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Preface

Medical robotics for surgery, personalized rehabilitation, hospital automation, and
high-throughput screening represents an important area of growth globally. Driven
by increasing clinical emphases on improved surveillance and earlier diagnosis, it is
moving into an era of precision intervention, demanding improved quality, mini-
mally invasive access, and an unprecedented level of accuracy. The commercial
success of the early-generation medical robots has inspired an ever-increasing num-
ber of platforms from both commercial and research organizations, resulting in
more agile and intelligent systems. This book looks back through the last decades at
how medical robotics has evolved into a major area of innovation and development
involving integrated multidisciplinary collaborative effort. With improved safety,
efficacy, and reduced costs, robotic platforms will soon approach a tipping point,
moving beyond early adopters to become mainstream clinical practice, also defining
the future of smart hospitals and home-based patient care.

This book is intended as an introductory literature by outlining the global trends
and new research directions in medical robotics, highlighting associated technical,
commercial, regulatory, and economic challenges. In particular, this book focuses
on three areas of medical robotics: (1) robotic surgery (Chaps. 2 and 3), (2) rehabili-
tation robotics (Chaps. 4 and 5), and (3) hospital automation (Chap. 6). For each
subject area, important clinical needs and technical aspects are discussed, focusing
on practical systems and research publications that have contributed to key advances
in medical robotics in recent years. Open challenges and future opportunities are
identified and discussed in Chap. 7.

Shanghai, China Yao Guo
Enschede, Overijssel, The Netherlands Giulio Dagnino
Shanghai, China Guang-Zhong Yang

February 2023
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“Medical robotics is a rapidly advancing area of development, spearheading
the evolution of precision medicine, personalized rehabilitation, and hospital
automation. The commercial success of the early-generation medical robotic
systems has inspired an ever-increasing number of platforms from both com-
mercial and research organizations, resulting in smaller, safer, and smarter
devices for general clinical use.” Medical robots include surgical robotics, reha-
bilitation and assistive robotics, and hospital automation robotics, as shown in
Fig. 1.1. This book looks back through the last decades at how medical robotics
has evolved into a major area of innovation and development. With improved
safety, efficacy, and reduced costs, robotic platforms will soon approach a tip-
ping point, moving beyond early adopters to become part of the mainstream
clinical practice, defining the future of smart hospitals and home-based patient
care. These platforms will also have a greater focus on early intervention and
quality of life after treatment. This book outlines the global trends and new
research directions of medical robotics, highlighting associated technical, com-
mercial, regulatory, and economic challenges.

© Shanghai JiaoTong University Press 2023 1
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Rehabilitation robotics can offer @ @ @ @ Since 1980s, robot-assisted surgery

robot-assisted therapies or enable has been explored extensively,
automated therapeutic training ranging from mechanically
and recovery. Assistive robots, grounded platforms to
including robots for either compact, handheld systems.
functional enhancement or Surgical robots are poised
functional compensation, e to maximize the clinical
are aimed at helping advantages of minimally
individuals with impaired : invasive surgery, enabling
physical functions to better Rehabilitation precise manipulation of
surgical instruments, intu-

Surgical
Robotics

manage activities of daily and Assistive
living, supporting indepen- Robotics AT itive hand—eye coordina-
dence and reducing the ) tion, and the ability to work
demands on nursing and : } beyond human dexterity in
other supportive staff. 2 a small operation space.

%)

Robotic systems that aim to improve the automation levels of hospitals, ranging from the service
robots assisting clinicians and robots working in the laboratories for high throughput testing.

Fig. 1.1 Taxonomy of medical robotics. Medical robotics can be categorized into surgical robot-
ics, rehabilitation and assistive robotics, and hospital automation robotics

1.1 Rise of Surgical Robotics

Since the end of the 1960s, when Driller and Neumann published the very first
medical robot-related paper [1], the field of medical robotics has been in constant
development. However, it was only in the mid-1980s that the concept of Health and
Service Robotics was introduced, when the United States Congress was urged to
support “innovative research in functional rehabilitation of cognitive capabilities,
speech, mobility, and manipulation.” During that period, robots in medicine were
considered mainly as rehabilitation devices and nursing assistants [2]. In 1985, a
conventional industrial robot, the Puma 200 (Unimation Inc., Danbury, CT) [3], was
experimentally employed in a surgical procedure of needle insertion, demonstrating
the first example of a surgical robot in history. Since then, an ever-increasing num-
ber of platforms from both commercial and research organizations have been devel-
oped and successfully used in a wide range of surgical specializations, such as
neurosurgery, Ear-Nose-Throat (ENT), orthopedics, laparoscopy, and endoluminal
intervention [2, 4-12].

Figure 1.2 shows the timeline of surgical robots, showing some of the platforms
that have marked the last 30 years of surgical robotics development. The first gen-
eration of surgical robots relates to stereotaxic interventions in neurosurgery and
orthopedics. For example, the Neuromate system (Renishaw, New Mills, UK)
allows accurate neurological tool positioning procedures [14] (e.g., for biopsy, neu-
roendoscopy, and electrode implantation) using a robotic tool handler. ROBODOC
(Curexo Technology, Fremont, CA) was the first surgical robotic system for ortho-
pedics (i.e., hip replacement) that reached the market in 1994 [15].

The 1990s signified a move from stereotaxic robotic systems to the second-
generation surgical robots, i.e., rigid yet dexterous robots for Minimally Invasive
Surgery (MIS). The ZEUS platform (Computer Motion, Goleta, USA) [16] is the
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Fig. 1.2 Timeline of surgical robots. Since the first application of a robot in surgery in 1985, a
growing number of robotic surgical platforms have been developed and applied to several clinical
specializations. From bulky industrial arms adapted to be used in clinical applications—typical of
the infancy of robotic surgery—robotic platforms have been bespoke designed to facilitate clinical
usability and have become smaller and smarter. This figure reports key milestones in robotics
surgery (only commercial platforms) over the last 40 years. Neuromate, Renishaw, © 2023;
ROBODOC (CC BY 4.0); ZEUS/AESOP, © Computer Motion; CyberKnife, (CC BY 2.0); da
Vinci/da Vinci SP/Ion, Intuitive Surgical Inc., © 2023; Sensei and Niobe (adapted with Springer
Nature permission from [13]); Mazor Robotics Renaissance, Mazor Robotics; Navio, Smith &
Nephew, © 2023; Mako, Stryker, © 2023; Monarch, Johnson & Johnson MedTech, © 2023
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first platform developed for laparoscopy in 1998. It presents several robotic arms
that operate inside the patient controlled by the surgeon sitting on a remote console.
ZEUS was first applied to cardio-surgery and became famous in 2001 for the trans-
oceanic cholecystectomy successfully performed by Marescaux and colleagues
[17]. A patient in Strasbourg, France, had her gall bladder removed using ZEUS and
was teleoperated by surgeons in New York. The da Vinci system (Intuitive Surgical,
Sunnyvale, USA)—now likely the most famous commercial surgical robot world-
wide—replaced ZEUS in 2003. The da Vinci systems feature immersive 3D visual-
ization of the surgical scene via a remote console that allows the teleoperation of the
laparoscopic instruments. Such configuration allows hand-eye coordination while
providing stereo-vision of the surgical field, something not possible in standard
laparoscopy. Intuitive Surgical developed many versions of the da Vinci system
(e.g., the multi-arm version da Vinci Xi, and the single port version da Vinci SP),
which have been used in many clinical applications such as cardiosurgery, colorec-
tal surgery, prostatectomy, and many others [18].

The evolution of surgical robots toward smaller and smarter devices continues in
the first decade of this millennium, allowing robots to be used in transluminal or
endoluminal procedures. The third generation of surgical robots, i.e., flexible robots
for MIS, includes small and steerable devices, such as robotic catheters or snake-
like robots, which can access and operate in constrained regions of the human body
not previously reachable with rigid laparoscopy. Endovascular procedures can be
executed under robotic assistance, using, for example, the two major commercial
platforms developed by Hansen Medical (acquired by Auris Health Inc., Redwood
City, USA): the Sensei X2 (for electrophysiological (EP) procedures) and the
Magellan (for endovascular applications) [19, 20]. The i-Snake developed by Yang
and his colleagues [21], a snake-like system, allows exploration of a large area of
the anatomy through Natural Orifice Transluminal Endoscopic Surgery (NOTES)
without requiring laparoscopic-style external manipulation, and it has full retroflec-
tion capabilities [22].

Concentric tube robots [5] address the limitations of catheter robots by pro-
viding higher stiffness while maintaining the required steerability. They are cre-
ated by a number of pre-curved interconnected elastic tubes that steer when
translated and rotated with respect to one another. Since 2005, this technology
has become attractive for robot-assisted surgical applications thanks to the pio-
neering work of Sears & Dupont [23], Webster [24], and Furusho et al. [25], and
further evolved to the current stage thanks to technical advances in design [26],
control [27], sensing [28], and image guidance [29]. For example, the Monarch
platform (Auris Health Inc., Redwood City, USA) integrates robotics and
enhanced navigation (3D imaging and sensing) for bronchoscopy applications
and received Food and Drug Administration (FDA) approval in April 2018.
Untethered micro-surgical devices, such as wireless capsules for endoscopy and
micro- and nano-robots, are the fourth generation of surgical robots [30].
Endoscopy capsules were introduced in the early 2000s and have evolved thanks
to the research of several groups worldwide [31-33], becoming an alternative to
traditional endoscopy of the gastrointestinal (GI) tract [31-34].
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1.2  Popularity of Rehabilitation and Assistive Robotics

The aging population is imposing unprecedented challenges on chronic disease
and health management since the elderly are at high risk of motor weakness,
cardiovascular diseases, and neurological and musculoskeletal disorders, lead-
ing to a high potential of impaired cognitive and physical functions [35]. For
instance, stroke has become the leading cardiovascular disease that causes death
and disability worldwide. Most patients who survive stroke encounter reduced
capability of upper-limb movement, hand manipulation, or even walking [36].
Additionally, neurodegenerative diseases are also affecting a large population in
the world, where patients demonstrate diverse motor symptoms and cognitive
impairment [37], bringing an increasing burden of personal care in daily life.
Hence, there is a pressing need for patients to receive long-term rehabilitation
training in hospitals or in home-based environments, recovering patients’ func-
tionalities of neurological to musculoskeletal systems progressively. For those
with disabilities or motor weakness, personal assistance and functional augmen-
tation are of paramount importance in aiding patients to complete Activities of
Daily Living (ADL).

Commonly, rehabilitation training is guided by professional therapists at either
hospitals or rehabilitation centers, including physical therapy, occupational therapy,
speech-language therapy, or psychotherapy. However, such training requires labor-
intensive repeated work provided by the therapists. Disabled patients or people with
impaired physical functions frequently need around-the-clock assistance from two
to three caregivers or to complete ADL. However, compared to the high demand of
patients requiring rehabilitation training or personal assistance, the number of thera-
pists or caregivers is far from sufficient.

To fulfill such demands in healthcare, the development of rehabilitation and
assistive robots has been actively pursued in the past decades. In particular, robotic
systems are aimed at either assisting/empowering individuals to complete ADL
tasks or improving the recovery of individuals’ physical/cognitive functioning
through automatic therapeutic training [38—41]. Rehabilitation and assistive robot-
ics is a multidisciplinary field involving robotics, bioinformatics, anatomy, mechan-
ical engineering, material science, control theory, and Human—Robot Interaction
(HRI). As robots are advantageous in providing long-term and repeated movement,
rehabilitation robots can offer automatic therapeutic training like therapists [38]. To
provide either functional augmentation (e.g., exoskeleton) or functional compensa-
tion (e.g., prosthesis and intelligent wheelchair), a number of assistive robots have
been developed for assisting with different ADL tasks, helping patients to better
manage ADL or supporting independence and reducing the demands for nursing or
other supportive staff [39, 40, 42]. As such, robots are typically connected to or col-
laborate closely with patients. Extensive research effort has been gained on the
development of robots with soft and dexterous mechanical structure as well as natu-
ral and intelligent HRI mechanisms.

Figure 1.3 gives an overview of the development history and current state of
rehabilitation and assistive robots. As there exist numerous robots for
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Handy1 - the very early commercialized
assistive robot to assist disabled
people with ADL

MIT-MANUS - the pioneer upper-limb
rehabilitation training robot

Mirror-Image Motion Enabler (MIME)

Lol
="

Lokomat - a widely used gait
rehabilitation training robot

ARMin - the pi based
robot for upper limb rehabilitation

Lower-limb Exoskeleton . . Upper-limb Exoskeleton
é f ﬁ K' / "i’

ReWalk

Prosthesis Assistive Robot for ADLs

‘ < .
Obi

C-Leg 4 Hero Arm Kinova Jaco
Current

Fig. 1.3 Research states of rehabilitation and assistive robots: from past to current state of the art.
With the advancement in multidisciplinary technologies, recent research attention has been shifted
from large/grounded systems to lightweight/wearable ones. Handy 1 (adapted with Springer
Nature permission from [43]); MIT-MANUS (adapted with Taylor & Francis permission from
[44]); MIME (adapted from [45] (CC BY 4.0)); Lokomat (adapted from [46] (CC BY 4.0));
ARMin (adapted from [47] (CC BY 4.0)); EKSO, Ekso Bionics, © 2022; ReWalk, ReWalk
Robotics Inc., © 2023; HAL, Copyright by CYBERDYNE Inc.; MyoPro, Myomo, © 2023;
C-Leg4, Copyright by Ottobock; Zeus, Aether Biomedical, © 2023; Hero Arm, Open Bionics, ©
2022; Kinova Jaco, Kinova Inc., © 2023; Obi, Obi, © 2023; Whill, WHILL Inc., © 2015-2023
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rehabilitation training and personal assistance, here we only summarize several
landmark robots and those that have been approved for clinical use. The very early
commercialized assistive robot, namely Handy1, was developed by Mike Topping
in 1987. Handy1 is a robotic system that is capable of assisting the most severely
disabled people with several ADL tasks, such as eating, drinking, washing, teeth
cleaning, and shaving [43]. The MIT-MANUS robot, developed in the 1990s, was
the pioneer upper-limb rehabilitation training robot that achieved successful com-
mercial applications during the past decades [48]. This end-effector-based robotic
system is able to guide the movement of a subject’s upper limb while playing
interactive games. In 1999, a Mirror-Image Motion Enabler (MIME) was devel-
oped by Stanford University, using a Puma 560 robotic arm to guide the 3 Degree
of Freedom (DoF) motion of the affected side by reproducing the movement of the
patient’s healthy side [45]. Due to the motion compensation and limited Range of
Motion (RoM) induced by end-effector-based robotic systems, researchers shifted
their attention to developing grounded exoskeletons for rehabilitation. Among
numerous grounded systems, ARMin was a pioneer exoskeleton-based robot for
upper-limb rehabilitation [49], which could provide either passive or active thera-
peutic training. For lower-limb rehabilitation, a widely used gait rehabilitation
training robot, namely Lokomat, was developed by Hocoma (Hocoma, Volketswil,
Switzerland) in 2000. The Lokomat is a robotic treadmill-based gait training sys-
tem, where the individuals are suspended and their legs are attached to a robotic
exoskeleton [50].

With the rapid progress in electronics, materials, Artificial Intelligence (Al),
and robotics, recent rehabilitation and assistive robots have gained popularity in
developing lightweight and wearable systems. Most of these systems are embed-
ded with advanced robot control and intelligent HRI techniques. [51, 52] In addi-
tion to end-effector-based and grounded exoskeleton systems [45, 48-50],
wearable upper-limb and lower-limb exoskeletons [53, 54] have been successfully
commercialized, providing rehabilitation training and assistance for individuals
recovering from stroke or spinal cord injury. ReWalk (ReWalk Robotics Inc.,
Marlborough, US) was the first wearable lower-limb exoskeleton that got FDA
approval [53] (hospital use in 2011 and public use in 2014). EKSO (Ekso Bionics,
Berkeley, US), formerly known as Human Universal Load Carrier (HULC) [54],
was the first wearable exoskeleton cleared by the FDA for use with stroke patients.
Hybrid Assistive Limb (HAL), developed by CYBERDYNE (CYBERDYNE Inc.,
Tsukuba, Japan), was the first wearable cyborg for both upper and lower limbs
[55]. Additionally, intelligent prostheses incorporating the Human—Machine
Interface (HMI) can help amputees perform daily tasks, where diverse interfaces
with bidirectional links can be established between motor and sensory functions.
Meanwhile, various types of assistive robots have become practical in different
scenarios, empowering individuals’ capability or assisting them to better com-
plete ADL. For instance, assistant robotic arms are able to grasp objects for users
or help them finish dining. Intelligent wheelchairs can help disabled people navi-
gate through the environment automatically.
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1.3  Emergence of Hospital Automation Robotics

In addition to medical robots that are directly used in the clinical treatment and
diagnosis during surgery, as well as rehabilitation training and personal assistance
in daily life, another significant category lies in automation robots that aim to
improve the level of automation in hospitals. Specifically, the scenarios for hospital
automation robots can be classified into five categories: (1) robotics for hospital
logistics; (2) pharmacy and drug management; (3) patient transfer and care; (4) high
throughput lab automation; and (5) robots for diagnosis and imaging, as illustrated
in Fig. 1.4.

In recent years, different service robot systems have emerged in hospitals to help
with logistic and routine tasks, including reception, disinfection, inventory manage-
ment, and in-hospital delivery. For instance, logistic robots can automatically navi-
gate through the complicated environment in the hospital, dispensing or collecting
medical supplies or wastes. Nowadays, more and more robots with speech interac-
tion and interactive interfaces can serve as receptionists, providing guidance for
those patients who need help. Especially during the spread of Coronavirus Disease
2019 (COVID-19), such robots for hospital logistics demonstrated prominent poten-
tial in combating infectious diseases [57, 58], preventing medical staff from expo-
sure to potential risks. In addition, disinfection robots have become widely available
during the fight against COVID-19 [59]. Robotic disinfection embraces multiple
approaches, but the most commonly used ones use Ultraviolet (UV) light to destroy
microorganisms. A recent study demonstrated the effectiveness of UV treatment
against three different viruses, including SARS-CoV-1 [60].

Pharmacy and drug management is labor-intensive and requires meticulous
attention in hospitals, where robotic systems can significantly improve the effi-
ciency, accuracy, and safety of the workflow in the pharmacy department [61].
These robots aim to help medical staff reduce labor-intensive and repeated tasks
(e.g., picking and placing drugs in bins) and allow them to focus on their area of
expertise. Currently, robotic arms are widely used for drug management and dis-
pensing, which can provide dexterous manipulation and grasping like human beings
[62]. Moreover, robotic systems can help reduce the potential contamination
induced by human workers, enabling zero-touch and zero-error pharmacy automa-
tion. Robots can also be used for drug blending with high speed, such as intravenous
drugs and anti-tumor chemotherapy drugs.

Another significant role of hospital automation robotics is for nursing purposes.
These robots can provide oversight not only in inpatient wards but also in the
Intensive Care Unit (ICU), providing 24/7 monitoring and assistance for patients
with needs. In particular, for paraplegic patients or people with motor weakness,
nursing and transfer robots have emerged to provide support for patients to com-
plete sit-to-stand/stand-to-sit or transfer them from one place to another, which can
significantly save the effort of caregivers [63]. In addition, some service robots are
developed to cooperate with surgeons, assisting in surgery in the operation room
[64]. It should be emphasized that most transfer robots (e.g., intelligent wheel-
chairs) are built upon mobile platforms. By integrating advanced sensing [e.g., com-
puter vision, Light Detection and Ranging (LIDAR)] technologies], localization
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Hospital
Logistics

Pharmacy
and Drug
Management

Patient
Transfer
and Care

Throughput
Lab
Automation

Robots
for Diagnosis
and Imaging

Fig. 1.4 Main categories of available hospital automation robots. The figure shows the hospital
automation robots that are working for hospital logistics (TUG, Aethon © 2018; Guardian II,
Guangdong Jaten Robot & Automation Co., Ltd., © 2022), drug management (YuMi, ABB, ©
2023; Moxi, Diligent Robotics Inc., © 2023), patient transfer and care (PTR, Copyright © PTR
Robots; Robear, Copyright © RIKEN, Japan), high throughput lab automation (Pharma, DSG
Robotics, © 2017-2020 by Netech; YuMi, ABB, © 2023), and diagnosis and imaging (CyberKnife,
Wikimedia Commons (CC BY 2.0); MELODY, adapted from [56], CC BY 4.0)
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and navigation in the cluttered hospital environment can be achieved automatically.
Meanwhile, intelligent robots are able to recognize human targets or objects of
interest, allowing the completion of more complicated tasks (e.g., object manipula-
tion and patient transfer). Robots with a single arm or bimanual arms can perform
various dexterous manipulations or cooperate with human workers.

In addition to hospital logistics, high throughput testing robots play significant
roles in improving the automation levels of the laboratories [65], which include
robotic platforms used for automated liquid handling, automated synthesis, DNA/
RNA sequencing, in vitro diagnosis, and data analysis and interpretation [66]. With
the help of high throughput testing robots, the accuracy and efficiency of assay and
synthesis can be significantly guaranteed. In addition, these robotic systems used in
single-cell transcriptomics, proteomics, and metabolomics can accelerate the devel-
opment of precision medicine. For instance, during the COVID-19 pandemic, high
throughput testing robots have shown their capabilities to improve efficiency in
nucleic acid test and vaccine development [57].

Finally, robots can also help in facilitating the diagnosis and acquisition of medi-
cal images. For example, robots can be used to collect biological samples, for Point-
of-Care (PoC) diagnosis, in ICUs, and even within radiology departments both for
diagnosis and treatment purposes. Diagnostic blood testing and oro- and naso-
pharyngeal swabbing can be performed by a robot during pandemics to reduce the
risk of infection for the operators. Telerobots can be helpful in applications where a
remote doctor takes all the physiological parameters and diagnoses a disease using
audiovisual aids. ICU robots can be used to provide access to off-site patients,
supervising physicians, and other specialists, making otherwise very difficult proce-
dures possible. Robots can be employed in radiological applications, such as remote
acquisition of medical images and robot-assisted therapies, such as performing
ultrasound acquisition and robot-assisted radiotherapy.

1.4 Emerging Technologies and Challenges

The common denominator in the evolution of the aforementioned areas of medical
robotics (i.e., robotic surgery, rehabilitation training and personal assistance, hospi-
tal automation) is the general evolution of medical technologies, which eventually
brought together robotics, Al, imaging, and sensing.

1.4.1 Robotic Surgery

For surgical robotics, this process started long ago with the first endoscope (Bozzini,
1806), followed by the discovery of X-rays (Roentgen, 1895). A few years later,
Computer Tomography (CT) and Magnetic Resonance Imaging (MRI) allowed us to
acquire and visualize 3D data of the anatomy, paving the way to improved pre-
operative planning and the intra-operative navigation of clinical procedures thanks
to computer assistance. The so-called Computer Assisted Intervention (CAI) was



1.4 Emerging Technologies and Challenges 1

born, and its main goal was to assist clinicians to perform better both in terms of
diagnosis and treatment of diseases. CAl is used in combination with surgical robots
to connect patient-specific data with precision technology able to sense and interact
with the human body. In this sense, the integration of sensing and imaging with
robotics is fundamental not only to support clinical decisions but to enable autono-
mous or semiautonomous navigation features.

Surgical robots are becoming smaller following the advances in precision manu-
facturing, microfabrication, and materials. Micro-robots can navigate the human
body to perform treatment and diagnosis of pathologies. In the future, micro- and
nano-robots will be able to reach target cells, recognize the pathology, and attack it
locally while preserving the healthy tissues [2]. This will be possible thanks to
advances in the areas of microfabrication, power optimization, imaging, and sens-
ing technologies [4].

Artificial Intelligence (Al) and machine learning will make robots smarter and
able to interact with the clinical environment with increased levels of autonomy
[67]. This will necessarily grow hand-in-hand with enhanced navigation and map-
ping techniques so that robots will be able to understand the clinical procedure and
cooperate with the clinician to achieve one or more clinical tasks, or even make
decisions in full autonomy [68]. According to Yang et al. [69], “the grand challenge
for robotic navigation is to develop systems able to effectively learn from unmapped/
unknown environments and dynamically adapt to them, similar to how human per-
ception works. Robotic navigation requires semantic understanding and representa-
tion of scenes and active interactions.”

Another key point is the interaction between users and robots (i.e., HRI). HRI
aims to establish uni- or bi-directional communication/interaction between robotic
systems and humans, including haptic feedback, brain—machine interfaces, ges-
tures, and eye or vocal control [70]. Physical interfaces, currently the most com-
monly used, are generally master controllers that the user manipulates to operate a
remote surgical robot and accomplish tasks such as tissue manipulation or tool han-
dling [71]. Those basic approaches can be combined with Learning from
Demonstration (LfD) of human experts to gain autonomy for task execution [72].
Designs of HRI are governed by task-specific requirements, ergonomics, and guide-
lines, as summarized in Adamides et al. [73], especially when used for clinical
applications where easiness of use and clinical acceptance are of paramount
importance.

1.4.2 Robots for Cognitive Rehabilitation and Social Assistance

In the past decades, there has been extensive attention paid to the development of
rehabilitation and assistive robots focusing on therapeutic training or personal assis-
tance of human physical functions. However, the number of patients encountering
neurological disorders [e.g., Alzheimer’s Disease (AD), Parkinson’s Disease (PD),
and Autism Spectrum Disorders (ASD)] has dramatically increased recently. These
patients have demonstrated various types of impairment in memory, learning ability,
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communication, and social interaction, thus requiring extensive effort in care and
companionship. Therefore, it is of paramount significance in the development of
cognition rehabilitation and socially assistive robots [74].

Due to the patients’ behavioral and cognitive abnormalities, one of the prerequi-
sites of such robots is to establish intelligent and reliable HRI to understand their
behavior and cognition [51, 75]. For instance, human posture and action could indi-
cate their motion intention, while facial expression and eye movement imply their
emotions and mental states. In addition, analysis of their brain activities plays a
significant role in exploring the underlying mechanism between patients’ behavior
and cognition. To achieve this, multimodal sensing techniques along with dedicated
machine learning algorithms are critical steps [76].

Commonly, the intervention provided by specialists is the main treatment for
patients with cognitive impairment. As disparity exists among patients and there are
differences in their behaviors, another significant challenge is to establish personal-
ized intervention, including cognition assessment, treatment plan development, and
social interaction [77]. Hence, there remain great opportunities to develop personal-
ized artificial intelligent algorithms and HRI mechanisms.

Another important topic within cognitive rehabilitation and socially assistive
robots is delivering effective feedback to patients, such as facial expression, pronun-
ciation and intonation, eye contact, and body language [78]. Along this line, robots
can gain the trust of users, which could facilitate effective social interaction between
patients and robots. Moreover, ethics and regulations are very important in the
development of such robots, as they may live/work with patients in their homes.
Moreover, data storage, privacy, and encryption are also significant issues that need
to be considered.

1.4.3 Robots for the Future of Smart Hospitals

Figure 1.5 points out several key characteristics of the future of smart hospitals.
First of all, it is essential to push the less-complex medical support out of major
hospitals and into a home-based environment and local community. Hence, a hier-
archical healthcare delivery system could be established, including in-home care,
polyclinics, community hospitals, and super hospitals. The advancement of perva-
sive sensing and telepresence robots enables the deployment of better and cheaper
diagnostics and monitoring in the home. For most patients, polyclinics and com-
munity hospitals with walk-in distance are able to provide face-to-face care, where
standard medical treatment and healthcare support could be given. For those who
want to receive high-quality and all-round healthcare service, super hospitals are
able to provide personalized medicine through long-term monitoring of multimodal
healthcare data.

As one of the cutting-edge technologies, medical robotics has been extensively
applied to solve problems in clinical treatment, and the problems found in clinical
practice are fed back to indicate the direction of research focus, so as to achieve a
closed loop of technological innovation and clinical translation. Therefore, smart
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Fig. 1.5 A prospect of the future smart hospitals

super hospitals with levels of automation will become prevalent in the near future
[4]. Rather than robot-assisted surgery and rehabilitation, increasing attention has
been gained on building robotics systems that engage in hospital logistics, phar-
macy, drug management, and patient transfer and care. The development of future
service robots could focus on the integration of multiple intelligent systems to form
a complete and automated workflow in hospitals. Each robot is not only responsible
for a specific task but can cooperate with other robots to achieve more complicated
tasks. In addition, future service robots in a smart hospital should be multi-
functional, which means that they can undertake different tasks automatically, col-
laborating with human workers in a safe and seamless manner. Robots for diagnosis
and imaging will be more widely used in routine clinical practice. This will require
advances in imaging and sensing technologies to guarantee safe and reliable appli-
cations of robotic devices to perform diagnoses on patients. Autonomy will play a
key role in the advances of such systems to perform diagnostic and treatment
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procedures with minimum human supervision and interaction. However, this will
introduce safety and ethical concerns that must be addressed. On the other hand,
high throughput robots for sample testing, target screening, in vitro diagnostics, and
a wide range of applications in single-cell transcriptomics, proteomics, and metabo-
lomics are emerging technologies, which are also faced with grand challenges and
opportunities.

To help close the loop for research and development of precise treatment and
early intervention, the integration of omics technology, bioinformatics, and Al tech-
nologies will facilitate technological innovation and clinical verification in the
future of smart hospitals. We can foresee an increasing number of miniaturized,
implantable, and intelligent medical robots in the near future.

1.5 Overview of This Book

These are some of the key elements that are covered in this book to provide a fresh
and up-to-date overview of medical robotics. This book focuses on three areas of
medical robotics: (1) robotic surgery (Chaps. 2 and 3), (2) rehabilitation robotics
(Chaps. 4 and 5), and (3) hospital automation (Chap. 6). For each area, clinical
needs and technical aspects will be discerned in detail, focusing on robotic systems
and publications that represent key advances in medical robotics, thus providing the
readers with an overview of the current state of the art. Open challenges and future
directions are identified and discussed in Chap. 7. This book is intended to provide
an overview of medical robotics by reporting on systems that have proceeded to
clinical translation or commercialization from academia, highlighting their practi-
cal impact and innovation.
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2.1 Introduction

This chapter presents an overview of the clinical aspects that influence the design,
development, and uptake of surgical robots. It mainly focuses on the evolution of
surgery and related clinical technologies, reporting clinical applications of robotic
surgery, and analyzing clinical needs and challenges that are relevant to the transla-
tion and usability of robotic technologies in clinical practice. The goal is to provide
readers with an overall view of clinical requirements that are needed to design
robotic systems for surgical applications. Technical aspects of robotic surgery,
including the state of the art of surgical robotic platforms and analysis of general
technologies (i.e., imaging, sensing, navigation, control, human-robot interaction,
and autonomy), will be covered in Chap. 3.

The field of surgery is under constant evolution [1] (see Fig. 2.1) with an acceler-
ated pace in recent years in terms of safety, effectiveness, and patient outcome. This
process started a long time ago with the introduction of antiseptic surgery by Lister
in the 1860s. Since then, the discovery of breakthrough technologies has played an
important role in revolutionizing clinical practices such as surgery, anesthesiology,
radiology, and many others. While technical advancements clearly improve the
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Fig.2.1 The evolution of surgery is strictly linked to the evolution of technology. Advanced medi-
cal imaging coupled with smaller, flexible, and more dexterous instruments and sensing devices
allowed the move from open to minimally invasive approaches, reducing the number and size of
surgical wounds, thus soft tissue damages, surgical infection incidence, recovery time, and postop-
erative pain

strategies for the diagnosis and treatment of a growing number of pathologies, the
core of surgical practice remains basically unchanged and focuses on high-level
performances and technical rigor. Driven by technological breakthroughs, this
founding surgical principle has undergone a dramatic and quick evolution in the last
decades, and new exciting developments are predicted in coming years.

The era of MIS was initiated by the development of the Hopkins’ endoscope in
the 60s. Then, MIS underwent a formative period of clinical assessment and techno-
logical progression in the 1970s and 1980s before becoming established across sev-
eral surgical specialties. MIS continues to focus on minimizing the number and size
of visible skin incisions, with the goal of thus improving the surgical outcome (e.g.,
reducing postoperative pain, surgical and recovery time, risk of infections, etc.).

While MIS has a clear benefit to patients, it requires surgeons to acquire new
skills to operate novel tools in different surgical workflows with respect to standard
open surgery. The main changes are related to sight and touch, possibly the two
most important senses for surgeons. During MIS, the 2D video display of the surgi-
cal field and the rigid laparoscopes represents a barrier between the surgeon and the
patient as haptic guidance, hand dexterity, and visual-motor coordination are drasti-
cally reduced. To mitigate such limitations, robotic surgical platforms have been
introduced into clinical practice, bringing solutions such as enhanced dexterity and
manipulability and improved stability and motion accuracy.
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Robotic technologies combined with MIS approaches, allowed further reduction
of skin incisions up to a single incision, or even no-incisions, by navigating the
natural orifices of the human body to reach the target anatomies (see Fig. 2.1). One
of the main goals is the possibility to navigate the human body in a flexible way, i.e.,
to reach anatomies that are not directly aligned to the access site. New technologies
are required to make the “flexible access surgery” possible, and bespoke instrumen-
tation with higher flexibility and dexterity to reach such anatomical target is there-
fore required.

2.2  Surgical Robots and Clinical Needs

Surgical robots were originally developed to address the clinical demand for greater
accuracy in manipulation and visualization, overcoming the challenges of conven-
tional minimally invasive approaches (ergonomically difficult to perform due to the
use of rigid instruments, limited sensory feedback, misalignment of visuomotor
axes, and the need for high dexterity). In response to these limitations, robotics and
computer assistance have been integrated into the clinical workflow to provide aug-
mentation of surgical skills in terms of enhanced dexterity, sensing, and image guid-
ance [1].

As shown in Fig. 2.2, robotic systems have already been used in many special-
ties, including neurosurgery, ENT, orthopedics, laparoscopy and via human body
lumens. According to Bergeles et al. [2], there are four generations of surgical
robots: (1) stereotaxic robotic systems (first generation); (2) rigid dexterous robots
for MIS (second generation); (3) flexible robots for MIS (third generation); and (4)
untethered microsurgeons (fourth generation). Standard laparoscopy (manual) can
be considered as the zeroth generation. From one generation to the next, the fusion
of robotics and imaging became stronger and more effective, providing better sup-
port to the surgeons in terms of improved manipulation skill and precision as well
as more effective surgical planning and intra-operative guidance.

2.2.1 Standard Laparoscopy

In laparoscopy, surgical tools are inserted and manipulated inside the abdomen
through a number of small incisions. To facilitate the visualization of the surgical
field and the manipulation of the instruments, the abdomen is inflated with CO,. The
first laparoscopic surgery in 1985, the removal of the gall bladder by Miihe in 1985
[4], marked the transition from open to minimally invasive surgery. Despite the
aforementioned advantages, MIS faces significant application challenges, particu-
larly in the newer surgical domains of single-port access, intraluminal, and translu-
minal surgery [1].

These complications revolve around ergonomic factors associated with limited
sensory feedback of surgeons, i.e., misalignment of visuomotor axes and a high
demand for manual dexterity required to manipulate the laparoscopic instruments.
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Fig. 2.2 Examples of surgical robot specializations. pRALP surgical system, Mattos et al.
(MRALP Consortium; https://www.microralp.edu); Ophthalmic microsurgery/intravascular micro-
robot/endoscopy capsules (adapted with IEEE permission from [2]); da Vinci and da Vinci SP,
Intuitive Surgical Inc., © 2023; ZEUS/AESOP, © Computer Motion; i-Snake (adapted with IEEE
permission from [2]); NAVIO, Smith&Nephew, © 2023; ROBODOC, Creative Commons (CC BY
4.0); Mako, Stryker, © 2023; TIANIJI, Beijing TINAVI Medical Technologies Co., Ltd., © 2020;
Micro-IGES (adapted with IEEE permission from [3]); Monarch, Johnson&Johnson MedTech, ©
2023; neuromate, Renishaw, © 2023; CyberKnife, Wikimedia Commons (CC BY 2.0); Neuralink,
Neuralink, © 2023; ROSA ONE, Zimmer Biomet, © 2023

In more detail, in laparoscopy procedures, surgeons operate while looking at a
screen displaying 2D images provided by the endoscope. Therefore, stereoscopic
depth perception is commonly lost, and visual estimation skills are limited [5].
Haptic feedback is also limited as surgeons have to manipulate the surgical tools
while tackling the fulcrum effect resulting from the constraining incision ports [6].
The lack of feedback makes certain types of surgeries particularly challenging.
Endovascular intervention, for example, requires force feedback to navigate the
human vasculature, rendering safe tissue manipulation highly demanding [7].
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2.2.2 Neurosurgery and Orthopedics

The first generation of surgical robots was applied to stereotaxic neurosurgery
and orthopedics. Rigid structures such as bones simplify the registration of pre-
operative images (e.g., CT or MRI) of the patient to the robotic platform, allow-
ing for preoperative planning and intra-operative navigation in real-time.
Exemplary systems for neurosurgery (which will be analyzed in more detail in
the next chapter along with other surgical robot specializations) include the
industrial robotic manipulator Puma 200 (Unimation, Danbury, USA) that was
used in neurosurgical tasks as robot-assisted needle placement for brain biopsy.
This is the first example in the history of a robot used for surgical applications
[8]. Since then, surgical robots gradually steered away from industrial manipu-
lators toward dedicated bespoke systems designed and developed for clinical
applications. The Neuromate (available from Renishaw, New Mills, UK) [9] was
the first surgical robot for neurosurgery that received Conformité Européene
(CE) and FDA approval. “Minerva” is another example of a robot designed for
neurosurgical applications [10].

Orthopedic surgical robots evolved in parallel to neurosurgical systems.
ROBODOC, the first commercially successful surgical robot [11, 12], was devel-
oped by Taylor and Kazanzides et al. in IBM and commercialized by Integrated
Surgical Systems Inc. ROBODOC, clinically evaluated in 1992, performed total hip
replacement. In the UK, Davies and colleagues developed “AcroBot,” a surgical
robot for knee arthroplasty that was able to cooperate with surgeons providing
active constraints [13].

This first generation of surgical robots allowed interventions of increased accu-
racy, and their success supported the acceptance of robots operating in surgical
suites [2], representing the foundation of state-of-the-art robotic surgical systems
[14]. Through iterations and building on existing research contributions, systems
gradually became more lightweight and compact. They are, however, not designed
to allow visualization, haptic feedback, or surgical dexterity in multiple DoF. These
issues are key requirements for improving the outcome of minimally invasive inter-
ventions that involve tissue manipulation. This is the focus of the next generation of
robotic systems, which are based on the integration of imaging modalities, the
notion of synergistically operating with the surgeon, and the now-established limi-
tations of surgical and robotic capabilities [2].

2.2.3 Robotic Laparoscopy and Endoluminal Intervention

Next generations of surgical robots approach the problem of operating in confined
body cavities and dexterously manipulating tissue. The design of any MIS platform
should therefore be aimed at simplifying the procedure for the surgeon. As sug-
gested by Vitiello et al. [1], requirements for such platforms include accessing the
endoluminal site; tissue manipulation and removal (e.g., resection or ablation); and
tissue suturing.
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Such platforms also require a small footprint to provide enhanced dexterity, pre-
cision, and stability and adequate visualization of the surgical workspace.
Accordingly, minimally invasive access can be divided into the following categories
[1]: extraluminal, intraluminal, and transluminal as summarized in Fig. 2.3. In
extraluminal approaches, the access to the surgical field is obtained through skin
incisions (one or more); endoluminal approaches utilize anatomical lumens via
natural orifices, and transluminal procedures are performed by breaching luminal
barrier to access the target anatomy. A combination of these three approaches is also
possible (hybrid). Each approach presents a specific surgical configuration, generat-
ing a set of ergonomic and technical challenges.

Laparoscopy and thoracoscopy are examples of minimally invasive techniques
that utilize extraluminal access routes to insert instruments via small incisions in the
abdominal or chest wall (see Fig. 2.1). CO, gas is insufflated in the anatomical
spaces to create the required operational space (particularly important for laparos-
copy). Ergonomic challenges include counterintuitive tool manipulation due to the
fulcrum effect and loss of dexterity due to the use of rigid instruments with limited
effective workspace.

Single-port laparoscopy procedures have the benefit of reducing the number of
skin incisions required for instrument access. Such procedures are usually carried
out through an incision on the umbilicus through which laparoscopic instruments
are inserted into the body. The main limitation of this approach is the instruments
clashing due to the limited and “crowded” access that can be addressed by utilizing

Transluminal

Fig. 2.3 Classification of MIS procedures. Based on the access routes, MIS procedures include
extraluminal, intraluminal, and transluminal approaches. In extraluminal approaches, the instru-
ments are inserted through skin incisions on the body. Endoluminal intervention makes use of the
natural orifices of the human body to access lumens and navigate the instrument to the desired
target. Transluminal access is provided by breaching a luminal barrier to enter into body cavities
such as the abdomen. Hybrid approaches use a combination of these access routes
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pre-curved instruments. However, the problem related to the rigidity of the shaft of
such instruments remains.

Endoluminal procedures are performed through human lumens as the vascular
tree, esophagus, urethra, and colon, without passing through their boundaries.
Endoluminal devices, such as endoscopes and catheters, are used to navigate the
lumens and deploy a therapy or perform a diagnosis. For example, in colonoscopy,
an endoscope navigates the colon to provide images of the tissues and take out tis-
sues (biopsy, polyp resection) [15]. In contrast to extraluminal procedures, intralu-
minal procedures are spatially constrained by the very limited operative workspace.
Therefore, instrument flexibility is crucial for safe access and navigation.

Endovascular procedures are performed through blood vessels. 2D fluoroscopy
is typically used as image guidance to navigate catheters and wires, and this intro-
duces a number of challenges, such as exposure to x-ray radiations and subopti-
mal visualization of soft tissues, which requires the injection of a nephrotoxic
contrast agent. Vascular instruments are manipulated by the operator (generally
endovascular surgeons and interventional radiologists) to navigate arteries and
reach a specific target to, for example, place a stent and perform aneurysm coiling,
ablation, or drug delivery. Such procedures require the operator to be extremely
skilled, and extensive training is required to reach the necessary level of manual
dexterity. Thus, these drive the need for the development of robotic systems for
endovascular intervention [16].

Transluminal approaches make use of flexible endoscopes to improve gastroin-
testinal and hepatobiliary surgeries, further minimizing the invasiveness of related
MIS procedures. Endoscopes are inserted through a natural orifice and involve a
breach of luminal barriers to reach the desired target, for example, the abdominal
cavity. These approaches are called natural orifice transluminal endoscopic surgery
(NOTES) and can involve a combination of transrectal transgastric, transvesical, or
transvaginal routes requiring specific endoscopic instrumentation. However, the
standard endoscopic instrumentation is not adequate for transluminal procedures.
Attempted NOTES applications outside of normally supportive luminal boundaries
reveal a lack of structural shape strength due to a tendency for the tip to wander
away from the desired target. In addition, current surgical tools and devices compat-
ible with flexible endoscopes cannot guarantee the required interaction capabilities
with the tissue. Therefore, the design of tailored instruments is crucial to the clinical
uptake of NOTES. Major technical challenges are related to the flexibility of instru-
ments to allow navigation to the surgical site through different access routes while
maintaining adequate stability. The goal is to meet the same capabilities of complex
multihanded laparoscopic instruments to reproduce the abilities of human hands to
perform open surgery. The integration of elements such as elevated optics coupled
with independently controlled bimanual arms into such a platform design represents
a major technical challenge.

A combination of extraluminal, endoluminal, and transluminal approaches—
called hybrid approach—is possible. For example, a laparoscopic instrument
can be deployed extraluminally to support procedures that involve transluminal
access. Another example is related to cardiac surgery [17], where some tasks are
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via endovascular approach (e.g., stenting) in conjunction with extraluminal
intervention, allowing a minimally invasive approach that otherwise would
require open heart surgery and related invasive procedures (e.g., thoracotomy or
sternotomy).

2.3 New Challenges, New Technologies
2.3.1 Superhuman Dexterity and Human-Robot Cooperation

In robotic surgery, many problems associated with conventional MIS are addressed
by combining machine precision and human control. By using a digital, as opposed
to mechanical, teleoperated setup—in which the clinical operators work with the
main robot and the remote manipulator works with the patient— the fulcrum effect
is eliminated. Tremor removal and motion scaling are used to control the instrument
end-effector’s motion precisely. Additional flexibility at the remote manipulator
level enables wrist articulation.

The development of surgical robots takes into account not only their size and
architecture but also their capacity to collaborate with the surgical team and safety
features—crucial for clinical acceptance and usability. For safety and the best surgi-
cal outcome, it is essential to design an appropriate human-robot interface and spe-
cific control strategies. Medical robots were initially employed as passive tool
holders (e.g., Neuronavigator [18]), but subsequently they became able to adjust
preprogrammed plans in real-time to the intraoperative position of a target (e.g.,
CyberKnife [19]). The choice of a suitable human-robot interface and the applica-
tion of task-specific control strategies are fundamental to the improvement of the
consistency and safety of the operation, especially when the complexity of multi-
DoF systems introduces additional ergonomic issues for the surgeon [1]. Although
most of the current platforms are controlled in a teleoperated fashion, different
human-robot interfaces and control features have also been implemented depend-
ing on specific designs and clinical applications. However, these components mainly
affect the configuration of the operator side of the system unless additional con-
straints need to be introduced at the patient level.

2.3.2 Vision and Sensing in Robotic Surgery

To give operators superhuman dexterity and integrated real-time intraoperative
image guidance, sensing, and decision support, surgical robotic platforms must
seamlessly collaborate with surgeons. The surgeon closes the system’s control
loop and operates the robot by using sight and sense data. As a result, real-time
imaging and sensing could be integrated in the control architecture to further
improve the conventional teleoperated configuration (in which the remote robot
within the patient replicates the movements of the surgeon’s hands at the master
controller) [14].
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Video display (2D or 3D) that gives the surgeon visual feedback from the surgi-
cal site and an input device that transmits motion commands to the remote robot are
the two essential parts of a surgical master console. The clinical process and the
remote manipulator’s design are key factors that influence the input device selec-
tion. Joysticks and the PHANTOM Omni haptic devices are common examples of
off-the-shelf components used in simple surgical systems. A bespoke control mech-
anism is typically necessary for systems with several degrees of freedom. However,
redundancy makes it difficult to develop an ergonomic user interface since human
hands can only handle three degrees of freedom at once, necessitating the indepen-
dent control of extra degrees of freedom. Perceptual docking, a method introduced
by Yang et al. [20], can be used to enhance the surgeon’s control of the robot. This
conceptualization makes use of sensing to learn from the visuo-motor activity of the
users. This paradigm makes use of binocular eye-tracking to gather in-depth data
about the subject’s eye gaze. Exemplary applications include recovering 3D motion
and soft tissue deformation using this information [21]. As a result, this methodol-
ogy can be integrated into the robotic control to provide visual stabilization and
motion correction [22]. In order to lessen the cognitive load on the surgeon and
increase procedural safety, perceptual docking leverages the eye gaze to generate
active haptic constraints [23].

As already indicated, a primary flaw with many surgical devices continues to be
the absence of haptic guidance and force control. A robotic master control device
may render haptic feedback to give surgeons the perceptual information needed for
navigation and effective force delivery. The surgeon can use instrument-induced
tissue deformation as visual feedback to infer the amount of force used. When exe-
cuting technically more difficult and delicate surgical activities, such as manipulat-
ing sutures, haptic feedback becomes increasingly important [24].

Okamura and colleagues conducted in-depth research to demonstrate the critical
function of haptic feedback in robotic surgery [25]. In addition to a number of force
and position-based impedance control strategies for teleoperation [26] and the
development of virtual fixtures [27] (more on this below), they have looked into the
use of visuo-auditory cues [28, 29], to balance the lack of haptic guidance. However,
sensory substitution is less effective than direct haptic guidance because operators
have to “translate” the visuo-auditory information into a force estimation.
Additionally, it is still a significant challenge to use sensory substitution to transmit
information from a large number of DoFs [30].

Virtual fixtures (or active constraints) can also improve the surgeon’s sensory
feedback by directing the surgical tool along predetermined 3D trajectories [31] and
inside secure boundaries [32]. The Acrobot is one example of a robotic system that
makes use of virtual fixtures [13]. Acrobot has a force feedback handle that is situ-
ated close to its end-effector. Through the handle, the surgeon may distinguish
between cutting hard or soft tissue. The method does not need any force sensors and
instead uses CT data acquired preoperatively. The surgeon can pre-plan the proce-
dure using such imaging data and establish a safety region in which it is safe to
remove bone tissue. When the end-effector approaches such region, the active con-
straint control increases the haptic stiffness to the surgeon’s hand via the handle.
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Active constraints’ primary drawback is that they strongly rely on preoperative
imaging data [32] and the accuracy of its intraoperative registration [33]. Dynamic
virtual fixtures have been suggested to deal with dynamic surgical scenarios. For
instance, Ren and colleagues created a 3D dynamic map of the surgical scenario by
integrating CT and MRI data with intra-operative ultrasound [34]. However, the
efficacy of such procedures still depends on the accurate registration of the preop-
erative model to the patient, which is usually limited by tissue deformations due to
manipulation during surgery.

Instead of restricting merely the instrument tip, dynamic active constraints can
be applied to give manipulation bounds to the entire robot [35], providing increased
instrument control and safety, particularly when the constrained surgical workspace
increases the complexity of the manipulation (e.g., in endoluminal procedures) [36].

More recently, Dagnino et al. proposed the concept of vision-based haptic feed-
back in endovascular procedures [7, 37, 38]. The robotic platform developed at
Imperial College London, the CathBot system, allows for the robotic manipulation of
endovascular instruments (catheters and guidewires), providing real-time intraopera-
tive navigation, including visual and haptic guidance. In order to constrain the mobil-
ity of the endovascular instruments and direct the operator through the vascular tree,
the navigation system analyzes the video stream provided by the imaging device (such
as a fluoroscope or an MRI) and generates dynamic active constraints. This friction-
like haptic guidance—generated through a robotic master manipulator—is calculated
by continuously monitoring the relative positions of the instrument and the vessel
walls. The friction felt by the user in the master manipulator increases as the instru-
ment gets closer to the vessel wall. This avoids peak-force contacts between the
instruments and the vessel walls, thus reducing the risk of injuries.

2.3.3 Image-Guided Robotic Surgery

The huge impact that medical imaging (together with surgical instrumentations) had
on the field of surgery should now be clear to the reader. It constitutes a real break-
through toward safer, more consistent, and minimally invasive intervention. The use
of preoperative and intraoperative imaging augmented by robot-assisted instru-
ments (see Fig. 2.4) has significantly improved surgeons’ perceptual-motor capa-
bilities, allowing surgical procedures to be carried out with unprecedented accuracy
and efficiency [33].

Medical images are usually assessed preoperatively to plan the surgery. Intra-
operative real-time imaging is important to guide the surgeon during the execution
of the surgery. However, precise registration of the patient’s anatomy with the pre-
operative data is necessary to enable real-time visual guidance. Registration can be
carried out preoperatively and maintained constant throughout the surgery if defor-
mations or changes in the tissues do not occur (like in fracture surgery). It is required
to enable online registration and remodeling of the data if there is significant tissue
deformation during the operation. For instance, due to its intricate structure and
mobility, heart surgery continues to be challenging in this regard.
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Fig. 2.4 Image-guided robotic surgery. Merging preoperative and intraoperative images aug-
mented by robotic devices improves surgeons’ perceptual-motor capabilities, allowing surgical
procedures to be carried out with unprecedented accuracy and efficiency. Typical steps include the
preoperative acquisition of patient’s volumetric data (usually via MRI and/or CT) that are used to
create patient-specific atlas and plan the procedure. Such a plan is then adapted in real-time during
the surgical procedure according to intraoperative data (provided, for example, by ultrasound or
fluoroscopy imaging). Co-registration of preoperative and intraoperative data, together with
dynamic information such as tissue deformation and topological change, enables the implementa-
tion of robotic assistance for enhanced dexterity and motion control, as well as other important
features such as enhanced surgical guidance via real-time 3D imaging, augmented and virtual
reality, and haptic and tactile sensing with dynamic active constraints to improve the consistency
and safety of the surgical procedures

Preoperative data collection is generally the initial stage in an image-guided sur-
gical navigation system. A kinematic model of the robot, geometrical information
for co-registration of preoperative planning, and simulation of alternative intraop-
erative approaches are three sources of information that must be combined in the
case of robot-assisted MIS. The preoperative surgical plan is then modified in accor-
dance with intraoperative information. Dynamic data, such as tissue deformation
and topological change, is crucial in this regard. These data can be used to co-
register preoperative and intraoperative data and make it easier to use Augmented
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Reality (AR), for example, to map imaging data to the surgical field. Haptic bound-
aries are set and modified at this point if virtual fixtures are to be included. Procedure
simulation can be used to evaluate the potential impact of surgical steps prior to its
execution, albeit it is not yet common. In order to achieve its overall objectives,
image-guided surgery must provide (1) pre-planning of the procedure; (2) intra-
operative guidance through real-time imaging; (3) real-time tracking of the tissue
deformation and adaptation; (4) integration of robotic assistance; and (5) haptic
guidance and dynamic active constraints. For example, by combining intraoperative
imaging and patient-specific models into a robotic platform, the robot can be guided
through a pre-planned path [39]. Clinical requirements for robot-assisted surgical
navigation include identification and localization of the pathology, spatial position-
ing and orientation (tissue and surgical tools), depth perception, adaptation to soft
tissue deformation, and merging of preoperative data and intraoperative imaging or
video stream [1]. Intraoperative tracking of tissues that deform can be made possi-
ble with the use of image guidance. Surgical workflow uses intraoperative imaging
to provide tissue surfaces to the clinician, most frequently via endoscopy, fluoros-
copy, or ultrasound. In particular, vision and guidance can be aided by the use of
preoperative models and intraoperative imaging. Contrary to preoperative imaging,
however, intraoperative real-time data collection is limited. Ultrasound imaging is
affordable and widely available and can be used for soft tissue identification and
guidance in MIS. Fluoroscopy is commonly used for orthopedics but is unable to
show soft tissues unless iodine contrast is injected, for example, in endovascular
applications (without the use of contrast, vessel, and other soft tissues are not visible
to the operator). Real-time MRI guidance has been used to guide cardiac procedures
[16], where Magnetic Resonance (MR) is able to provide good soft tissue contrast.
While MRI is able to depict versatile tissue contrast, it is only possible to obtain a
limited number of 2D images to attain the required temporal resolution. Also,
MR-safe devices (e.g., the CathBot system for endovascular intervention) are
required for any intervention within an MR scanner [38]. The development of
MR-compatible robots is expected to be an exciting step forward in the field.

As mentioned above, the combination of both preoperative models and the intra-
operative data and scene is necessary for effective intraoperative navigation.
Registration to the intraoperative workspace is necessary for preoperative models to
enable intraoperative guidance. Since the patients often require various imaging
modalities, image registration and fusion between such modalities are also very
important [40].

A prerequisite of image registration and visual navigation in robot-assisted surgi-
cal procedures is to accurately track the tissues (and their deformations, in the case
of soft tissues) so that closed-loop control can be applied (e.g., vison-based control
or visual servoing). Tracking of tissues involves two types of landmarks: (1) artifi-
cial landmarks (often referred to as fiducials) are external fiducials with definite
shape, and (2) natural landmarks are tissue-specific local features on the tissue sur-
face. These landmarks offer a reliable frame of reference that allows for image
registration. However, tracking soft tissues during surgery is still difficult [33]
mostly due to their free-form deformation and visually disparate surgical sceneries.
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Natural landmarks deform with the surrounding structure, and the tracking consis-
tency is generally sub-optimal. Assessing the relationship of the robot to the sur-
rounding anatomy is also essential. In particular, the interaction of the entire robot
with surrounding anatomical structures must be considered for safety reasons, i.e.,
to prevent injuries to the patient.

Finally, another important aspect is the augmentation of the surgical scene by
including preoperatively and intraoperatively images and 3D models. In standard
practice, preoperative information is examined before a procedure and then shown
on a screen during the surgery. Now, preoperative or intraoperative data can be
superimposed over the exposed surgical view using augmented reality. This is pos-
sible during orthopedics and neurosurgical applications where rigid structures like
bones allow solid and consistent image registration, enabling the augmentation of
the surgical field. However, this is still difficult in procedures where the deformation
of soft tissue is important due to the limited registration of pre- and intra-operative
data to the patient [1, 33].

24 Conclusions

Surgery is quickly evolving, driven by rapid technological advances and our con-
tinual search for early intervention and least invasive treatments. This chapter has
provided an overview of the evolution of surgery and related clinical technologies,
focusing on clinical needs and challenges that are relevant to the development and
clinical uptake of surgical robotic platforms. Clinical challenges of minimally inva-
sive surgeries are mainly related to surgical instruments that are ergonomically dif-
ficult due to the use of rigid instruments, surgical navigation (i.e., the limited sensory
feedback and the misalignment of visuomotor axes), and the need for high dexterity.

For neurosurgery and orthopedics, it is crucial to provide reliable and consistent
intraoperative navigation, where 3D preoperative images of the patient (e.g., CT
and/or MRI) are registered to the patient to guide the clinical team during the sur-
gery. Also, high precision (e.g., to place a needle in the brain or to mill a bone to
place a prosthesis) and force (e.g., to reduce a joint fracture) are key aspects.

For laparoscopy, the main clinical challenge is operating in confined body cavi-
ties and dexterously manipulating tissue. Here, clinical requirements include the
need for high dexterity, precision, stability, and an adequate visualization of the
surgical workspace. For endoluminal procedures (i.e., performed through tubular
anatomical structures such as the esophagus, colon, urethra, and arteries), the chal-
lenge is even more complex, as the instrument must be able to navigate an even
smaller anatomical workspace and therefore instrument flexibility and steerability
are crucial for safe access and navigation. On top of that, image and haptic guidance
play a fundamental role in surgical navigation. For example, in endovascular proce-
dures (which are examples of endoluminal intervention), 2D fluoroscopy is typi-
cally used as image guidance to navigate catheters and wires, but this introduces a
number of challenges. 2D representation of a 3D anatomy is suboptimal, and it
requires a nephrotoxic contrast agent to visualize soft tissues. X-ray radiations are
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not healthy for both the patient and the operator. Also, the operators rely on haptic
feedback perceived through the instruments in order to navigate the instrument
through the anatomy. Finally, the necessary proficiency in manual dexterity requires
a wealth of training and experience.

New advances in the field of robotics, imaging, sensing, and Al can provide the
necessary technologies and instruments to address the discussed clinical challenges.
Building on the clinical considerations presented in this chapter, the next chapter
will provide a detailed explanation of robotic surgery, outlining the evolution of
robotic platforms and related technologies that have contributed to making robotic
surgery a major area of innovation and development in the last decades.
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3.1 Introduction

This chapter provides an overview of the evolution of robotic surgery over the years,
as well as the efforts undertaken in the integration of imaging, sensing, and robotics
for improved human-robot interaction. It analyzes robotic platforms and technolo-
gies that have contributed to making robotic surgery a major area of innovation and
development. Several exemplar platforms from both commercial and research orga-
nizations are reported here, categorized, and discussed. On the basis of the classifi-
cation proposed by Bergeles et al. [1], we focus on different generations of robotic
surgery. From one generation of robotic systems to the next, perception, decision,
and action are becoming increasingly intertwined, resulting in improved control,
dexterity and precision, and reduced invasiveness, access trauma, and tissue damage.

This chapter also focuses on the interaction between users and robotic systems
regarding the tool and different levels of autonomy mapped to surgical platforms
[2]. We cover five categories of tool motion: passive, teleoperated, semi-active, co-
manipulated, and active [3]. In terms of the levels of autonomy, we discuss the range
from no autonomy to robot-assistance, task autonomy, conditional autonomy, high
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autonomy, all the way up to full autonomy [4]. Technologies for robotic surgery are
also described, including different imaging modalities (both preoperative and intra-
operative, e.g., fluoroscopy, CT, MRI, etc.) and sensing technologies, and their inte-
gration in the control architecture of a robotic platform to provide enhanced
navigation (visual and haptic guidance).

3.2  Evolution Trends of Surgical Robots

This section follows the evolution of surgical robots with decreasing invasiveness
and collateral tissue damage but increasing surgical dexterity. It mostly includes
systems that have been commercialized or novel research systems with extensive
in vivo validation, highlighting their clinical impact. Figure 3.1 provides a timeline
of surgical robots, showing key milestones in robotic surgery and computer-assisted
intervention, as well as the evolution of robotic platforms throughout different gen-
erations. Typical examples are summarized in Table 3.1. This section is not intended
to provide an exhaustive taxonomy of research publications; instead, we refer the
readers to existing reviews on medical robotics [1, 2, 5, 11, 16, 19-37].

3.2.1 Neurosurgery and Orthopedics

As mentioned in the previous chapter, due to the well-defined and rigid nature of
structures involved in orthopedics surgery as well as stereotaxic neurosurgery (e.g.,
bones), the first generation of surgical robots was used in these fields. This makes it
easier to register the robotic system with the patient and maintain the registration
during the entire surgery to allow for real-time intraoperative navigation, tracking,
and closed-loop vision-based robot control [2]. These solutions primarily address
the lack of dexterity in MIS [1] by focusing on improving surgical accuracy rather
than just providing the surgeon with visual or haptic guidance.

In the first application of a robotic system in neurosurgery, Kwoh et al. [38] used
the PUMA 200 (Unimation, Danbury, USA), an industrial robotic manipulator, to
position a mechanical guide used by the surgeon to introduce a needle and perform
a brain biopsy. This robotic system was successfully tested on a patient in April 1985.

Since then, the use of adapted industrial robots in neurosurgery [39] has gradu-
ally shifted toward bespoke robotic systems developed specifically for clinical
tasks. The Neuromate (Renishaw, New Mills, UK) is one of the first neurosurgical
robots to be accepted by the FDA in the United States and to obtain CE certifica-
tion in Europe. This system uses a 5-DoF image-guided semi-active robot to place
surgical tools (such as needles) precisely and accurately along predetermined
paths. It is used for a variety of neurosurgery operations, such as electrode implan-
tation, biopsy, and neuroendoscopy. The software of the robot enables the intraop-
erative registration of preoperative 3D (CT, MRI) and intraoperative (X-ray, US)
[6] and automatically positions the surgical tool holder using preoperative plan-
ning. Moreover, the Neuromate can operate in a frameless mode, using an implant-
able base mounted on the patient to link fiducial markers from CT and MRI
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Fig. 3.1 Timeline of surgical robots. Since the first application of a robot in surgery in 1985, a
growing number of robotic surgical platforms have been developed and applied to several clinical
specializations. From bulky industrial arms adapted to be used in clinical applications—typical of
the infancy of robotic surgery—robotic platforms have been bespoke designed to facilitate clinical
usability and have become smaller and smarter. This figure reports key milestones in robotics
surgery (only commercial platforms) of the last 40 years. neuromateNeuro-mate, Renishaw, ©
2023; ROBODOC (CC BY 4.0); ZEUS/AESOP, © Computer Motion; CyberKnife (CC BY 2.0);
da Vinci/da Vinci SP/Ion, Intuitive Surgical Inc., © 2023; Sensei and Niobe (adapted with Springer
Nature permission from [5]); Mazor Robotics Renaissance, Mazor Robotics; Navio,
Smith+&Nephew, © 2023; Mako, Stryiker, © 2023; Monarch, Johnson+&Johnson
MedTthech, © 2023
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images into patient coordinates [21]. In a frame-based configuration, the system
achieves a positioning accuracy of 0.86 mm, while in a frameless configuration, it
achieves an accuracy of 1.95 mm [6]. Systems like neuroArm [40] emphasize the
clinical need for smaller platforms that can be seamlessly integrated into the oper-
ating room’s surgical flow. Novel technologies aiming at reducing the component
size of the robots will allow for this integration. For example, only one robotic
arm could fit inside the MRI when the first neuroArm was launched. By the sec-
ond generation, functionality had significantly increased by fitting two arms into
the scanner [41].

Many other robotic platforms were created to work under MR imaging, such as
the stereotactic MR-compatible robots that may be installed outside the magnet [42]
developed by the Brigham and Women’s Hospital in Boston, Massachusetts, and the
Surgical Assist Technology Group in Tsukuba, Japan. The continual quest for better
imaging in the field of neurosurgery explains the motivation to combine robotics
with MRI’s greater depiction of soft tissue contrast.

Newer needle-insertion robots are miniaturized to be mountable on the skull
and spine of the patients [11, 43]. The Mazor Robotics Renaissance (Mazor
Robotics, Caesarea, Israel) is a semi-active surgical robot that can be mounted
directly onto a patient to perform spine surgery. To follow the patient’s motion
and make integration in the operating room easier, the robot is positioned
directly on the patient’s spine. Based on preoperative CT planning, the
Renaissance robot precisely guides the surgeon to place tools and implants in
the patient’s spine [44].

Another commercially available frameless robot is the CyberKnife (Accuray
Inc., Sunnyvalve, USA), a radiotherapy robotic system used to treat cranial and
spinal tumors as well as other cancers like pancreatic and liver cancers. Its inte-
grated imaging system has the ability to autonomously detect and compensate
for patients’ and organs’ motion [12] in order to provide the greatest radiation
dose to the tumor while protecting surrounding healthy organs and tissues. With
more than 100,000 patients treated globally [45], this system is considered a
standard for radiotherapy. Neurosurgical and orthopedic surgical robots both
underwent simultaneous development. ROBODOC (Curexo Technology,
Fremont, USA) [46] was the first commercial surgical robot for orthopedics,
specifically for total hip replacement. A CT image of the patient’s anatomy is
taken for preoperative planning in order to precisely cut a hollow in the femur
and install the replacement implant. Fiducials (pins) that were inserted into the
bone prior to the CT scan are visible in the planning data and touched by the
robot prior to the surgery to transfer the plan to the patient. ROBODOC is com-
pletely autonomous and operates under the surgeon’s monitoring that can make
adjustments as necessary. For safety considerations, it mounts a 6-axis load cell,
which pioneered the use of force sensing in robotic surgery [18]. The system
reached the market in 1994, commercialized by Integrated Surgical Systems
(Sacramento, USA). The UK counterpart for total knee replacement, called
Acrobot, was created by Davies et al. at Imperial College London [8]. It utilizes
a preoperative CT scan of the patient to create the surgical plan. Acrobot
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cooperates synergistically with the surgeon to complete the operation rather
than performing it autonomously [47]. Active constraints are generated by the
planning software to direct the surgeon during milling operations, ensuring that
the robot only moves in designated, permissible zones [48]. A 6-DOF force sen-
sor is mounted on the robot to close the control of the system. Another semi-
active robotic system for knee replacement is the Mako system (Stryker,
Kalamazoo, USA). Similar to Acrobot, Mako creates a model of the patient’s
knee using preoperative CT images in order to arrange the procedure before-
hand. With the use of image registration, the surgeon is able to control the burr
while viewing a 3D model of the knee during surgery. The technology limits the
burr’s workspace by generating no-fly zones to prevent damaging the bone out-
side of the designated locations and by providing both haptic and auditory guid-
ance [10]. As mentioned in the previous chapter, smaller-scale frameless systems
were created as a result of the growing need for custom-designed, more manage-
able, and clinically usable robotic systems that could be quickly integrated into
the surgical workflow. The Navio, for instance, is a handheld robotic driller for
knee arthroplasty by Smith & Nephew, UK. Through the use of an infrared cam-
era and optical instruments, Navio continuously tracks the patient’s anatomy as
well as the handheld robotic device [9]. With this methodology, preoperative CT
scans and intraoperative registration are not required. By moving the tracked
optical probe over the anatomy to construct a physical map of it, a 3D model of
the knee is produced. The Navio uses a speed/exposure control safeguard that is
delivered using the handheld robotized tool, allowing the excision of bone lay-
ers that have been identified by the surgeon.

Robotic surgical systems with a focus on fracture surgery have been developed
in addition to arthroplasty applications [49-51]. For instance, Dogramadzi et al.
created the Robot-Assisted Fracture Surgery (RAFS) surgical system, a robotic plat-
form to reduce knee fractures [51-54]. Based on preoperative planning, RAFS is an
active robotic system that provides percutaneous reduction of distal femur fractures.
To virtually reduce the fracture before surgery, the surgeon can manipulate
CT-generated 3D bone models of a specific fracture. The preoperative planning is
registered with the patient in the operating room, and the robot completes the physi-
cal reduction while the surgeon can make adjustments as necessary. RAFS tracks
both the patient’s anatomy and the robotic manipulators to offer real-time intraop-
erative 3D navigation, and force sensing is implemented in the control loop for
safety purposes. The system was tested on human cadavers in 2016 [51]. The rigid
nature of bones makes the registration between robotic systems and patients’ images
easy and consistent, thus the preplanning of robot trajectories possible. However, as
seen, there are a number of challenges that must be taken into consideration while
performing surgical procedures on soft tissues. Limitations include the difficulty of
tracking deformable anatomy and the possibility of providing reliable force and
visual guidance. The next-generation surgical robots, which are based on synergis-
tic cooperation between the robot and the surgeon, integration of various imaging
modalities, and increased dexterity in manipulating soft tissue in a constrained oper-
ating space, have the goal of overcoming such limitations.
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3.2.2 Robotic Laparoscopy and Flexible Robots
for Endoluminal Interventions

The category of medical robotics that is probably the most developed and certainly
the most profitable is robotic laparoscopy [55]. Initial robotic systems in this cate-
gory were basically robotic arms that could manipulate the camera endoscope to do
away with the need for further human assistants. The first example is AESOP, the
first FDA-approved robotic surgical device that holds and moves the video endo-
scope to various locations using voice control and resembles the form and function
of a human arm [56]. The first surgical robots for minimally invasive applications
started to appear in the early 1990s. PROBOT [57] was a modified version of the
industrial robot PUMA 560 with a safety frame to restrict the arm’s workspace. It
was created for prostatectomy. The ZEUS platform (Computer Motion, USA) [13]
was created with the idea of performing laparoscopic procedures using several
robotic arms that may be teleoperated from a remote station. Tremor filtering and
motion scaling are features of the ZEUS robotic arms, which mimic surgeon move-
ments and increase surgical accuracy. It was used in the well-known transatlantic
robot-assisted cholecystectomy (by Marescaux et al., with the patient in Strasbourg,
France, and the surgeons in New York [58]) before being withdrawn from the mar-
ket in favor of the da Vinci system. The da Vinci robot, probably the most famous
surgical robotic platform on the market, is widely used in a variety of surgical pro-
cedures, including prostatectomy, cholecystectomy, fundoplication, and colorectal
surgery. The surgeon grasps two master controls below the display that offers an
immersive 3D visualization of the surgical field, restoring hand-eye coordination.
The stereo vision provided by the 3D endoscope allows the restoration of the sense
of depth that is missing in traditional laparoscopy. The surgeon manipulates the
anatomy using the EndoWrist instruments (e.g., for manipulating, suturing, clamp-
ing, etc.) with 7-DoF, something that is not achievable with normal laparoscopy.

Despite these advantages, da Vinci does not provide haptic feedback. In the past
decade, the da Vinci robot has technically evolved and commercially grown (data
according to the company’s annual report 2021, see https://isrg.gcs-web.com/).
Approximately 6800 units have been used, and more than 150 different instruments
have been released for the da Vinci, resulting in more than 1.5 million procedures
being completed. These data were further growing in 2022 with an expected growth
rate of +14% (a bit less than the pre-pandemic trend of +18% due to the impact that
COVID-19 had, and is still having, on surgical procedures rate). Parallel to this, the
initial patents that had granted Intuitive Surgical a monopoly position in robotic
laparoscopic surgery started to lapse, leading a number of significant medical equip-
ment companies to initiate initiatives to create their own robots that are gradually
introduced into the market [55].

Academic research developed concurrently with commercial advancements on
two different fronts: (1) enhancing surgeons’ capabilities and (2) reducing the
invasiveness of the procedures. On the first front, the advent of open platform
robots for research purposes, the beginnings of surgical automation development,
and ongoing efforts to incorporate force sensing into laparoscopic equipment are
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the main subtopics. On the second front, single-port systems have drawn the
greatest attention, including the da Vinci SP, a recently released commercial
device from Intuitive [55]. As explained in the previous chapters, miniaturized
flexible robots represent a promising technology that could improve MIS through
transluminal and/or endoluminal procedures (e.g., no need for skin incisions to
access internal anatomy, deeper access along tortuous anatomical passages, as
illustrated in Fig. 3.2). For example, the i-Snake—a snake-like tendon-driven
robot with full retroflection capabilities developed by Yang and colleagues—
allows exploration of a large area of the anatomy through NOTES without requir-
ing laparoscopic-style external manipulation [63].

Another robotic platform, the Micro-IGES, was created again by Yang et al. [60]
with the goal of enhancing the precision and accuracy of endoluminal tasks through
integrated sensing, probe-based microscopy, and robot-assisted intraoperative guidance.

The platforms mentioned above can access a number of anatomical locations in
the human body but, due to larger dimensions, are not able to operate in restricted
areas such as vessels, kidneys, or brain. As a result, concentric tube robots and steer-
able catheters with a few millimeters in diameter have been created. In endovascular
procedures, catheters are utilized to move through the vasculature, get to the desired
anatomy, and carry out the clinical procedure, such as stenting, ablation, emboliza-
tion, and device delivery [64]. Robotic steerable-catheter technology is becoming
more popular due to the difficult maneuverability of catheters, which may result in
serious damage to the vessels. Benefits include increased stability and precision,
access to tortuous and challenging anatomy, and decreased radiation exposure for
both the patient and the operator. Robotic platforms that are commercially avail-
able—such as the Hansen Medical’s Sensei X2 and the Magellan—are used for
endovascular and EP applications, respectively [16]. These platforms feature
tendon-driven steerable catheters that are teleoperated by the operator seated at a
remote console via joystick and buttons. The Sensei X2 offers the integration of 3D
guidance through the compatible EnSite Precision (St. Jude Medical, Saint Paul,
USA) or CARTO3 (Biosense Webster, Brussels, Belgium) 3D mapping systems.
The Magellan system still depends on 2D fluoroscopic imaging for guidance.

Another teleoperated commercial platform utilized in EP applications is called
Niobe (Stereotaxis, St. Louis, USA) [15], which uses a magnetic field created by
two permanent magnets to control the orientation of specially built EP catheters and
guidewires using a mouse or joystick at the control station. The CARTO3 system is
integrated to enable 3D navigation, minimizing the patient’s exposure to X-rays.
Additionally, because the control station is located outside the operating room, the
operator is not exposed to X-ray radiation.

Other emerging robotic platforms for endovascular intervention include the
CorPath GRX (Siemens Healthineers, Erlangen, Germany) and the R-One (Robocath,
Rouen, France) used in endovascular applications. Researchers at Imperial College
London have developed an MR-safe robotic platform for endovascular intervention
that features enhanced instrument maneuverability, multimodal image guidance (stan-
dard fluoroscopy and MRI), and vision-based haptic feedback. After benchtop studies
with end-users, the system was successfully tested on in vivo animals [61, 65-67].

The steerable catheter robots’ inability to exert strong forces is one of their key
drawbacks. Concentric tube robots have the necessary flexibility to navigate
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Fig. 3.2 Exemplary robots for endoluminal applications. Robot developed by Webster et al.
(adapted with SAGE permission from [59]); Ion, Intuitive Surgical Inc., © 2023; Monarch,
Johnson&Johnson MedTech, © 2023; Micro-IGES (adapted with IEEE permission from [60]);
i-Snake (adapted with IEEE permission from [1]); CathBot (adapted from [61] (CC BY 4.0));
CorPath GRX, Siemens Healthineers, © 2023; Magellan and Niobe (adapted with Springer Nature
permission from [16]); Robot developed by Dupont et al. (adapted with AAAS permission
from [62])
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complex anatomy while offering increased stiffness. They are made up of nested
sets of pre-curved elastic tubes that bend and deform when they are translated and
rotated with respect to one another. Around 2005, research teams led by Sears and
Dupont [68], Webster [69], and Furusho et al. [70] pioneered this research area,
which is now applicable to a variety of surgical applications such as cardiology and
ENT. Additionally, steerable catheter-based commercial systems for minimally
invasive biopsies through natural orifices have just lately been introduced. For
example, the Ion system by Intuitive Surgical and the Monarch system by Auris
Healthcare employ dexterous catheter articulation to perform peripheral lung biop-
sies, which would otherwise be highly challenging.

3.2.3 Untethered Microrobots

Although flexible robots are promising for the future of MIS, newer enabling tech-
nologies are paving the way toward the next generation of surgical robots. Wireless
capsule endoscopes and microrobots promise enhanced diagnostic and therapeutic
capabilities as well as potentially unlimited intracorporeal navigation [19]. Given
Imaging (Yokneam Illit, Israel—now Medtronic) introduced PillCam in 2001—a
wireless capsule that can inspect the gastrointestinal tract in a minimally invasive
way. The possibility of using a “pill” that can navigate the colon and capture images
from deep inside revolutionized gastrointestinal endoscopy and gave rise to a brand-
new area of study called medical capsule robots [55]. Capsule robots are small
devices (11 mm in diameter and 26 mm in length) that can be swallowed to navigate
the GI system by peristalsis (in around 8-10 h) in order to carry out image-based
diagnosis. Since the introduction of PillCam, several other devices have been
launched, such as the EndoCapsule (Olympus, Japan) [19]. Please refer to the com-
prehensive review by Valdastri et al. [19].

Despite the clear benefit of increased comfort for the patient with respect to stan-
dard endoscopy, capsule endoscopes present a number of technical and clinical
limitations. These include: (1) no active controllability that prevents a camera’s
atypical movement (such as moving closer to a suspicious lesion); (2) sub-optimal
tissue interaction that prevents the collection of biopsy; and (3) restricted field of
view that could lead to false-negative diagnoses. There have been numerous studies
on the actuation for capsule active locomotion, with both onboard and external loco-
motion strategies proposed. Dario [71] and Kim [72] presented bio-inspired onboard
locomotion systems, but these actuation schemes have significant power consump-
tion, limited functioning time, and low controllability [19]. These problems have
been attempted to be solved using external locomotion methods. Here, either elec-
tro-magnets or permanent magnets are used to produce a strong magnetic field close
to the patient in order to control the capsule inside [73, 74]. In addition, capsule
endoscopes may conduct biopsies utilizing a variety of sample methods, including
magnetic-field-actuated blades [75], thermosensitive tissue-cutting razors [76], and
screw-type capsules that can penetrate soft tissue [74]. This opens the door for addi-
tional sampling methods.
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In the coming years, smart control of untethered microrobots may offer unprec-
edented diagnostic and therapeutic capabilities when combined with multimodal
imaging (e.g., multi-spectral, autofluorescence, and micro-ultrasound). Advantages
in energy storage or wireless power transfer are also needed [55]. It is envisioned
that this will allow microrobots to become essential tools for early-stage detection
and precision treatment of diseases [1].

3.3  Technologies for Robotic Surgery

The previous section has provided an overview of the evolution of robotic surgery,
introducing the various generations of surgical robots, reporting commercial and
emerging platforms, and highlighting their clinical impact and innovation.

Before looking ahead and discussing the unmet demands and future challenges,
it is important to examine the current state-of-the-art underpinning technologies for
robotic surgery (see Fig. 3.3).
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and developing the optimal surgical strategy. The effective surgical procedure. Such information not only can be integrated and
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robot. application.

@

The vast majority of current robotic system is operated The evolution of technology will bring novel robotic miniaturised
remotely taking direct input mapping from clinical surgical instruments the will be able to interact with the human
operators and thus constituting a teleoperation frame- body at cellular level by providing in sity, in vivo, real-time
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Fig. 3.3 Underpinning technologies for robotic surgery, including imaging, sensing, autonomy,
instruments, navigation, and human—machine interfaces
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3.3.1 Human-Robot Interaction and Levels of Autonomy

As seen in the previous section, surgical robots are used to perform a wide range of
surgical tasks, and the required technology has evolved.

This has made it possible for robots to function accurately in constrained spaces
with little harm to soft tissue and even to be implanted inside of patients or taken
internally to perform intracorporeal procedures and/or find pathologies [2]. The
development of surgical robots includes not only changes in size and architecture
but also improvements in safety features and cooperative behavior with the surgical
team. The use of appropriate HRIs and targeted control measures is crucial for the
safety and successful completion of the procedure. Troccaz et al. categorized surgi-
cal robots based on how the user and the robotic system interact with tool motion [3]:

. Active robots are those that autonomously execute a preplanned motion.

. Passive robots are unactuated and manually driven.

. Semi-active (e.g., cooperated) robots employ constrained motion.

. Teleoperated robots involve a tool held by the robot and remotely controlled by
the human.

AW N =

As Human—Machine Interfaces (HMIs) constitute the main operator interface in
terms of control input and visual representation of the device state, it is clear that
different robots require specific HMIs depending on the type of the interaction and
on the clinical application. In the last decade, various HMI concepts were proposed
in endoluminal robotics. Many research platforms and commercial devices still use
conventional joysticks (one to multiple degrees of freedom), which are mapped to
the robot end-effector displacement, feeding, rotating, or bending. This limitation
has been addressed in research by different strategies: (1) design of task-specific
HMIs and (2) abstraction of the input layer to novel concepts and feedback cues. As
an example, a highly customized HMIs has been presented for endovascular sur-
gery, replicating clinical handling and motion patterns of conventional catheters and
guidewires [65]. This approach has been well received by senior vascular surgeons
due to its transparency. Notably, it is further expected to reduce operator training for
a transition from manual to robotic interventions as motion input is mapped equiva-
lently to manual procedures. Similarly, flexible electronic circuits are proposed for
the realization of customized HMIs to enhance user control and feedback, for exam-
ple, the circuits of soft robots for endoscopy.

The concept of robot autonomy is strictly linked to HRI. The vast majority of
current robotic systems are operated remotely, taking direct input mapping from
clinical operators and thus constituting a teleoperation framework (i.e., a setup with
HMIs and remote robotic manipulator). To the present day, this is the clinical gold
standard in robotic surgery and reflects the lowest autonomy level according to the
taxonomy, with six independent autonomy levels in total presented in Yang et al.
[4]. This definition comprises no autonomy (level 0) with robotic control based on
direct operator input to fully autonomous execution and completion of the robotic
task without human interaction (level 5). Looking ahead, it is expected that surgical
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robotic systems will increasingly be better able to cooperate with surgeons and even
to perform (part of) surgeries in autonomy. Currently, only partial automation, i.e.,
fully predictable device behaviors, of workflow phases is realized in commercial
endoluminal devices; i.e., sequences of motion primitives are executed automati-
cally to support teleoperation. As an example, the CorPath GRX platform (Siemens
Healthineers, Erlangen, Germany) features partial procedural automation of guide-
wire manipulation (e.g., spin to cross lesions), mimicking motion patterns from
manual instrument handling. Studies on conditional approaches (autonomy level 3)
using a robotic platform in combination with generative adversarial imitation learn-
ing have demonstrated feasibility and enhanced cannulation results [77]. In terms of
human cooperation, (partial) autonomy enables enhanced support of the surgeon in
certain situations, e.g., navigating through challenging anatomy. However, there is
a lack of clinical studies involving autonomous behavior with the exception of
robotic laparoscopic surgery [78]. In Saeidi et al. [79], in vivo autonomous surgery
for intestinal anastomosis on porcine models using a setup of two robotic arms with
suturing device and endoscopic vision has been presented.

The use of autonomy in surgical robots is still quite limited, despite the fact that
the development of autonomous driving capabilities has arguably been one of the
hottest topics in robotics over the past decade [55]. To give the robot the ability to
create and modify its plans and motions based on real-time information, it is neces-
sary to better integrate imaging and sensing. Along with technological difficulties,
there are still legal, ethical, and regulatory issues that need to be handled. As sug-
gested by Dupont et al. [55], “an evolutionary trend toward progressive automation
will provide time for the necessary technological developments in algorithms and
sensors while allowing stakeholders time to progressively construct an appropriate
regulatory and legal framework.” It appears clear that this can be achieved only
through a deep collaboration between engineers, clinicians, regulators, investors,
and the business community.

3.3.2 Computer-Assisted Intervention: Integrating Imaging
and Sensing

New surgical robotic systems should be able to work alongside surgeons, giving
them superhuman dexterity as well as integrated real-time intraoperative image
guiding, sensing, and decision-making. The surgeon will be able to close the sys-
tem’s control loop and work in concert with the robot thanks to information gath-
ered through sight and sense.

The acquisition and processing of patient-specific data (e.g., CT, MRI) are the
basis for preplanning the procedure and developing the optimal surgical strategy. In
order to support the clinical team in providing the best care and achieving cost-
effective outcomes, it is essential that preoperative planning, intraoperative real-
time imaging, sensing, and robotic assistance are effectively combined [2].
Computer-assisted intervention’s original purpose was to help doctors carry out
effective and secure diagnostic or therapeutic procedures. To support the
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decision-making and action-taking processes, it is crucial to collect patient data and
information about the procedure being performed. The creation of specific sensors
and data processing could be necessary during this stage.

It is critical that clinicians combine patient-specific data with medical knowl-
edge, such as the phase of a surgical procedure, anatomical atlases, or organ
shapes. However, this step is frequently done mentally and qualitatively. One of
the main objectives is to combine all the data into a single quantitative model to
inform the decision-making (e.g., in radiotherapy, determining the radiation dose
to a tumor while preserving the surrounding healthy tissues). Additionally, pre-
planning can be done through procedural simulation, for instance, by simulating
the interactions between instruments and organs. However, this is very challeng-
ing, as target organs move and intraoperative information may have to be acquired
to update or replan a strategy accordingly so that guiding systems can execute the
planned action on the patient.

3.3.3 Surgical Navigation and Control

The introduction of robotics, in conjunction with computer assistance, has brought
a tremendous benefit in terms of superhuman dexterity and precision. However,
due to the indirect visualization of the surgical site during robot-assisted proce-
dures as well as the removal of the surgeon’s hands from the tissues being manip-
ulated, image and force guidance are necessary to improve the accuracy and safety
of these procedures. Here, we refer to the challenges of restoring and enhancing
image and force guidance as “Surgical Navigation” (see Fig. 3.4). As already
mentioned above, such information can be integrated and processed by the robotic
platform to help the surgeon perform better intervention but can also be used to
guide the robot to accomplish some surgical tasks autonomously or in cooperation
with the human operator.

Volumetric preoperative imaging (e.g., CT, MRI) is commonly used for diag-
nostic purposes and used to preplan the surgical procedure. While these imaging
modalities provide accurate 3D information necessary to perform the diagnosis
and planning, they have limited temporal capabilities; i.e., it takes time to acquire
the data. This limitation, together with logistic constraints (they need big and
appropriately shielded rooms), makes these image modalities not yet suited to be
directly used intraoperatively where the temporal resolution is of paramount
importance. Contrary to preoperative imaging, however, real-time intraoperative
data collection is constrained. As previously indicated, US imaging is reasonably
priced, accessible at most hospitals, and useful for guiding and identifying soft
tissue during minimally invasive surgery. Although X-ray fluoroscopy is fre-
quently utilized for intravascular applications, soft tissues are not visible to the
operator without the addition of iodine contrast. Good soft tissue contrast can be
achieved using real-time MRI guiding, but only a few 2D pictures can be obtained
to achieve the necessary temporal resolution, and MR-safe devices must be used
for any interventions inside an MR scanner.
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Fig. 3.4 Surgical navigation. On the left (a—c) are three types of standard imaging commonly
used for intraoperative guidance during surgery: ultrasounds (a), fluoroscopy (b), and video lapa-
roscopy (¢). The mid column (d—f) shows enhanced surgical navigation: 3D preoperative imaging
can be registered to intraoperative imaging modalities to enhance 3D visual navigation (f) and
enable virtual and augmented reality (e, f) as well as robotic assistance and haptic guidance. In the
context of surgical navigation, in addition to knowing the position of the anatomy during the pro-
cedure, one fundamental requirement is to detect and track the location and trajectory of the robot-
ics end-effectors. This can be done via dedicated tracking software (g) or using devices such as
optical (h) and electromagnetic (i) trackers. Images a—g are publicly available on Wikimedia
Commons and Creative Commons (CC BY 4.0); images h and i, NDI, © 2023

A number of MR-compatible robotic systems have already been developed [65,
80, 81]. For example, Yang and colleagues [65, 66] investigated the feasibility of an
MR-compatible robot that can be used in various endovascular procedures. It is
anticipated that more MR-compatible robots will be developed. However, a combi-
nation of intraoperative and preoperative data is still required for navigation, as well
as their registration to the intraoperative workspace. Registration between multiple
imaging modalities, scans, and times is also needed [82—-84]. The registration pro-
cess gains another dimension when a 3D model of the anatomy is used. We have
seen that it is still difficult to track tissue deformation during surgery [34]. Dynamic
shape instantiation [85] makes use of preoperative 3D models and adapts them to
the surgical scene using limited intraoperative images, resulting in a fast and not
computationally expensive registration.

Computer vision methods to create 3D surfaces directly from the surgical video
are another method for 3D deformation modeling for intraoperative guidance [86].
Through augmented reality, preoperative or intraoperative data can be superim-
posed into the exposed surgical perspective, as opposed to traditionally reviewing
preoperative data before an operation or displaying it alongside the preoperative
scene. The optimal way to integrate and convey preoperative and intraoperative data
into the surgical scene without disrupting the surgical workflow has been the subject
of extensive research [5].
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In the context of surgical robotics, in addition to knowing the position of the
anatomy during the procedure, one fundamental requirement is to detect and track
the location and trajectory of the robotics end-effectors. Surgical robotic systems
conventionally use external measurement devices that track sensors that are mounted
on the robot end-effectors in real time. Several technologies have been used, includ-
ing various types of optical sensors, electromagnetic sensors, ultrasonic sensors,
and even GPS-based technology [87]. Requirements of surgical position sensors
include position and orientation accuracy, update frequency, and the number of tar-
gets simultaneously trackable. It is usually necessary to determine the position of
the tracked device in three, five, or six DoFs, i.e., the (x,y,z) spatial location together
with the roll-pitch—yaw orientations relative to a reference.

Multiple cameras are used by optical position sensors to pinpoint the location of
one or more targets. In the beginning, systems used reflective markers applied to the
patient that were then manually or automatically digitalized in various camera
angles. The majority of contemporary systems, like the Polaris (NDI, Canada), uti-
lize 2D Charge Coupled Device (CCD) arrays with excellent resolution that are
filtered to only allow intense infrared light in a certain limited frequency band to be
seen by the cameras. Optical technologies have also been employed in robotic surgi-
cal interventions for a very long time [53]. They can be more advantageous than
position monitoring based solely on encoders and are simple to add to the system.
All optical systems present the line-of-sight problem, which means that a continu-
ous, unobstructed path must be kept between the cameras and the instrument’s tar-
gets. In surgical settings, this can occasionally be difficult and inconvenient. The
transmitter, or field generator, is the main component of Electromagnetic (EM)
tracking systems. The EM field created by the emitter coils in the field generator is
picked up by sensors. The position sensor picks up the current that is induced by this
field in the receiving coil. The position of the sensor can be determined using factors
like the intensity or phase of the receiver current. In most EM systems, a single sen-
sor coil provides at least 5-DoF. This means that it is possible to know the end effec-
tor’s (x, y, z) position as well as its pitch-yaw orientation. Metal and ferromagnetic
materials distort the magnetic field and are typically not suitable to be used with EM
systems. EM systems do not suffer from line-of-sight problems, which—together
with their small size—represent an advantage over optical technologies. Various
devices, such as needles, catheters, and even vascular guidewires, can mount such
tiny sensors. The Aurora (NDI, Canada) is one exemplary EM tracking system.

Impedance systems are used in the field of electrophysiological mapping and
ablation. The measurements are made using the same catheters used for the cardiac
electrical measurements, making them suitable for intracorporal measurement. The
mechanisms are also out of line of sight and unaffected by environmental metal
contamination. For instance, Biosense Webster’s CARTO3 uses an impedance-
based technology, but it is combined with their EM system to calibrate the environ-
ment in real time, enhancing the accuracy. This tracking system is employed along
with robotics platforms such as Stereotaxis “Epoch” and the and Hansen “Sensei”
to navigate robotically driven catheters. However, the tracking accuracy that can be
achieved with this technology is limited.

We have discussed that in order to give surgeons the necessary perceptual infor-
mation for navigation and the best use of force during image-guided robotic surgery,
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it is crucial to include haptic feedback in the robot control interface. Active con-
straints were the main focus of early haptic rendering research, with the aforemen-
tioned Acrobot surgical system as a prominent example [8]. When the cutter
approaches the predetermined banned region, the active constraint control device
gradually increases the haptic stiffness of the surgeon’s hand via the handle. Virtual
fixtures work on the principle of a ruler guiding a pen, which lessens the stress on
some human sensory modalities when processing the remote-control operation. The
ability to provide force feedback to human operators and assess tissue handling
proficiency could be enabled by knowledge of interaction forces during teleoper-
ated robot-assisted surgery. Direct force sensing at the end-effector is difficult,
though, because it requires biocompatible and sterile sensors. Dagnino et al. [67]
developed a vision-based haptic guidance framework that was integrated into robot-
assisted endovascular intervention. Dynamic active constraints are generated by
tracking via image processing the relative position of vascular instruments and the
vasculature. The closer the instruments are to the vessel wall, the higher the friction
will be rendered at the master robot. The goal is to guide the operator during the
procedure while avoiding potentially harmful peak-force impacts between the
instruments and the vessel walls. Recently, Okamura et al. [88] presented a force
estimation neural network that uses RGB images and robot state as inputs to esti-
mate forces during robot-assisted minimally invasive surgery. This is the first com-
bined vision and state network that uses both position and force-torque state
estimates as inputs to complement vision inputs.

34 What the Future Holds: Micro-Nano Robotics
for Surgery

As analyzed in the previous sections of this chapter, robotic surgical platforms have
the benefit of increasing dexterity, manipulation, and navigation (imaging and sens-
ing) capabilities of the clinical team. In particular, the confluence and advances of
diverse technologies (e.g., motors, control theory, materials, medical imaging) have
enabled a revolution in surgical applications of robotic technologies [89].

However, reaching and treating with surgical platforms small and early lesions
located in regions of the human body difficult to access still presents some signifi-
cant technological obstacles, such as mechanical parts still quite large and not flex-
ible. The development of miniaturized, adaptable robots with dimensions of a few
micrometers will pave the way for new procedures that can reach the cellular level
and provide localized diagnosis and treatment with greater accuracy and efficiency.
In this section, key challenges and future directions of micro-nano robotics for sur-
gery are summarized. Readers are referred to Li et al. [89] for an updated and
detailed overview of this evolving field.

Recent advances in nanotechnology and materials are driving the development of
novel micro-nano robots [89]. However, achieving a successful translation toward
wider patient use continues to be a major challenge due to safety issues and the
complexity of navigating and interacting with the human body [90].

As conventional power supply components and batteries are not possible at these
micro- and nano-scales, locomotion is the first obstacle for the miniaturization of
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robots, and innovative designs are therefore necessary to satisfy the demanding
powering and movement requirements. Micro/nano robots, for instance, can run on
chemically fueled motors that transform locally provided fuels into force and
motion, or they can use externally powered motors that move by using magnetic and
ultrasonic energies [89].

Recent advances in micro- and nanorobots have shown considerable promise for
using these tiny devices for precision surgery (see Fig. 3.5). For example, micro-
and nanorobotic tools, such as nanodrillers, microgrippers, or microbullets, offer
unique capabilities for early and targeted intervention.

For precise surgery, nanodrillers can be used to enter biological tissues. These
tiny robots can perform tasks at the cellular level via the body’s smallest capillar-
ies [89]. Microgrippers can interact with tissues and cells in confined spaces [91],
involving the opening/closing of the gripping device. Microrobots that are mag-
netically actuated, such as Nelson’s team system for eye surgery [92], have also
offered some promise for minimally invasive surgical procedures. Magnetically
actuated microtubes can be used to target diseases in other restricted areas of the
human body. For instance, precise endovascular intervention can be carried out
using submillimeter hydrogel-covered catheters with embedded hard magnetic
particles using magnetic actuation [100]. Additionally, innovative and fascinating
locomotion techniques, including rolling, walking, jumping, and crawling can be
embedded into microrobots [55]. For example, Sitti’s team [101] developed a
device capable of multimodal mobility using dynamic magnetic fields. Recently,
ultrasounds have been used to actuate micro- and nanorobots with exceptional
tissue penetrating capabilities to perform surgical procedures at the cellular level
[89, 90]. In addition to surgical applications, micro- and nanorobots have demon-
strated great potential in biosensing tasks that aim to accurately diagnose diseases
or even transport medications to specific cells to perform treatment [89]. All the
exciting technological advances reported above have highlighted the great poten-
tial of micro- and nanorobots for performing precision clinical tasks at the cellular
or even subcellular level. However, the ability of such tiny robots to address
healthcare issues is in its infancy. Looking to the future, engineers, material sci-
entists, and clinicians will have to cooperate to address current challenges and
exploit the full potential of micro- and nanorobots in the medical field. The main
challenges include (1) robot actuation and energy source for micromotors (engi-
neering), (2) biocompatibility and surface properties (materials science, micro-
fabrication), (3) interaction and cooperation between multiple micro- and
nanorobots (swarm robotics), and (4) navigation (imaging and sensing). Finally,
although micro- and nanorobots have shown promising results, their potential
advantage over the state of the art (e.g., increased therapeutic efficacy, reduced
patient discomfort and side effects, costs/benefit, etc.) must be proven to translate
the technology from the lab to the operating room. Addressing these challenges
will lead to accelerated translation of micro- and nanorobots technologies into
practical clinical use, with potentially novel and more effective surgical and diag-
nostic workflows, which could lead to improving patients’ life.
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Fig. 3.5 Emerging micro-nano robots for surgical applications and drug delivery. (a) Untethered
microgrippers capturing a cell (adapted from [91]); (b) tubular magnetic microrobot for eye sur-
gery (adapted with John Wiley and Sons permission from [92]); (¢) endovascular microrobot
(adapted from [93] (CC BY 3.0)); (d) RoboCap, an orally ingestible robotic drug delivery capsule
that locally clears the mucus layer, enhances luminal mixing, and topically deposits the drug pay-
load in the small intestine to enhance drug absorption (adapted with AAAS permission from [94]);
(e) scanning electron microscopy image of an ingestible micromotor that can navigate in the intes-
tines enabling drug delivery applications (adapted with AAAS permission from [95]); (f) magnetic
helical microrobot that can be remotely controlled to propel in complex biological fluids with high
precision by using magnetic fields for image-guided targeted therapies (adapted with AAAS per-
mission from [96]); (g) conceptual schematics of magnetically guided bacterial biohybrid micro-
robots for targeted localization and multistimuli-responsive drug release into tumours (adapted
from [97] (CC BY 4.0)); (h) magnetic torque-driven microrobot can transport drugs inside a tumor
via the vasculature (adapted with AAAS permission from [98]); (i) algae micromotors loaded
within a swallowable capsule can deliver drugs in the gastrointestinal system (adapted with AAAS
permission from [99])

3.5 Conclusions

In this chapter, we have provided an overview of the evolution of robotic surgery
over the last few decades, which today has become a major area of innovation. At
the infancy of robotic surgery, bulky industrial robots were used to perform clinical
tasks. Since then, bespoke robotic surgical platforms have been designed
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specifically to be integrated into the surgical workflow. Surgical robots have become
smaller, smarter, clinically usable, and well accepted by clinicians. Surgical robot-
ics is interdisciplinary and involves the integration of imaging, sensing, computer
vision, simulation, and human—machine interfaces. As such, it requires the coopera-
tion and collaboration of experts from different fields, including engineering, medi-
cine, computer science, materials science, and many others. While the technology is
mature enough for many surgical applications, further technological advances are
required toward the miniaturization and increased autonomy of surgical robots. In
the future, with Al-driven miniaturized surgical robots, surgeries will become more
patient specific and diagnosis and treatment at the same time (one-stop-shop) will
become a reality. To this end, collaborations between academia, industry, and regu-
latory bodies are essential to translate new technologies from the lab to the clinical
practice in an efficient way with realistic social-economic impacts.
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4.1 Introduction

With an increasingly aged population all over the world and the prevalence of neu-
rological and musculoskeletal disorders, the demand for rehabilitation and assistive
devices is increasing. This chapter will provide a brief insight into the motivation
for the development of rehabilitation and assistive robots. This chapter also empha-
sizes the clinical requirements and specific considerations for the development of
these robots. For rehabilitation, available systems are mainly focused on recovering
motor function of upper and lower limbs. In terms of robots for personal assistance,
we categorize the current robotic systems into assistive robots for activities of daily
living, mobile assistant robots, wearable exoskeletons for human augmentation,
prosthetics, and social robots for cognitive assistance.

© Shanghai JiaoTong University Press 2023 59
Y. Guo et al., Medical Robotics, Innovative Medical Devices,
https://doi.org/10.1007/978-981-99-7317-0_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7317-0_4&domain=pdf
https://doi.org/10.1007/978-981-99-7317-0_4

60 4  Therapeutic Training and Personal Assistance

4.2 Motivations

The aging population is continuously increasing and has raised a series of health-
care challenges. According to the World Population Aging 2019 published by the
United Nations, there are almost 703 million people aged 65 years or over, and this
number is projected to double to 1.5 billion in 2050 [1]. As the elderly are suscep-
tible to motor weakness, there is a great demand for personal assistance not only in
hospitals but also in home-based environments [2].

In addition, for people with chronic diseases, cognitive or physical functions can
be affected or continuously decline. Hence, therapeutic training is a critical way to
help improve or recover these functions [3]. Furthermore, there are also many peo-
ple with disabilities due to road accidents or major diseases. Intelligent prosthetics
and mobile assistive robots can help amputees and disabled people to compensate
with completing routine daily activities [4]. In this chapter, as illustrated in Fig. 4.1,
we first take China as an example to analyze the potential social factors and then
discuss the clinical demands that drive the development of rehabilitation and assis-
tive robotics.

4.2.1 Social Factors: Taking China as an Example
4.2.1.1 Aging Population
China is the largest developing country and has the largest population in the world.

According to the latest population census in 2021, there are over 1.4 billion people
in China and around 18.70% of people are over 60 [5]. Consequently, there exist

Population and ageing Motor weakness

Clinical

disorders

demand

Neurological
Musculoskeletal
disorders

Limited clincal resources Cardiovascular and
(e.q., top-level hospitals, cliniclans, hospital beds) cerebrovascular diseases

Fig.4.1 Tllustration of the social factors and clinical demands that drive the development of medi-
cal robotics. Rapid increase of the aging population and limited clinical resources (e.g., specialist
hospitals and clinicians) are major social factors not only in China but all over the world. On the
other hand, the prevalence of chronic diseases has raised significant requirements for clinical
demand in disease management
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major demands for healthcare and chronic disease management (e.g., stroke, demen-
tia, etc.), particularly for age-related diseases [6]. Such a huge population of aging
people will inevitably need sufficient and long-term medical resources not only in
hospitals or rehabilitation centers but also in home-based environments [7].

4.2.1.2 Limited Clinical Resources

However, the reality is that there is a large gap between the demand and available
medical resources, especially in rural areas. China has invested extensively in public
health; however, there is a shortage of licensed doctors and registered nurses, with
only 2.77 and 3.18 per 1000 people, respectively. This is well below the numbers of
developed countries [8]. With only around 2749 AAA-level hospitals, there is a
scarcity of high-quality medical resources in China, which is currently struggling to
meet the medical needs of a large population. It’s worth noting that this figure is
even lower in other developing countries. There is also a major regional disparity
between urban and rural areas and between developed and developing countries in
terms of medical resource allocation [9]. Fullman et al. proposed a Healthcare
Access and Quality (HAQ) index for measuring the medical resources of around
200 countries and territories [10], showing a highly correlated trend with the num-
ber of physicians, nurses, and hospital beds per thousand people. In their study,
Iceland got the highest HAQ index, i.e., 97.1, whereas the values of some countries
in Africa are lower than 25. The average HAQ index of China is 78, ranking 48th
globally; however, the uneven distribution of medical resources leads to a large
discrepancy between cities.

These social factors raise significant concerns for public health and medical
resources. However, they also bring new opportunities for the development of new
technologies for rehabilitation training and personal assistance. Hence, rehabilita-
tion and assistive robotics have the potential to maintain a consistent standard of
healthcare, while also alleviating the unequal distribution of medical resources and
reducing the workload of medical personnel.

4.2.2 Clinical Demand

Research in human neuroscience has demonstrated that the prefrontal cortex, pri-
mary/secondary somatosensory cortex, primary motor cortex, supplementary motor
area, and cingulate motor area are closely linked to human movement [11]. Apart
from cortical areas, a number of subcortical regions, such as the cerebellum, basal
ganglia, pontine nuclei, and thalamus, form networks that also have important roles
in controlling human movement. The online commands of movement are first gen-
erated by the cortical regions related to motor functions, then transmitted to skeletal
muscles through the spinal cord, and exhibited by the movement execution of limbs
and body. Meanwhile, the sensory feedback acquired from different body parts is
sent back to the somatosensory cortex, allowing the regulation of the movement.
Furthermore, there is compelling evidence of brain connections linking the amyg-
dala with the basal ganglia and the motor cortex, suggesting a two-way interaction
between the networks responsible for movement and emotion [12].
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Cognition is a complex psychological function that involves the mental process
of obtaining knowledge and understanding through experience, thought, and the
senses. It covers various aspects of intellectual functions and processes, such as
perception, attention, thought, knowledge formation, memory and working mem-
ory, judgment and evaluation, reasoning and computation, problem-solving and
decision-making, and language comprehension and production. People with
impaired or degraded cognitive functions can encounter difficulties in daily life and
social interaction, leading to an increased burden in caregiving.

Patients with musculoskeletal and neurological disorders require continuing
medical attention. Motor weakness is common in the elderly. Additionally, the inci-
dence rates of chronic disease, cardiovascular disease, musculoskeletal disease, and
neurodegenerative disease are gradually rising, not only in the elderly population
but also in younger groups [13-16].

The incidence, disability, and mortality rates of diseases are showing changing
characteristics due to shifts in lifestyle and dietary habits [17]. Hence, the afore-
mentioned issues mean a great demand for novel technologies to achieve high-
quality, long-term, and personalized management of diseases [18, 19]. In this
section, we mainly discuss major diseases that either affect a large population or
bring a great burden to public health and medical resources. To manage these dis-
eases, rehabilitation training can be performed routinely, which aims to either
improve the patients with impaired/reduced motor or cognitive functions or main-
tain/delay the degradation of their functions. On the other hand, personal assistance
focuses on compensating or augmenting human capability in daily activities, espe-
cially for people with missing functionalities.

4.2.2.1 Motor Weakness

With the increase of age, human beings can inevitably suffer from reduced motor
function, originating from the relaxation of muscles, ligaments, and joints. Such
weakness can lead to reduced stability and balance in movement, raising the risk of
injury and falling. For example, elderly people with motor weakness will demon-
strate reduced gait speed, step length, and range of motion during walking. Moreover,
improper exercise can lead to sports injuries. Therefore, good exercise plans can
help alleviate motor weakness. In addition, intelligent assistive devices are able to
improve motor functions during daily life, as well as prevent falls.

4.2.2.2 Musculoskeletal Disorders

Osteoporosis and arthrophlogosis are common diseases of the musculoskeletal sys-
tem. Patients with arthrophlogosis will suffer pain and stiffness of joints, especially
after prolonged activities. It occurs in lower limbs, and patients can have abnormal
gait patterns and pose difficulties in some postures, such as squatting and stooping
[20]. Therefore, regular therapeutic training could slow down osteoporosis, and
assistive robots may help with completing daily activities, preventing the aggrava-
tion of arthrophlogosis. Additionally, patients may exhibit similar impairment in
motor functions after orthopedic. Rehabilitation training could accelerate the recov-
ery of these patients. Nowadays, young people are increasingly keen to exercise;
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however, the occurrence of sports injuries are also increasing. For people with
severe injury, such as athletes, the appropriate rehabilitation training could speed up
recovery and avoid undesired sequela.

4.2.2.3 Neurological Disorders

Dementia has become the leading neurological disease among the elderly, leading
to impaired cognitive and physical functions, as shown in Fig. 4.2. The World
Alzheimer Report 2021 [21] shows that there are over 55 million people worldwide
living with dementia. This number is continually increasing and is projected to
reach 78 million by 2030. Alzheimer’s Disease (AD) is the most common form of
dementia and has become the leading progressive neurodegenerative disease [22].
At present, it is estimated that 41 million cases of dementia, including AD, remain
undiagnosed. AD is identified by a range of symptoms that include memory impair-
ment, aphasia, apraxia, agnosia, impairment of visuospatial skills, executive dys-
function, and changes in personality and behavior. AD is most common in the
elderly over 70 years old, leading to a significant burden on public health and care-
givers [23].

Parkinson’s Disease (PD) is the second most common neurological disorder that
impacts human movement [24]. It affects 2-3% of individuals over the age of 65
[25]. The prevalence of PD increases with age, with aging being one of the leading
causes. While rare in people under 40 years old, the average age of PD patients is
approximately 60 years old. The loss of neurons that produce dopamine can result
in a reduced amount of dopamine in the brain, which can lead to a decrease in the
ability to control movement. This can manifest as slowing of movement and abnor-
malities in gait patterns [26]. Commonly, non-movement symptoms such as sleep
disorders and visual deterioration, as well as movement difficulties like slow move-
ment, tremors, rigidity, impaired posture, and gait, and cognitive issues such as
depression and anxiety, are early symptoms experienced by patients with Parkinson’s

Fig. 4.2 Neurological disorders continuously affect human cognitive function
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disease. For those at an advanced stage of the disease progression, the freezing of
gait becomes more apparent, which significantly influences their quality of life.

Autism Spectrum Disorder (ASD) is a wide range of neurodevelopmental disor-
ders, mainly manifested as speech disorders, social communication disorders, and
emotional perception disorders [27]. ASD affects approximately 78 million people
worldwide [28], and it has become a condition of global importance due to the
effects on individuals and families. As tremendous heterogeneity exists among indi-
viduals with ASD, the development of universal clinical treatments for ASD is quite
challenging. Currently, early diagnosis and intervention are the main methods for
this disease [29, 30]. The fact is that the majority of autism patients do not have
access to adequate healthcare, education, and social care services. Hence, the need
for robot-assisted personalized intervention and social assistance in home-based
environments is of paramount significance.

4.2.2.4 Cardiovascular Disease

Cardiovascular and cerebrovascular diseases, such as stroke, ischemic heart disease,
and hypertensive heart disease, are the significant causes of death and disability
worldwide. Stroke, in particular, ranked second as a cause of death and third as a
cause of death and disability in 2019 [31]. The report indicated that in 2019 [31],
there were 12.2 million new cases of stroke and a total of 101 million existing cases
of stroke worldwide. Additionally, China has been identified as the country with the
highest risk of stroke globally [16].

Patients who survive a stroke will manifest major degradation of musculoskeletal
and/or neurological systems, especially on the affected side. Evidence has shown
that stroke patients have a greater chance of restoring and recovering motor function
after therapeutic training [3]. Therefore, it is crucial to offer patients who have suf-
fered from a stroke with extended rehabilitation training. However, it is unfortunate
that not all stroke patients have the opportunity to undergo rehabilitation therapy
while in the hospital. For example, in China, only 30-60% of stroke patients receive
rehabilitation therapy after their initial neurology or neurosurgery treatment.
Furthermore, less than 10% of these patients are able to undergo any other forms of
therapy [32]. Hence, these situations pose significant needs for rehabilitation and
assistive robots.

4.3 Development of Rehabilitation and Assistive Robotics
4.3.1 Robots for Therapeutic Training

The aim of rehabilitation training is to improve the movement capability of patients
with neurological and/or musculoskeletal disorders through multidisciplinary treat-
ments. Compared to labor-intensive work performed by therapists, rehabilitation
robots can automatically aid patients in practicing specific functional movements,
as well as provide a quantitative assessment of the rehabilitation performance [33,
34]. There have been various rehabilitation training robots developed in the past
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decades, which can be categorized into two main categories: end-effector-based and
exoskeleton-based [35, 36].

End-effector robots are designed to control the motion of the furthest part of
limbs and are easy to set up. However, they may also cause unintended movement
in other joints. In contrast, exoskeleton robots have complex mechanical designs to
control the movement of joints and links. Moreover, exoskeletons are wearable
robots that are well-suited to the anatomical axes of the human body. Rehabilitation
for the upper extremities primarily aims to restore patients’ ability to reach and
grasp, while lower-limb rehabilitation usually involves standing, walking, and bal-
ance training. In order to keep patients engaged in their rehabilitation, robots are
designed to detect human movement intentions and provide informative biofeed-
back through various HMIs while performing these exercises. Therapeutic robots,
on the other hand, are desired to accurately evaluate the quality of movement by
measuring several biosignals and kinematic and kinetic parameters from patients.

MIT-MANUS is one of the first rehabilitation training robots that achieved suc-
cessful commercial applications during the past decades [37]. Through the use of a
parallelogram linkage driven by three geared actuators, this robotic system is able
to guide the movement of a subject’s upper limb with 2-DoF elbow and forearm
motion and 3-DoF wrist motion. In addition, impedance control was introduced to
offer safe, stable, and compliant operation in close physical contact with humans. In
1999, MIME was developed by Stanford University, which utilized a Puma-560
robotic arm to guide the 3DoF motion of the affected side by reproducing the move-
ment of the patient’s health side [38].

During rehabilitation training, interaction games are widely incorporated into
rehabilitation training robots, thus improving the engagement of patients. Along
with various sensing techniques, such as joint velocity, torque, and Electromyography
(EMG), the evaluation of patients’ physical functions can be simultaneously per-
formed. Recently, advanced Virtual Reality (VR) and Augmented Reality (AR) tech-
nologies have been combined into therapeutic robotic systems, which can enhance
the engagement of users and guide them for training in a controlled environment
during robot-assist training [39].

In addition to training for people with physical impairment, the use of rehabilita-
tion training robots for assisting intervention for patients with cognitive impairment
is urgent as the number of these patients (such as AD, PD, and ASD) is significantly
increasing all over the world. Particularly, interactive games are specifically
designed for memory exercises. They can assess an individual’s short-term and spa-
tial memory. These dysfunctions have been shown to be the main symptoms in
patients with AD and dementia [40].

4.3.2 Robots for Personal Assistance

Assistive robots are designed to assist patients with physical impairments in perform-
ing their desired movements. This is achieved through continuous interactions
between the patient and the robot, which can either augment or compensate for the
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patient’s physical limitations in a robotic-assisted manner [18, 41]. As illustrated in
Fig. 4.3, assistive robots can take on various forms depending on the specific practical
needs of different users. These forms include exoskeletons, prostheses, mobile assis-
tive robots, and social robots. Through the use of assistive robots, users can improve
their quality of life by restoring or enhancing their functional movement in ADL.

4.3.2.1 Assistive Robots for ADL

For patients with impaired physical functions, there is a pressing need for develop-
ing assistance devices that are able to help them complete daily activities, such as
eating, drinking, washing, and teeth cleaning. The first commercialized assistive
robot for ADL, namely Handy 1, was developed in 1987. Handy]1 is a robotic system
that is capable of assisting the most severely disabled with several ADL applications
[42]. For instance, a number of robotic feeders were developed for dining assistance
of individuals who lack upper extremity function. Such robots are typically mounted
in a fixed place. Some advanced versions can help patients complete eating auto-
matically by integrating with face and mouth recognition techniques.

4.3.2.2 Mobile Assistive Robots
For people with impaired function of lower limbs, assistive robots incorporated
with mobile platforms (e.g., intelligent wheelchair or patient transfer robot)

Assistive

Robots

Fig.4.3 Different types of assistive robots that can either restore or augment the functional move-
ment in ADL, including assistive robots for ADL (Handy 1, adapted with Springer Nature permis-
sion from [42]; Obi, Obi, © 2023), exoskeletons (Rewalk, ReWalk Robotics, © 2023; HAL,
copyright by CYBERDYNE Inc.), prostheses (C-Leg4, copyright by Ottobock; Hero Arm, Open
Bionics, © 2022), mobile assistive robots (Whill, WHILL Inc., © 2015-2023), and social robots
(NAO and Kuri, images are with CC BY 4.0 license)
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enable the users to achieve free movement and automatic navigation in the free-
living environment [43]. One of the main focuses during the development of
these mobile assistive robots is to understand the environment around them (such
as mapping and localization) and how they interact with it [44, 45]. Additionally,
various mobile assistive robots integrated with robotic arms can provide the aug-
mented capabilities of patients to complete complicated ADL [46], such as open-
ing a door or grasping objects. Another group of mobile assistive robots is
telepresence robots, which enable monitoring and simulate face-to-face interac-
tion between the patient and their doctors or family members remotely [47].
Moreover, mobile assistive robots integrated with intelligent algorithms can help
perform 24/7 hour healthcare monitoring at home, such as gait analysis and fall
prevention [48].

4.3.2.3 Wearable Exoskeletons for Human Augmentation

Wearable exoskeletons consist of joints and links that are aligned with the anatomi-
cal axes of the human body. Upper-limb exoskeletons aim to guide the movement of
the elbow and/or shoulder joints through the dedicated mechanical design to assist
or resist the joint movement [49, 50]. Robotic exoskeletons for lower limbs usually
have motorized joints at the hip, knee, and ankle. They are designed to enhance the
walking and running abilities of patients with spinal cord injuries, stroke, or other
conditions that affect their ability to walk [51, 52]. Robotic gloves can enhance
patients’ hand movements by controlling their fingers and wrists, promoting func-
tional grasping in cases of pathologies [53, 54].

In 2000, the first version of Lokomat [55], a grounded exoskeleton for gait
training, was developed by Hocoma (Hocoma, Volketswil, Switzerland). The
Lokomat is a robotic treadmill training system, while a bodyweight support
system is used to suspend individuals and their legs are attached to robotic legs.
For wearable exoskeletons for the lower limb, the first clinical trial for the
ReWalk was held at MossRehab located in Philadelphia in 2009. Soft wearable
exoskeletons are quickly becoming more prevalent thanks to recent advance-
ments in material sciences and robotics [56]. When compared to traditional
rigid countermeasures, the compliant nature of soft robotics allows for safe
interaction with humans and reduces restrictions on anatomical joint alignment
[57]. Except for the development of exoskeletons for rehabilitation training,
such wearable devices have been used to augment human power in some tedious
tasks, such as running and lifting [58, 59].

4.3.2.4 Prostheses

Prostheses are artificial replacements that can restore motor functions related to
missing body parts, which are able to assist amputees and paralyzed people to com-
plete ADL independently. Moreover, extensive research effort has been applied to
the development of active prostheses incorporating a bidirectional HMI [34].
Robotic prostheses offer the ability to detect a user’s motion intention and execute
the desired movements, while also providing sensory information as feedback. By
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utilizing advanced mechatronics, sensing, and control technologies, these prosthe-
ses can receive online commands from amputees, allowing for a more natural range
of motion [60, 61]. The integration of these technologies results in a professional
and effective solution for those in need of prosthetic limbs.

4.3.2.5 Social Robots for Cognition Assistance

Another line of research on assistive robotics is the development of social robotics,
which is a relatively new field. It involves interdisciplinary research, including arti-
ficial intelligence, machine learning, psychology, medicine, social and cognitive
sciences, neuroscience, and human—computer interaction [30, 62]. Specifically,
social robotics can be defined as an autonomous robot that can follow social behav-
iors and norms conforming to its own identity, capture rich and dynamic social
activities and environmental information of human targets, and interact and com-
municate with humans in daily living environments [62].

With the rapid development of sensors, computer vision, artificial intelligence,
microelectronics, and other related technologies, social robots integrated with mul-
timodal sensing have been widely used in different social and health fields in recent
years, including entertainment, early childhood education, elderly, autistic children,
and neurodegenerative intervention applications [29, 63—65]. Taking autism as an
example, social robots that are able to provide intervention and treatment can be
widely deployed in hospital and home-based environments. They can not only pro-
vide long-term monitoring or rehabilitation for emotion, perception, and memory
disorders but also help explore brain development and the inherent law of process-
ing information by using longitudinal data, thus enabling personalized intervention
and rehabilitation strategies [29, 65].

4.4 Conclusions

Aging and limited medical resources are major social factors that drive the develop-
ment of rehabilitation and assistive robots. Musculoskeletal and neurological disor-
ders have become prevalent in modern society, leading to many patients suffering
from degraded physical and cognitive functions. In addition, most patients who sur-
vive stroke have impaired motor functions. For amputees or paralyzed people, lost
functions need to be restored in order to maintain physical function and dignity.
Hence, the development of rehabilitation and assistive robotics has become impor-
tant in medical robotics.

Although we have witnessed successful applications of many rehabilitation and
assistive robots in recent decades, personal requirements for rehabilitation and
assistive robots are highly diverse and patient specific. It should also be emphasized
that rehabilitation and assistive robots work closely with human users in daily life,
for which safety and intelligent HRI are of significant importance in system design
and control. It is believed that in the near future robotic systems will be more light-
weight, comfortable, and intelligent, providing personalized and effective treatment
and assistance.
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5.1 Introduction

As introduced in Chap. 4, there exist diverse social factors and significant clinical
demands that drive the development of rehabilitation and assistive robots. This
chapter aims to provide an overview of the technical aspects of rehabilitation and
assistive robotics. We will consider in sequence robots for therapeutic training, per-
sonal assistance, cognitive assistance, and prosthetics. For each category, key tech-
nological advantages and limitations are discussed. Since rehabilitation and assistive
robots need to closely interact with human beings, we will emphasize the impor-
tance of HRI and different HMIs. This chapter also introduces emerging technolo-
gies in soft actuation, multimodal interfaces, and robot control strategies.

© Shanghai JiaoTong University Press 2023 73
Y. Guo et al., Medical Robotics, Innovative Medical Devices,
https://doi.org/10.1007/978-981-99-7317-0_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7317-0_5&domain=pdf
https://doi.org/10.1007/978-981-99-7317-0_5

74 5 Rehabilitation and Assistive Robotics

5.2  Robots for Therapeutic Training

In order to improve patients’ physical functions, effective therapies are needed to
help patients recover from stroke or other musculoskeletal/neurological disorders.
Conventional therapeutic methods mainly depend on intensive and frequent inter-
vention provided by professional therapists. Robots showing superiority in endur-
ance and efficiency can automatically support patients in practicing specific
functional movements as well as providing a quantitative assessment of the rehabili-
tation performance [1-3]. Figure 5.1 illustrates the development of robots for thera-
peutic training, starting from end-effector-based robots to grounded exoskeletons
and then moving to wearable exoskeletons in recent years.

Conventional end-effector-based robots aim to guide the movement of the most
distal segment of limbs (e.g., hand and foot) [4, 5]. These systems are either built upon
industrial robotic arms or based on multiple linkage structures. The advantages of
end-effector-based systems lie in several aspects, such as being simple in structure,
easy to build and control, and low in cost. However, these systems can be cumber-
some, and they do not consider the posture and position information of other joints of
the upper limb, leading to motion compensation or potential trauma during training.

To overcome the inherent limitations of end-effector-based robotic systems,
extensive research interest has been gained in exoskeletons [2, 6]. Exoskeletons are
wearable robots that are placed on the user’s limb, aiming to augment or restore
human movement by guiding each joint individually. Made out of rigid or soft mate-
rials, they are composed of several motors or driving modules aligned with key
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Fig. 5.1 Evolution of robotic systems for therapeutic training and personal assistance



5.2 Robots for Therapeutic Training 75

body joints. Compared to end-effector-based robots, exoskeletons are capable of
guiding the movement of each joint individually and providing a larger RoM, thus
enabling rehabilitation with more flexibility. As illustrated in Fig. 5.1, early attempts
were focused on grounded exoskeletons, where the entire system can be large and
heavy, limiting the therapeutic training in equally limited scenarios. More recently,
lightweight and wearable exoskeletons have gained increasing popularity, which
can not only provide rehabilitation training anytime and anywhere but also enable
personal assistance in daily life.

5.2.1 Upper-Limb Rehabilitation Robots

For human beings, most daily activities (e.g., grasping and manipulating objects)
are accomplished using upper limbs. Hence, the rehabilitation of upper limbs is of
paramount significance. However, the high DoFs of upper limbs raise challenges in
developing therapeutic robots. An upper limb is composed of the shoulder, elbow,
wrist joints, and fingers. For shoulder and wrist joints, there exist three DoFs each
and one DoF for the elbow joint. A hand is more complex, with a total of 19 DoFs.
In general, each kinematic joint can be viewed as a hinge; therefore, an upper limb
can be modeled by the interconnections of multiple rigid bodies. Such a complex
structure leads to a large RoM and diverse movements.

Early research focused on end-effector-based robots for upper limb rehabilita-
tion. The mechanical design of end-effector-based robots intends to restrain human
hand dexterity and then guide users to perform specific exercises. Commonly, inter-
active games are designed to offer specific rehabilitation protocols as well as to
enhance the engagement of participants. Such a scheme also forms a closed-loop
rehabilitation training for the patients from visual perception to motor control. MIT-
MANUS, as shown in the first row of Fig. 5.2, was the first end-effector-based
rehabilitation robot developed by MIT [4]. It has been successfully commercialized
into Inmotion ARM (Bionik, Massachusetts, US). While training with MIT-
MANUS, participants need to grasp/move the handle and watch the monitor to com-
plete the interaction games. The advantages of end-effector-based systems lie in
several aspects, such as being simple in structure, easy to build and control, and low
in cost. However, these systems are cumbersome and do not consider the posture
and position of other joints of the upper limb. Therefore, by training with the end-
effector-based systems, patients may produce movements that the upper limb can-
not achieve or have to use compensatory movements. Meanwhile, grasping the
handle cannot guarantee desired movements, forces, and torques of the upper limb,
which may lead to potential secondary trauma.

To overcome the inherent challenges of end-effector-based robotic systems, exo-
skeletons consisting of a series of structures connected to the upper limb have been
extensively studied [12]. Compared to end-effector-based approaches, they are
advantageous in providing assistance for each joint individually and supporting a
large RoM for the upper limbs [5]. Early exoskeletons, as shown in the lower part of
Fig. 5.2, are grounded systems. One of the representative grounded exoskeletons is
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ARMEO Spring ANYexo

Fig. 5.2 Representative end-effector-based robots and grounded exoskeletons for upper limb
rehabilitation and assistance. MIT-MANUS [4] (adapted with Taylor & Francis permission from
[7]), commercialized as Inmotion ARM (Bionik, Massachusetts, US), ARMin [8] (adapted from
[9] (CC BY 4.0)), AMERO Spring [10] (Hocoma, Volketswil, Switzerland; Hocoma, © 2023), and
ANYexo (adapted with IEEE permission from [11])

ARMin developed by ETH [8], which consists of seven active DoFs and an arm
length that can be manually adjusted according to patients’ biometrics. Task-
oriented interaction games were integrated with the ARMin system, enhancing the
engagement of users and facilitating rehabilitation. However, grounded exoskele-
tons can be large and heavy, requiring patients to sit in a fixed place to complete
therapeutic training.

To enable more flexible therapeutic training, especially for performing daily
activities, lightweight and wearable exoskeletons have gained increasing attention.
Compared to end-effector-based and grounded exoskeletons, wearable ones can not
only provide rehabilitation training anytime/anywhere but also enable personal
assistance. However, limited by the size of motors and power supply, current wear-
able exoskeletons focus on fewer DoFs, such as the flexion of elbow/wrist joint and
hand opening/closing. In addition, wearable devices may generate less torque and
force on the upper-limb joints. The top row of Fig. 5.3 lists several successful com-
mercialized wearable exoskeletons. MyoPro (AxioBionics, Michigan, US) uses sur-
face EMG sensors to detect the movement intention of users with physical
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Fig. 5.3 Wearable exoskeletons for upper limb and hand rehabilitation. The upper row demon-
strates several wearable exoskeletons for upper limb rehabilitation. For example, MyoPro
(AxioBionics, Michigan, US) (adapted with Springer Nature permission from [13]) and HAL
(CYBERDYNE, Japan; copyright by CYBERDYNE Inc.) are commercialized rigid exoskeletons
for aiding the movement of the elbow joint. Soft exosuits are mainly composed of the cable-driven
(adapted from [14] (CC BY 4.0)) or pneumatic-driven (adapted with IEEE permission from [15])
design. Robots for hand rehabilitation including end-effector-based robots (adapted with IEEE
permission from [16]), rigid exoskeletons (adapted from [17] (CC BY 4.0)), and soft gloves
(adapted with IEEE and Elsevier permissions from [18, 19]) are presented in the lower part

impairment and then assists the flexion of the elbow and wrist as well as hand grasp-
ing. Some customized connections are used to improve the comfort level of wearing.

Recent effort has been focused on soft wearable exosuits, which aim to improve
the comfort and portability of wearable robots. Instead of using rigid materials and
structures, tendon-driven and pneumatic-driven mechanisms have been extensively
explored. A cable-driven exosuit was developed by Samper-Escudero et al. [14] to
assist shoulder and elbow flexion, where the actuator box was placed in a bag to
ensure wearability. Soft textile pneumatic actuators are used to support the upper
arm through shoulder abduction and horizontal flexion/extension [15]. It should be
noted that compared to servo motors, the precision and speed of pneumatic actua-
tors can be difficult to achieve in practical applications.

The human hand has the most complicated anatomical structure, which includes
22-DoF of the wrist and five fingers. Hence, the development of robots for hand reha-
bilitation is challenging. As illustrated in the lower part of Fig. 5.3, early attempts
were devoted to end-effector-based robots, which were either enabled by using a simi-
lar mechanism as robots for upper limbs or achieved by cable-driven designs.
However, these end-effector-based systems typically limit the application scenarios to
the rehabilitation of clenched hands and hand weakness [16]. For robots to provide
both therapeutic training and personal assistance, rigid exoskeletons and soft gloves
were additionally developed. The rigid ones were mainly built using linkages, enabling
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independent control of each hand joint, from a single finger to multiple fingers [17].
With recent advances in soft robotics [20], wearable soft gloves have emerged, which
can be driven by tendon/cable [18, 21], pneumatic [19], and hydraulic actuators. The
cable-driven ones are advantageous in using less power for continuous holding force
for short periods. The pneumatic-driven soft actuators demonstrated the ability to gen-
erate uniform force and support the range of motion of each individual finger but are
limited by slow response time compared to cable-driven ones.

5.2.2 Rehabilitation Robot for Gait Training

For people with weakness or impaired physical function of lower limbs, previous
studies mainly focus on the development of robots for gait training (i.e., the most
frequent movement of lower limbs) [22, 23]. Human gait indicates a person’s walk-
ing or running patterns, involving the motor control of posture stability, balancing,
and limb coordination [24]. Gait is a rhythmic movement that can be segmented by
two consensus gait events of the same foot, e.g., heel-strike and toe-off. Typically,
the movement of lower limbs has less complexity and RoM compared to that of
upper limbs, leading to a relatively simple mechanical design. It should be empha-
sized that the main challenge of robot-assisted gait training lies in balance mainte-
nance and fall prevention, thus requiring large force and torque for the actuators.

More importantly, different kinds of rehabilitation robots for gait training can be
used for patients. For patients who are not able to sit or stand, robots are designed
to perform therapeutic training at their bedside. For patients lying on a bed, end-
effector-based or wearable robotic systems can lift the lower limbs and guide them
to simulate cyclic gait movements [25]. Although only passive training is provided,
these robots are beneficial for restoring the motor functions of patients at an early
stage, thus speeding up the recovery process.

With the progress of recovery, the end-effector robots can help patients with gait
training when they are able to stand and move their legs. More specifically, the feet
of the patient are fixed on a pedal, while body weight supporting systems are used
to protect the patient from falling. Similarly, the mechanical designs involved in
end-effector-based gait training robots are relatively simple and easy to build. In
addition, these systems can cater to different patients without constraints. As illus-
trated in the top row of Fig. 5.4, the most popular end-effector-based gait trainers
are Gait Trainer GT-I (Reha-Stim Medtec, Berlin, Germany) [30], LokoHelp
(Hocoma, Zurich, Switzerland) [31], and G-EO systems (Reha Technology, Olten,
Switzerland) [32], which have been extensively used in clinical scenarios. GT1 was
the first gait trainer developed in 2000, which supports users to practice gait-like
movement on a treadmill and controls the center of mass in the vertical and horizon-
tal directions. In addition, G-EO systems improved gait training in three modes:
level walking, ramp walking, and upstairs/downstairs, where the foot trajectory and
pose of the user could be corrected to generate more neutral gait patterns. However,
these end-effector-based systems lack the capability to control the knee and hip
joints, leading to potential abnormal gait patterns after training.
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Fig. 5.4 Representative rehabilitation robots for gait training. Two pioneer end-effector-based
gait training robots, i.e., Gait Trainer GT-I (Reha-Stim Medtec, Berlin, Germany) (adapted from
[26] (CC BY 3.0)) and LokoHelp (Hocoma, Zurich, Switzerland) (adapted from [26] (CC BY
3.0)), are demonstrated in the first row. The treadmill-based exoskeletons for gait rehabilitation,
i.e., LOPES [27] (adapted with Springer Nature permission from [28]) and Lokomat (Hocoma,
Zurich, Switzerland) (adapted from [26] (CC BY 3.0)) are shown. The exemplar overground gait
trainer and robotic walker are listed in the bottom row, including KineAssist (adapted with IEEE
permission from [29]) and AiWalker (Ai-Robotics, Beijing, China; copyright by Beijing
Ai-Robotics Co. Ltd.)

Consequently, advanced versions of end-effector-based systems were developed,
i.e., treadmill-based exoskeletons. On the one hand, these grounded systems use the
advantages of end-effector-based systems, where the body weight supporting mod-
ule can provide compensation for gravity and the use of a treadmill can limit the
training in a confined space. On the other hand, the exoskeletons align well with the
human bones and are able to aid the motion of each anatomical joint (hip, knee,
ankle) individually, which can help make personalized training plans and improve
the gait training performance. Popular treadmill-based exoskeletons include LOPES
[27] and Lokomat (Hocoma, Zurich, Switzerland) [33], as shown in Fig. 5.4.
Lokomat, a well-known grounded exoskeleton for gait training, was developed in
2003. In the past two decades, it has been continuously upgraded and successfully
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commercialized. The core of the Lokomat system is composed of a multi-DoF hip
joint and mechanical structure connected to legs, which can ensure the free move-
ment of lower extremities and keep lateral balance. Moreover, the multi-DoF design
allows users to change their walking direction, instead of solely walking forward.
Interactive games are also integrated into the system to facilitate task-oriented reha-
bilitation. It should be pointed out that these treadmill systems are cumbersome and
expensive, which limits their applications in hospitals and rehabilitation centers.

It has been shown that there are significant differences in joint kinematics and
temporal variables between overground and treadmill walking [34]. Hence, the
aforementioned treadmill-based systems may cause unnatural gait after recovery.
To overcome these problems, another line of research has focused on the develop-
ment of overground gait trainers or robotic walkers, encouraging patients to walk on
the floor independently. During training, the robotic systems provide either active or
passive protection from falling. The bottom row of Fig. 5.4 demonstrates several
commercial systems that have been successfully used, i.e., KineAssist [29] and
AiWalker (Ai-Robotics, Beijing, China). For example, KineAssist involves a multi-
DoF pelvic orthotic structure that can actively correct patients’ movement patterns
and enable balance training at the same time. AiWalker, the pioneer product
launched in China, combines a wearable exoskeleton to facilitate training for
patients at different stages.

Even after rehabilitation, when patients are able to walk with the help of others or
by themselves, they may still encounter motor weakness or walk with abnormal gait
patterns. Consequently, wearable exoskeletons can be an important post-rehabilitation
aid. Early exoskeletons were designed primarily for military use and then transformed
into healthcare scenarios. These wearable exoskeletons can also help support body
weight during sit-to-stand motion and improve balance. Figure 5.5 illustrates several
popular wearable exoskeletons for gait training with FDA approval. Ekso, also known
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Fig. 5.5 Wearable exoskeletons for gait rehabilitation and walking assistance. They include Ekso
GT (Ekso Bionics, Berkeley, US; © 2022 Ekso Bionics), ReWalk Personal/ReStore (ReWalk
Robotics Inc., Marlborough, USA; © 2023 ReWalk Robotics), HAL (CYBERDYNE Inc.,
Tsukuba, Japan; copyright by CYBERDYNE Inc.), Indego (Indego, Vanderbilt University, US;
copyright by Indego)
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as HULC, produces a wearable bionic exoskeleton developed by Berkeley [35]. In
2016, the Ekso GT™ (Ekso Bionics, Berkeley, US) was the first commercialized exo-
skeleton cleared by the FDA for rehabilitation use for stroke patients. It allows the
adjustment of how much assistance the device gives to each leg. Depending on the
mobility of users, they can also use walking sticks to support their body weight and
assist with walking. After training with Ekso, the walking speed of patients can be
significantly improved. ReWalk Personal™ (ReWalk Robotics Inc., Marlborough,
USA) was the first wearable exoskeleton with FDA approval for home and public use
[36]. In addition, ReWalk released a soft version called ReStore™, which is the first
robotic system with FDA approval for stroke therapy.

Although these wearable exoskeletons have demonstrated effectiveness in walking
assistance, the rigid structures inevitably restrict the flexibility and DoFs of lower limb
joints (especially for hip and ankle joints). Moreover, rigid exoskeletons are heavy and
cumbersome, which may cause collateral trauma when human movement intention is
not well interpreted. Recently, different soft lower-limb exoskeletons have gained
increasing attention. Conor Walsh and his colleagues from Harvard University initi-
ated the development of a wearable exosuit [22]. They developed a cable-driven soft
exosuit to assist the paretic limb of stroke patients and generate forward propulsion to
improve their gait patterns [22]. The exosuit is composed of soft materials, thus sig-
nificantly reducing the weight and increasing the portability. In addition, the cables
are aligned with the direction of muscles, which can generate more natural assistance.
Based on this exosuit, they further proposed a human-in-the-loop optimization strat-
egy, for which the duration and amplitude of assistance could be varied during walk-
ing by minimizing the metabolic energy consumption [37].

53 Robots for Personal Assistance
5.3.1 Assistive Robots for ADL

In the past decades, numerous assistive robots have been developed, as illustrated in
Fig. 5.6. In this section, we give a brief summary of the commonly used assistive robots.

One of the popular assistive robots is the feeding robot that allows self-feeding
for disabled people to support their independence in daily living. For instance, My
Spoon (SECOM Co. Ltd., Tokyo, Japan) is a small-size dining assistive robot that
enables users to select different control modes, from semi-autonomy to full auton-
omy. Obi (Desin, US) is also a portable robotic self-feeder for people with upper
limb mobility problems, with which the user can self-feed.

In addition, flexible robotic arms have gained increasing popularity in providing
personal assistance in daily life. One of the representative assistive robotic arms is
Jaco (Kinova, Quebec, Canada) [38, 39], which can be mounted either on the table or
on a mobile wheelchair to help with different ADL tasks, e.g., grasping objects, self-
feeding, or opening doors. With recent advances in human-robot interaction and robot
learning, these robotic arms are able to understand the human intention and perform
tasks automatically through voice commands, hand gestures, eye movements, or brain
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Fig. 5.6 Assistive robots for ADL. Several examples are shown, including feeding robots, assis-
tive robot arms, and mobile assistive robots. Feeding robots: My Spoon (SECOM Co. Ltd., Tokyo,
Japan; SECOM Co., Ltd. © 2000-2023) and Obi (Desin, US; Obi, © 2023); assistive robotic arms:
Jaco (Kinova, Quebec, Canada; Kinova Inc., © 2023); mobile assistive robots: Giraff (Giraff
Technologies AB, Vasteras, Sweden; copyright by Giraff Technologies AB); Double Robot
(Double Robotics, Berlin, Germany; Double Robotics, © 2023), WHILL (WHILL, Japan; WHILL
Inc., © 2015-2023), Baxter (Rethink Robotics, Bochum, Germany; copyright by Rethink
Robotics), and PR2 (Willow Garage, California, US; copyright by Willow Garage)

activities. Meanwhile, advanced computer vision algorithms are incorporated into the
robotic system to achieve object detection and recognition.

Another line of research focused on mobile assistive robots. For instance, telep-
resence robots, e.g., Giraff (Giraff Technologies AB, Vasteras) and Double Robot
(Double Robotics, Berlin, Germany), are designed to provide patient monitoring
and telemedicine in home-based environments [40]. Integrating with human pose
estimation and object detection, these robots can be used to perform gait analysis
and fall risk detection at homes [41]. Mobile robots integrated with robotic arms,
e.g., Baxter (Rethink Robotics, Bochum, Germany) and PR2 (Willow Garage,
California, US), can help people with complex tasks, such as caregiving and dress-
ing [42]. Intelligent wheelchairs represent another type of mobile assistive robot,
which can support disabled people navigating freely both at home and in outdoor
environments.

5.3.2 Assistive Robots for Human Movement Augmentation

Assistive robots also play significant roles in augmenting human movement.
These can either enable humans to perform complicated tasks alone with respect
to DoF augmentation or complete specific tasks with less effort in terms of power
augmentation [43].
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5.3.2.1 Degree-of-Freedom Augmentation

In the past decades, increasing attention has been gained on the development of
supernumerary robotics limbs for augmenting human movement with additional
DoFs [44]. With the help of supernumerary robotic limbs, users are able to perform
complicated tasks alone, which are impossible for bimanual manipulation.
Commonly, previous studies were focused on the augmentation of arms [45], fin-
gers [46], and legs [47]. For instance, a third arm allows the user to multitask or help
the user to carry an object. While for supernumerary fingers and legs, previous stud-
ies mainly focused on the compensation of impaired movement [45]. Through the
use of HMIs (e.g., brain signals) or other body interfaces (e.g., foot interface), the
control of these extra robotic limbs can be achieved [45, 48].

5.3.2.2 Power Augmentation

Another branch of research on assistive robotics was aimed at increasing human
musculoskeletal power, thus enabling users to complete heavy tasks with reduced
load or increased speed. In this field, most assistive robots for power augmentation
were built on exoskeletons and soft exosuits [49]. When lifting objects, people are
at risk of injury by choosing a comfortable posture or lifting heavy objects. To this
end, assistive robots for augmenting lifting capability have attracted increasing
attention. Cho and his colleagues developed a passive exosuit based on a body-
powered variable-impedance mechanism, facilitating squatting rather than stooping
[50]. Several robots have been designed to empower human strength using either
pneumatic-driven [S1] or cable-driven actuators [14].

For lower limbs, lightweight hip/ankle exoskeletons are able to reduce the energy
cost during walking and running [52—54], as shown in Fig. 5.7. Collins and his col-
leagues developed an unpowered ankle exoskeleton by using a ratchet-and-pawl
that mechanically engages the spring when the foot is on the ground and disengage
it when the foot is in the air [53]. This simple yet effective design can provide some
of the functions of the calf muscles and tendons during walking. Recently, they
upgraded this robot to both powered and unpowered versions, improving the energy
economy during running [54]. By monitoring real-time metabolic consumption,

Ankle exoskeleton Hip exoskeleton

Fig. 5.7 Exoskeletons for augmenting human walking and running. Images are adapted with
Nature Publishing Group permission from [53], with AAAS permission from [52, 54]
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Walsh et al. from Harvard University introduced a human-in-the-loop strategy for
controlling a tethered soft exosuit to assist with hip extension [52].

5.4  Social Robotics for Cognitive Assistance

Social robotics, an emerging research field, is the development of robots that can
interact and communicate with humans by following social interaction behaviors
[55, 56]. Social robotics is a multidisciplinary research field, which combines
robotics, artificial intelligence, sensing, psychology, neuroscience, and social and
behavioral science. In recent years, a number of social robots with distinct appear-
ances have been developed, ranging from nonanimal and animal-like to humanoid
ones. In recent years, social robotics has gained increasing popularity in health-
care applications, especially for providing social assistance and cognition reha-
bilitation for people with ASD or dementia [57, 58]. More importantly, social
robots integrating multimodal sensing technologies can be deployed at home, thus
providing long-term intervention and rehabilitation. In addition, with long-term
data collection, the internal relationship between cognition and behavior can be
modeled, facilitating the development of personalized intervention and
rehabilitation.

The core of social robotics is to realize human-centered social interaction. In
daily life, language and human action are the most intuitive representation of behav-
iors, encoding cognition and interactive intention [59]. Human beings can adjust
their social patterns according to each other’s emotional states [60]. In addition to
facial expressions and language, human behaviors, body language, and physiologi-
cal signals also imply emotion [61]. Therefore, the understanding of targets’ social
behaviors and emotion through multimodal perception [such as visual perception,
eye tracking, Electroencephalography (EEG)] is important in the development of
social robots. In other words, it is a prerequisite for social robots to realize human-
centered interaction to recognize and predict human action, intention, emotion, per-
ception, and mental state through their posture, gesture, eye contact, and facial
expression [62, 63]. Figure 5.8 shows several examples of the interaction between
social robots and human subjects. To enable bidirectional interaction between social
robots and humans, robots are designed to make corresponding behavioral decisions
and express their social behaviors and emotions [55], as well as gain the trust of
human users [56].

5.4.1 Social Robotics for ASD

As the biomarkers and specific causes of ASD have not been clearly discovered,
early diagnosis and intervention are the main methods for treating ASD [67].
Hitherto, social robots have demonstrated their potential in providing regular inter-
ventions for autism patients, trying to improve their eye contact, self-initiated



5.4 Social Robotics for Cognitive Assistance 85

Fig. 5.8 Social robots. Social robots can interact with children with ASD or the elderly with
dementia by understanding their movement and cognition behaviors, allowing personalized reha-
bilitation and intervention treatment in different scenarios. Top row: Images are adapted with ACM
permission from [62], with IEEE permission from [63], and under CC BY 4.0 license. Bottom row:
Images are adapted with AAAS permissions from [64, 65], and adapted from [66] under CC BY
4.0 license

interactions, turn-taking activities, imitation, emotion recognition, joint attention,
and triadic interaction [57, 68, 69].

Joint attention based on social robots is a popular behavioral intervention in
previous ASD studies, in which eye-tracking techniques play significant roles in
capturing the point of gaze of the targets. Scassellati and colleagues from Yale
University explored the use of social robots in the home environment with a
1-month intervention for each ASD child [65]. Using six well-designed interac-
tive games, the social robot interacted with the participants and caregivers for
30 min a day. The experimental results showed that after interacting with the
social robot for a period of time, the joint attention of the child and the caregiver
were both significantly improved, suggesting the feasibility and effectiveness of
the robot for the cultivation of social skills in ASD children. It has also been
shown that ASD patients pay more attention to the faces of robots rather than
human faces [70].

Due to the intrinsic discrepancy across subjects, previous studies suggested
that the detection of emotion and engagement using personalized models can
facilitate the interaction between ASD patients and social robots [64, 71].
Rudovic et al. investigated personalized machine learning algorithms to model
the interaction between ASD children and social robots, proving the feasibility
of using robots to assess the therapeutic effect and engagement of autistic chil-
dren [64]. By integrating visual data captured from robots and wearable sensing
data, the proposed network achieved nearly 60% accuracy in evaluating the
treatment effect, mood, and engagement of children with autism.
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5.4.2 Social Robotics for Dementia

For patients with dementia, social robots can not only increase their independence but
also assist in therapy sessions. More importantly, social robots play a major role in
companionship, which have been demonstrated to be effective in reducing tensions
between patients and caregivers. Based on a number of observational studies on the
therapeutic effects of interaction between patients with Alzheimer’s disease and dif-
ferent robots, animal-like robots have shown effectiveness in improving the quality of
life of patients with dementia [58, 72]. These cute animal-like robots can increase the
happiness and calm of patients in a natural way, while reducing agitation and anxiety.
Research also demonstrated that after a long-term accompaniment by the PARO
robot, the mood and behavior in dementia patients could be modulated [72].

In addition, humanoid social robots have also been used. By demonstrating spe-
cific postures and actions to patients, these robots can guide patients to imitate the
robot’s movement, thus achieving physical therapy [73]. Moreover, robots can give
feedback by using facial expressions or speeches, enhancing the engagement of
patients. Humanoid robots were also used to guide the food intake of people with
dementia [62]. Another line of research focuses on telepresence robots built on mobile
platforms. These kinds of robots are capable of monitoring patients remotely [74].

5.5 Prostheses

For human movement, online commands are first generated by brain cortices, then
transmitted to skeletal muscles through the spinal cord, and finally the desired
movement is completed by hands or limbs. The sensory information (e.g., tactile,
visual, auditory) provides feedback to the brain to close the loop. For amputees or
paralyzed patients, the aforementioned bidirectional link cannot be formed due to
the loss of body parts or missing functions. Hence, intelligent prosthetics aim to
compensate for the lost physical functions and rebuild the sensory feedback of the
human body [75], thus performing ADL by receiving their online commands [76].

The development of prosthetics started several centuries ago, and the conven-
tional passive hook-like prosthetic hands represent simple, early embodiments. In
the 1960s, “Russia hand” was regarded as the first active prosthetic hand, and
Ottobock launched the first commercial product driven by myoelectrical signals.
Compared to conventional passive prostheses, active ones can be driven by the
intention of users through multimodal interfaces, thus allowing them to perform
complex and multifunctional movements [77]. With recent advances in mechatron-
ics and materials, the development of anthropomorphic and dexterous prosthetics is
on the rise [78]. Figure 5.9 demonstrates several successful commercial prosthetics,
from bionic hands to prosthetic limbs.

In the field of intelligent prosthetics, a commonly used framework is that a
human motion intention is first decoded from either brain signals or muscle activi-
ties through different HMIs [77]. Then, dedicated control algorithms taking the
online commands are executed to generate the movement of the prostheses [79].
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Fig. 5.9 Commercialized prostheses. Several commercialized prostheses are demonstrated,
including i-Limb hand (Ossur, Reykjavik, Iceland; Ossur, © 2023); bebionic hand and C-Leg4
(Ottobock, Minnesota, US; copyright by Ottobock); Zeus hand (Aether Biomedical, Poznan,
Poland; Aether Biomedical, © 2023); LUKE arm (Mobius Bionics, Manchester, UK; Mobius
Bionics, © 2023); Hero Arm (Open Bionics, Bristol, UK; Open Bionics, © 2022)

Moreover, the prostheses are integrated with different sensors to capture multimodal
information. Such information is translated into signals and then stimulates corre-
sponding neurons or muscles to generate sensory feedback [75, 80].

In addition, several studies explored the combination of hip exoskeleton with
prosthetic legs, aiming to improve performance and reduce the metabolic cost dur-
ing walking [81]. In the following section, we will provide more details on human—
robot interaction and human—machine interfaces for robot control and sensory
feedback.

5.6 Human-Robot Interaction

Human—Robot Interaction (HRI) is a critical part of rehabilitation and assistive
robotics, which can construct the bidirectional communication between a human
and a robot, and additionally enable human-in-the-loop control of robots [82]. For
the human-to-robot session, the human intention is then perceived from different
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HMIs, as shown in Fig. 5.10. Such information can be used to achieve real-time and
intuitive forward control of rehabilitation and assistive robots. In terms of the robot-
to-human feedforward session, the robots transmit the perceptual information back
to the human, thus closing the loop of the bidirectional interaction. Different types
of sensory feedback techniques have been explored to transmit the perceived infor-
mation back to humans through embodied HMI.

5.6.1 Multimodal Interfaces for HRI

Table 5.1 summarizes the most popular sensing modalities that were used for
enabling real-time and reliable HRI, including the detection of muscle activities,
brain activities, and visual information.

5.6.1.1 Muscle Interfaces

EMG generated by muscle activities has been widely used in rehabilitation and
assistive robotics, especially for active prosthetic control [83]. Due to its wear-
ability and portability, noninvasive surface EMG (sSEMG) can be measured by
attaching sensors to the skin. Extensive research has explored SEMG with dif-
ferent channels, sensor positions, and amputations [84]. To acquire sufficient
information on motion intention, high-density sSEMG was developed by using a
spatially distributed two-dimensional electrode array. However, electrical sig-
nals collected from sEMG are easily contaminated by noise and cross-talk
effects [85]. Alternatively, invasive intramuscular EMG (IEMG) records the
electrical signals through needles or wires inserted into muscles, which can



5.6 Human-Robot Interaction

89

Table 5.1 Different sensing modalities that form the human—machine interface

Interface Modality Information
Muscle surface Electromyography (SEMG) Electrical signals induced by muscle
interface contraction
intramuscular Electromyography Electrical signals induced by muscle
(IEMG) contraction
Sonomyography (SMG) Ultrasonic data of muscle contraction
Mechanomyography (MMG) Mechanical response of muscle
Brain Electroencephalography (EEG) Electrical signals on the scalp
interface Electrocorticography (ECoG) Electrical signals from the cerebral
cortex
functional Near-Infrared Cortical hemodynamic activity
Spectroscopy (fNIRS)
functional MRI (fMRI) Cortical hemodynamic activity
Magnetoencephalography (MEG) Magnetic fields associated with neural
electrical activity
Visual Gaze/eye movement Visual attention and cognition
interface Egocentric vision Visual information from first-person
view
Electrooculography (EOG) Electrical signals between the cornea
and Bruch’s membrane
Other Voice Human speech
Physiological signals Heart rate, metabolic consumption,
respiration

ensure stable and reliable connection and data acquisition. In addition to EMG,
Sonomyography (SMG) and Mechanomyography (MMG) were also used to
measure muscle activities [84]. SMG leverages ultrasound imaging techniques
to measure morphological changes in the contraction of muscles, while MMG
collects the mechanical vibrations of muscles through microphones or vibrom-
eters, which can be further used to infer force and kinematics.

5.6.1.2 Brain—-Machine Interface

Human brain activities encode sufficient information on motion intention, espe-
cially for neurons in the motor cortex. In recent years, Brain—-Machine Interface
(BMI) or Brain—Computer Interface (BCI) has gained increasing popularity in
establishing effective interfaces [86]. Electrocorticography (ECoG) directly mea-
sures the electrical activities of cortical neurons through the implanted electrode
arrays attached to the surface of the cerebral cortex [87]. Although invasive, this can
collect brain signals with high quality and high spatial resolution, especially for
decoding fine-grade movement intention for prosthetic control [88]. However, these
invasive devices require complicated surgical procedures for implantation, bringing
safety and biocompatibility issues as well. EEG is a noninvasive mechanism to mea-
sure cerebral electrophysiological activities from the surface of the scalp, allowing
data to be captured in a portable and convenient manner. In the field of rehabilitation
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and assistive robotics, EEG-based techniques (e.g., motor imagery and steady-state
visually evoked potential) are widely used for HRI [89]. Recently, functional Near-
Infrared Spectroscopy (fNIRS) has been used to detect oxygenation levels and esti-
mate the hemodynamic activity of the brain. This has high spatial resolution
compared to EEG. Additionally, with the rapid progress of real-time neuroimaging,
Sunctional MRI (fMRI) and Magnetoencephalogram (MEG) can also be used
for BMI.

5.6.1.3 Visual Interfaces

Visual perception is one of the most important sensory channels that receives infor-
mation from the outside world. It not only encodes human visual attention and
motion intention but also involves human cognition and emotion [90]. Recent
advances in eye-tracking techniques allow accurate and real-time gaze information
of the target person. In addition, an egocentric vision that perceives visual attention
from the first-person viewpoint also encodes similar information. Such visual cues
can either provide intuitive control signals based on intentions perceived from high-
level image sequences or help generate natural and dexterous manipulations for
hand—eye coordination based on the shape and pose of target objects [21, 91].
Current commercially available wearable eye-tracking glasses allow simultaneous
collection of both gaze behaviors and egocentric vision. In addition,
Electrooculography (EOG) is a technique for measuring the electrical signals
between the cornea and Bruch’s membrane and then inferring the movement of
eyeballs. Commonly, EOG is used along with EEG to form the HMI for robot con-
trol [89].

5.6.2 HRIfor Robot Control

Rehabilitation and assistive robots are closely connected to human bodies, allowing
the collaboration of robots and human beings in therapeutic training and personal
assistance. Hence, the development of an appropriate robot control strategy is a
critical topic in rehabilitation and assistive robotics, enabling human—robot interac-
tion in a safe, natural, comfortable, and intelligent manner.

5.6.2.1 Robot Control Strategies
For rehabilitation purposes, different control strategies have been proposed in previ-
ous studies. The control strategy of a rehabilitation robot generally follows a hierar-
chical manner, where impedance and admittance control algorithms are utilized to
achieve passive and active modes. Another way to balance the tradeoff between
active and passive modes is the assist-as-needed control strategy. In addition, game
theory has also gained increasing popularity in designing control algorithms for
versatile physical human—robot interaction.

For prosthetic control, current cognition and decision algorithms embedded in
the prosthetic controller are based on offline training, and they require training or
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calibration first. Moreover, the fatigue caused by long-term use and accumulated
cognition burden could also affect signal characteristics. To mitigate potential bias
and facilitate seamless control, online adaptive algorithms, such as meta-learning
and online transfer learning, can be taken into account. A combination of comple-
mentary information extracted from multiple modalities could enhance the preci-
sion and intuitiveness of prosthetic control. It could also potentially facilitate a more
natural control of complex movements.

5.6.2.2 Myoelectric Control Scheme

Myoelectric signals have been widely used for controlling rehabilitation and assis-
tive robots, especially for prosthetic control [92]. A direct strategy is the dual-site
control of robots based on signals from antagonistic muscle pairs, where the motor
speed is determined by the amputation of the EMG signals. In addition, additional
DoFs are controlled by the co-contraction of muscle pairs. However, these direct
strategies involve considerable training and careful determination of patient-specific
thresholds, leading to a low generalization capability to other users. With multi-
channel EMG acquisition, the spatiotemporal features extracted from various
learning-based methods can be used for recognizing different patterns for complex
motion control. With more informative data collected by either iEMG or high-
density EMG, complex movements can be decoded, potentially addressing the chal-
lenging prediction tasks in rehabilitation robots and prosthetic control [93]. With
recent advancements in artificial intelligence, more accurate real-time dexterous
movement (e.g., the movement of each individual finger) can be inferred from myo-
electric signals [94].

5.6.2.3 BCl-Based Mind Control

Existing BCI-based control methods are either based on motor imagery or external
stimuli [95]. Motor imagery indicates that a subject imagines a movement without
actually performing it, where the related brain activities can be used as the control
commands for the robots. The most frequently used one in motor imagery is
Sensorimotor Rhythm (SMR), where the amplitude of rhythmic activity within
SMR decreases while increasing motion imagery and increases while relaxing,
denoted as Event-Related Desynchronization (ERD) and Event-Related
Synchronization (ERS) regulation, respectively. Extensive studies have been con-
ducted to leverage ERD/ERS for decoding human motion intention [96, 97].
However, it remains challenging to predict kinematics from SMR-based BCI,
impeding intuitive and natural control.

Significant progress has been made through the use of implant electrodes to
extract high-density electrical signals from the cerebral cortex, enabling a real-time
and accurate estimation of imagined movement [96, 98]. Stimulation-based BCI, on
the other hand, tracks the event-related signals induced by an external stimulus
(e.g., vision, auditory). Among these, Steady-State Visual Evoked Potential (SSVEP)
is the most popular paradigm for robot control [99]. Under SSVEP, the visual stim-
uli flickered at different frequencies are shown to the subjects, who needed to select



92 5 Rehabilitation and Assistive Robotics

the correct target in visual stimuli. In this way, the collected EEG signals have a
strong correlation with the flickering frequency of the target. Compared to motor
imagery-based BCI, SSVEP does not require tedious user training but significantly
increases the cognitive load.

5.6.3 HRIfor Sensory Feedback

Real-time sensory feedback enabled by HRI can form a closed-loop system for
restoring motor functions for rehabilitation purposes [75, 80]. Commonly, visual
and auditory systems can provide users with incidental feedback on the robots’
speed and position. In addition, the state of the robotic system (e.g., joint torque,
joint angles, stiffness) as well as the interactive information with the environment
(e.g., tactile and contact force) can be measured and further simulate the sensation
of human beings [100, 101]. Such information can be transferred back to the user to
compensate for or augment their sensory functions [49, 102], forming a human-in-
the-loop mechanism.

5.6.3.1 Homologous Feedback

Homologous feedback delivers the stimulus according to the information received
by robots (e.g., a prosthetic hand). Among existing technologies, neural interface
techniques, such as peripheral nervous system stimulation and central nervous sys-
tem stimulation, are mostly used for prosthetic control [103—105]. These methods
are achieved by using implanted electrodes or needles to generate stimulation. For
instance, electrical brain stimulation on the somatosensory cortex related to the
hand region can synchronize the user with a touch sensation on the artificial hand
[104]. For the peripheral nervous system, both extralineural and intralineural elec-
trodes can be used to stimulate tactile sensation [105]. However, these invasive elec-
trical stimulations may cause collateral trauma for users. In addition, mechano-tactile
stimulation is a noninvasive mechanism of haptic feedback in prostheses, which
aims to generate the force perpendicularly when a force is sensed by the prosthetic
hand [106]. After training, both amputees and healthy subjects are able to identify
the stimulus locations and pressure levels.

5.6.3.2 Sensory Substitution Feedback

Sensory substitution provides feedback in a different form, such as electrotactile
and vibrotactile feedback. Electrotactile feedback delivers electrical stimulation to
nerve endings through the skin interface [107]. Evidence showed that electrotactile
feedback could be used to simulate the sense of slip and pressure, thus improving
grasping performance [108]. On the other hand, vibrotactile feedback generates
vibrations to simulate tactile sensation, where the frequency, duration, and ampli-
tude of the vibration can be modulated. In addition, auditory stimulation can act as
another substitute for tactile feedback.
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5.6.3.3 Biofeedback

Biofeedback represents a mechanism where biomechanical and physiological sig-
nals measured from different HMIs are delivered back to users via visual, acoustic,
or somatosensory manners, helping them learn how their bodies work [109]. With
biofeedback, patients are able to automatically change/correct their movement pat-
terns, thus enhancing engagement. This simple yet effective mechanism has demon-
strated great potential in rehabilitation training, establishing a “closed control loop”
for human subjects. Biomechanical signals include the posture, inertial, force, and
pressure of the human body measured by the robotic system, which has been exten-
sively used in previous robot-assisted therapeutic training [110]. However, patients
may not easily understand such biomechanical signals.

Signals of neuromuscular and cardiovascular systems are commonly used as
physiological biofeedback, in which EMG data indicating the muscle activations
offer more intuitive feedback in rehabilitation. In addition, the biofeedback of brain
activity is well known as neurofeedback [111], where brain signals measured from
EEG or fNIRS have been extensively explored in previous studies. Recently,
advanced assistive devices, such as virtual reality and augmented reality, were inte-
grated into robotic rehabilitation systems to provide an immersive way for rehabili-
tation training with biofeedback mechanisms [112], which can enhance the
engagement of patients and guide them to practice in a controlled environment.

5.6.4 HRIfor Rehabilitation Assessment

In clinical practice, the motor and cognitive functions are quantitatively evaluated
through observation-based clinical scales. However, such assessments heavily rely
on the subjective decisions of therapists. Consequently, the objective and quantita-
tive assessment achieved by HRI is another significant topic in robot-assisted thera-
peutic training.

5.6.4.1 Assessment from Kinematics & Kinetics

One common way of kinematic or kinetic assessment is the use of inertial sensors
attached to the robots to measure the kinematic parameters such as motion trajec-
tory, speed, and acceleration of a specific task performed by patients [113]. These
are able to quantify movement accuracy, efficiency, inter-limb coordination, and so
on. Joint force and torque are kinetic-based indices for assessing abnormal syner-
gies [114]. In previous research, evidence has shown that there is a strong correla-
tion between kinematics/kinetics and clinical assessment scales, which could help
understand the process of recovery.

5.6.4.2 Vision-Based Assessment
In order to fully characterize human movement, visual systems have demonstrated
their advantages in assessing the compensation of patients and providing feedback
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for correcting their movement [115]. Different from conventional marker-based
motion capture systems, recent advanced markerless human pose estimation can
achieve real-time posture assessment and compensation detection during therapeu-
tic training, which is useful to provide feedback to users in real time.

5.6.4.3 Assessment from Muscle and Brain Activities

In practice, there is also a need to evaluate the motor and neurological recovery
from patients” muscle and brain activities. SEMG was used in previous studies,
where the activation and co-contraction levels are popular indices for assessing
recovery [116]. The assessment of brain activities has also gained increasing popu-
larity, where the quantitative measures derived from EEG signals can be used to
evaluate both motor and cognitive functions. For instance, EEG signals have been
used to model mental engagement and fatigue during therapeutic training [117, 118].

5.7 Conclusions

In this chapter, we have provided an overview of the technical aspects of available
robotic systems for therapeutic training, personal assistance, cognitive assistance,
prosthetics, and human—robot interaction. For therapeutic training, robotic systems
have evolved from conventional grounded robots to the current wearable and por-
table ones, which aim to provide repetitive and personalized training for patients.
Assistive robots are designed to help people manage ADLs or restore lost functions,
either physical or perceptual. Nowadays, social robots for cognitive assistive have
also emerged, offering personalized care and treatment for those with neurological
degradation disease. Prosthetics are typically designed for compensating physical
functions of amputees, where bidirectional human-robot interaction plays an
important role in forming effective control. In this chapter, we also include a detailed
discussion of current human-robot interaction techniques in the field of rehabilita-
tion and assistive robotics. Based on multimodal interfaces, HRI is an effective tool
for robot control, sensory feedback, and rehabilitation assessment.
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6.1 Introduction

Robots are becoming ubiquitous in healthcare in recent years [1, 2]. To address the
increasing demand in clinical applications, we have witnessed the popularity of
medical robotics in surgery, rehabilitation, and personal assistance [2—8]. Another
important category in medical robotics lies in the development of robotic systems to
improve the automation levels of hospitals [9].

As shown in Fig. 6.1, hospital automation robots can assist clinicians in different
routine tasks in hospitals, including hospital logistics, pharmacy and drug manage-
ment, and patient transfer and care. For example, robots for hospital logistics include
robotic systems for reception, disinfection, inventory management, and in-hospital
delivery. Robots are advantageous in carrying heavy supplies with high efficiency,
preventing human workers from potential risks, and dealing with dull and repetitive
tasks. Robots working in a pharmacy department could provide error-free pick and
place, blend, and dispensing of drugs. To deal with tedious tasks in patient transfer,
robots could help move patients from one place to another, and robotic nurses can
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Service robots that help with the logistic
and routine tasks at hospitals

e Receptionists robots

* Disinfection

e Inventory management

o In-hospital delivery

e Robotic assistance

Robots working at pharmacy department can
help improve pharmacy management

® Drug pick and place

* Drug blend

» Drug dispensing/delivery

Robots that can provide routine care or
transfer patients within or outside hospitals
o In-hospital patient transfer

* Ambulance robot

* Nursing robot

s Telepresence robot for social care

Robotic systems working at the laboratories can
facilitate the efficiency of entire workflow

» Automated liquid handling

= Automated synthesis

» DNA/RNA sequencing

« Microfluidics/In-vitro diagnosis

= Data analysis and interpretation

Robots that can help in facilitating diagnosis
and acquisition of medical images

e Capsule robot

e Radiotherapy

» Telemedicine

Robotics for Diagnosis and Imaging

Fig. 6.1 Robotic systems for hospital automation. Robotic systems that are designed for improv-
ing the levels of automation in hospitals, which can be categorized into five groups, including
robots for hospital logistics (TUG, Aethon © 2018; Guardian II, Guangdong Jaten Robot &
Automation Co.,Ltd., © 2022), pharmacy and drug management (YuMi, ABB, © 2023; Moxi,
Diligent Robotics Inc., © 2023), patient transfer and care (PTR, copyright by PTR Robots; Robear,
copyright by RIKEN, Japan), high-throughput lab automation (Pharma, DSG Robotics, ©
2017-2020 by Netech; YuMi, ABB, © 2023), and diagnosis and imaging (CyberKnife, Wikimedia
Commons (CC BY 2.0); Melody, adapted from [10], Creative Commons (CC BY 4.0))
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work around the clock, leaving human nurses to deal with more high-level tasks that
are difficult to automate. With the help of these intelligent robots, the physical
demands on human workers can be significantly reduced.

During the COVID-19 pandemic, hospital automation robots were deployed to
help reduce exposure to pathogens and ensure a safe environment for both patients
and health workers [11, 12]. Robotic systems for high-throughput laboratories can
maintain more efficient processes, facilitating research and development of new
drugs and therapies [13—16]. Within this field, robots could accelerate the workflow
in terms of screening, testing, sequencing, as well as data interpretation and analy-
sis. Robots have also been used for diagnosis and imaging, providing an increasing
level of autonomy in hospital care pathways [10, 17].

Although a variety of hospital automation robots have emerged, there is still a
lack of systematic approaches for the development and deployment of robotic sys-
tems in smart hospitals. In the future, we foresee hospital automation robots work-
ing in different scenarios, including clinical care, public safety, laboratory and
supply chain automation, and out-of-hospital care, as well as improving the quality
of life of patients at homes. These robots could form an ecosystem and improve the
capacity and efficiency of future intelligent hospitals.

6.2 Robots for Hospital Logistics

Robots for hospital logistics, as shown in Fig. 6.2, aim to undertake conventional
labor-intensive and repetitive tasks like human workers. These robots have demon-
strated superiority in efficiency and accuracy compared to their human
counterparts.

Every day, clinicians have to spend a lot of time managing the inventory of vari-
ous warehouses and handling numerous disposable items, medical devices, and
medical waste. Another labor-intensive task is in-hospital delivery, where a large
number of items are required to be delivered, dispensed, and collected between dif-
ferent places. However, the sequence of these warehouses and wards can be disor-
ganized due to the stressful working environment of a hospital. In addition,
disinfection is a significant task in hospitals, which has received increased attention
after the outbreak of COVID-19 [11].

To help resolve these issues, various robots for hospital logistics have been
developed in the past decades [12—14, 19], with most of them built on mobile plat-
forms. By using visual or LiDAR-based Simultaneous Localization and Mapping
(SLAM) techniques [20, 21], 2D/3D maps of the environment can be constructed;
hence, autonomous mobile robots are able to automatically navigate from one place
to another during delivery. To enable reliable navigation in an indoor environment,
some emerging technologies, such as Wi-Fi, RFID, or other landmarks, can be uti-
lized to improve the performance of localization [22]. In addition, dynamic object
and human detection, object avoidance, and path planning are critical functions of
autonomous service robots moving in cluttered hospital environments [23, 24].
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Fig. 6.2 Robots for hospital logistics. The robots can help medical staff with inventory manage-
ment, disinfection, reception, and in-hospital delivery, such as TUG, Aethon © 2018; Guardian II,
Guangdong Jaten Robot & Automation Co.,Ltd., © 2022; Pepper (adapted from [18]); Medical
supplies management robot (TMiRob Co. Ltd., © 2017)

Receptionist robots are commonly used to offer guidance about the infrastruc-
tures and services of hospitals [25], providing patients with a pleasant experience
within hospitals. Commonly, receptionist robots are humanoids, with intelligent
speech interaction, where patients can communicate with them directly. This kind
of robot is especially attractive in children’s hospitals, helping alleviate negative
emotions in the course of medical care.

6.3  Robots for Pharmacy and Drug Management

Staff working in the pharmacy department need to pick up and pack thousands of
drugs every day, which is tedious and time-consuming. To fulfill the additional
requirements in pharmacy management, recent advanced robots are equipped with
robotic arms to enable dexterous drug picking and placement, e.g., Moxi (Diligent
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Drug dispensing

Fig. 6.3 Robots for pharmacy and drug management. From left to right: Moxi (Diligent Robotics
Inc., Texas, USA; Diligent Robotics Inc., © 2023); KUKA iiwa (adapted with Springer Nature
permission from [26]); YuMi (ABB, Zurich, Switzerland; ABB, © 2023)

Robotics, Texas, USA) and YuMi (ABB, Zurich, Switzerland) robots, as shown in
Fig. 6.3. When integrated with advanced computer vision technologies (e.g., object
detection, 6D pose estimation) [27], these robots are able to grasp and manipulate
different objects like human beings. In addition, through the use of human pose
estimation and tracking, they can cooperate with clinicians in a shared workspace.
Compared to human workers, robots could provide “zero-error” pharmacy manage-
ment and avoid potential contamination risks induced by human workers. In addi-
tion, for intravenous drugs and anti-tumor drugs, robotic systems can help blend
drugs with high speed and throughput.

6.4 Robots for Patient Transfer and Care

In hospitals, patients need to move between different wards or diagnostic depart-
ments [28]. For patients with impaired physical functions, frequent transfer from
bedside to a wheelchair is difficult. In most cases, the transfer of a patient requires
multiple nurses or caregivers. Such a task is one of the most onerous jobs, also rep-
resenting an occupational risk for nurses or caregivers. Therefore, how to lift and
move patients safely and comfortably is of great importance in the design of transfer
robots. Furthermore, patient transfer usually occurs in cluttered and unstructured
environments, making autonomous robotic manipulation difficult.

In terms of patient transfer, safety is an important prerequisite in robotic system
design, and many supporting or fixation mechanisms have been investigated to
ensure the safe transport of patients [29]. One of the representative transfer robots is
a grounded robotic system, e.g., PTR robots developed by Blue Ocean Robotics.
Such a robot is able to transfer patients from bed to wheelchair through the use of
an overhanging structure. Another line of research considered the transfer of patients
by mimicking human caregivers. As illustrated in the top right of Fig. 6.4, Robear,
developed by RIKEN Institute, is equipped with dual robotics arms for supporting
and holding disabled patients. In addition, the dual-arm design can help the patient
with postural transfer in a more natural way, i.e., sit-to-stand and stand-to-sit. For
patients with sufficient motor functions of upper limbs, the transfer robots like UFU
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In-hospital

patient transfer

Telepresence robot
for social care

Ambulance

Fig. 6.4 Patient transfer and nursing robots. The robots can provide careful medical service and
all-around physical/social care for patients. Top row: PTR robots (Blue Ocean Robotics, Odense,
Denmark; Copyright by PTR Robots); Robear (Riken Institute, Japan; Copyright © RIKEN).
Bottom row: Giraff (Giraff Technologies AB, Visteras, Sweden; adapted with Springer Nature
permission from [30]); UAV (CC BY 4.0)

(RoboCT, Hangzhou, China) aim to support the patients at underarm and shank,
allowing a change of posture according to patients’ commands [31]. Since the out-
break of COVID-19, a new requirement of inter-hospital or home-to-hospital trans-
fer has been raised [28], i.e., protecting medical staff and patients from potential
exposure to risks of infection. However, in the face of a sudden surge in patients
with infectious diseases, the limited resources of specialized ambulances cannot
meet practical demands. By leveraging recent advances in autonomous driving,
robots with dedicated designs to fulfill the requirements of epidemic prevention will
potentially solve this problem.

In hospitals, nurses are often overworked due to staff shortages. In future intel-
ligent hospitals, robots can help nurses with simple and repetitive tasks, such as
surgical assistance in the operating room, remote inspection rounds, and other tasks.
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In the operating rooms, surgical assist nurses are required to prepare surgical tools
and assist surgeons during surgery. Although not difficult, these tasks can be repeti-
tive and labor-intensive. Therefore, the development of robotic assistants in the
operating room has become a popular topic [32]. Gestonurse, developed by Purdue
University, is a system consisting of a robotic arm, which can detect the hand ges-
tures of surgeons and then pick up and pass surgical tools, thus improving the effi-
ciency of workflow in operation rooms.

In wards or intensive care units, nurses are required to frequently check patients’
status during the recovery period. In order to alleviate their workload, recent robots
are designed to enable automatic ward inspection or teleoperation by clinicians
from remote locations [33]. Telepresence robots are able to monitor the status of
patients regularly, especially useful for dealing with patients suffering from infec-
tious disease, effectively preventing the clinicians from the potential risk of infec-
tion [12]. Moxi robot (Diligent Robotics Inc., Texas, USA) can be used to assist
nurses in terms of gathering supplies and delivering them to patients. It can relieve
the workload of nurses while maintaining the consistency of the medical care work-
flow. It is also able to recognize and manipulate objects in order to gather supplies
and deliver lab samples.

Delivering immediate first aid to patients after an accident is essential to prevent
further trauma. Therefore, ambulance robots are designed to speed up the emer-
gency response and provide care and life support during transport [34]. As demon-
strated in the bottom right of Fig. 6.4, Unmanned Aerial Vehicles (UAVs) equipped
with first aid drugs and Automated External Defibrillator (AED) devices can arrive
at the emergency location in a short time, providing emergency treatment [35].

6.5 Robots for High-Throughput Lab Automation

High-throughput robotics is an emerging topic in lab automation, which aims to
enable high throughput and high efficiency in testing, screening, synthesis, DNA/
RNA sequencing, in vitro diagnosis, and data analysis and interpretation. With the
help of such robotic systems, the research and development of personalized medi-
cine and novel technologies are accelerating.

Laboratory testing is critical in hospitals, which is a fact that became particularly
prominent during the COVID-19 pandemic. The workflow first involves the collec-
tion and transportation of specimens and then the delivery to the laboratories for
testing. Most specimens are collected from different departments in hospitals, while
some are collected outside of hospitals. For screening for COVID-19, a huge num-
ber of specimens can be collected and then transported to the laboratory for testing
every day. During testing, each step will potentially affect the detection quality and
may increase safety issues. In addition, conventional testing consumes a lot of man-
power and time in sample handling and data analysis, where accuracy and efficiency
cannot be fully guaranteed with such a large workload. To conquer this, robotic
systems for testing have emerged to improve the degree of automation in laborato-
ries [36]. Different robotic platforms are used for weighting, drying, cooling,
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pipetting, and other procedures in the workflow, followed by data storage and analy-
sis. During the COVID-19 pandemic, high-throughput test robots have demon-
strated their advantages in efficiency and capacity, while preventing human workers
from potential high risks [37].

With the development of molecular biology, functional genomics, proteomics,
metabolomics, and single-cell omics, we have entered the era of precision medicine.
This offers much potential in diagnosis, prognosis, and therapeutics. In the develop-
ment of novel drugs, the automated synthesis of lead compounds is the most signifi-
cant step. In this case, slow manual screening cannot meet the requirements of new
drug research and development, as there are numerous novel targets. The emergence
of robot-assisted screening technology has greatly shortened the lead time of com-
pound development in drug discovery. By using high-throughput robotic systems,
the drug discovery process can be accelerated, and biomedical or cellular events can
be repeated and tested in a short time [15, 38]. Burger et al. developed a mobile
robotic chemist to automate the procedure for searching improved photocatalysts
for hydrogen production from water [26], which achieves six times more activity
than the initial formulations.

The importance of proteomics in modern drug research has long been recog-
nized. Proteomics involves the understanding and characterizing of proteins in the
categories of structure, function, and interaction. Specifically, sequencing was a
laborious, expensive, and personnel-intensive task. Recently, robotics and automa-
tion technologies are also affecting the field of proteomics [39—41]. By turning the
proteome into data, the proteome in a biological sample is digitized and then inter-
preted with the help of machine learning or artificial intelligence algorithms to
obtain the desired results. Recently, Google released the powerful platform
AlphaFold/AlphaFold2 [42], a deep neural network that can generate a highly accu-
rate 3D model of a protein. Robotics facilitates the rapid proteomic assay in pro-
teomic drug screening and clinical research [41].

Cells are the basic units of life. With the emergence of technologies in single-cell
isolation, single-cell omics is able to provide unique insights into the understanding
of genetics at the cellular level and helps explore the heterogeneity of cells across
tissues [43]. The main challenge in single-cell isolation is the integrity, throughput,
and sensitivity. In order to achieve the parallel micromanipulation of thousands of
cells, automated robotic systems can be used for single-cell isolation through the
use of droplets or micromechanical valves [43, 44]. Robotic systems are advanta-
geous in extracting and handling living cells with accuracy, achieving high through-
put and high accuracy simultaneously. In addition, as an emerging research field,
metabolomics has attracted increasing attention in recent years. High-throughput
robots can also contribute to the qualitative and quantitative measurement and anal-
ysis of metabolites [45].

In vitro diagnostics involves the diagnosis through human body fluids, cells, and
tissues, some of which are the essential sources of clinical diagnostics [46, 47]. This
information can provide important references for clinicians to create treatment
plans. According to the detection principle, in vitro diagnosis mainly includes bio-
chemical diagnosis, immune diagnosis, molecular diagnosis, microbial diagnosis,
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clinical diagnosis, and pathological diagnosis. In parallel with the development of
micro- and nano-robotics, organ-on-a-chip, referring to a chip to simulate physio-
logical systems of organs, takes the microfluidic chip as the core and integrates
different technologies, including cell biology, biological materials, and engineering
[48, 49]. These chips can help build a microenvironment in vitro that consists of
many living cells and simulates the functional organization interface, biological
fluid, and mechanical force. Multiple chips can be used to simulate the absorption,
distribution, metabolism, and elimination of drugs in the human body. With the help
of robotics and automation, in vitro diagnosis can be highly automated with
increased throughput and sensitivity. In addition, robotics systems also enable the
flexible customization of the workflow design, speeding up the development of per-
sonalized medicine.

6.6  Robots for Diagnosis and Imaging

In the context of hospital automation and clinical care, and on top of the categories
previously discussed, robots can also help in facilitating diagnosis and acquisition
of medical images. For example, robots can be used to collect biological samples,
for PoC diagnosis, in ICU, and also within radiology departments both for diagnosis
and for treatment purposes. For a detailed overview of these topics, readers are
referred to references [10, 12, 50].

Diagnostic blood testing is a routine clinical procedure that is commonly per-
formed manually. However, the COVID-19 pandemic has highlighted the central
role of technologies in responding to infectious diseases by protecting medical staff
from the risk of infection [12]. Robot-assisted blood testing is one example.
HaemoBot and VenousPro are robotic systems that rely on ultrasound guidance and
force sensing to automatically locate the vein on a person’s forearm and perform
cannulation [12]. More recently, researchers at the Italian Institute of Technology
have developed a handheld robot for peripheral venous catheterization for pediatric
applications [51]. For the diagnosis of infectious diseases, oropharyngeal and naso-
pharyngeal swabbing is widely used. This requires sample collection, handling,
transfer, and laboratory testing. However, the number of qualified medical staff for
this process may be limited, as demonstrated by the recent COVID-19 emergency.
In such a situation, the deployment of autonomous robots for nasopharyngeal and
oropharyngeal swabbing can be extremely helpful and safer, as the medical staff do
not need to be in close contact with the person to be tested. A low-cost robot that can
be remotely controlled has been developed for collecting nasopharyngeal speci-
mens. The system includes an active end-effector, a passive robot arm for position-
ing, and a detachable swab gripper with integrated force sensing [52].

Telerobotics—by combining human operator knowledge and a remotely con-
trolled robot—can be helpful in applications where a remote doctor takes all the
physiological parameters and diagnoses a disease using audiovisual aids [50].
Exemplary applications are telepresence robots for POC diagnosis and for ICU
patients [12]. POC robots can be used for patient—doctor teleconsultations and to
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perform physical examinations such as auscultation and palpation [53]. POC robots
can provide rapid test results to patients, supporting on-the-spot clinical decision-
making, and can combine portable imaging or sensing devices with integrated hos-
pital information systems [12]. ICU robots can be used to provide access to off-site
patients, supervising physicians, and other specialists, making otherwise very dif-
ficult procedures possible [12].

In 2005, the UCLA Medical Center used an RP-6 robot (InTouch Health, Santa
Barbara, USA) in its neurosurgery ICUs. It was controlled by a webcam and joy-
stick over a broad-band connection [54]. iRobot and InTouch Health announced an
alliance targeting healthcare in 2011, and the Remote Presence Virtual + Independent
Telemedicine Assistant (RP-VITA) robot was unveiled in 2012. In 2013, the FDA
cleared RP-VITA as the first autonomously navigating telepresence robot in health-
care [55]. RP-VITA has remote interactive capability between clinicians and
patients. It has enhanced navigation capabilities (based on environment mapping
and obstacle avoidance tailored to hospital environments), and it offers virtual
assessment and monitoring of patients and provides virtual visits for the family
members of patients.

In addition to telepresence and telemedicine (we do not include surgical robots
here as already discussed in Chap. 3), robots can be employed for the remote acqui-
sition of medical images and robot-assisted therapies. For example, robotic ultra-
sound is the fusion of a robotic system and an ultrasound station with its probe
attached to the robot end-effector. This combination might overcome ultrasound
disadvantages by means of either a teleoperated, a collaborative assisting, or even
an autonomous system [10]. Using a robot to perform ultrasound imaging poses
task-specific challenges, such as position, access window, and force control of the
robotic arm in order to obtain reliable images while maintaining a safe procedure.
The commercially available robotic arm URS (Universal Robots) has been used to
develop a general, low-cost robotic ultrasound platform that integrates haptic con-
trol [56]. A 5G-based robot-assisted remote ultrasound system for cardiopulmonary
assessment of patients with COVID-19 has been investigated by Chai et al. [57]
Commercially available ultrasound robots include the MGIUS-R3 (MGI Tech Co.)
system and the MELODY (AdEchoTech) system. MGIUS-R3 consists of a 6-DoF
robotic arm, including a force sensor and an ultrasound probe, which is remotely
controlled. A feasibility study was conducted to assess the remote examination of a
patient with COVID-19 [58]. MELODY is a robotic probe holder at the patient site.
The coarse positioning of the robot is handled by a clinical assistant, while fine
adjustments of probe orientation are remotely controlled by the expert sonographer
via a haptic device with force feedback. Applications of MELODY include cardiac,
abdominal, obstetric, pelvic, and vascular telesonography [59] in over 300 patients.
A detailed review of ultrasound robots is reported by von Haxthausen et al. [10]

Robotic systems are also utilized in radiology to reduce the level of radiation and
safety issues for human operators. The Multitom Rax (Siemens Healthineers,
Erlangen, Germany) offers fluoroscopy, angiography, and 3D imaging to perform a
multitude of X-rays in one room where the physician can see 3D images in real time
as the robot moves around the patient. Artis Zeego (Siemens Healthineers, Erlangen,
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Germany) and Discovery (GE Healthcare, Chicago, USA) are commercially avail-
able robotic systems that allow image guidance during interventional angiography.
Both systems can operate as real-time 2D fluoroscopy and as rapid 3D fluoroscopy
CT-like imaging systems, providing uninterrupted, unobstructed access to the surgi-
cal area and full flexibility to patient positioning. The Discovery system provides
advanced image guidance for endovascular procedures, enabling 3D image fusion
and navigation through advanced software solutions (i.e., ASSIST software) for
aneurysm repairs and aortic valve replacement [3].

CyberKnife (Accuray Inc., Sunnyvale, CA) is a commercially available robot for
radiotherapy of cancer patients. It is a minimally invasive robotic system that deliv-
ers stereotactic radiosurgery and stereotactic body radiation therapy treatments any-
where in the body (e.g., cranial and spinal tumors, prostate, lung, liver, and pancreas
cancers) with high-tech robotic precision and integrated real-time motion synchro-
nization. CyberKnife contains integrated imaging systems that can automatically
detect and compensate for motion, allowing for frameless treatment. Throughout
treatment, the radiosurgical target is continually sensed using a combination of
X-ray and optical imaging. The target pose is localized into a common reference
frame using a combination of image registration algorithms and precisely calibrated
coordinate transformations. CyberKnife tracks and autonomously adapts to tumor
or patient movement during treatment to deliver a maximum dose of radiation
directly to the tumor while preserving healthy organs and tissues. For organs that
move with respiration, CyberKnife synchronizes its motion to the target anatomy on
the basis of a learned model and multimodal sensing [3]. A technical overview of
the CyberKnife system is presented by Kilby et al. [60]

6.7 Conclusions

With increasing needs for high-standard medical services, an emerging area in med-
ical robotics is to develop robotics systems for hospital automation. These robots
are designed to either help reduce the workload of medical staff or facilitate tedious
examination or testing procedures. In this chapter, we have outlined existing hospi-
tal automation robots and categorized them into five groups according to their func-
tionalities: hospital logistics, pharmacy and drug management, patient transfer and
care, high-throughput lab automation, and diagnosis and imaging. For each subcat-
egory, the main research focus and available systems were discussed. In the next
chapter, we will outline new opportunities and emerging technologies for medical
robotics in general.
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The prosperity of robotics, mechanical engineering, material science, artificial intel-
ligence, and biomedical engineering has an increasing impact on the conventional
medical industry [1-3]. With the close integration of medicine and engineering,
medical robotics has emerged for automated diagnosis, treatment, rehabilitation,
and disease management, providing high-quality medical services for the general
population.

Advances in relevant technologies and increasing demand from people for high-
quality medical services are driving the rapid uptake of medical robotics. The aging
population has led to an increasing incidence of malignant tumors, cardiovascular
and cerebrovascular diseases, and neurological disorders. However, limited medical
resources cannot fully meet the requirements of such a huge rise in medical
expenses. Medical robots can assist clinicians in completing accurate disease diag-
nosis and treatment [4-9], improving the quality of medical services. In addition,
robot-assisted rehabilitation training can greatly shorten postoperative rehabilita-
tion and accelerate the recovery of patients who have survived severe diseases, such
as stroke [10-14]. Personal assistance of the elderly and disabled people has also
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become an important responsibility of society, leading to a huge demand for assis-
tive robots in daily life, reducing the requirements for professional nurses or care-
givers [15-19]. In addition, medical robots have demonstrated their capabilities in
improving the automation levels of hospitals, ranging from hospital service to high
throughput testing and screening [20-23].

7.1 Commercial and Investment Trends

In recent years, the global market of medical robotics has grown rapidly, with a
Compound Annual Growth Rate (CAGR) of around 15%. The total size was
expected to reach $20.7 billion by 2021, as shown in Fig. 7.1. Among three catego-
ries of medical robotics, the market size of surgical robotics is the largest (around
46%), and the growth rate of rehabilitation and assistive robot is the fastest.

According to the Industry Analysis Research Consulting (ARC) Analysis
released in 2014, North America occupies around 40% of the total global market for
medical robotics, and Europe accounts for 32% of the market. It can be seen from
Fig. 7.2 that European and American enterprises are currently in a dominant posi-
tion in the global medical robotics market. Intuitive Surgical Inc., established in
1995, is the leading company in surgical robotics, where its market value exceeded
$1000 billion in 2021. After FDA approval in 2000, there are around 7000 da Vinci
surgical robot systems launched worldwide. In addition to North America and
Europe, Asia-Pacific is an emerging area with rapid growth in medical robotics
research and development, in which a number of startups have been established
recently.
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Fig. 7.1 Market size of medical robotics in recent 5 years
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Fig. 7.2 The distribution of the global market of medical robotics

7.2  Ethics, Regulations, and Legal Considerations
7.2.1 Ethics

Medical robots are set to impact many aspects of our lives, which can inevitably
raise new ethical and safety issues [24]. Considering there will be numerous medi-
cal robots with high levels of automation in the future, clinicians may heavily rely
on these intelligent systems and gradually lose some skills. When mistakes happen,
clinicians may have less responsibility due to the high level of control and supervi-
sion delegated to robots [24].

In addition, medical robots need to collect different kinds of data directly from
patients to enable accurate diagnosis, treatment, and personal assistance. Particularly
for rehabilitation and assistive robots, diverse human-machine interfaces will
record the real-time physiological signals of human subjects, such as EEG, EMG,
gaze, and heart rate. Moreover, video monitoring has been frequently used in differ-
ent robotic systems for analyzing the movement and cognition behaviors of patients.
Hence, data privacy and data protection have become urgent issues, not only in
commercial products but also in research and development.

Thanks to the recent advances in deep learning and artificial intelligence, medi-
cal robotics systems are integrated with diverse learning-based algorithms to achieve
complicated tasks in unstructured environments. Hence, another typical ethical
issue exists in most artificial intelligence algorithms as they may be trained with
limited data with biased distributions, noisy labels, or incomplete observations.
With respect to these models, medical robots may overlook the differences between
patients, such as customs, cultural beliefs, and gender, leading to potential prejudice
and discrimination in decision-making.
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7.2.2 Regulations and Legal Considerations

As an emerging industry, standardization has become one of the critical issues in the
development of medical robotics. Currently, most available medical robots involve
different kinds of open-source technologies, leading to inconsistency across the
hardware and software interfaces. It is also desirable to establish a series of stan-
dards in terms of safety, testing, interface, or even core components of robots, thus
facilitating the adaptation from research to relevant industries. As medical products,
medical robots are facing very strict assessment and supervision. The fact is that it
may take a long time to get regulatory approval before entering the market. For
instance, surgical robots typically need several years to complete sufficient clinical
trials before approval. On the other hand, different countries have their own certifi-
cation and regulation systems [e.g., FDA in the USA, CE in Europe, National
Medical Products Administration (NMPA) in China], which may add further hur-
dles for medical robots entering the global market. To alleviate this difficulty, some
regions have opened a green certification channel for accelerated clinical use of
some innovative and safe medical robot products.

In addition to aforementioned ethic issues, regulatory and legal considerations
need to be addressed, especially for clarifying clear responsibilities of clinicians,
robots, and companies. First, regulations and laws should indicate responsible
access to data, including users, clinicians, technicians, developers, and overseers
from the government. In addition, data encryption and storage need careful consid-
eration to ensure privacy and safety. More importantly, there should be a worldwide
association to develop relevant international standards.

7.3  Opportunities and Challenges of Surgical Robotics

Increasing technological advances as well as clinical demands—especially in the
last decade—have propelled the development of surgical robotics. As analyzed in
Chaps. 2 and 3, the scientific community has addressed a multitude of surgical chal-
lenges by proposing new robotic devices and introducing novel clinical methodolo-
gies and workflows. Recent work in the field of surgical robotics focuses on
miniaturizing and increasing the level of autonomy of new surgical platforms, mak-
ing robotic systems smaller, smarter, and more versatile. Remarkably, many new
technologies are closely linked to endoluminal interventions, underpinning the
importance of such procedures for research activities in the next decade. In the fol-
lowing paragraphs, we outline some potential opportunities and challenges for sur-
gical robotics that the scientific and clinical communities are expected to face in the
coming years.
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7.3.1 Improving User Experience

Various effective and efficient HMIs are the essential components of forming HRI
in robotic surgery and will present a key element for next-generation devices to
achieve acceptance among clinical operators. Novel HRI is expected to provide
clinicians with intuitive and transparent control of surgical robots, enabling a higher
level of cooperation and transition to manual workflows at any time and effectively
communicating procedural phases and Al-driven decision support.

In the last decade, various HRI concepts have been proposed. Most of the com-
mercial and academic platforms still use conventional joysticks that are mapped to
the robot end-effector to perform the desired task, e.g., instrument displacement,
feeding, rotation, and bending. However, the use of a conventional joystick is often
counterintuitive for clinical users, as it does not allow the capture of surgical skills
that have been acquired over years of training and experience.

This limitation has been addressed in research through different strategies, such
as designing task-specific HRI or abstracting the input layer to novel concepts and
feedback cues. An example is the tailored HRI for endovascular surgery created at
Imperial College London (see Chap. 3 and the research by Kundrat et al. [8]) that
mimics the clinical handling and motion pattern of conventional catheters and
guidewires. Similarly, flexible electronic circuits are proposed for the implementa-
tion of customized HRI to enhance user control and feedback of soft robots in
endoscopy [25]. Alternative strategies include mapping the device input to high-
level interfaces supported by visual or haptic cues. Recent work in bronchoscopy
proposed gesture-based robot control or AR-based planning and monitoring of sur-
gical intervention [26]. This enables interactive definition and execution of robotic
motion as well as an overlay of procedural data.

7.3.2 Surgical Vision and Navigation Inside the Human Body

Accurate navigation of luminal organs is of exceptional importance for precision
surgery and safety [27]. To date, the clinical operator predominantly navigates the
device (whether robotic or not) based on anatomical knowledge, experience, and
vision provided by the embedded imaging system. The evolution of imaging and
sensing has driven the development of navigation frameworks [28]. This is not lim-
ited to external sensing or integration of fiber-optics to the endoluminal hardware
[e.g., Ion Endoluminal System (Intuitive Surgical, Sunnyvale, USA)] to capture the
shape or pose of the surgical instrument with respect to the human anatomy, but also
includes tracking of devices and tissue in the field of view as well as view expan-
sion. Although emerging technologies have been studied in preclinical and clinical
settings, their application in clinical routines remains challenging due to individual
procedural requirements. Future work is dedicated to the identification of clinical
tasks that benefit from novel technologies, e.g., less time needed to navigate the
endoluminal device to a certain pathological tissue and improved lesion detection
from functional imaging.
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Major technological leaps are achieved by emerging endoscopic imaging modal-
ities [29]. White-light imaging of the luminal environment using fiber-based or
chip-on-tip sensors is still the gold standard in clinical routine and pathology assess-
ment. This also applies to vision-based robot control frameworks. Enhanced sensi-
tivity is presented by multimodal imaging, e.g., a combination of Narrow-Band
Imaging (NBI) or hyperspectral imaging and white-light imaging, which has already
entered clinical routines in gastrointestinal procedures and facilitates the detection
of lesions [30]. The next generation of imaging is already led by biophotonics that
can be integrated into robotic endoscopes and may enable—after functional imag-
ing and in situ diagnostics—a robotic treatment of detected pathologies [31].

7.3.3 Increasing Autonomy in Robotic Surgery

Surgical robotic platforms provide clinicians with superhuman dexterity, superior
imaging, and novel opportunities for minimally invasive interventions. However, as
we have seen in Chap. 3, the majority of current systems are teleoperated, i.e., tak-
ing direct input mapping from clinical operators. Currently, this is the gold standard
in robotic surgery and reflects the lowest autonomy level according to the taxonomy
presented by Yang et al. [24], with six independent autonomy levels in total (see
Fig. 7.3 and Sect. 3.3.1). This definition comprises no autonomy (lowest level) with
robotic control based on direct operator input to fully autonomous execution and
completion of the robotic task without human interaction (highest level).

Currently, only partial autonomy of workflow phases, i.e., fully predictable
device behaviors, are realized in commercial devices. For example, the sequences of
motion primitives are executed automatically to support teleoperation. Laparoscopic
surgical robots have proven successful under continuous operator control and so
currently offer only limited robotic assistance. Orthopedic robots are capable of
autonomously milling out a prescribed cavity for knee and hip implants.
Endovascular robots are examples of clinical applications for which robotic solu-
tions have yet to be developed, although they could potentially benefit from robotic
solutions [1].

Driven by advances in Al [32], fundamental research efforts in endoluminal
robotics target increased autonomy levels to support clinical operators and to realize
even better clinical outcomes [33]. Autonomous cannulation of targets in the vascu-
lature represents a highly relevant clinical use case [34]. The integration of robotics,
computer assistance, and control enables autonomous manipulation and navigation
of magnetic endoscopes. Partial autonomy enables cooperation between the sur-
geon and the robot in certain situations, e.g., navigating challenging anatomy.
However, there is a lack of clinical studies involving autonomous behavior with the
exception of robotic laparoscopic surgery [9, 32]. Recently, autonomous robotic
anastomosis of the intestine has been performed in vivo on porcine models using a
setup of two robotic arms with a suturing device and endoscopic vision [35].

Despite ongoing efforts toward robot autonomy in surgery, progress is still incre-
mental. One considerable challenge is the hesitancy and gradual acceptance of
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robotic devices for surgical applications. On top of this, increasing the level of
autonomy of surgical robots significantly impacts the regulatory processes. These
must consider—as mentioned above—ethical and safety aspects, as well as further
demands for novel concepts to communicate the benefits of autonomy to both users
and patients. This is a key factor in clinical translation, acceptance, and usability of
the next generation of surgical robotics systems.

7.4  Opportunities and Challenges of Rehabilitation
and Assistive Robotics

7.4.1 Soft Materials for Actuation

Compared to conventional geared motors, direct-drive technology combined with a
compliant control strategy promotes the miniaturization of motors to provide suffi-
cient driving force on the actuated joints. Series elastic actuators, frequently
employed in prosthetics, output the force that is proportional to the position differ-
ence multiplied by their spring constant.

Soft materials have demonstrated great potential in developing lightweight actu-
ators, especially for wearable robotic systems. Pneumatic-driven actuators have
emerged in rehabilitation and assistive robotics recently, which is advantageous in
generating the uniform forces required. Origami-based structure designs have thus
far been explored in the development of pneumatic-driven rehabilitation and assis-
tive robotics. Shape memory alloy is another popular material that can be used for
designing actuators. Currently, the aforementioned actuators have their own limita-
tions; hence, research attention will be focused on the next generation of soft actua-
tors. These are expected to have high accuracy, linearity, compactness, and
driving force.

On the other hand, recent studies have witnessed the successful applications of
soft materials in wearable exosuits. Driven by cable or pneumatic actuators, these
systems have shown comparative performance against rigid ones. In addition, the
cable-driven structure can be well deployed in human suits, enabling power aug-
mentation in a simple manner. Additionally, materials with variable stiffness were
explored in the robotic systems for personal assistance. Specifically, strength, flex-
ibility, and fabrication are the key challenges in the next generation of soft wearable
robotics for rehabilitation and personal assistance.

7.4.2 Human-Centered and Explainable Al

Intelligent rehabilitation and assistive robotic systems are expected to interact and
collaborate with humans to achieve the same task through the detection of human
intention, with the aim of compensating or enhancing human capabilities. During
rehabilitation training and personal assistance, humans and robots need to establish
a mutual understanding of each other’s capabilities and respective roles. Therefore,
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the development of human-centered Al algorithms for enabling human-in-the-loop
learning and inference is still an open challenge [36].

Although human intention detection has been successfully incorporated into
rehabilitation and assistive robotics, previous works mainly focused on people with
physical impairment. Results have shown that it is still challenging to distinguish
fine-grade motor intent, such as the movement of an individual finger. Recent
achievements in implantable neural interfaces have shown their capability in col-
lecting high-quality brain/neuron activities, facilitating a more accurate and real-
time intention detection of fine-grained movements. Furthermore, the research
effort should be focused on the detection of high-level cognitive status (e.g., atti-
tude, attention, engagement, emotion, etc.), especially during intervention on
patients with cognitive impairments. Such information could be implied in human
voice, body language, gaze, head pose, and facial micro-expression.

Social robots provide rehabilitation and intervention for patients with neurologi-
cal disorders, such as ASD and dementia. Patients exhibit their behavioral and cog-
nitive characteristics in an atypical and unusual way, leading to significant challenges
in understanding social activities. Therefore, to tackle the heterogeneity of human
subjects, the development of personalized machine learning or deep learning algo-
rithms has attracted extensive attention [37]. Furthermore, users need to understand
how interactions with robots are driven, which is a perquisite for establishing the
trust of human users, and thus motivating the development of explainable Al [38].
Medical robotic systems are expected to provide understandable explanations to
clinicians and patients at the end of a learning or reasoning task.

7.4.3 Social Robotics and Embodied Al

Currently, most existing rehabilitation and assistive robots focus on patients with
physical impairment. With an increasing number of patients suffering from neuro-
logical disorders, there is a pressing need for robots in cognitive rehabilitation and
assistance. Specifically, social robots empowered by embodied Al are expected to
act as human therapists. They are expected to effectively interact with the environ-
ment and human targets and perform appropriate behavior based on the meaningful
interpretation of multimodal perceptual data, thus achieving continuous evolvement
in learning, understanding, and social interaction capabilities.

To achieve this goal, social robots need to make decisions through the analysis of
data on multiple temporal scales, involving perception, hierarchical information
extraction and memorization, and life-long learning paradigms and adaptation [39].
Although recent deep models have achieved promising results, they are computa-
tionally expensive and require a huge amount of data for training, which may
impede their applications in mobile robotics scenarios and their generalization
capability in novel tasks. In addition, the embedded algorithms have to deal with
noise, variability, and uncertainty existing in data.

At the system level, integrating the perceptual and computational modules into
the robotics system with limited onboard computational resources is still an open
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challenge. In recent years, neuromorphic electronics and computing have demon-
strated their capabilities in building efficient and compact intelligent robotic sys-
tems capable of sensing and perception in real-world environments [39].
Neuromorphic computing aims to solve perceptual sensing and inference at the sen-
sor level [40], which employs analog/digital signals collected from bioinspired sen-
sors to implement neural computational primitives. These computational primitives
are advantageous in processing context-dependent information at different time
scales. In addition, event-driven sensors (e.g., tactile sensors and dynamic vision
sensors) have become popular in scenarios with sparse activity, which can effec-
tively reduce the transmission, storage, and processing of redundant data [41, 42].

7.5 Opportunities and Challenges of Hospital
Automation Robotics

In Chap. 6, we summarized currently available applications for automation within
the healthcare sector and envisioned potential solutions for smart hospitals in the
future. With the richness of this research field, there still exist diverse opportunities
and challenges for the development of hospital and automation robotics.

7.5.1 Multidisciplinary and Application-Centered Technologies

We must develop new application-oriented robots by integrating multidisciplinary
technologies so that they can be easily adopted by different end users and in multi-
ple clinical scenarios. The new generation of medical robots must be reliable, safe,
and quickly deployable when needed. The main applications, as mentioned earlier,
include hospital logistics, pharmacy and drug management, patient transfer and
care, high throughput lab automation, and diagnosis and imaging. For hospital
logistics and patient transfer and care, the opportunity lies in improved navigation
within unmapped or cluttered environments. For example, autonomous robots
should be able to continuously navigate and complete given tasks. Patient transfer
and care robots should enhance clinical workflows in the key areas of a hospital,
such as the ICU and general patient wards, and be able to interact directly with
patients by measuring vital signs, key biomarkers, and delivering needed treat-
ments. Similarly, this frees medical staff from time-consuming work and allows
them to focus on their main tasks, such as patient treatment and care.

In order for specific robots to be accepted by healthcare workers, public safety
officials, business owners, and individuals, the robots must be technologically
mature. National Aeronautics and Space Act (NASA) assesses technology maturity
through both the Technology Readiness Level (TRL) for the individual technology
and the Technology Readiness Assessment (TRA) for the system maturity [43].
Commonly, low technology maturity challenges have led respondents to reject low
TRL robots or high TRL robots with low TRA. As an emerging area, we have wit-
nessed rapid development of hospital automation robots and a number of robotic
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systems with a low level of technical maturity serving as hospital-sanctioned exper-
iments. The challenge lies in how to design reliability, safety, and safeguards from
unintended consequences so that suitable solutions can be rapidly deployed and
scaled for smart hospitals.

7.5.2 Improved Human-Robot Cooperation

The next-generation hospital automation robots need to better interact with end
users. Improved sensor technology will empower robots to safely interact with their
known/unknown environment, including objects, human workers, or other robots.
This will require greater flexibility and deployment of the robot [44]. For remote
operating systems or telepresence robots, flowless integration and high availability
with operational workflows are critical for user acceptance, safety, and security.
Remote robotic operation is already a mature technology in industry and medicine
[45]. Specifically, advanced technologies, such as AR/VR, as well as high-speed
wireless communication, could further improve the operation of telerobotics.
Eventually, robots should be able to assist in surgeries, rehabilitation, or personal
care by allowing remote treatment anywhere, anytime.

For infectious diseases, asymptomatic individuals can become potential carriers.
Here, the opportunity lies in the development of ergonomics and application-specific
haptic devices that allow users to sense the environment in which robots are
deployed and make decisions accordingly. In terms of control strategies, we need to
develop robotic systems with a higher level of autonomy. For example, clinicians
can train robots to perform routine or complicated tasks, where imitation learning
techniques can be used to teach the robots.

7.5.3 Increased Autonomy and Ethical Challenges

With the continuous growth of autonomous levels of hospital automation robots, the
frequent interaction with medical staff and patients poses a series of ethical and
safety challenges. Robots, especially when being operated in a healthcare environ-
ment, are data-driven, meaning they access sensitive patient information. It is there-
fore important to consider potential ethical and legal regulations [24]. Important
concerns include privacy, ownership, data governance, and trust.

One ethical challenge is that robots used in patient transfer and care should be
treated as ethical impact agents as they are highly related to human safety and health
[46]. Ethical impact agents increase the professional obligation of the designer to
ensure that the robot operates reliably and that users are aware of the implied con-
sequences of use, including dangers and hidden costs. The second ethical challenge
is protecting people and the environment. For example, robot-assisted disinfection
in a random and long-term manner may expose patients and medical staff to health
risks. The third ethical challenge is human rights and privacy, especially in health-
care applications. Unlike public safety, hospitals and public health agencies are less
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vulnerable because they often have institutional review boards that decide when and
how to introduce new technology into their businesses. However, these decision-
makers may not be aware of potential ethical consequences. It would be unethical
for roboticists to shift the blame to the agency. It appears that robot manufacturers
are donating equipment to encourage these institutions to carry out experiments and
thus assume some ethical responsibility. Despite the many challenges mentioned
above, one thing for certain is that the future of medical robotics is bright, and it is
set to transform our healthcare system for many years to come.

7.6 Conclusions

Medical robotics for surgery, personalized rehabilitation, hospital automation, and
high-throughput screening represents an important area of growth globally. As a
clinical emphasis on improved surveillance and earlier diagnosis increases, medical
robotics is moving toward precision intervention. This requires improved quality,
minimally invasive access, and an unprecedented level of accuracy. There are many
platforms available from both commercial and research organizations that are more
agile and intelligent than early-generation medical robots. By solving the remaining
open challenges, medical robotic systems offering improved safety, efficacy, and
reduced costs will soon make them a mainstream clinical practice, and they will also
define the future of smart hospitals and home-based patient care.
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