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Abstract

Medical robotics holds transformative potential for healthcare. Robots excel in tasks requiring

precision, including surgery and minimally invasive interventions, and they can enhance

diagnostics through improved automated imaging techniques. Despite the application potentials,

the adoption of robotics still faces obstacles, such as high costs, technological limitations,

regulatory issues, and concerns about patient safety and data security. This roadmap, authored

by an international team of experts, critically assesses the state of medical robotics, highlighting

existing challenges and emphasizing the need for novel research contributions to improve

patient care and clinical outcomes. It explores advancements in machine learning, highlighting

the importance of trustworthiness and interpretability in robotics, the development of soft

robotics for surgical and rehabilitation applications, and the role of image-guided robotic

systems in diagnostics and therapy. Mini, micro, and nano robotics for surgical interventions, as

well as rehabilitation and assistive robots, are also discussed. Furthermore, the roadmap

addresses service robots in healthcare, covering navigation, logistics, and telemedicine. For each

of the topics addressed, current challenges and future directions to improve patient care through

medical robotics are suggested.

Keywords: robotics, healthcare, machine learning, soft robotics, micro robotics, rehabilitation,

ingestible devices
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1. Introduction
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Medical robotics is set to revolutionize every facet of
healthcare, from surgical procedures and targeted therapies
to rehabilitation and hospital automation. However, despite
the immense potential, the widespread adoption of robotics
in healthcare faces several hurdles. These include high costs,
technological limitations, regulatory challenges, and concerns
about patient safety and data security.

Robots can perform tasks efficiently and repeatedly with
a high precision; thus, minimizing the chances for errors in
delicate activities like surgery or minimally invasive inter-
ventions, such as robotic endoscopy. They can also assist
in diagnostics through mechanisms for accurate position-
ing of the patients with respect to the imaging devices, e.g.
in magnetic resonance imaging (MRI), or vice versa; thus,
capture higher quality images from specific body locations.
Remotely operated robots can contribute to telemedicine and
telecare by offering viable solutions for remote patient exam-
ination and treatment. Within healthcare settings, like hos-
pitals and clinics, robots can also be useful in logistics, e.g.
transporting medications, supplies, or even sterilizing hospital
rooms. The role of robotics extends also to rehabilitation of
patients, enabling them to perform controlled movements in
the context of physical therapy, as well as prosthetic systems
and wearable exoskeletons assisting individuals with mobility
issues.

The field of medical robotics is inherently interdisciplin-
ary, including mechanical engineering, electrical and elec-
tronic engineering, computer science, cognitive science and
medicine. Therefore, the development of novel robotic sys-
tems involves challenges across a wide range of domains.
This roadmap presents a critical overview of the state-of-
the-art in this field, and identifies such challenges, aiming
to raise the awareness of the research community by high-
light the needs and the perspectives for novel contributions,
ultimately improving patient care and clinical outcomes. It
complements knowledge and accomplishments comprehens-
ively reviewed in previous works [1, 2], and covers a range of
robotic solutions for medicine and healthcare. These include
soft robotics, robotic ingestible devices, and micro/nano robot-
ics for surgical and minimally invasive interventions, image-
guided robotic therapies and planning, rehabilitation, and ser-
vice robots for healthcare. It focuses on strategies to enhance
precision, ensure safety, and improve efficacy in various med-
ical applications. Furthermore, it identifies challenges also
with respect to machine learning (ML), which is considered

as a fundamental component of any future advancement in this
field.

This roadmap, which was co-authored by an international
team of experts, consists of seven sections including the
Introduction in section 1. Trustworthy ML solutions for med-
ical and healthcare robotics, putting emphasis on transpar-
ent and interpretable/explainable frameworks are discussed in
section 2. Soft robotic technologies and the related challenges
in surgical assistive/rehabilitation applications are presented
in section 3, and the corresponding advances in novel materi-
als, fabrication techniques and embodied intelligence required
to meet these challenges are examined. The role of ML is
highlighted considering its utility towards human-like tact-
ile sensing and cognition. Section 4 discusses challenges and
future directions of image-guided robotic systems for dia-
gnostic and therapeutic tasks, focusing on surgical tools, and
on magnetic actuation and sensors for next generation of
navigated ingestible robots. Again, artificial intelligence (Al)
plays a fundamental role in navigation, 3D reconstruction,
and tracking surgical instruments. Future technological dir-
ections pertaining to the challenges of magnetic field gen-
eration and to localization are examined. Mini, micro and
nano robotics are discussed in section 5, where challenges
on advanced functionalization are presented, and moreover
the advances on science and technologies required to meet
these challenges are discussed. Domains of applications are
micro surgical tools, and micro/nano untethered robots for
surgical applications. Endowing microrobots with intelligence
to enable autonomous decision-making is identified as a
promising direction. In section 6, rehabilitation and assistive
robotic technologies are discussed. Emphasis is put on the
challenges of control strategies for lower limb exoskeletons
including topics on ML and Al for tuning control algorithms
and enhanced personalization, as well as multimodal sens-
ing and embodiment. Also, challenges and future directions
related to technologies, materials and fabrication techniques
for robotic exosuits are discussed. Section 7 presents chal-
lenges and future objectives of service robots for the health
care sector. Topics on navigation and localization for clinical
logistics, companion robots, and robotic telemedicine are dis-
cussed. The discussion stresses the impactful role of Al in
this direction, considering generative Al (GenAl) and deep
reinforcement learning as means towards enhanced naviga-
tion and localization performance. Large language models
(LLMs) are considered for improved human-robot interac-
tion, and benefits of Al in the context telemedicine and tele-
care are identified, especially with respect to decision making,
intervention planning, visual perception, personalization and
visualization.
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ML plays a pivotal role in advancing the capabilities of robot-
ics. It leverages data acquired from multiple sensors, such
as visual, audio and tactile sensors, to extract knowledge
enabling machines to perceive, interpret, and respond to com-
plex real-world environments. Machine perception is inextric-
ably linked with measurements being performed in a robot’s
environment, such as the measurement of the distance and size
of obstacles interfering with its path. As robotics increasingly
move towards autonomy and human-robot collaboration, ML
becomes essential for enabling robots to navigate, interact,
and perform tasks with a higher degree of sophistication and
safety. This is particularly important for medical applications,
which include robotic imaging, personalized treatment, rehab-
ilitation, and prosthetics [3].

Deep learning (DL) artificial neural network architectures
have significantly progressed during the last decade offering
algorithms for accurate object recognition and localization
in images, with the capacity of discriminating hundreds of
different object categories. Most effective architectures have
been based on the “You Only Look Once’ (YOLO) paradigm
[4], with the most recent ones, such as the YOLO none-
left, offering real-time performance even for high frame rate
applications with very narrow time constraints [5]. Recently,
the Segment Anything Model [6] has triggered a stream of
novel developments with respect to segmentation of image
sequences. Another technique called virtual grid mapping
enabled the measurement of object sizes based solely on a
single image from a monocular camera [7], and it was exten-
ded through a neuro-geometric approach to accurately meas-
ure the distances of objects from the camera [8]. Audio sig-
nal processing and analysis using Transformer-based architec-
tures have made steps towards human-robot interaction with
natural language in real time [9]. Intelligent processing of elec-
troencephalographic (EEG) signals has advanced robotic solu-
tions controlled by motor imagery to enhance the effectiveness
of assistive and rehabilitation systems, such as prosthetics,
wheelchair control, and exoskeletons [10, 11]. The increased
complexity usually characterizing the DL tasks, has motivated
the development of algorithm-agnostic solutions for distrib-
uted real-time ML applications [12], and hardware-aware, on-
device DL approaches [13]. Distributed ML approaches like
federated learning [14] can contribute also to the preservation
of data privacy, which is necessary in the context of medical
applications.

Today’s DL systems are still ‘black boxes’ in the sense
that they do not provide clues regarding their inferences; thus,

limiting the users’ trust. Recent approaches to rendering them
interpretable/explainable include the fuzzy similarity phrases
framework [15], and the E pluribus unum networks [16],
enabling uncertainty-resilient and perceptual interpretations,
respectively.

Current and future challenges

Developing trustworthy ML solutions is a challenge that needs
to be addressed horizontally across every aspect of medical
and healthcare robotics. Trustworthiness spans various dimen-
sions, which include robustness, transparency, fairness, pri-
vacy protection, and accountability [17]. Transparency refers
to the operation of the ML system, requiring that the predic-
tions or the decisions it infers are explainable/interpretable.
Although research progresses towards explainable ML, the
work towards the rest of the dimensions of trustworthy ML is
still at an early stage, with a considerable lack of approaches
to assessing these dimensions.

A fundamental barrier towards the robustness of the DL
architectures in medical/healthcare robotics is their need for
large amounts of annotated data. Such data are necessary
both for their training and the validation of their performance.
Annotating medical data is both time consuming and costly,
since it involves specialized personnel, such as clinicians or
other medical experts, to perform it. Insufficient training is
a common cause for the underperformance and instability of
DL-based systems, e.g. for the detection, segmentation and
measurement of tissue structures of interest for robot-assisted
surgical interventions [18]. Therefore, there is a need for DL
models with as low requirements as possible with respect to
annotated training data, and for semi-automatic annotation
tools enabling the annotation of large amounts of medical data
in less time. Multimodal data annotation is particularly chal-
lenging considering also synchronization needs, e.g. annota-
tion of signals acquired using an EEG device while tracking
the users’ gaze on image sequences acquired by a camera-
enabled medical robot [19].

Several open issues and challenges arise by the need for
continuous learning robots dynamically adapting into chan-
ging or even unexplored environments. To address this issue,
incremental and reinforcement learning approaches have been
investigated [20, 21]; however, there are still a lot of chal-
lenges, which mainly include coping with catastrophic forget-
ting (i.e. maintaining the past knowledge while learning from
new data), and the dynamic evolution and growing of the ML
model while learning on hardware platforms with finite pro-
cessing and memory resources (e.g. a DL network may need to
dynamically increase its neurons to increase its learning capa-

city).
Advances in science and technology to meet
challenges

GenAl can contribute towards trustworthy ML for med-
ical/healthcare robotics in multiple ways; however, further
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advances are required mainly towards generating more real-
istic and diverse data from known categories. More specific-
ally, such synthetic data can be used to: (a) augment the train-
ing data for supervised ML; (b) evaluate the robustness of the
ML algorithms on larger datasets; (c) preserve privacy by fully
substituting the real data with synthetic ones. However, most
current GenAl architectures, such as generative adversarial
networks (GANSs), also require large amounts of training data
to be able to produce sufficiently realistic results. Therefore,
moving towards ML solutions with fewer training require-
ments, such as few shot learning approaches [22], is necessary
not only for prediction and decision making, but also for data
generation. Furthermore, the application of federated learn-
ing approaches to GenAl can ensure that training data will
remain secure in their premises, e.g. healthcare organizations
with patient data.

The explainability/interpretability of ML systems can also
contribute to the development of tools assessing the fairness
and accountability, when the explanations derived from the
system are used to identify biases, or the origin of errors
or malfunctions. Removing potential biases and errors could
enhance the generalizability of ML models and consequently
their overall robustness. The Al community must resolve any
ambiguities in the definition and the requirements of the differ-
ent dimensions of trustworthy ML, and should establish frame-
works, benchmarking tools, datasets, and standards for assess-
ing the compliance of the ML systems to these dimensions.

The road towards trustworthy ML systems for medic-
al/healthcare robotics should also consider the inherent uncer-
tainty of the real-world data (e.g. by exploiting probabilistic
or fuzzy models), as well as patient diversity by personal-
izing the ML inferences (e.g. by inclusion of relevant fea-
tures, and/or by adaptation to data acquired from the target
patients).

Research towards dynamic adaptation of ML systems in the
context of medical/healthcare robotics is a direction requiring
contributions far beyond the state-of-the-art. Novel, more scal-
able methods advancing current incremental and reinforce-
ment learning need to be developed, respecting the limita-
tions posed by the hardware and the context of the robotic
applications.

The road towards real-time DL requires consideration of
the tradeoff between the requirements in terms of learning
capacity of the DL architectures and the time constraints
for real-time operation posed by the medical applications.
Lower learning capacities require fewer parameters, result
in faster response and training times, requiring less energy,
and fewer training data. Improving the time performance of
complex robotic systems involving workflows with various

Trustworthy
Machine Learning

for Medical & Healthcare Robotics

Accountability

Fairness

Dynamic Adaptation

Uncertainty Resilience

Fewer Training Requirements

Figure 1. Challenges and advancements towards trustworthy ML
for medical robotics.

computational components, e.g. equation solvers, could be
achieved by ML architectures approximating such workflows
end-to-end. The road towards real-time performance can be
supported by novel embedded systems efficiently implement-
ing ML processes in hardware, as well as from edge comput-
ing, which can reduce latency and required bandwidth, safe-
guard the data, and also enable on-site learning.

Concluding remarks

The role of ML in medical/healthcare robotics is essential,
enabling precise interventions, intuitive manipulation, and
automation of complex medical procedures. However, exploit-
ing the full potential of this technology requires overcoming
key challenges towards efficient and trustworthy personalized
solutions complying to the relevant regulatory frameworks.
The pyramid illustrated in figure 1, summarizes the challenges
identified and the advances required towards this direction.
Considering the advancements in the field, it could be possible
to reach the top of the pyramid within the next 10 years. This
will contribute to the widespread adoption of robotics in medi-
cine and healthcare, and ultimately transforming how health-
care is delivered.
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3. Soft robotics for medical applications

3.1. Technologies and materials for soft robotic
actuations for surgical applications
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Status

In the last decades, surgery has undergone significant evolu-
tion, shifting from open surgery to minimally invasive tech-
niques like laparoscopy. However, this approach requires
the manipulation of tools through a pivot point, limiting
their movement to a cone-shaped workspace, and increasing
complexity.

Robotic Assisted Minimally Invasive Surgery (RAMIS)
addresses these limitations by decoupling the surgeon from
the tool, simplifying its control thanks to live post-treatment
of movements and information. Despite its global adoption
[23], challenges remain, such as the lack of depth visualization
and haptic feedback leading to difficulties in force gauging and
potential tissue injury [24].

Soft robotics has emerged as a solution to mitigate these
risks and is recognized as one of the ‘hot topics’ in medical
robotics [1]. The primary characteristic of soft robotic systems
is their high compliance, k~! = L/EA where L is the charac-
teristic length, E is the elastic modulus and A is the cross-
sectional area. Thus, compliance can result from either the
material used (low elastic modulus—inherent compliance) or
their geometrical features (long and thin structures—structural
compliance) [25]. Since their stiffness is comparable to that of
their surroundings, soft robots can passively deform and adapt,
allowing them to navigate dynamic and unstructured environ-
ments with reduced risks of traumatic injuries. When actuated,
soft robots can manoeuvre through cluttered environments and
inspect remote sites. Overall their squeezability, manoeuvrab-
ility, and compliance are praised for medical applications.

As early as the 60s the McKibben actuator was introduced
as an artificial muscle to address biomedical problems related
to interaction with the human body [26]. Over time, actu-
ation techniques and application field have diversified, encom-
passing a broad range of applications related to surgery; not
only manipulators and tools but also haptic feedback or remote
drug delivery [27].

Fluidic actuation has historically dominated the field due to
its safety, scalability and versatility in design [28] as presented
in figure 2. An early example exploring the potential of soft
robotics in RAMIS was the STIF F-FLOP European project
(2012-2015), which introduced a pneumatic actuated module
with variable stiffness [29].

Tendon-driven robots, another popular solution, demon-
strates promising miniaturization capacities. However their

in-body use is limited by the setup required to achieve a sig-
nificant room of motion [27]. The bulkiness of previous actu-
ation systems spurred the development of alternative techno-
logies like magnetic actuation whose un-tethering and high
scalability enabled various wireless systems from catheters
and endoscopes to micro-grippers [30].

As soft actuators continue growing and developing, they are
expected to provide safer options compared to current tools
and equipment, opening up new possibilities to surgeons and
transforming our vision of surgery.

Current and future challenges

While RAMIS has become a standard practice, the limitations
previously highlighted have paved the way for the exploration
of soft robots. However, to truly compare or integrate with
existing systems, a key requirement to ensure soft robotics
perennity [31], soft actuators must overcome significant chal-
lenges.

1. Controllability in dynamic environments

Unlike rigid systems which obey simple kinematic laws,
the compliant behaviour of soft actuators complicates
the differentiation between internal motions and external
forces, making it difficult to predict their overall non-
linear behaviour. Data-driven methods present a prom-
ising approach by approximating behaviours through data
[32]. However, their lack of transparency raises concerns
regarding commercialization in a heavily regulated field like
surgery.

Integrating these methods with embedded sensors and a
continuous learning approach could enhance soft robot’s per-
ception and control in their environment. However, while vari-
ous sensors exist, their integration within the actuators requires
further advancements [33].

2. Integration, miniaturization, untethering

The seamless and efficient integration of sensors, connect-
ors, and interfaces within soft actuators is critical for their
introduction in the operating room. Assembly, which is often
a cost-ineffective and error-prone aspect of fabrication pro-
cesses, poses challenges, especially as actuators are down-
scaled. Currently, many soft robots rely on tethered connec-
tions for control and power, limiting their scalability, dexter-
ity, and navigation potential. Untethering those actuators is a
logical progression towards miniaturization.

3. Soft yet stiff: size and force

Soft robots’ compliance is advantageous for navigation and
safety in accidental interactions, but surgical procedures often
include cutting and piercing those same tissues. In such scen-
arios, soft actuators must transition effortlessly to a state of
high stiffness to apply the necessary forces. This challenge
was initially drafted in the paper by Loeve et al [34] in the
context of endoscopes and their flexibility. Current solutions
fall into two categories: material change (e.g. phase-change)
or structural stiffening (e.g. granular jamming). The former
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Figure 2. Repartition in percentage of the different methods of actuation found in the literature. Research was conducted using the query
‘soft AND (surgical OR surgery) AND (robot OR actuator)’ in the Web of Science database, including only journal papers and excluding
review papers. A total of 332 papers published from 2001 to 2024 were considered.

exhibits better stiffening capabilities, but involves longer oper-
ational delays and relies on temperatures that are not com-
patible with the environment. The latter offers more mod-
ularity, but presents difficulties regarding downscaling and
integration.

Beyond these challenges specific to soft robotics systems,
the successful adoption of soft actuated robots also depends on
addressing broader challenges common to all RAMIS systems
[31], such as clinical and cost effectiveness, usability, safety,
and reliability.

Advances in science and technology to meet
challenges

The previous section outlined several challenges faced by soft
actuators in surgery. To overcome them, advancements are
crucial in those various areas.

1. New fabrication techniques

Currently, fabrication of soft actuators is limited to research
labs and a handful of samples. The repeatability of exist-
ing techniques requires extensive investigation, and a com-
prehensive framework for such investigations is still lacking
[35]. To meet the demands of the surgical industry where com-
ponents must be sterilized or disposable, new approaches are
essential for achieving scalable and cost-effective production
of reliable soft actuators.

2. New materials and actuation techniques

At present, artificial muscles in the surgical field are predom-
inantly based on fluidic actuators, as illustrated in figure 2,
which exhibit both high strain and safety. However, their

bulkiness necessitates the development of alternative mater-
ials or fabrication methods. While most electro-active artifi-
cial muscles demonstrate promising results, they often oper-
ate at high voltages that are incompatible with biomedical
applications. In contrast electrochemical actuators function at
low voltage but show significant delays and high manufac-
turing costs and difficulties [36]. Nevertheless, their inher-
ent sensing capabilities, which enable embedded proprio-
ception, hold promise for the miniaturization of soft actu-
ators. An exciting new class of material that offers both
multimodal actuation possibilities and sensing capabilities is
graphene-based actuators. These biocompatible actuators util-
ize layered graphene sheets that activate in response to stim-
uli like infrared radiation, resulting in controlled anisotropic
bending [37].

Additionally, more widespread actuation techniques are
yielding promising results with new materials, such as
variable stiffness magnetic non-Newtonian fluids [38] and
organic macromolecular radical networks exhibiting magnet-
like behaviour while being metal-free [39].

3. Physical and Embodied Intelligence

A common theme among the discussed advancements lies
in what could shape the future of surgical robotics: physical
intelligence. The soft robotics paradigm is closely linked to
bio-inspiration. Unlike machines that rely only on centralized
processors for control, living organisms often leverage phys-
ical intelligence. This approach simplifies the control by com-
plexifying hardware design [40], physically encoding sens-
ing, actuation, control, memory, logic, computation, adapta-
tion, learning and decision-making into the body of a system
[41]. In this context, the body is viewed as capable of alleviat-
ing the computational burden by generating behaviour through
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Figure 3. Sense-Plan-Act diagram of a soft robotics-based surgical robot. Dotted arrows show the integration of Computational Intelligence

(C.I) and Physical Intelligence (P.I) inside the information flow.

local or passive mechanisms or by pre-processing the inform-
ation coming from the environment it is tailored for, as illus-
trated in figure 3. A prime example of embodied intelligence
is in the field of soft microrobots. This area has seen signific-
ant progress in using smart and responsive materials to over-
come miniaturization limitations [30]. In the framework of
surgical robotics, this could pave the way for robots to adapt
and respond dynamically to their environment, leaving the sur-
geon to focus on the critical aspects of the procedure without
having to handle external influences.

Concluding remarks

Soft actuators address a significant technological gap through
their inherent properties. Their flexibility opens new possibil-
ities in terms of safety during interaction, versatility in design
and adaptability to dynamic environment. These characterist-
ics make soft-actuated robotics a relevant design choice for
surgical-oriented applications. However, technological chal-
lenges remain in areas such as controllability, miniaturization,
and variable stiffness. Advancements in fabrication techniques
and new materials are needed to pave the way to their success-
ful integration into surgical practices.

Physical Intelligence, which offload control complexity
to the intrinsic physical characteristics of the device, may
provide a reliable and interpretable alternative to increasingly
intricate computational intelligence methods. This approach
could be particularly effective for low-level tasks, such as
stabilization, unintentional interaction management and oth-
ers, leaving the surgeon the possibility to focus on the main
high-level task of the surgical procedure. Consequently, this
necessitates the development of specialized soft actuators
that embody behaviours tailored to their surgical task and/or
environment.

As these challenges are addressed, soft robotic actuators
have the potential to become the cornerstone of future surgical
robots, ushering in a new era of safe, effective, and minimally
invasive surgical interventions.
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Human interaction with the real or virtual world takes place
through the five basic sensory modalities, touch, sight, hear-
ing, smell, and taste. Amongst them, the information from
sense of touch, an interplay of tactile sensing and haptic per-
ception, is more critical—particularly when physical interac-
tion is involved [42, 43]. The human skin—the largest organ in
the body—facilitates this interaction using a dense network of
receptors which collectively measure the physical parameters
such as contact pressure, strain, temperature etc, and allow us
to manipulate objects and feel pain etc [42, 43] which enable
human tactile sensing and haptic perception. The latter is part
of haptics, which can be defined as the exploration and manip-
ulation of environments through the sense of touch mediated
by the skin [42, 44]. Haptic feedback could also be achieved
using tactile displays which create tactile sensation (in the
form of skin stretching vibration, force, or painless electric
shock) on the skin [45].

Scientific study on the human sense of touch can be dated
back to the Johannes Muller’s theory of specific nerve [46]
which laid the groundwork for the study of the mechanore-
ceptor. Over the past few decades, researchers have tried to
replicate these human-like capabilities by developing tactile
sensors [43], haptic displays and computing arrangements for
different applications. Early researcher in the field of tact-
ile sensing saw the huge potential and application of tactile
sensing in robotics. However, some early researchers in this
field [47], also saw tactile sensing as unfit for application in
medicine and agriculture due to technical difficulties and low
return on investment. Contrary to this view, the past few years
have seen rapid interest in the application of tactile sensing
in areas such as medical robotics, rehabilitation, and assistive
technology [42]. Today, the research has evolved from devel-
oping sensors that cover only the fingertip of robots, to array
of tactile sensors that can cover the whole body. The com-
monly explored tactile transduction techniques are based on
capacitive, piezoresistive, thermoresistive, inductive, piezo-
electric, magnetic, and optical methods [42, 43]. The field
of tactile sensing is still emerging, and researchers are cur-
rently harnessing advances in signal processing, material sci-
ence, and fabrication technologies to improve existing sys-
tems. For instance, the focus on materials has shifted from
rigid to highly flexible, stretchable, and bioinspired materials
[48]. Furthermore, there is a massive interest in the use of

advanced technologies to develop biomimetic electronic skin
(e-skin) with integrated multifunctional sensors and actuators
capable of effectively mimicking the human skin [49]. E-skin
has the potential to be integrated in prosthetics for restoration
of feelings for amputees (figure 4) and to be utilised in assist-
ive tactile communication interfaces for assistive and rehabil-
itation purposes [45]. With recent technological advances such
as Al, neuromorphic methods etc, researchers hope to create
systems that not only sense touch but also interpret its meaning
in a way that is similar to human cognition [50].

Current and future challenges

Despite the significant progresses made so far by research-
ers in the field of tactile sensing and haptic perception, there
are still several issues that currently limit their performance,
especially in real-time applications such as rehabilitation and
assistive technology. Replicating the full complexity of the
human touch remains a significant challenge. In comparison
to the human skin, existing tactile sensors are yet to effect-
ively capture and transduce texture and temperature. Human
touch is dynamic and therefore research towards the develop-
ment of multifunctional sensing arrays for measuring dynamic
and static pressure is still ongoing. So, future research direc-
tions in tactile sensing and haptic perception are focused on
developing novel materials and sensor designs that can closely
resemble the capabilities of the human skin [52]. Integration
with Al is another promising area. By training Al algorithms
on vast datasets of tactile data, researchers hope to create sys-
tems that can effectively sense and interpret its meaning in a
way similar to human cognition. In particular, the implement-
ation of Al in hardware will be interesting as this will allow
edge computing and help address the latency issues in touch-
based interaction tasks.

From literature, fingertip tactile sensors have been widely
developed, but the realisation of array of sensor with spatial
resolution of 1-2 mm (as in human finger), high precision and
reliability is still a challenge [52]. Tactile sensors for rehab-
ilitation and assistive technology should be chemical-proof,
tear/wear-proof, with good mechanical flexibility and stretch-
ability for conformal attachment onto 3-dimensional surfaces.
Realising tactile sensors and haptic actuators with these qualit-
ies without a compromise of sensitivity etc, is still an ongoing
effort.

Furthermore, researchers also continue to improve tech-
niques towards the integration of on-board signal processing
units for tactile sensing array, onto flexible and conformable
substrates. The energy needed to power distributed sensors has
not received much attention so far. This has currently limited
the available tactile sensors and tactile displays for practical
applications. For practical use of tactile sensors and displays
for rehabilitation and assistive technologies, a realistic and
accessible power source is highly advantageous. This is partic-
ularly important for large area implementation of tactile skin.
Efforts are ongoing towards integrating a stable and efficient
power supply unit capable of powering the on-board multi-
functional sensing array on large area e-skin. Current devices
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Figure 4. (a) Sensorised 3D printed prosthetic hand for restoration
of feelings for amputees (b) Flexible coil for vibrotactile actuator
used to create vibrotactile feedback on residual limb (c) Soft
pressure sensor for integration in prosthetic fingers for touch
feelings. Reproduced from [51]. CC BY 4.0.

rely on batteries which add weight and involves redesign of
the existing systems. Majority of the existing solutions focus
on strategies for minimising energy consumption or the use
of energy harvesters. Moreso, available haptic feedback sys-
tems often struggle to provide rich haptic feedback to users of
assistive or rehabilitation devices limiting the ability of users
to feel and interpret the appropriate sensation.

Advances in science and technology to meet
challenges

As highlighted in the previous section, developing a stable
and effective power for array of multifunctional sensors is an
ongoing challenge in the field of tactile sensing. However,
researchers are making positive attempts towards addressing
these challenge by developing energy autonomous e-skin [53],
energy generating e-skin [54], and tried to store the energy
from solar cells in a supercapacitor. The latter helps e-skin to
function when there is no light, by storing the excess energy
generated from solar cells in a flexible supercapacitor [55].

Recently, there is an interest in developing self-powered tactile
sensors based on different types of nanogenerators (TENG) as
well as energy storage devices [56].

In the area of assistive tactile communication for deafblind
people, researchers have also developed tactile communica-
tion interfaces that enable deafblind people (who rely only
on touch-sensing) to communicate with hearing and sighted
people. One of the existing solutions is a wearable finger
Braille glove, which comprises of a flexible piezoresistive
sensor integrated with a flexible electromagnetic coil-based
actuator positioned at the index, middle and ring fingers of
both hands to represent the six dots of Braille. This solu-
tion uses flexible coils fabricated using micromoulding tech-
niques and is a step towards reducing the bulky nature of haptic
displays. Additionally, researcher have explored other actu-
ation techniques for haptic feedback, including electrostatic-
based (electro active polymers), electromagnetic-based (elec-
tromagnetic actuators) and fluid-based (e.g. liquid crystal
elastomers and pneumatic) [42]. In [57], the authors presented
a human-sized artificial fingertip integrated with 144 tactile
sensors. The artificial fingertip consists of capacitive sensors
which measure touch, vibrations, and strain at a resolution
of 1 sensor mm~2. Three-dimensional force sensors have
also been recently fabricated for application in the improve-
ment of dexterity of prosthetic hands and assistive robots
[58]. Furthermore, researchers have also utilised more bio-
logical approaches that involves neuromorphic computing
methods, for the improvement of tactile sensors and tactile
perception [59]. For instance, in [59], a neuromorphic tact-
ile P(VDF-TrFE) poly(vinylidene fluoride trifluoroethylene)-
based sensing system for textural features classification was
proposed. Innovative technologies involving brain computer
interface (BCI) have also been recently reported for sup-
porting individuals with hand impairments and chronic pain
[60]. Integrating BCI techniques into traditional rehabilita-
tion methods allows for personalized treatment, combining the
advantages of both approaches for enhanced effectiveness.

Inspired by human multisensory signal generation and
neuroplasticity-based signal processing, researchers have
also recently demonstrated an artificial perceptual neuro
array with visual-tactile sensing, processing, learning,
and memory (figure 5). This was achieved by combining
Mechanoluminescence materials with an optoelectronic syn-
apse network based on IGZO/MAPDbI; heterostructure [61].
A comprehensive review on various advanced tactile sens-
ing technologies and integration techniques for the realisa-
tion of e-skin can be found here [49]. Among these tech-
niques are, neural-like sensing and data processing, ultra-
thin neuromorphic chips for local computation, and the
printing of electronics on soft substrate. All these create
research opportunities in medical instrumentation, wear-
able electronics, assistive and rehabilitation technologies
(e.g. neuroprosthetics) etc.
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Figure 5. Artificial visual-tactile perception array for enhanced memory and neuromorphic computations. Reproduced from [61].
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Concluding remarks

The field of tactile sensing and haptic perception is poised
for significant advancements in the coming years. By combin-
ing biomimetic sensor design with advanced materials, ML,
and neuroscience, researchers are working towards creating
machines with a much richer sense of touch. This will have
profound implications for various fields, including applic-
ations in the restoration of feelings for amputees, sensory

substitution, assistive robots, rehabilitation, and assistive tech-
nology for deaf, blind, and deafblind people. Enhanced haptic
feedback in AR/VR will create a more immersive and real-
istic sense of touch, fostering greater user engagement and
presence within virtual environments. This also has implica-
tion in the field of medicine (e.g. rehabilitation). In summary,
the future of touch would be characterised by rich explora-
tion, innovation, and a deeper connection between humans and
machines.
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Following the shift of surgical practice towards minimally
invasive interventions, robotic-assisted surgery (RAS) has rap-
idly advanced over the past three decades. Miniature digital
cameras and articulated tools driven via robotic actuation
are inserted to the anatomy providing visualisation of the
surgical environment for executing therapeutic actions. RAS
is nowadays established as the preferred option in several
specialties [62]. Over 2M RAS procedures will be performed
this year globally, and with the release of new commercial sys-
tems, figures are expected to grow exponentially.

RAS is complex, variable, demanding cognitive and tech-
nical skills. The addition of new technologies into the operat-
ing room, increases the risk for human errors. Approximately
20%-25% of UK surgical patients experience complica-
tions, of which 30%—-50% are due to errors characterised
as preventable [63]. Data driven modelling of the interac-
tions between the instrument’s (robot) dynamic motion, the
environment and objectives as well as the user-surgeon’s
actions is the required component for mitigating com-
plications risk, minimising human errors, thereby improv-
ing interventional healthcare via real-time intraoperative
navigation.

In parallel, computer vision has rapidly evolved in the past
decade due to significant breakthroughs in DL, completely
reshaping the state-of-the-art towards data-driven models in a
wide range of problems such as semantic segmentation, object
detection and tracking, and action recognition. Vision-based
analysis of intraoperative video has followed the same trend,
which has significantly improved the reliability of algorithms
for understanding surgical actions, instrument motion, and
visualised anatomy. These developments hold great potential
in increasing the capabilities of RAS systems in assisting the
surgeon to navigate instruments safely and efficiently [64].

Despite impressive advances, most of these techniques are
yet to achieve the level of accuracy and robustness necessary to
effectively and safely guide surgical robots. This will require
several vision components to seamlessly work in tandem: (1)
tracking surgical instruments and their spatial configuration;
(2) recognising target anatomy, its 3D shape and location with

respect to surgical instruments; (3) recognising ongoing sur-
gical actions and assessing their quality; (4) provide guidance
information to the surgeon in a format that improves outcomes.

The ongoing fast-paced progress in data-driven models
brings unique challenges that shape how new solutions should
be approached. The highly demanding data needs and the col-
laborative effort necessary to incorporate new vision models
into RAS platforms requires a range of developments that go
well beyond the computer vision discipline. This includes con-
tinued progress in medical device hardware, healthcare data
infrastructure, and public policy.

Current and future challenges

Effective and safe instrument navigation in RAS requires
a real-time evolving 3D representation of the intraoperative
environment, containing instrument position with respect to
target areas (e.g. lesions) and sensitive structures to avoid
(e.g. vasculature). It should monitor adequate surgery pro-
gress and alert to deviations and risks. Video is a fundamental
data source to build such a representation by combining object
detection and tracking, 3D reconstruction, action recognition,
and skills assessment.

Tracking surgical instruments is still challenging in the
presence of visual occlusions (from other instruments, tissue,
blood, smoke) [65]. Furthermore, most methods are tested on
limited data, and there has been little investigation into long-
term tracking [66]. Localising anatomical structures requires
accounting for significant physiological variations between
patients. Furthermore, the required manual annotation for
training and validation can be extremely complex and affected
by annotator variability, and substantial clinical expertise is
needed to oversee this process [67].

Effective validation of 3D reconstruction techniques in the
presence of tissue deformation is still a largely open prob-
lem. Acquiring reliable groundtruth in these conditions is
extremely difficult, and often limited to phantom or simu-
lated data. Validation on real surgery footage is still predom-
inantly done on short clips not representative of full procedure
complexity [68].

Surgical phase recognition is a procedure-specific task,
influenced by case severity, patients’ anatomical composition,
surgeons’ preferences and technical approaches. Its demon-
stration is limited to specific procedures, often collected from
a single hospital. Atomic-level (surgical gesture) recognition
has been shown only on isolated tasks (e.g. suturing) predom-
inately on simulation/ex-vivo settings [69]. Skill analysis and
error detection have almost exclusively been investigated in
training environments [70, 71].

The shift towards DL solutions for the entire range of
surgical vision techniques is significantly dependent on data
availability. The best performing models are often fully
supervised and rely on procedure-specific annotation [72].
Currently available data to train and validate these models
is limited both in quantity and variety, and often it is not
fully representative of real surgery conditions [66]. Producing
this type of data is expensive as it requires complex ethical
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Figure 6. Summary of the main challenges in vision-based instrument navigation and proposed areas to advance. This roadmap requires
coordination from a broad and multidisciplinary range actors in RAS research.

approval processes, infrastructure to ensure data safety and
privacy protection, and significant time from qualified med-
ical staff for video annotation and quality control [73].

Additionally, the outputs from most of these models lack
human-interpretable reasoning (explainability), which lim-
its trust and effective usage from clinical practitioners. This
raises legal and ethical concerns about their usage in high-risk
contexts [67, 74].

Advances in science and technology to meet
challenges

Further progress in vision-guided navigation for RAS can be
realised with the combined effort across diverse areas to solve
current challenges in vision algorithm robustness, access to
good quality data, and integration of multi-modal sensory data.

Research objectives should shift from pure method superi-
ority on individual datasets to generalizable outcomes with
broad validation across environments while also integrating
routines to rationalise and explain outputs [67, 72]. This
should be reflected in the establishment of appropriate evalu-
ation metrics, in each task, for benchmarking and comparison
also following clinical principles. Encompassing these charac-
teristics is important for developing RAS navigation solutions
aware of uncertainties inherent to surgical practice that provide
contextual information to the surgeon.

Data-efficient (semi/weak supervision, few shot learn-
ing), privacy-preserving (federated/collaborative learning) and
generative (foundation models, realistic simulation/synthesis)
ML methodologies, provide potential for overcoming dataset
annotation, sharing and collection challenges [66, 74-77]. As

these technologies mature in natural world settings investig-
ations for their adaptation to surgical video analysis are very
promising.

Although surgical video is expected to be the primary mod-
ality, multimodal fusion is a key concept in RAS navigation.
From preoperative tomographic imaging (e.g. CT, MRI), 3d
models of critical anatomy can be extracted via segmenta-
tion and utilised for improving localisation and mapping of
the same anatomy in the intraoperative environment. Aligned
information can then be displayed to the surgeon via augmen-
ted reality technology [78].

RAS systems encode the 3d motion of surgical instruments
as joint kinematic timeseries. Calibration synchronisation and
joint exploitation together with the surgical video are pivotal
for tool tracking and segmentation tasks. Moreover, fusion of
kinematics, video alongside semantic information (tool iden-
tification/segmentation) in multimodal learning architectures
can benefit workflow, skill analysis and error detection [71].
Potential also stems from recent developments on LLMs.
One avenue for exploration, not investigated in RAS yet,
would be to formulate navigation guidelines as structured text
and together with synchronised video and semantics drive
the development of video-language foundation models, that
can distil information from multiple modalities, for RAS
navigation.

Suggested advancements rely heavily on availability of
comprehensive multimodal datasets. At present there is no
established regulatory/ethics protocols to aggregate perioper-
ative information in a single-case record. More fundament-
ally, the quality of RAS video recordings may vary consid-
erably among sites, due to different acquisition methods and
hardware. Investments and standardisation are necessary in
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Companion robots provide companionship, services, and
assistance to humans, therefore promoting their well-being,
quality of life, and independence. These robots are typically
equipped with various sensors, actuators, and Al technolo-
gies to interact with users in a human-like manner. Companion
robots have great potential in the healthcare industry, such as
hospitals, nursing homes, and home care environments. For
example, they can provide emotional support through social
interaction, therefore alleviating the loneliness and improving
the overall well-being of users, especially those in long-term
care facilities or with limited social connections. Some com-
panion robots can offer cognitive exercises and physical ther-
apy to users in maintaining or improving their cognitive and
physical abilities. In addition, companion robots can reduce
the workload and stress on caregivers by assisting with certain
tasks, potentially improving the overall quality of care.

One of the earliest companion robots, Paro [186], was
developed in Japan in the late 1990s. It is a pet-type thera-
peutic robot designed to resemble a baby harp seal. Paro
is used primarily for companionship and emotional support,
especially for older adults and patients with dementia. Sony’s
AIBO dog is another pet-type robot [187], which was built
in early 2000s and was used for companionship and thera-
peutic purposes, particularly for individuals with dementia or
autism. As robotics technology advanced, humanoid robots,
like Nao robot [188] and Pepper robot [189], were developed.
They were used in hospitals and nursing homes to interact
with patients and provide basic assistance. Tabletop com-
panion robots, like ElliQ [190], were introduced in recent
years. Figure 17 shows a tabletop healthcare companion robot,
ASCCBot [191], which consists of two embedded computers,
a microphone array, an RGB-D camera, a touch screen and
two motors. Its functions include companionship, entertain-
ment, health coaching, assistance with daily activities, etc.
With robot navigation technologies, companion robots can
move around in indoor environments. Temi robot [192] is a
mobile companion robot equipped with a 3D camera, a lidar
sensor, and a mobile base. In addition to the basic assistance
functions, Temi can engage in conversations, create maps, nav-
igate to a certain location, and track users. Buddy robot [193]
is another mobile companion robot which features a friendly
user interface for home environments.

With continued innovation in robotics, AI, LLM, and
sensor technologies, companion robots are expected to
become more personalized, user-friendly, privacy-conscious,
and reliable to provide healthcare services to users.

34

Current and future challenges

While companion robots are promising for healthcare applic-
ations, there are several challenges that need to be addressed
before they can be mass-deployed into a wide range of envir-
onments to serve older adults/patients and assist caregiver-
s/nurses/doctors:

JVNBOMNBDIJOF JO U bSadpibgran fféct-
ive and user-friendly HMI for companion robots is crucial
for ensuring safety, efficient communication, and fostering
affection and trust. Older adults may suffer from memory
loss, hearing loss, and speech difficulty due to tooth loss,
especially when the environment is noisy. Therefore it is
very challenging for users and companion robots to commu-
nicate with each other smoothly. On the other hand, care-
givers can be overwhelmed when they need to deal with
many patients. There is a great need to develop friendly and
effective interface for caregivers to deliver services to the
care recipients with reduced burden.

-FBSOJOH BOE BlsdsQaydBdiffdnOcharacter-
istics in terms of mobility, cognitive capacities, communic-
ation styles and preferences, which may change over time.
Healthcare environments can also be dynamic. Therefore, it
is necessary for the robot to adapt to its users and environ-
ments. However, nowadays few robots have the capability
to achieve such adaptation efficiently, which reduces users’
satisfaction and acceptance of the robot.

1SIJWBDZ QS FRbhipididn] RdDots are usually
equipped with cameras, microphones, and other sensors.
They are usually used in sensitive environments like homes
and hospitals. Companion robots can collect and process
personal data, including health information, daily activit-
ies, images, voice, and daily behaviours. Therefore it is
crucial to ensure data privacy through proper measures.
However, existing research efforts in companion robots have
not adequately addressed the privacy protection problem in
healthcare settings.

Advances in science and technology to meet
challenges

Recent advances in robotics and Al offer new tools to address
the above challenges.

) .* For older adults or patients, first, it is necessary to
improve the natural language understanding ability of robots
to accommodate the cognitive capacity of users and the com-
plex environment. For example, speech recognition can be
improved to adapt to different accents and distorted pronun-
ciation. LLMs can be used to reduce the speech recognition
errors. Noise reduction and voice enhancement technology
can also be used to improve speech recognition. Second,
integrating environmental data and conversational history
information into the conversation can reduce the number of
unnecessary queries. Third, the companion robots should
be able to observe the environment and proactively initi-
ate conversations to assist users without users’ requesting.
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Medical telerobotics extend the wider field of telemedicine,
contributing to the overarching objective of providing special-
ized healthcare services over long distances. Robotic interven-
tions are an integral part of clinical practice, and their opera-
tion and control are primarily driven by intraoperative image
and video guidance, or stereotactic approaches with preoper-
ative images and planning software [196]. Today, among the
most advanced and widely used commercial robots is the Da
Vinci surgical system, which comprises a group of robotic
arms for manipulating the surgical instruments and an endo-
scopic camera. Medical experts using the Da Vinci system per-
form the surgery from an ergonomic console capitalizing on
high-quality stereo visualization and the robot controls.

In the term ‘telerobotic’ the prefix ‘tele’ is generally used
in a wider sense, to imply a barrier between the operator
and the remote environment, which restricts access and lim-
its perception [196]. The barrier can be the actual distance
and/or a physical obstruction, as in the case of robotically
assisted minimally invasive surgery (MIS). In that case, the
doctor operates in a body cavity using laparoscopic vision and
robotic assistance for the physical access. In that sense, many
of the existing medical robotic systems are in fact telerobotic
systems, even though the patient and the operating physician
are situated in the same room.

In long-distance telesurgery scenarios, the remote manip-
ulator is controlled from the medical expert’s (operator’s)
site, by sending motion commands while receiving visual
and other sensory feedback information from the patient’s
site. This man-in-the-loop control approach requires a reli-
able, low-latency connection between the two sites, which is
established via wired or wireless communication networks. A
landmark achievement in that context has been the ‘Operation
Lindberg’, a transatlantic gull bladder telesurgery performed
in 2001 [197]. Using an analogous setting, remote ultrasound-
based examinations with tele-operated robots are also possible
in clinical practise [198].

Nursing robots serve as supplemental healthcare work-
ers aiming to alleviate healthcare personnel’s burnout due to
laborious tasks over long shifts [199]. Physical tasks concern-
ing logistics, such as the delivery of food trays, medical waste
collection, and linen distribution, are only a few of the poten-
tial applications for the tireless, day-long nursing robots for
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non-clinical tasks. At the same time, nursing robots can be
assigned routine clinical tasks including measuring patients’
vital signs. Remotely controlled and/or autonomous robots
can handle interactive caretaker duties and serve as inter-
faces for doctors and/or nurses to communicate with patients
and/or elderly over distance. Especially in times of outbreaks
of contagious diseases, robots can undertake basic nursing
duties and reduce exposure (and hence infection) of healthcare
workers [200].

Assistive robots are expected to play a crucial role for
aging-in-place [201], allowing elderly but also people with
disabilities and chronic diseases to pursue independent and
productive lives. Depending on their primary role and the
type of interaction, assistive robots are further categorized
into ‘socially-assistive’ and ‘physically-assistive’. The former,
serve as companions, provide means for virtual visits by
friends/family, and support physical exercise and rehabilita-
tion. The latter type primarily targets at preserving mobility
(e.g. via robotic exoskeletons) and the ability to manipulate
objects.

Current and future challenges

Despite remarkable achievements, long-distance surgical tel-
erobotics implementations, but also nursing and assistive
robotics, are not yet widespread and adopted to desirable
levels. The latter, is due to several challenges, ranging from
technological and infrastructure challenges, to associated
costs, user and stakeholder acceptance, while extending to the
broader legal and regulatory landscape standardization.

Key enabling technologies play a protagonist role to the
current status of telerobotics. For example, telepresence is
associated with a sense of immersion in the remote envir-
onment, which largely depends on the characteristics of the
underlying communication and video delivery technologies.
Typically, telerobotic systems must support three types of data
flows [196]: (1) real-time bidirectional control data; (2) med-
ical image/video stream for guidance; (3) high-level manage-
ment data. Naturally, high(er) latency (than the acceptable
thresholds) in data transmission can result in reduced con-
fidence in the robot control, while similar delays in video
feedback could lead to the loss of synchronization between
the control(s) and the visual stimuli. Likewise, unsecure com-
munication channels and software implementations can com-
promise the stability and performance of a telerobotic sys-
tem. For image-guided telerobotic systems that rely on the use
of Al tools and methods to perform anatomy space localiza-
tion, ethical Al to appropriately train and avoid biases is yet
another obstacle to overcome. Nursing robotic solutions have
been used in hospitals, but large-scale deployments involving
mobile robotic fleet(s) integrated with in-hospital technologies
have not yet been witnessed to the degree possible. A sig-
nificant barrier concerns the high cost of the equipment and
the supportive infrastructure, which is largely attributed to the
development and integration costs with 3rd party systems and
services.
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While the importance of abiding to standards for safety-
critical devices is undisputable, the lack of internationally
acceptable regulatory standards remains a key difficulty.
Another factor that prohibits widespread adoption concerns
the relatively low acceptance of such new technologies by
clinicians and nursing professionals, as well as patients/eld-
erly, amplified by the broader inertia within the wider health-
care ecosystem. Clearly, co-design, education, and training
in the use of such platforms is essential towards harvesting
the full benefits of adopting such systems in standard clinical
practice.

Advances in science and technology to meet
challenges

Regarding the fundamental robotics technology further
research is required towards precise and dexterous manipula-
tion systems. Beyond the traditional articulated robot config-
urations, other forms including continuum and soft robotics,
foldable/expandable, modular mechanisms, and miniaturized
systems, may significantly extend the capabilities and applic-
ation fields for telerobotics. Of relevance to nursing robots are
co-manipulation and mobile manipulation systems.

Further advances in robot control will ensure stable/ro-
bust algorithms while addressing data communication chal-
lenges. A significant breakthrough in telemanipulation has
been the force-reflecting haptic feedback that needs to be
further developed. Likewise, the implementation of auxili-
ary control functions relevant to surgical robotics (biomo-
tion compensation, motion scaling, hand-tremor filtering,
etc) are equally important to telerobotics. The integration of
Al and machine learning algorithms into control is expec-
ted to support decision-making and intervention planning,
enhance safety, precision and efficiency. Specific to nurs-
ing and elderly-care robots, autonomous navigation in indoor
spaces presents unique research challenges, given that stand-
ard sensing, localization and navigation techniques are not
readily applicable.

In terms of software, emphasis is required on the devel-
opment of effective user interfaces and preoperative plan-
ning tools. The latter analyse imaging information, present the
operator with optimal courses of action and facilitate decision
making. For nursing robotics, enhanced robot capabilities will
be possible by exploiting the inherent compatibility of robot-
ics with contemporary IT technologies, including internet-of-
things (IoTs). Exploiting their full potential will require integ-
ration with existing in-hospital technologies, including the
hospitals’ enterprise resource planning (ERP) and electronic
health records (EHRs) software systems. The former will con-
stitute operations more efficient, and the latter will facilitate
access to a patient’s complete medical history, ensuring con-
tinuity of care.

Vision systems may further extend beyond camera systems
for visualization and guidance to other imaging methods (e.g.
US, CT, MRI). Fusing intra-operative images with 3D patient-
specific models, including 3D holographic visualization
[202], constructed from pre-operative information may
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significantly enhance perception and assist in surgical
navigation.

The advancement of 5G and beyond (towards 6G systems)
that facilitate extremely low-latency data transfer and support
high data rates, are likely to boost the adoption of telesur-
gery and tele-examination applications. Linked with associ-
ated advances in video compression technologies, such as ver-
satile video coding, AV1, and low complexity enhancement
video coding [203], the much sought after performance and
security from the underlying technologies is expected to lead
to robust and reliable systems [203].

Cyber security and data privacy in robotic applications is an
active area of research. The integration of nursing and assist-
ive robots with cloud technologies and IoT devices, necessit-
ates often bidirectional communication channels that need to
be secured while data need to be encrypted, towards zero trust
architectures, security by design, and GDPR and European
Health Data Space regulation compliance. In this fashion,
unauthorized access to healthcare data and compromise of
sensitive private information can be prevented. Likewise, com-
promise of the communication channels between robotic fleets
and cloud-based fleet management systems can pose serious
physical threats in crowded healthcare spaces [204].

In that sequence, widening the use of autonomous robotic
technologies will require establishment of a legal and a formal
ethical framework. Privacy issues related to the transmission
of information over communication networks, liability and
responsibility for complications during a telerobotic proced-
ure are delicate issues that need to be resolved.

In terms of medical education, telesurgery requires spe-
cialized skills on behalf of the operating physician, compared
to traditional methods, and therefore is essential for medical
schools to include such training in their educational programs.
Importantly, the nature of the equipment underpins using train-
ing simulators in education but also provides opportunities for
telementoring and collaborative surgery. Likewise, in nurs-
ing schools it is required that students are exposed to modern
robotic technologies.

Concluding remarks

Medical telerobotics is an emerging field expected to have a
significant impact on healthcare, the quality of life of patients
located in isolated areas but also emergency response in nat-
ural disaster and war zones. The prospects and opportunities
for telerobotic technology are summarized in table 1, together
with associated challenges. Being programmable machines,
robots provide possibilities to personalize care and adapt to
varying needs. Capitalizing on their inherent advantage of
being compatible with other contemporary technologies they
can be directly integrated with modern ICT to further enhance
their capabilities. Prior to exploiting the full potential of tel-
erobotics there exist clinical, technological and other barriers
to overcome.

A systematic approach needs to be followed with targeted
actions along three axes. Firstly, the performance and reliabil-
ity of the involved technologies need to further mature (robotic
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Table 1. New possibilities and challenges for robotic telemedicine and telecare.

Telerobotics technology

Prospects & opportunities

Challenges

Telesurgery and telediagnosis
Robots

Deliver specialized healthcare services
across geographic distances

Advances in key enabling technologies:
manipulation, telecommunications, video
compression and delivery

Advances in telepresence technologies (e.g.
stereo vision, haptics, human-robot
interaction)

Integration of Al for surgical planning and
decision support

Use of virtual training environments,
telementoring, and collaborative robotic
surgery platforms

Communication latency affecting control
stability and surgical precision

Delays in video feedback, loss of synchron-
ization and real-time responsiveness
Network security and reliability

Regulatory approvals

Ethical Al requirements

Surgeons and operating room staff need spe-
cialized training

Onsite backup teams and protocols are
required in case a telesurgery system fails
mid-procedure

Significant capital investment and opera-
tional costs

Nursing Robots

Robots serving as supplementary
healthcare workers

Non-clinical (e.g. material transfers,
logistics) and routine clinical tasks (e.g.
measuring patients’ vital signs)
Interfaces to communicate with doctors/
nurses

Minimization of infection risk and
occupational hazards for nurses
Integration with in-hospital technologies
(ERP, EHR)

e Mobile manipulation capabilities

Scalable deployment of coordinated robot
fleets

e Infrastructure related challenges
e Integration with 3rd party systems and ser-

vices

Technology acceptance among healthcare
workers and patients

Safe autonomous navigation in shared
human environments

e Robust cybersecurity and data protection
e Compliance with legal, privacy, and regulat-

ory standards

e Need for dedicated training for nursing staff
e Initial and maintenance costs of robotic sys-

tems

Assistive Robots (Physically &
Socially Assistive)

Enabling independent living and support
for aging-in-place

Use of companion robots to alleviate
loneliness and support mental well-being
Facilitation of virtual social interactions
and remote family and friends’ visits
Support physical exercise and rehabilitation

e Interconnection with smart home IoT

ecosystems

Mobile manipulation for household tasks
support

User acceptance among elderly populations
and caregivers

Challenges in meeting privacy, legal, and
ethical norms

Human-robot interaction

Robot operation in home environment
Safety issues

Protection against cyber and physical secur-
ity threats

Cost-effectiveness and affordability for
widespread adoption

manipulation, telecommunication networks, vision/video sys-
tems). Technology must be refined towards more usable, safe,
reliable solutions, which also meet the regulatory require-
ments. The second direction is to ensure direct involvement
of all stakeholders in the product development stage to yield
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clinically-oriented solutions and help overcome rooted per-
ceptions and attitudes. Finally, wider adoption of nursing and
assistive robotics will depend on successful implementations
and demonstrations in clinical practice. Evaluation will be
based on healthcare quality and cost effectiveness.
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