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Abstract: Robotic systems are increasingly being used in healthcare. These systems improve patient
care both by freeing healthcare professionals from repetitive tasks and by assisting them with complex
procedures. This analysis examines the development and implementation of the use of robotic systems
in healthcare. It also examines the application of artificial intelligence (AI), which focuses on the
autonomy of robotic systems, enabling them to perform tasks autonomously. It describes the main
areas of use of robots in hospitals, gives examples of the main commercial or research robots, and
analyzes the main practical and safety issues associated with the use of these systems. Using the
main databases, including PubMed, IEEE Xplore, MDP]I, ScienceDirect, ACM Digital Library, BioMed
Central, Springer, and others, an extensive search for papers related to the topic was conducted.
This resulted in 59 papers being identified as eligible for this review. The article concludes with a
discussion of future research areas that will ensure the effective integration of autonomous robotic
systems in healthcare.
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1. Introduction

The advent of robotic technology, including automated vehicles and factory assistants,
is transforming a wide range of industries. It is estimated that around 20% of the world’s
population is affected by health problems. The adoption of robotic solutions could help
bridge the healthcare gap [1]. Human-robot collaboration in healthcare offers promising
solutions to the current challenges facing the medical profession. Robots save time and
effort for medical teams, increasing efficiency and availability for patients, especially in
repetitive tasks.

In this paper, we explore the use of commercially available robots and new research
robot projects for the hospital domain. We focus on the main areas where autonomous
robotic systems can improve the accuracy, precision, and safety of healthcare activities. In
areas such as surgery, transport, and disinfection, there have already been major efforts
to produce commercial robots that are already in use in some hospitals. We also address
the role that socially assistive robots will have in various therapies where human-robot
interaction (HRI) plays a very important role. A good example of a social care robot
is PARO, developed by AIST in Japan, which is used in affective therapy sessions [2].
Studies on dementia patients’ perception of PARO in the hospital setting suggests potential
benefits [3].

The structure of this paper is as follows. Section 2 provides an overview of the
methodology used to review the literature and academic studies. Section 3 provides an
in-depth examination of the integration of robots, robotic systems, and Al applications in
healthcare. It also examines the different areas of healthcare where robots are used, the
benefits of automation in hospitals, the infrastructure required for robot functionality in
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each medical facility, and the challenges and implications associated with robots, robotic
systems, Al applications, and related emerging technologies.

Section 4 considers the use of robots and robotic systems in hospital settings, examin-
ing the main categories of robots and robotic systems and their applications with illustrative
examples. Further, an analysis of the technical specifications, advantages, and disadvan-
tages is also provided. Section 5 considers the potential impact of robots, robotic systems,
and Al applications on the future of hospitals. Finally, Section 6 presents a summary of the
discussion presented in this article.

2. Methodology for the Literature Review

Given the inherent limitations of the healthcare domain, we endeavored to assess the
quality of each potential source by applying methodological rigor to its contribution to the
field. To ensure that only impactful and high-quality studies were included in our review,
we employed a rigorous process of study selection.

In this review article, we use the following methodology for our research:

e Initial search: An extensive search of prominent databases was conducted, including
PubMed, IEEE Xplore, MDPI, ScienceDirect, ACM Digital Library, BioMed Central,
Springer, and others.

o  The search was divided into three phases. First, based on their titles, we searched
databases for papers related to “robotics”, “healthcare”, and “hospital”. This gave
a general summary of the volume of research conducted in this area. The records
screened equaled n = 936. We then restricted our search.

e Inclusion criteria: The research papers selected were those most relevant to the central
themes of this article, namely, (1) the application of robotics in the hospital domain and
(2) future prospects for the use of robotics in healthcare and emerging technologies in
the context of improving healthcare quality. All the other papers were excluded.

To ensure that the information was up to date, articles published from 2015 onwards
were prioritized. The following papers were excluded from the review on the grounds of
not meeting the inclusion criteria.

Papers that did not address the application of robotics in the hospital domain: records
screened (n = 349), reports not retrieved (n = 290).

Papers that were not related to future prospects for the use of robotics in healthcare
and emerging technologies in the context of improving healthcare quality: records screened
(n =120), reports not retrieved (n = 64); 11 duplicated articles were excluded.

Cross-referencing was employed to ensure the inclusion of only the most relevant
studies. To expand the scope of our literature review, we also examined the references of the
articles analyzed, as well as those of the selected articles, to identify any additional relevant
contributions that could enhance the value of our work. The articles included ensure a
mix of theoretical research, practical case studies, and academic analyses, providing a
comprehensive perspective on the topic (Table 1).

Table 1. Indications of the number of articles from the databases consulted and those that were
included in the list of references.

Databases Found Documents Documents Excluded Selected Papers
PubMed 71 51 20
IEEE Xplore 86 74 12
MDPI 49 42 7
ScienceDirect 19 14 5
ACM Digital Library 8 5 3
BioMed Central 5 3 2
Springer 26 24 2
Others 85 77 8

Total 349 290 59
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3. Robotics in Healthcare: An Overview
3.1. The Impact of Robotics in Healthcare

The rapid adoption of robotics in response to the global COVID-19 pandemic has
highlighted the potential of this technology to reshape many sectors. Robotics is transform-
ing not only surgery and rehabilitation but also emerging fields like telepresence, remote
monitoring [3], and personal care tasks [4]. For instance, robots are being utilized in areas
not directly connected to clinical practice, such as transporting medications and medical
supplies. These autonomous robots can navigate corridors and deliver critical items like
medications, biological samples, and medical equipment quickly and accurately [5].

The integration of robots into healthcare teams addresses two significant challenges:
the need to care for an aging population and the shortage of qualified healthcare profes-
sionals. Moreover, it provides personalized care for diverse needs. The integration of
research and industry is a crucial aspect of healthcare. The development and implemen-
tation of robotic technologies have the potential to significantly transform the delivery of
care, improving both its efficiency and quality [6]. In addition to the technical challenges of
implementing robotic solutions, their integration in healthcare requires an in-depth study
of the ethical, legal, and social implications.

In the European framework of rights and values, Leenes et al., 2017 [7], address
the regulation of emerging robotic technologies by highlighting several key legal and
ethical issues [7,8]. In response to these major challenges, the RoboLaw project proposed
“Guidelines on Regulating Robotics”, which address the regulation of emerging robotic
technologies in Europe with respect to the law and ethics [8]. These Guidelines are the
result of a collaborative project at the European Commission level, which aimed to explore
the ethical, legal, and social implications of the growing use of robots across various sectors
of society. In the context of robots operating in hospitals, a set of EU-based health and safety
requirements have been defined. Specific regulations have been developed such as the ISO
10218 [9], is a standard defined for robots and robotic devices, Part 1 specifies the safety
requirements for industrial robots, while Part 2 specifies the safety requirements for robot
systems and integration. Developed by Technical Committee ISO/TC 184, Automation
systems and integration, Subcommittee SC 2, in 2011. Which assesses safety risks based on
the training level of users interacting with these robotic systems, ensuring safety through
control mechanisms like safety inspections and validations, protective measures such as
emergency stop buttons, etc. [7,8].

3.2. Applications Across Medical Fields

Hospitals can implement various types of robotic systems to improve efficiency and
reduce the risk of human error [1]. Robotic systems are integrated assemblies that include
one or more robots together with the control systems, software, and infrastructure required
for their operation. These systems are designed to perform complex tasks that require
precision and repetitiveness, often replacing or complementing human labor in areas such
as surgery, rehabilitation, and hospital logistics [10,11]. Robotics has a wide range of
applications in the medical field:

1.  Telepresence and Remote Monitoring: robots can be employed to facilitate remote
medical consultations, patient monitoring, and remote assistance in cases of limited
accessibility or emergencies [3];

2. Transportation: robotic systems are used for the autonomous delivery of medicines,
biological samples, and medical supplies within hospitals, thus optimizing logistics
and reducing human error [5];

3. Medical Training and Simulation: Robotic simulators are employed to educate medical
trainees and healthcare professionals in surgical and diagnostic procedures, providing
practical experience in a controlled environment [12].

The examples of robot applications in hospitals show that robots are increasingly
being adopted in this context and that there is also a growth in both robotic and emerg-
ing technology that can enhance care efficiency and quality [13]. Although most of the
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investment in robotic research, development, and the production of robots focuses on
surgery and rehabilitation, it is necessary to emphasize less explored areas such as cleaning
and disinfection in hospitals [1], medical training and simulation, medical diagnosis and
imaging, operating theatre assistance, and more. In addition, it is necessary to improve the
adaptability of robots in various hospitals contexts, allowing them to operate efficiently in
different settings. Improving HRI by developing dynamic algorithms and models that en-
able evaluation in real-world settings, such as crowded hospital corridors, is crucial [14,15].
Furthermore, it is necessary to expand the capabilities of robotic systems, such as increasing
the accommodation capacity, specifically in rehabilitation systems, and making them more
adapted to the needs of patients [15]. This development highlights the need for innovative
and robust solutions that can support different medical contexts [1,14,16].

3.3. Revolutionizing Hospitals

In the future, robotics will play an important role in the digital transformation of
healthcare, and integration will become more profound [17]. Collaboration between hu-
mans and robots will be part of everyday work in a hospital, i.e., robots will take part in all
tasks and procedures in a hospital context, including cleaning and disinfection, transporting
supplies and patients, surgical procedures, etc. [18-20]. The implementation of novel tech-
nologies, including robotics and Al applications, has led to a notable improvement in the
safety of surgical procedures and a reduction in the length of hospital stays. Autonomous
robotic systems (ARSs) are instrumental in hospital logistics, facilitating the management
and delivery of supplies. An example of automation and enhanced operational efficacy is
the TUG autonomous mobile robot, developed by Aethon. This system, which is already in
operational use, facilitates the transport and logistics of materials in hospitals. For example,
it is used at St. Olav’s Hospital in Trondheim, Norway, where AGVs autonomously trans-
port medicines, samples, supplies, and bed linens. This increases efficiency and reduces the
probability of errors [21-23].

An example of the implementation of automated processes and improved operational
efficiency in hospitals is the use of the BirthSIM birth simulator, developed by Laerdal
Medical, which is now in operation at University Hospital in San Antonio, Texas, to
simulate uterine contractions and the mother’s voluntary efforts [12]. A further illustration
of the benefits of automation and enhanced operational efficiency and quality of care is
the deployment of telepresence robots in hospitals. A notable example is the University
Hospital in Nancy, France, where the UBBO telepresence robot, AXYN, is remotely operated
by the family from a distance and provides the virtual presence of the family within the
isolation room of a patient infected with the SARS-CoV-2 virus at the operational stage [23].

4. Robotic Systems in Hospitals Settings
4.1. Surgical Robots

Robotic surgery is a significant application of robotics in the field of medicine. Robotic
systems are used to assist in surgical procedures, including minimally invasive surgery [24].
These systems have been developed to overcome the limitations of traditional surgical
methods. Robotic-assisted surgery (RAS) technologies, such as the da Vinci Surgical System,
have rapidly evolved in recent years. They aim to improve surgical precision, dexterity,
and access to minimally invasive procedures [25].

Although autonomous surgery presents ethical, legal, and liability issues, it offers
potential benefits, such as increased precision and a reduced risk of human error [26].
Examples of the current state of autonomous robotic surgery and its future potential
include the following;:

e  STAR (Smart Tissue Autonomous Robot), a vision-guided robotic system featuring
a powered laparoscopic suturing tool, is currently in the experimental phase. It can
perform continuous sutures from image-based commands. The interface supports two
modes; manual mode allows the user to specify each stitch’s position, and automatic
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mode enables automatic calculation of each stitch with equal spacing based on the
incision “s contour [27].

The Da Vinci robot with partial automation, although still controlled by humans, is
currently in an initial implementation phase. This system allows for the automation
of surgical subtasks, leading to the partial automation of certain elements of surgical
procedures. This partial automation of certain elements of the surgical procedure
enhances safety and precision. The automation process employs Al applications to
improve surgical accuracy and targeting [28].

Robots for ophthalmic surgery such as Preceyes Surgical System, an intraocular robotic
surgery system specifically for delicate retinal procedures, are currently in a clinical
trials phase. Partial automation, such as pre-programmed movements by the surgeon,
allows for more controlled and safer surgical procedures with less risk of human

error [29].

4.2. Dentistry Robot Systems

Table 2 provides a comprehensive overview of the dental robots used in hospital
settings, comparing them in terms of characteristics, advantages and disadvantages, and
stage of development. This comparison includes various robots, like YOMI, Yakebot, and
SDI, highlighting their unique features and their impact on patient care [30,31].

Table 2. Summary table of key dentistry robots in hospital settings.

YOMI—Dental Implant Robotic

Yakebot—Dental Implant

Smart Dental Implant (SDI)

Robot System System [30] Robotic System [31] Robot System [32]
Used to aid dental implantation Used fo.r dental implants powered
. . . by continuous human oral
. surgery in both the planning Used to perform dental implant .
Description . movement and as a modality of
and surgical phases surgery (cost ~ EUR 183 k) [31]. . hoto-bi dulati
(cost ~ EUR 2.8 M) [30] outpatient photo-biomodulation
’ ' therapy (PBM) [32].
.. . Research and development
Stage Research stage [30]. Clinical trial stage [31]. stage [32].
Enables the' acquisition of It allows light to be supplied in
. . . intraoperative feedback . o .
Provides physical guidance of the . . . . . situ, which is made possible by
h . s information (including tactile and . g
depth, orientation and position of . . - ; collecting energy from dynamic
. 1 visual information), different .
the drill, thus avoiding the . . human oral movements (chewing
Features . surgical methods (automatic . .
customized manufacture of 2 s and brushing) through a designed
- . - drilling and manual drilling), . .
surgical guides and the deviation L2 - piezoelectric dental crown, an
, monitoring the position of the . .
of the operator’s hand. . . . associated circuit, and
patient, and simulating the I s . .
, . . ight-emitting microdiodes (LEDs).
surgeons’ tactile sensations.
It can perform dental implant It provides a high degree of
The navigation system provides surgery under general anesthesia; spatial and temporal control of
high predictability and precision it can also be performed under light emission and adequate
Advantages in the preparation of dental local anesthesia, with patients mechanical strength like a dental
implant osteotomies using awake but unable to remain crown. It integrates an energy
vibrational feedback. completely still throughout management circuit that allows
the procedure. energy to be collected.
The current method of applying
light, such as using an LED probe
or optical fiber, usually requires
Disadvantages Relatively expensive and works Complex operation and sharp high power or a qualified doctor

under supervision [30].

learning curve [31].

to establish the interface between
the junctional epithelium and the
tissue adjacent to the implant
abutment [32].
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4.3. Rehabilitation Robots

Rehabilitation robots are specially designed machines that help people with physical
disabilities during their recovery process. These robots are particularly beneficial for
individuals dealing with conditions like stroke, multiple sclerosis (MS), traumatic brain
injury (TBI), spinal cord injuries (SCls), and Spina bifida (SB) [33-36].

In the case of spinal cord injuries, where individuals may face challenges with upper
and lower body movements, rehabilitation robots address specific needs. Lower limb
rehabilitation robots target leg movements, helping with walking and balance, while upper
limb robots focus on arm and hand rehabilitation, helping with tasks such as reaching and
grasping objects [36]. Overall, rehabilitation robots play a crucial role in individualizing
recovery programs designed by physiotherapists. By targeting specific areas of impairment,
these robots can play an important role in aiding patients in regaining their natural motor
skills and promoting overall well-being [37].

4.4. Telepresence Robots

The advent of telepresence systems has brought to the fore several challenges currently
being faced by healthcare systems and medical personnel across the globe. In this context,
robotic-assisted tele diagnosis has emerged as a potential solution, allowing specialist
doctors to examine patients remotely [38,39]. The telepresence may be a viable alternative
to address the increased demand for healthcare in the elderly population [39]. Table 3 gives
a more comprehensive overview of telepresence robots, including examples of practical
use, advantages and disadvantages, and the stage of development associated with each
telepresence robot system. This can help readers to better understand the clinical and
practical implications of these robotic systems in healthcare [23,38].

Table 3. Summary table of key telepresence robot systems in hospital settings.

Double—Autonomous Two-Wheel

Giraff—Mobile Telepresence

R m . . BBO—Telepresence R 2
obot Syste Video Conferencing Robot [38] UBBO—Telepresence Robot [23] Robot [40]
Controlled by the family from a .
. Y v Used to host remote consultation
Used to make remote consultations  remote location and provides a . .
e . - L . - and connect with family when
Description with patients in different areas of virtual presence for the family of .
. L - patient cannot leave the room
the hospital (cost ~ EUR 41 k) [38].  those in isolation rooms (cost ~ EUR 11 K) [40]
(cost =~ EUR 5 k) [23]. ’
Stage Operational stage [38]. Operational stage [23]. Operational stage [40].
. o Enables remote control to remote  Prioritizes social
Map to target location. Avoiding . . .
Features S location. Ensures safety and connection—assistance for elderly
obstacles. Autonomous navigation. . S . e :
privacy via daily activity report. individuals who live alone.
- - Autonomous navigation, moving  Facilitates communication and
Facilitates remote communication . . .
. without pre-mapped social contact for isolated
and collaboration between teams. . . e e
. . environments. Follows physical individuals or those with limited
Advantages Allows for more interaction . . - a1
. participants. Adjusts height to mobility. Offers a remote
between patients and : . . . .
. interact with people of assistance solution for caregivers
healthcare professionals. . . -
different heights. and family members.
Need technical expertise to e e .
T Accessibility limitations in certain
Possible limitations in battery operate them. Dependency on . .
. . . environments or physical spaces.
Disadvantages autonomy. Dependency on stable stable and high-speed internet

internet connection.

connection. Cannot perform some
tasks that require human touch.

Possible technical challenges for
less experienced users.

Telepresence robots may be a viable solution, as some systems can perform simple
tasks such as taking patients’ vital signs, which could ease the workload of healthcare
professionals and carers. There are already several telepresence robotic systems on the
operational stage in the market today, including commercial products such as Double Robot,
UBBO, and Giraff (Table 3), based on social robotic telepresence functionality [40,41].



Appl. Syst. Innov. 2024, 7, 125

7 of 14

4.5. Transportation and Logistics Robots

In the hospital environment, the problem of transport and logistics, in general, relates
to the efficient movement of goods and resources such as medical supplies, equipment,
laboratory samples, non-medical materials, and patients. This challenge is critical in the
sense that any delay or error in the delivery of these items can have serious consequences
for the treatment and, consequently, the recovery of patients [42,43]. The use of transport
and logistics robots in hospitals, particularly for tasks such as the autonomous movement
of goods, has shown significant success. These robots, known as AGVs, not only increase
operational efficiency, but also open new possibilities for HRI thanks to their design to
promote autonomy and accessibility [42].

The main features of hospital transport robots include load capacity, operational
autonomy, precision in navigating hospital corridors, and integration with hospital systems
for managing materials and supplies. The ability to operate in complex, high-demand
environments such as hospitals is an important differentiator for these robots. Among the
advantages of these robots are the ability to operate continuously, without the need for
breaks, the precision and consistency of delivery of sensitive materials, and the reduced
risk of contamination and cross-infection since they minimize human contact. They can
also free operators from repetitive tasks so that they can focus solely on direct patient
care [43,44]. However, there are also disadvantages to be considered, such as the high initial
cost of implementation, the need for specialized training, and the adaptation of hospital
infrastructures to accommodate the new technology.

Table 4 provides a comprehensive overview of the robots employed in logistics and
transport systems [22,44,45].

Table 4. Related logistics and transport system robots.

Omron Self-Navigating

TUG Intelligent Autonomous

Robotnik RB1—Versatile

Robot System Autonomous Mobile [46] Mobile Robot [22] Autonomous Mobile
Platform [44]
. . . Used in hospitals to optimize Used for delivering medications,
Used in hospitals to optimize ) R ) . .
. R . internal logistics, improve transporting medical equipment,
internal logistics and improve the . . . . .
. . . . operational efficiency, and ensure  and removing waste in hospitals.
Description efficiency of delivery of supplies, L . X e o
. . a safe and hygienic environment  This versatility makes it suitable
equipment, and other essential . .
materials (cost ~ EUR 40 k) [46] for patients and staff for a wide range of tasks
" (cost ~ EUR 13 k) [22]. (cost =~ EUR 44 k) [44].
Stage Operational stage [46]. Operational stage [22]. Operational stage [44].
Versatile autonomous mobile
Dynamically move materials in Automatic docking and loading, plat.form th.at can be adz.apted to
. . . ) various logistical tasks in a
challenging environments: the automatic delivery, removal of . .
- hospital environment, such as
robot can navigate through trolleys. These features allow the Lo .
Features ) delivering medicines,
complex hospital layouts and TUG to operate autonomously, ; .
. . . transporting equipment and
adapt to changing environments  reducing the need for . .
. : . ¢ . materials, collecting waste and
without manual intervention. human intervention. .
laundry, general logistical
support, etc.
. . Modular design allows for easy
Does not require any Does not require any : .
e . . o adaptation to different
modifications: it can be infrastructure for navigation: can :
S . . .. a0, environments and tasks: can be
Advantages deployed in existing hospital navigate using its built-in sensors, . cr
. . . o . - customized with different
infrastructure without needing making it easy to implement in .
. . . modules to handle various tasks,
significant changes. various environments. . .
making it highly versatile.
Integration with other robotic
The robot system can only . - .
systems can be complex, o May require specialized training
. . o . transport some specific carts, and . :
Disadvantages potentially limiting its use in for operation and maintenance;

more advanced automated
multi-robot setups.

is not compatible with all types of
hospital trolleys.

initial setup costs.
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4.6. Cleaning and Disinfection Robots

Hospitals are places where infection prevention is of paramount importance, as the
presence of pathogens can lead to nosocomial infections (hospital-acquired infections),
which represent a significant risk to patient health. The problem of cleaning and disinfection
in hospital environments is complex and multifaceted, requiring an integrated approach
that combines strict protocols and ongoing training [47,48]. There are many ultraviolet (UV)
germicidal systems available that incorporate specific technological advances. However,
the effectiveness and operational status of traditional UV germicidal irradiation (UVGI)
systems and robots require continuous improvement, which includes improved UV-C
efficiency, better coverage and penetration, automation and mobility, and the incorporation
of security features [49].

These robots are widely used in hospital environments for disinfection according to
standard procedures and play a crucial role in reducing nosocomial infections [49]. Due
to the risks associated with exposure to UV light, it is essential to optimize these robots
to ensure safety in areas occupied by patients and healthcare professionals. Although
safe operation in the presence of humans requires guaranteeing the secure operation of
UVGI robots in areas where patients and healthcare professionals are present, several
measures are being implemented with the aim of optimizing the design and functionality of
these devices. These include the incorporation of advanced safety mechanisms, including
zones of inhibitions, scheduling Incidence analysis, implementation of a personal behavior
monitoring system and alerts, and the development of enhanced UV-C control technolo-
gies [49]. The use of UVGls is expected to increase significantly in the post-pandemic era.
Remarkable advances have been made to improve the design and use of UVGI systems
and robots in hospital and healthcare environments. These advances ensure effective
and safe disinfection through technological improvements such as safety mechanisms,

‘contactless’ disinfection methods, and operational improvements such as Bluetooth and

wireless communication. In addition, the possibility of incorporating UVC sensor modules
for human-robot co-localization during the UVGI process has been studied, which could
lead to the advancement of adjacent UVC sensors to reduce reflections and background
radiation [50].

This growth will require more advanced designs for effective and safe disinfection,
making hospital environments healthier and more resistant to pathogens [49].

Cleaning and disinfection robots have become essential tools for maintaining safe
and sanitized hospital environments, especially in the post-pandemic era, where efficient
disinfection is vital for preventing nosocomial infections [49-51]. Table 5 provides a com-
prehensive overview of the robots used in cleaning and disinfection systems, comparing
them in terms of characteristics, advantages and disadvantages, and stage of development.

Table 5. Related cleaning and disinfection robot systems.

Xenex Lightstrike High-Intensity

Tru-D—Portable UVC

Sterilray—Autonomous

Robot System E})e}?:tlagg]a nd Disinfection Disinfection System [50] Disinfection Vehicle [51]
High-intensity cleaning and Used mainly for terminal giﬁ%ﬁﬁ?& _Tezfzraezg such as
disinfection robot used to disinfection of bedrooms of corridors and commonl areas

Description disinfect patient rooms, surgical ~ patients after discharge or before where vou can operate it !
areas, and other critical zones the admission of new patients au tono}r]nously ch' continuous
(cost =~ EUR 12 k) [51]. (cost =~ EUR 12 k) [52]. disinfection [53].

Stage Operational stage [49]. Operational stage [50]. Research stage [53].
oty 0 mtesrapt the device | Sensor360 technology can intirecnont e bonefiial toolin

Features pacity p calculate the precise UVC dose

when they detect motion and are
connected to a network.

that is required.

situations where the quantity of
disinfectant required varies.
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Table 5. Cont.

Xenex Lightstrike High-Intensity

Tru-D—Portable UVC

Sterilray—Autonomous

Robot System Cleaning and Disinfection Disinfection System [50] Disinfection Vehicle [51]

Robot [49]

Customizable for different room . .

.. Effectively disinfects a room, .
types and positions: Sensors . ) ] The high tolerance and
) including shadowed areas: .
ensure that the operation of the performance of Sterilray ADYV,
- . . Sensor360 technology ensures s .

robot is safe in environments : along with its ability to operate
Advantages that the UVC dose is accurate, . . -

where there can be human . without human intervention,

.. covering even shaded areas, . .
movement. The customization for L . makes it extremely effective for
. which increases the effectiveness .. .
different types of rooms allows for - . large-scale disinfection.
. o . of disinfection.

flexible and efficient application.

The robot is only a Only performs terminal

complementary part of the disinfections. Limitations include
Disadvantages cleaning process and does not the inability to disinfect surfaces -

replace the need for preliminary in adjacent rooms, especially in

manual cleaning. areas such as bathrooms

4.7. Social and Assistive Robots

In the healthcare context, for social assistive robotics (SAR)-enabled treatment to be
effective, it is essential that the patient trusts both the operator and the robotic system [4].
A good example of trust in an SAR system is the PARO robot, which is used in affective
therapy sessions, specifically for patients diagnosed with dementia [52]. Although some
research suggests a greater preference for the PARO system over other systems in the same
category (NAO and Bandit), there is still no scientific evidence that this PARO system is
used in more effective therapy sessions than the other systems (see Hung et al., 2019) [53,54].

This trust is a significant predictor of treatment adherence, satisfaction with treatment,
and continuity of care. Trust in the patient—therapist relationship is positively correlated
with rehabilitation and treatment outcomes, including pain reduction, improvement in
disability, physical and mental health, and satisfaction with treatment. It is therefore crucial
to prioritize building trust in the therapeutic relationship, particularly as new technologies
such as SAR are integrated into standard care [4].

Table 6 provides a comprehensive overview of the assistive robots used in hospital
settings, comparing them in terms of characteristics, advantages and disadvantages, and
stage of development. This comparison includes various robots, like PARO, NAO, and
Bandit, highlighting their unique features and their impact on patient care [52,54].

Table 6. Summary table of key SAR in hospital settings.

PARO—Advanced Interactive . . .
Robot System Robot [52,54] NAO—Bipedal Robot [53] Bandit + Humanoid Robot [54]

Used in dementia care units to

calm patients and provide Used in pediatric wards to Used in physical rehabilitation to

companionship, leading to entertain and distract children assist with exercises, providing
Description reduced use of psychotropic during medical procedures, encouragement and feedback to

medications and improved reducing anxiety and stress enhance effectiveness

patient well-being (cost ~ EUR 12 k) [53]. (cost =~ EUR 13 k) [54].

(cost ~ EUR 55 k) [52,54].

Operational stage. Therapeutic . .
Stage efficacy data are under Opera.tlon.a ! stége. fts capacity for Research stage [54].

. S evolution is being researched [53].

investigation [52].

Resembles a baby seal and has Humanoid with sensors for Humanoid desien. speech
Features sensors for posture, touch, sound, movement, touch, sonar, sound, &r Sp ’

and light.

and vision.

gestures, and facial expressions.
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Table 6. Cont.
PARO—Advanced Interactive . . .
Robot System Robot [52,54] NAO—Bipedal Robot [53] Bandit + Humanoid Robot [54]
Reduces anxiety and depression Versatile, customizable, Interactive, robust design;
Advantages 1 . . . .
and promotes social interaction. and engaging. effective in social therapy.
Disadvantages Expensive; limited versatility. Complex operation; expensive. Cost; complexity.

5. Future Directions

As the autonomy of robotic systems increases, the use of robots in unstructured envi-
ronments such as hospitals will expand and become more common. Increased adaptability
and precision will allow medical procedures to become more personalized and truly tai-
lored to the patient. With the constant integration of different technologies and the use
of virtualization tools in the context of healthcare, the metaverse has been proposed [55].
This approach to healthcare makes use of the most advanced technologies that can be
applied in the context of digital health, including Al, robotics, quantum computing, IoT,
and multi-robot systems. Its integration with advanced automation and decision-making
tools can transform the way healthcare services are delivered [2,33,56].

Recent research into autonomous robotic systems as an approach to performing
surgery has shown greater precision and reduced accidental movements. These new
methods can be used to perform new types of surgery, such as spinal surgery, in addition
to benefits associated with post-operative care and calculating patient recovery times [57].

The integration of Virtual Reality (VR) and Augmented Reality (AR) in robotics,
especially in the hospital context, has been changing the paradigm of healthcare, specifically
in Seetohul [58]. VR and AR are two distinct but interconnected technologies that have the
potential to revolutionize healthcare. VR enables access to computer-generated images,
providing a simulated reality that can be indistinguishable from the physical world [59].
AR enhances the real-world environment, overlaying the digital one with information from
the physical environment [59]. Today, there are advanced surgical robotic systems that
exploit the collaboration between robotics and associated Al, VR, and AR technologies
by performing pre-programmed repetitive tasks with minimal Al training, in addition to
supplementary visual, olfactory, and haptic modalities that have been shown to increase
HRI and, therefore, improve overall system performance. Although these systems are still
in the early stages of development, it is already possible to have an operating concept based
on virtual superposition, which consists of replacing the original view of an object with AR.
A good example is the AR-based surgical navigation system called VisAR, developed by
Novarad enterprise healthcare solutions; it is in the operational stage, and operates based
on the virtual superimposition of organs with submillimeter precision [58].

In addition, visualization and teleoperation can enable complex medical procedures
to be carried out remotely, improving access to and the quality of healthcare. However, for
these technologies to be effective, it is necessary to develop new, robust, reliable, and secure
solutions that can be used in cybernetic design [2]. Furthermore, these solutions must be
sustainable and easy to implement [56]. The collaboration of all interested parties, including
industry, regulators, professionals, users, legislators, and governments, is essential for
creating the necessary infrastructures that will allow these approaches to be implemented
in our society [2].

In healthcare, automation can improve the accuracy and efficiency of medical pro-
cedures, while multi-robot systems can collaborate in hospital environments to carry out
complex tasks. Virtualization and teleoperation can enable the remote execution of surg-
eries and other critical procedures. Integrating these emerging technologies into hospitals
will not only improve the quality of care but will also increase patient safety and reduce
operating costs [56,60].
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6. Conclusions

The demand for digital healthcare is increasingly evident due to the lack of human
resources and the growing pressure on healthcare services. With current developments in
robotics and Al and their application to healthcare systems, there is a clear need to make
healthcare more resilient, efficient, and competitive. In this article, we examine robotic
systems that can be adapted to a healthcare context. Supported by the latest literature on
the subject, we investigate the challenges of integrating these systems, considering security
and privacy issues, the risk of the dehumanization of healthcare, and the associated ethical
and legal concerns. Additionally, our extended research project explores the challenges of
deploying more intelligent and autonomous robotic systems in healthcare, such as STAR,
partially automated Da Vinci, and VisAR.

These systems, however, face their own challenges due to the limitations of techno-
logical maturity. Furthermore, our research involved a comprehensive examination of
recent advancements in robotic systems, autonomous robotics, and their applications in
the context of contemporary healthcare, with a focus on facilitating efficient, secure, and
dependable integration.

We analyzed the potential of robotic systems to enhance the efficiency of treatment,
processes, and operations, including systems like PARO, UBBO, and Yomi. These technolo-
gies have the potential to revolutionize hospitals, addressing areas such as automation,
multi-robot systems, intelligent decision-making, virtualization, and teleoperation.

The integration of VR and AR with robotics is transforming healthcare delivery,
particularly in teleoperation and telepresence. Robotics in the metaverse enables the
merging of real and simulated data, facilitating augmented clinical trials and remote
robotic surgery. Despite these advancements, non-technical issues also pose significant
challenges. Financial barriers including the high costs of acquiring and maintaining robotic
technologies are a major concern for healthcare providers. Liability issues arising from
robotic errors and the need to protect patient privacy further complicate the adoption of
these technologies. Moreover, psychological, social, ethical, and legal challenges must be
addressed to ensure the responsible use of robots in clinical settings.
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