Safety

• Logistics

• Cyber-Security

• User Privacy

• Ethics

Disposal • Recyclability • Reusability • Sustainability

The relevant X design parameters are grouped according to the life-cycle phase relevance.
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developments. Among the unresolved issues is the attribution of
civil and criminal liability should an autonomous robot produce
damages (41, 42). The technological nature of nursing and care
robots makes this issue rather complex.

Throughout the present study several key challenges pertinent
to the introduction and use of nursing and assistive robotics
have been identified and discussed, which eventually translate
into corresponding design requirements. Informed design will
constitute new robotic solutions more usable and effective, while
facilitating acceptance by end-users. Toward that direction, the
“design for X” (design for excellence) concept becomes relevant
and it allows here to effectively summarize key requirements;
the X variable is associated to different attributes of the
system (e.g., safety) (43, 44). The identified design parameters
are collected in Table 1. This design framework spans the
whole life-cycle of nursing and assistive robots (the study
outcomes provide input pertinent to the development and use
phases). Noticeably, the requirements relevant to the use phase
outnumber the requirements associated to the other life-cycle
phases, which are mostly engineering and technological in
nature. It is also pointed out that the compiled list of use phase
requirements relates to the perspective of all stakeholders (nurses,
patients, management).

CONCLUSIONS

Robots are currently impacting many aspects of our lives and
their applications extend beyond their traditional applications in
production. Nursing and assistive robotics are categorized within
the broader scope of service robotics—the non-industrial uses of
robots. In that context, autonomous and/or tele-operated robots,
when employed in healthcare, can improve efficiency without
compromising quality of care while reducing expenditures. Their
mission further extends to elderly-care supporting the aging-in-
place concept. Recently, an upgraded role for nursing robotics
has emerged as effective means to combat outbreaks of infectious
diseases. From a technical standpoint the involved technologies
aremature. Yielding productive solutions necessitates integration
of robotic components (mobile robots, manipulation systems,
end-effectors, etc.) together with other enabling technologies
(vision and image processing, video streaming, security, etc.).
Toward this direction, robotic systems are inherently compatible
and can be integrated with other contemporary technologies (i.e.,
internet-of-things, electronic health, etc.) to effectively increase
their capabilities and clinical practice adoption.

Despite the potential of nursing and assistive robots there
exist challenges that remain to be addressed prior to effective
robot deployments of scale. Among key technological challenges,
one can identify robot autonomy, indoor navigation and safe
operation in healthcare settings. These areas are subject to further
fundamental and applied scientific research. Inevitably, beyond
the technological challenges, the perceptions and concerns of
end-users toward these technologies will play a decisive role in
future developments. The latter was the topic of the questionnaire
study presented herein consolidating the nursing professionals’
perspective on such pressing aspects as summarized next.

Interestingly, the majority of participants consider themselves
technologically competent, confident with the idea of operating
robots and interacting with them, as well as learning how to
provide the required guidance to their colleagues and patients.
Hence, it is no surprise that the same pool of responders appeared
enthusiastic about adopting robotic solutions in their workplace.
The latter, is rooted in the established expectations that robots
will possess the ability to operate continuously throughout
the day while promptly responding to the assigned tasks. In
particular, nursing professionals anticipate that the adoption of
robots in healthcare spaces will eventually alleviate the physical
burden they currently experience that is attributed to non-
clinical tasks, allowing them to concentrate on their primary
clinical duties. Results highlighted that a considerable amount of
time is actually consumed on often tedious, non-clinical tasks,
such as logistics, transfers of linens, food and waste. In that
context, the prevailing feeling among nursing professionals was
that patients themselves would also be supportive of such robot
implementations. Favorable responses were further recorded
with respect to the acceptance of robots in reliably performing
clinical tasks (e.g., capture of vital signs). The majority or
responders believe that patients would react positively to the
idea of robots undertaking clinical tasks, as long as healthcare
professionals appropriately introduce the process.

In the opposite end, skepticism was indeed expressed by a
certain percentage regarding the adoption of robots in clinical
care due to the difficulties in convincing patients and educating
new colleagues. The latter can be associated with the fact that
responders did not have a clear view of whether their colleagues
would indeed support such a transformative change. A significant
concern that cannot be overlooked, although not being the
prevalent impression, involves the scenario where robotic
solutions pose a job security threat in the future. Toward this
direction, primary user-acceptance concerns extend over security
and privacy. Particular concerns have emerged with respect to
both physical safety and cyber security. It is vital that these issues
are thoroughly addressed via a secure-by-design approach (45–
49). Likewise, concerns surfaced regarding the potential privacy
compromises emanating from the presence of the robots and
the corresponding sensitive data processing. To overcome these
justified apprehensions, a clear and unambiguous regulatory
framework overseeing nursing robot operations should be jointly
developed by all involved stakeholders in collaboration with
national authorities.

A key aspect affecting wider adoption in clinical practice
involves the management and financial perspective. Demand
exists for safe, reliable and cost-effective solutions, facilitating
fast deployment and integration to existing IT infrastructure.
However, the present robotic landscape market does not yet
meet these expectations. As a result, there is a need for
technological breakthroughs such as the ones pursued by the
ENDORSE project that will remove existing financial barriers
toward the large-scale adoption of nursing robots in healthcare
environments. The realization of such advancements will in turn
trigger the documented clinical and non-clinical benefits and
effectively materialize reduction of healthcare expenditures in the
near future.
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The current review shows the potential that exists for
nursing and assistive robotics, which was documented through
the survey results. Clearly, challenges to be addressed extend
beyond the technological and clinical issues to user acceptance.
Despite an overall positive attitude that was recorded toward the
introduction of robotics technologies some skepticism was also
evident. Adequately addressing these concerns will be important
for their future and informed robot design becomes critical
toward that direction.

To promote the use of these technologies there exist three
axes for targeted action, directed toward the end-users. Firstly,
nursing and assistive robotics can become part of the nursing
professionals’ education, familiarizing and allowing them to
effectively utilize these tools but also appropriately present them
to patients and older adults. It is important that the capabilities
of the robots are clarified and their role is transparent to the
users. The second direction is to ensure direct involvement of
all stakeholders in the product development stage, with patients’
associations engaged in a leading role. Beyond the desirable effect
on user acceptance it will eventually result to more efficient
clinically-oriented solutions. Finally, wider adoption of nursing

and assistive robotics will depend on successful implementations
and demonstrations in clinical practice, while keeping in mind
that evaluation will be on the basis of healthcare quality and
cost effectiveness.
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