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Abstract

Medical robotics is poised to transform all aspects of medicine—from surgi-
cal intervention to targeted therapy, rehabilitation, and hospital automation.
A key area is the development of robots for minimally invasive interventions.
This review provides a detailed analysis of the evolution of interventional
robots and discusses how the integration of imaging, sensing, and robotics
can influence the patient care pathway toward precision intervention and
patient-specific treatment. It outlines how closer coupling of perception, de-
cision, and action can lead to enhanced dexterity, greater precision, and re-
duced invasiveness. It provides a critical analysis of some of the key interven-
tional robot platforms developed over the years and their relative merit and
intrinsic limitations. The review also presents a future outlook for robotic
interventions and emerging trends inmaking them easier to use, lightweight,
ergonomic, and intelligent, and thus smarter, safer, and more accessible for
clinical use.
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Computer-assisted
medical intervention:
provides the clinician
with tools to use
quantitatively
multimodal data to
plan, simulate, and
efficiently execute
minimally invasive
diagnostic or
therapeutic
interventions
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1. INTRODUCTION

Earlier diagnosis, improved efficiency, and delivery of therapeutic measures in combination with
advances in surgical techniques have brought improved prognosis and functional outcome to pa-
tients, prolonging life and continuously extending the boundary of survival. As a result, the role
of clinicians has undoubtedly become more demanding, requiring the handling of much multi-
modal, multidimensional, multiscale, interventional, metabolic, and system-level information be-
yond anatomical details. Early diagnosis also means smaller target lesions, requiring not only min-
imally invasive access but also precision intervention that challenges the perceptual and sensory
capabilities of the surgeons, in many cases requiring superhuman dexterity, vision, reasoning, and
decision making. In this regard, medical robotics has a significant role to play in directing the
future of surgery toward precision intervention and targeted therapy.

This general evolution of medical techniques and instrumentation began long ago: The first
endoscope, developed by Bozzini, was used in urology in 1806. In 1890, Zernov, a Russian pro-
fessor of anatomy, inspired by geographic systems of coordinates, invented the encephalometer,
the ancestor of modern stereotactic frames that is used for precise, noninvasive localization of
brain structures. However, this evolution accelerated in the twentieth century thanks to discov-
eries in basic sciences and technical revolutions in electronics, computer science, and robotics.
Eighty years after the discovery of X-rays (1895) by Roentgen, it became possible to capture in-
ternal anatomy as three-dimensional (3D) data and to manipulate it virtually. Advances toward
the actual planning and guidance of interventions also occurred rapidly. As an example, Kall et al.
(1) describe an image-based and computer-controlled system for neurosurgery developed at the
Mayo Clinic. Kelly et al. (2) reported extensive clinical data (1,000 patients in two centers). A
new domain at the forefront of medicine and information sciences emerged: computer-assisted
medical intervention.

The initial goal of computer-assisted intervention was to assist medical practitioners in exe-
cuting efficient and safe diagnostic or therapeutic actions. These actions should be as uninvasive
as possible, and their quality should be quantifiable. Moreover, computer-assisted intervention
systems and devices must demonstrate added clinical value, and their use must respect ethics
and regulations. The clinical objectives gave rise to a classical perception–decision–action loop
(Figure 1).

Here, perception relates to the acquisition of patient data and information related to the pro-
cedure in progress (e.g., position of a surgical instrument or of a prosthesis, force in a joint, or
deformation of an organ). This phase may require the development of specific sensors, processing
of data from these sensors, and structural information [e.g., the shape of a particular anatomical
structure from a volume of data from computed tomography (CT) or magnetic resonance imaging
(MRI) or the characterization of the aggressive nature of cancer from histological data]. A crucial
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Perception–decision–action loop. The goal of robotics and computer assistance is to provide as much
information and support to the clinical team as possible to produce the best possible treatment. The
acquisition and processing of patient-specific data (e.g., computed tomography, magnetic resonance images)
are crucial to preplan the procedure and support the clinicians in developing the optimal strategy. The
effective fusion of preoperative planning with intraoperative real-time imaging, sensing, and robotic
assistance is necessary to support the clinician in delivering the best possible treatment and producing
cost-effective outcomes.

step is the fusion of patient-specific data with general medical knowledge (e.g., a phase of a surgi-
cal process, an anatomical atlas, a biomechanical model of a joint, the average shape of an organ
and its major modes of deformation). Very often, the clinician mentally and qualitatively performs
this data fusion step. A major goal of computer-assisted intervention is to merge all the available
information into a single, quantitative model. For example, in order to make prostate cancer diag-
nosis more reliable, one can merge preoperative MRI of the prostate, for which the target lesion
has been identified by appropriate classification methods (3), with intraoperative ultrasound, for
example, to guide a biopsy needle to this area (4). The digital representation incorporating this
information also serves as a basis for decision making. This may involve planning the optimal pro-
cedure in a given clinical context—for example, determining the radiation plan for delivering a
prescribed dose to a tumor of a specific shape while limiting the maximum dose to organs at risk in
radiotherapy.When the optimal strategy is difficult to express mathematically, procedure simula-
tionmay be used for preplanning.This process requires patient-specificmodels of living tissues (5)
and the ability to simulate interactions between instruments and organs (6). Both issues are very
challenging. In practice, when target organs move or are modified by the intervention, intraoper-
ative information may have to be acquired and processed in real time in order to update or replan
a strategy accordingly, so that guiding systems can execute the planned action onto the patient.

Another goal of computer-assisted intervention concerns the training and education of clini-
cians.Computerized simulationmakes intensive training of technical skills possible since the inter-
vention can take place virtually on modeled patients. Training also concerns the process workflow.
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Active robot: system
that autonomously
executes a preplanned
procedure

Passive robot:
unactuated and
manually driven
system

Semi-active robot:
system with
constrained (e.g.,
cooperated) motion;
constraints may be
produced by specific
hardware or may be
programmable

Teleoperated robot:
tool held by a robot
and remotely
controlled by a human

Access to massive quantities of data (on patients, pathologies, and traces of medical interventions)
and the rebirth of artificial intelligence (AI) could enable automatic extraction of relevant infor-
mation and knowledge, contributing to better decision making and intervention guidance (7, 8).

With the introduction of robotics, computer-assisted intervention uses the robot as both an
input and an output medium. The robot is a unique device that is able to sense the physical world,
to modify it, and to interact with humans while being computer controlled and, therefore, in close
connection to data models and the physical world.However, the clinical constraints can be strong.
Tasks are complex and unique—each patient is different—and take place in a nonstructured envi-
ronment.Workspace is limited and must be shared with humans; safety (electrical, mechanical, bi-
ological, etc.) and reliability are mandatory; and additional constraints may arise from application-
specific requirements (e.g., being MRI compatible and free of ferromagnetic materials). Finally,
regulations applying to medical devices have to be conformed to at all times.

This review reports on interventional robots assisting a clinician for diagnostic or therapeu-
tic interventions. It focuses on robotic systems and publications that represent key advances in
medical robotics and identify open challenges and research directions. This review includes, when
possible, systems that have proceeded to commercialization, highlighting their clinical impact and
innovation (Figure 2). The taxonomy used in this article focuses on interaction between the user
and the robotic system regarding tool motion, as follows:

� 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.

This review is not intended to provide an exhaustive taxonomy of research publications; in-
stead, we refer the readers to existing reviews on medical robotics (9–26). In addition, we do
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Figure 2

Timeline of medical robotics showing key milestones in medical robotics and computer-assisted intervention. Only commercial surgical
platforms are depicted. Abbreviations: 3D, three-dimensional; FDA, Food and Drug Administration; MIS, minimally invasive surgery;
SP, single port. Images are adapted with permission as follows: ROBODOC, Reference 130; ZEUS/AESOP, Reference 20; CyberKnife,
Wikimedia Commons (CC BY 2.0); da Vinci, Intuitive Surgical Inc., © 2018; Viky, Endocontrol, © 2018; Mazor Robotics Renaissance,
Mazor Robotics; Mako, Reference 131.
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not cover robots that assist patients, disabled persons, or the elderly; robots used for lifting/
transportation of loads in the hospital; or robots for pharmacy and biological sample analyses.

2. ADVANCES IN MEDICAL ROBOTICS

This section provides an overview of the evolution of medical robots, as well as integration of
imaging, sensing, and robotics for improved human–robot interaction. From one generation of
robotic systems to the next, perception, decision, and action become more and more intertwined,
resulting in improved dexterity and precision and reduced invasiveness, access trauma, and tissue
damage. Representative examples are shown in Figure 3 and summarized in Table 1.

Surgical robots were originally developed to address the clinical demand for greater accuracy in
manipulation and visualization, overcoming the ergonomic challenge of conventional minimally
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Figure 3

Examples of surgical robot specializations. Abbreviation: ENT, ear, nose, and throat. Images are adapted
with permission as follows: neuromate, Renishaw, © 2018; CyberKnife, Wikimedia Commons (CC BY 2.0);
µRALP Surgical System, Mattos et al. (µRALP Consortium; https://www.microralp.edu); da Vinci,
Intuitive Surgical Inc., © 2018; ZEUS/AESOP, Reference 20; i-Snake, Reference 26; Mako, Reference 131;
ROBODOC, Reference 130; Navio, Reference 131; Micro-IGES, Reference 88; Magellan and Niobe,
Reference 24. Figure inspired by Reference 26.
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Table 1 Examples of commercially available medical robots

Robotic
platform Company

Clinical
application Vision Sensing

Level of autonomy/
interaction Reference

neuromate Renishaw Neurosurgery 3D No Semi-active (parallel) 30
ROBODOC Curexo Technology Orthopedics 3D Force Active 123
Acrobot Stryker Orthopedics 3D Force Semi-active (parallel) 41
Navio Smith & Nephew Orthopedics Infrared

guidance
No Semi-active (serial) 47

Mako Stryker Orthopedics 3D Force Semi-active (parallel) 46
Renaissance Mazor Robotics Spine surgery 3D No Semi-active (parallel) 51
CyberKnife Accuray Inc. Radiation

therapy
3D No Active 31

ZEUS/AESOP Computer Motion Inc. Laparoscopy 2D No Teleoperated 78
da Vinci Intuitive Surgical Inc. Laparoscopy 3D No Teleoperated 80
Viky Endocontrol Medical Laparoscopy 2D No Voice controlled or

visual servo
75

Niobe Stereotaxis Vascular surgery 3D No Teleoperated 93
Sensei Hansen Medical (now

Auris)
Vascular surgery 3D Force Teleoperated 91

Magellan Hansen Medical (now
Auris)

Vascular surgery 2D No Teleoperated 92

Flex Robotic
Scope

Medrobotics Endoluminal
surgery

2D Force Teleoperated 84

invasive approaches (see the sidebar titled Robot-Assisted Minimally Invasive Surgery). The first
generation of surgical robots was applied, unsurprisingly, to stereotaxic neurosurgery and ortho-
pedics, as both deal with rigid and well-defined structures.This simplifies registration between the
robotic system and the patient’s anatomy, which can be easily maintained throughout the whole
procedure, enabling real-time intraoperative navigation, tracking, and vision-based closed-loop
control of the robot.

ROBOT-ASSISTED MINIMALLY INVASIVE SURGERY

Technological advances in the 1980s led minimally invasive surgery (MIS) to become an established approach across
several surgical techniques; the first laparoscopic procedure took place in 1985 (20, 26). Despite their advantages
over traditional open surgery (e.g., faster patient recovery, reduced trauma and hospitalization costs), MIS proce-
dures are ergonomically difficult to perform due to the use of rigid instruments, limited sensory feedback, misalign-
ment 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 augmentation of surgical skills in terms of en-
hanced dexterity, sensing, and image guidance (20). The introduction of these technologies gave rise to two innova-
tive robotics platforms: ZEUS (Computer Motion, Sunnyvale, CA; now Intuitive Surgical) and da Vinci (Intuitive
Surgical, Sunnyvale, CA). Thereafter, integration of robotic technologies into clinical practice intensified, resulting
in flexible microrobots that are able to further minimize surgical trauma by accessing the anatomy through single
incisions and natural orifices. Robotic MIS is evolving toward the development of smaller, smarter, safer, and more
cost-effective platforms able to operate at the cellular level through miniaturized devices. Stronger collaboration
between academia and commercial organizations will be required to facilitate the development, clinical translation,
and economic sustainability of novel robotics technology (25).
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Food and Drug
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(FDA): US federal
agency that regulates
(among other things)
the medical devices
market
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Ear, nose, and throat
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conditions of head and
neck structures (also
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2.1. Neurosurgery and Ear, Nose, and Throat Surgery

The performance of neurosurgery is intricately connected to 3D imaging and requires both high
accuracy and minimally invasive access. A robotic arm could be a natural extension of the sur-
geon’s hand, to be connected with planning software and imaging data. In the first application of
an anthropomorphic robotic arm in neurosurgery, conducted by Kwoh et al. (27), an industrial
robotic manipulator (PUMA 200; Unimation, Danbury, CT) was used to position a mechanical
guide used by the surgeon to introduce a needle and perform a brain biopsy. On April 11, 1985,
the robotic system was successfully tested on a patient.

Since then, the use of a modified industrial robot in neurosurgery (28, 29), first tested on pa-
tients inMarch 1989 and used for several years, evolved into one of the first neurosurgical robots to
be approved by the Food andDrug Administration (FDA) in theUnited States and to receive Con-
formité Européene (CE) marking in Europe: the neuromate (available from Renishaw, New Mills,
UK). The neuromate system is a semi-active, five-DOF (degrees of freedom), image-guided robot
that allows precise and accurate positioning of a tool holder along preplanned trajectories to per-
form a broad range of neurosurgical procedures such as electrode implantation, neuroendoscopy,
and biopsy. The robot’s software supports the registration of intraoperative images (ultrasound,
X-ray) with preoperative 3D images (CT,MRI) (29). The robotic arm automatically positions the
surgical tool holder on the basis of preoperative planning and intraoperative registration. The
neuromate system can also operate in a frameless mode, wherein an implantable base is mounted
onto the patient and is used to map CT and MRI localization markers to the patient’s coordinates
(10). The system achieved submillimeter accuracy (0.86 mm) in the frame-based configuration
and millimeter accuracy (1.95 mm) in the frameless configuration (30). The neuromate system is
widely used worldwide, with tens of thousands of patient cases (10).

CyberKnife (Accuray Inc., Sunnyvale, CA) is another example of a commercially available
and widely used frameless robot. It is a minimally invasive radiosurgical robotic system em-
ployed for the treatment of cranial and spinal tumors (as well as prostate, lung, liver, and pan-
creas cancers) using linear accelerators. CyberKnife contains integrated imaging systems that
can automatically detect and compensate for motion, allowing for frameless treatment (31).
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. This system is recognized as a
standard radiation oncology technology, with more than 100,000 patients treated worldwide (32).

Recent technological advances in surgical visualization and miniaturization methodologies
have contributed to the application of robotics to skull base and ear, nose, and throat (ENT)
microsurgical procedures, which typically require submillimeter accuracy and reliable visuotac-
tile feedback (33). Research at the ARTORG Center for Biomedical Engineering Research in
Switzerland by Weber et al. (34) resulted in an image-guided, sensor-controlled, robotic system
for cochlear implantation. This system, consisting of a five-DOF serial manipulator, preplanning
software, intraoperative real-time image guidance, and in situ assessment of tissue properties, was
developed along with a specific surgical protocol, and clinical trials commenced with the first-in-
human case in 2016.

The µRALP surgical system, developed by Mattos and colleagues (35–37), redesigned the sur-
gical setup for the microsurgical treatment of laryngeal lesions by providing the ENT surgeon
with assistive robotic teleoperation, real-time in situ pathology detection, intelligent cognitive
system, augmented reality, and improved ergonomics. The system was tested in preclinical trials
on cadavers in 2015 and is undergoing further technical developments, paving the way toward
clinical trials.
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2.2. Orthopedics

Orthopedic robotic systems evolved similarly—and in parallel—to neurosurgical systems. The
first commercially available surgical robot for orthopedics was ROBODOC (Curexo Technology,
Fremont, CA), developed in 1986 by Taylor and colleagues (38, 39) at IBM with the objective
of improving the results of permanent fixation in total hip replacement. ROBODOC was clin-
ically evaluated through animal trials and the first-in-human case in 1992 (40). The system was
commercialized by Integrated Surgical Systems (Sacramento, CA) in 1994 and tested in Europe.
ROBODOC was based on the integration of a modified SCARA (selective compliance assem-
bly robot arm) and patient-specific CT data. A CT scan of the patient’s anatomy was acquired and
used to develop a surgical plan to precisely mill a cavity in the femur to receive the replacement
implant. Transferring the plan to the clinical situation was based on fiducials (pins implanted in
the bone before the CT, visible in planning data and palpated by the robot before the surgery).
The system was fully autonomous during milling, with the surgeon supervising the execution of
the surgical plan and intervening with modifications if needed. As a safety feature, ROBODOC
mounted a six-axis force/torque sensor, which introduced the concept of force sensing into robotic
surgery (40). The TSolution One surgical system (Think Surgical, Fremont, CA), an evolution of
ROBODOC, is used to perform total hip and knee arthroplasty.

Acrobot, developed at Imperial College London by Davies and colleagues (41), was a compet-
ing system for total knee replacement. Similarly to ROBODOC, a CT scan of the patient was
acquired and used to generate a surgical plan. However, Acrobot did not execute the surgical pro-
cedure autonomously but rather operated synergistically with the surgeon. It was a semi-active
system that introduced a new concept wherein the surgeon actively cooperates with the robot
to perform the surgery. This interaction mode is also described as hands-on, comanipulation, or
synergistic; it was initially proposed by several groups for better control of the tool and for safety
(42). The planning software generated constraints or virtual fixtures (43, 44): active constraints
for Acrobot (41) or passive ones for other systems such as PADyC (passive arm with dynamic con-
straints) (45). The constraints are transferred to the robotic system to guide the surgeon in the
milling operations, ensuring that the robot operates only in predefined, allowable areas. Acrobot
incorporated a six-DOF force/torque sensor whose feedback was used in the active constraint
control of the robot.

TheMako system (Stryker,Kalamazoo,MI) is another semi-active robotic system used for knee
replacement that shares many features with Acrobot. Mako uses preoperative CT scans to build a
model of the patient’s knee to preoperatively plan the surgery.After image registration, the surgeon
intraoperatively views the 3Dmodel of the knee in a screen while manipulating the burr. The sys-
tem provides both auditory and haptic feedback, limiting the workspace of the burr. So-called no-
fly areas are generated by the system to avoid burring the bone outside the predefined areas (46).

The growing need for more specific clinical, technical, and safety requirements gradually led
the field to move away from industrial manipulators toward the design of dedicated robotic sys-
tems. Greater demand for custom-designed, smaller, and clinically usable robotic systems that
can be easily integrated within the surgical workflow resulted in the development of smaller-scale
frameless systems such as the Navio Surgical System (47, 48), the Praxiteles/OMNIBotics (49, 50),
and the Mazor Robotics Renaissance (51–53).

The Navio (Smith & Nephew, London, UK) is a handheld robotized driller for knee arthro-
plasty. Unlike Acrobot and Mako, Navio does not rely on preoperative CT scans, as the system
continuously tracks both the patient anatomy and the handheld robotic device through the use of
an infrared camera and optical tools (47). A 3D model of the knee is generated through a phys-
ical map of the anatomy created by passing the tracked optical probe over it. The Navio does
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Robot-assisted
fracture surgery
(RAFS): technique
aiming to restore bone
anatomy (anatomical
reduction) after
trauma in a minimally
invasive way

not provide haptic constraints but rather works with a speed/exposure control safeguard applied
through the handheld robotized tool, which allows the resection of surgeon-identified bone layers
(48). According to the concept of serial-parallel comanipulation (54), in parallel comanipulators
the forces of the operator are added to those exerted by the robotic system to produce movement,
whereas in serial comanipulators the speeds and DOF are added. Therefore, according to this
definition, Acrobot and Mako are parallel comanipulators (the user and robot work together to
move the tool), while Navio is a serial comanipulator (the user holds and moves the robot, which
moves the tool).

The OMNIBotics (OMNI life science, Raynham,MA) and Mazor Robotics Renaissance (Ma-
zor Robotics,Caesarea, Israel) systems are semi-active surgical robots that can bemounted directly
onto a patient to perform knee and spine surgery, respectively. These systems operate according
to an idea introduced by Gonzalez et al. (55) and Vilchis et al. (56) and clinically evaluated by
Martinelli et al. (57) involving placing the robot directly onto a patient so as to follow their motion
and to facilitate integration in the operating room.OMNIBotics enables the surgeon to accurately
prepare knee surfaces from intraoperative information in total knee arthroplasty. Mazor Robotics
Renaissance guides the surgeon to place tools and implants in the patient’s spine on the basis of
preoperative CT planning. The precision of the robotic guidance has been demonstrated to be
high (58). The Mazor system is available in 250 centers worldwide; as of 2018, more than 29,000
surgical cases using this robot have been performed. Mazor Robotics Renaissance received CE
marking and FDA approval in 2011 (59).

To date, most orthopedic surgical systems have been developed for joint replacement. How-
ever, in the last few decades, robotic surgical systems with 3D image guidance have been pro-
posed to improve fracture surgeries as well (60–66). Research conducted by Dogramadzi and
colleagues (67–69) toward improving minimally invasive fracture surgery resulted in the RAFS
(robot-assisted fracture surgery) surgical system. RAFS is an active robotic system that performs
percutaneous reduction of knee fractures based on preoperative planning. The surgeon interacts
with CT-generated 3D bone models to virtually reduce the fracture in the computer preoper-
atively. In the operating room, the preoperative planning is registered with the patient and the
robot performs the physical reduction under the supervision of the surgeon, who can intervene
for modification if needed. RAFS provides real-time intraoperative 3D navigation by tracking
both the patient anatomy and the robotic manipulators. It also implements six-DOF force sens-
ing for safety. RAFS was successfully tested on cadavers in 2016 (69) and is undergoing further
developments toward first-in-human trials (70).

As mentioned above, the successful introduction of robotics in neurosurgery, skull and ENT
surgeries, and orthopedics surgery is possible thanks to the rigid nature of bones, enabling simple
and consistent image registration between the robotic system and the anatomy and hence the pos-
sibility of preplanning robot trajectories. However, this possibility could not be readily translated
into minimally invasive interventions involving soft tissue manipulation for several reasons, in-
cluding the difficulty of tracking deformable anatomy and a lack of force feedback, 3D vision, and
surgical dexterity. These limitations became the focus of the next generation of surgical robots,
which are based on synergic collaboration between the robot and the surgeon (teleoperation), in-
tegration of different imaging modalities, and increased dexterity in manipulating soft tissue in a
restricted operational workspace.

2.3. Minimally Invasive Surgery: Laparoscopy and Endoluminal Intervention

Robotic devices in this category were initially camera endoscope manipulators built to elimi-
nate the need for human camera assistants. The first robotic system designed for this kind of
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application was the AESOP (Automated Endoscopic System for Optimal Positioning), developed
by Computer Motion. AESOP is a voice-controlled robot arm system that mimics the form and
function of a human arm, holding and moving the camera endoscope to different positions (71).
In 1994, AESOP became the first FDA-approved robotic system used in a surgery. Since then,
more than 500 units have been used worldwide to treat more than 100,000 patients. Other orig-
inal examples of telerobotic systems for endoscopic camera control are the system developed by
Taylor et al. (72) and the head-controlled EndoAssist created by Finlay & Ornstein (73). Re-
search by Berkelman et al. (74) on lightweight endoscope robots paved the way to Viky (Endo-
control Medical, La Tronche, France), a robotic system for laparoscopy. Viky is a robotic endo-
scope that holds and positions the camera through a surgeon’s voice control or visual servoing
on instrument position (75). This autoclavable system is mounted on the operating table and
is compatible with all types of commercially available endoscopes and trocars. After its first-in-
human test in 2007, Viky received CE marking and FDA approval, and more than 150 units exist
worldwide.

The first surgical robots for minimally invasive surgery (MIS) applications started to appear in
the early 1990s. PROBOT, created by Davies and colleagues (76), is an example of a soft-tissue
robotic surgeon. Designed for prostatectomy and first tested on a human in 1991 (76), PROBOT
was an adapted version of the PUMA 560 industrial robot (with eight DOF). The adaptation
involved the addition of a safety frame to limit the workspace of the arm. Initially manually con-
trolled by the surgeon, PROBOT evolved into an active system able to perform a preoperative
plan autonomously under the surgeon’s supervision (77).

The concept of arranging several robotic arms (AESOP) to perform laparoscopic surgery
and moving the surgeon from the table to the operating console resulted in the ZEUS plat-
form, developed by Computer Motion (78). Following animal testing in 1996, the ZEUS sys-
tem was used in clinical practice between 1998 and 2003 to perform minimally invasive car-
diac surgery, including coronary artery bypass, and it was employed in the famous transatlantic
robot-assisted cholecystectomy performed by Marescaux et al. (79) (with the surgeons in New
York and the patient in Strasbourg, France). The main features of the ZEUS system include
the ability of the robotic arm to mimic surgeon gestures, motion scaling, and hand tremor
filtering to improve surgical accuracy. The ZEUS system was withdrawn from the market in
2003 in favor of the da Vinci system following the merger of Computer Motion and Intuitive
Surgical.

Similarly to ZEUS, the first application of da Vinci was in cardiac surgery, and it is now used in
a wide variety of surgical procedures, such as cholecystectomy, fundoplication, colorectal surgery,
and radical prostatectomy—currently its primary application (80, 81). By 2017, more than 4,500
da Vinci systems had been sold worldwide, and more than 800,000 procedures were performed in
2017 alone (with an estimated growth rate of 15% per year) (see https://isrg.gcs-web.com/). da
Vinci offers an immersive surgeon console that allows the surgeon to grasp the master controls
below the display, thus restoring hand–eye coordination. The 3D endoscope provides the surgeon
with stereo vision, restoring the sense of depth that is missing in traditional laparoscopy. A full
range of EndoWrist instruments (for clamping, dissecting, suturing,manipulating, etc.) with seven
DOF allow the surgeon to interact with the anatomywith the wrist articulation,which is otherwise
impossible in standard laparoscopy. Despite these advantages, da Vinci does not provide haptic
feedback.

The crucial aspect of providing haptic feedback in laparoscopy, together with reducing the
bulkiness of the surgical robots while further minimizing patient trauma, remains an open chal-
lenge for both industry and academia (82). Miniaturized flexible robots represent a promising
technology that could improve MIS through transluminal and/or endoluminal procedures (20).
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CardioArm (Medrobotics, Raynham, MA) (83) is an example of a flexible robot that can perform
minimally invasive heart and throat surgery. The robot consists of serially connected rigid cylin-
drical links connected by three cables and articulated by spherical joints. The user specifies the
inputs for the distal tip of the robot through a joystick, and the other links follow its location (in
a follow-the-leader mechanism). Visualization is provided by an embedded fiberscope.

Flex Robotic System, another technology developed and commercialized by Medrobotics, is
the first robotic surgical platform based on a steerable and shapeable robotics scope that provides
scar-free access in otolaryngology and colorectal procedures. The highly articulated multilinked
scope can be steered through a single access point along nonlinear, tortuous anatomy that is hard
or impossible to reach and visualize with traditional straight scopes. When the anatomy of in-
terest is reached, the robotic scope becomes rigid and serves as a stable platform from which
flexible instruments are deployed, visualized, and manipulated. Flex Robotic System embeds a
two-dimensional (2D) high-definition camera that provides anatomy visualization on an external
screen. After first-in-patient trials in 2014, Flex Robotic System received CE marking in the same
year and FDA approval in 2015 (84).

Another snake-like system, the i-Snake developed by Yang and colleagues (85), uses modu-
lar universal joints with embedded micromotors and tendons as well as internal channels to de-
ploy an endoscopic camera and instruments. The i-Snake allows exploration of a large area of the
anatomy through NOTES (natural orifice transluminal endoscopic surgery) without requiring
laparoscopic-style external manipulation, and it has full retroflection capabilities (86). Endolumi-
nal lesions of the gastrointestinal (GI), respiratory, or nasopharyngeal tract are accessible through
minimally invasive means. However, even lesions close to the external orifice remain challenging
to excise completely due to a lack of effective instrumentation, leading to significant operator de-
pendency and risks of hemorrhage and perforation. To address these issues, Yang and colleagues
(87, 88) at the Hamlyn Centre in London have developed the Micro-IGES (Microscopic Image
Guided Endoluminal Surgery) robotic system, which allows endoluminal tasks to be performed
with a significantly improved degree of precision and accuracy through integrated sensing, probe-
based microscopic imaging, and robotically assisted intraoperative guidance. The platform has
been tested in clinical trials and is in the process of being commercialized.

The platforms described above can reach several anatomical regions in the abdomen or in the
chest. However, due to their large diameter they cannot operate in constrained regions, such as
vessels, or inside the heart, kidneys, or brain. For these reasons, flexible robots have been fur-
ther miniaturized, generating steerable catheters and concentric tube robots with diameters of a
few millimeters. Catheters are commonly used in endovascular (EV) interventions to navigate the
vasculature, reach the anatomy of interest, and perform the clinical procedure. Stenting, cardiac
ablation, embolization, and device delivery are examples of EV procedures (89).However,maneu-
vering of catheters to reach target areas of the vasculature is challenging, and unintentional yet
frequent contact betweenwires or catheters and the vessel wall can have catastrophic consequences
for the patient (90). There is increasing interest in robotic steerable-catheter technology, the ben-
efits of which include improved precision and stability, reduced radiation doses, improved patient
comfort, and access to difficult-to-reach and tortuous anatomy (24). Different steering solutions
have been investigated in both industry and academia; these include tendon-driven, electromag-
netic, and smart materials and hydraulic drives. For a review of these systems, see References 24
and 89.

Commercially available robotic platforms are used in both electrophysiological (EP) and EV
applications. Hansen Medical (acquired by Auris Health Inc., Redwood City, CA) developed
two major robotic platforms for both EP (Sensei X2) (91) and EV (Magellan) procedures (92).
These platforms are teleoperated, are arranged in a master/slave configuration, and use steerable

www.annualreviews.org • Frontiers of Medical Robotics 203



BE21CH08_Troccaz ARjats.cls May 11, 2019 10:29

(tendon-driven) catheters remotely controlled by buttons and a joystick. The Sensei X2 incorpo-
rates a distal tip force system (IntelliSense), which provides a visual display of forces and tactile
feedback through the vibration of the motion controller. The Magellan system does not provide
any force feedback. While the Magellan system relies on 2D fluoroscopic imaging for guidance,
the Sensei X2 enables integration of 3D guidance through the compatible EnSite Precision (St.
Jude Medical, Saint Paul, MN) or CARTO3 (Biosense Webster, Brussels, Belgium) 3D mapping
system.

Niobe (Stereotaxis, St. Louis, MO) is another teleoperated commercial platform used in EP
applications (93). Niobe uses a magnetic field created by two permanent magnets to control the
orientation of custom-designed EP catheters and guidewires through the mouse or joystick at
the control station. Advancement and retraction of such catheters and guidewires are performed
through mechanical motor drivers. 3D navigation is provided through the integration of the
CARTO3 system. Advantages of Niobe include soft and consistent contact due to the lower stiff-
ness of the catheters in comparison to tendon-driven catheters. The intraoperative use of 3D im-
ages based on preoperative data helps reduce X-ray exposure for both the patient and the surgical
staff, as continuous intraoperative fluoroscopy is no longer needed for guidance. Furthermore,
given that the control station is outside the operating room, the surgeon is completely outside the
X-ray fluoroscopy field.

Artis Zeego (Siemens Healthineers, Erlangen, Germany) and Discovery (GE Healthcare,
Chicago, IL) are other commercially available robotic systems that allows image guidance dur-
ing procedures such as interventional angiography. Both systems can operate as real-time 2D
fluoroscopy and as rapid 3D fluoroscopy CT-like imaging systems (94), providing uninterrupted,
unobstructed access to the surgical area and full flexibility to patient positioning. The Discov-
ery system provides advanced image guidance for EV procedures, enabling 3D image fusion and
navigation through advanced software solutions (i.e., ASSIST software) for aneurysm repairs and
aortic valve replacement.

Other robotic systems include the Amigo (Catheter Robotics Inc., Ledgewood, NJ) and Aeon
Phocus (Aeon Scientific, Schlieren, Switzerland) systems. The CorPath GRX (Corindus Vascular
Robotics,Waltham,MA) and the R-One (Robocath, Rouen, France) are used in EV applications.
Readers are referred to References 24 and 89 for a comprehensive review.

As mentioned above, the flexibility of steerable catheters allows them to navigate long and in-
tricate paths. However, their inability to apply high forces is a main limitation. Concentric tube
robots provide the required flexibility to navigate tortuous anatomy while providing higher stiff-
ness than that of steerable catheter robots. Concentric tube robots consist of nested sets of pre-
curved elastic tubes that bend and deform when they are translated and rotated with respect to
one another (21). In 2005 and 2006, this technology attracted extensive attention from the surgical
robotics community due to research by Sears &Dupont (95),Webster (96), and Furusho et al. (97).
Since then, concentric tube robots have evolved in terms of design (98), control (99), sensing (100),
and image guidance (101) to enable teleoperated surgery. This technology has been proposed for
use in a number of surgical applications (21); cardiac and endonasal applications have been ex-
tensively studied by Dupont and colleagues (102) and Webster and colleagues (103), respectively.
Concentric tube robots are being investigated by many research groups (21), although the ability
to achieve path-following navigation may present a major hurdle for certain intraluminal clinical
applications.

The Monarch platform (Auris Health Inc.) integrates flexible robots and enhanced 3D imag-
ing and sensing to perform lung cancer surgery through an endoluminal approach. The Monarch
platform is intended for both diagnostic and therapeutic bronchoscopy and had its first-in-human
use in April 2018, shortly after receiving FDA approval; it is expected to become commercially
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available in the near future (see https://www.aurishealth.com/home.html). Similarly, the
SPORT system (Titan Medical Inc., Toronto, Canada), which has been used on patients since
2017 (104), provides a competing alternative to da Vinci SP (see https://www.intuitivesurgical.
com/sp/) for single-port laparoscopic surgery.

Although flexible robots are promising for the future of MIS, newer enabling technologies
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 (23). Wireless capsules endoscopes were introduced in 2000
(105) as an alternative to traditional endoscopy of the GI tract. Capsule endoscopes are external
biocompatible devices (typically 11 mm in diameter and 26 mm in length) that contain a vision
module, a control and communication unit, and an energy source (23). Once swallowed, the cap-
sules are moved through the GI tract via peristalsis (in approximately 8–10 h) so as to perform
diagnosis through image acquisition (106). The first capsule endoscope, PillCam (Given Imaging,
Yokneam Illit, Israel), became commercially available in 2001. Since then, several other devices
have been launched (see Reference 23 for a comprehensive review).

One of the main limitations of capsule endoscopes is their lack of active controllability, which
prohibits arbitrary movement of the camera (e.g., closer to a suspicious lesion). Other drawbacks
include the lack of tissue interaction (e.g., biopsy collection) and the limited field of view (which
may result in, e.g., false-negative diagnosis). Several research groups have studied the actuation for
capsule active locomotion, proposing both onboard and external locomotion techniques. Bioin-
spired onboard legged locomotion and wormlike locomotion systems were proposed by Dario
and colleagues (107) and Kim and colleagues (108), respectively. The main drawbacks of this ac-
tuation are the high power consumption, short functionality time, and poor controllability (23).
External locomotion approaches using magnetic steering have been attempted to address these
issues. In such approaches, a large magnetic field is created near (but outside) the patient, by ei-
ther electromagnet(s) or permanent magnet(s) (23), to manipulate the capsule inside the patient,
thus removing the need for onboard actuation. Similar to the Niobe system for catheter steer-
ing, described above, Dario and colleagues (109, 110) used a six-DOF industrial robot to hold and
manipulate a large permanentmagnet outside the patient to actuate the endoscopic capsule.Olym-
pus and Siemens jointly developed a technique for generating an external magnetic field using an
MRI scanner (111). Recent research by Abbott and colleagues (112) demonstrated for the first
time that a single rotating magnet can be used to simultaneously localize and actuate a screw-type
capsule. Capsule endoscopes can also perform biopsies through different sampling techniques,
such as the thermosensitive tissue-cutting razor developed by Cho and colleagues (113) or the
magnetic-field-actuated blades proposed by Valdastri and colleagues (114). Abbott and colleagues
(112) also demonstrated that screw-type capsules can penetrate soft tissue, paving the way toward
newer sampling techniques.

3. OPEN CHALLENGES AND THE FUTURE OF MEDICAL ROBOTICS

The examples reported above show how medical robots evolved over the last three decades. This
evolution began with large-scale, commercially available industrial manipulators used to improve
the positioning accuracy of surgical instruments such as neuromate or ROBODOC, and became
smaller, smarter, and custom designed for specific clinical applications. Medical robots such as
CardioArm and the Flex robotic systems can now be mounted directly on the patient’s body or
can even be handheld (115, 116) and are able to operate precisely in a limited workspace with
minimal damage to soft tissue. Thanks to recent advances in microrobotics, robots can also be
implanted directly inside the patient or swallowed to effect intracorporeal interventions and/or
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Figure 4

Different levels of human–robot interaction and autonomy mapped to medical robots. Levels of human–robot interactions are
described in Reference 132; decision levels are described in Reference 122. Images are adapted with permission as follows:
Neuronavigator, Reference 145; da Vinci, Intuitive Surgical Inc., © 2018; Mazor Robotics Renaissance, Mazor Robotics; Mako,
Reference 131; ROBODOC, Reference 130; CyberKnife, Wikimedia Commons.

detect pathologies, as shown in pioneering research by Dario and colleagues (107) and Abbott
and colleagues (112). Recent advances in the design, fabrication, and operation of micro- and
nanorobots have greatly enhanced their power, function, and versatility, pushing the boundaries
of this research area toward the development of problem-oriented medical devices for specific
diagnostic or therapeutic functions (117). Research results from other domains such as biol-
ogy, electrochemistry, and so forth can also provide innovative solutions, such as biofuel cells to
supply electrical power to implanted devices (118) using natural substrates present in the living
body.

The evolution of surgical robots encompasses not only size and architecture but also cooper-
ative interaction with the surgical team and safety measures (Figure 4). The implementation of
a suitable human–robot interface and specific control strategies is paramount for the safety and
optimal outcome of the surgery. Initially, medical robots were used as passive tool holders [as in
the case of Neuronavigator (145)], and eventually, they became able to adapt in real time prepro-
grammed plans to the intraoperative position of a target [as in the case of CyberKnife (32)]. Future
surgical robotic systems will be better able to cooperate with surgeons, providing them not only
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with superhuman dexterity but also with integrated real-time intraoperative image guidance, sens-
ing, and decision making. Sight and sense information will allow the surgeon to close the control
loop of the system and synergistically operate with the robot. As a result, the standard master/slave
configuration (wherein the slave manipulator inside the patient replicates the movements of the
surgeon’s hands as the master) could be further improved through the use of real-time imaging
and sensing in the control architecture.

This implementation of the perception–decision–action loop architecture along with surgi-
cal robotic assistance will guarantee the best possible treatment in terms of surgical success and
safety. Physicians will cooperate with robotic systems such that they will complement each other,
with a minimal footprint in the operating or radiology room and maximum integration with the
clinical workflow. Thus, future interventional systems need to be simple—despite their intrinsic
complexity—as well as easy to use, lightweight, ergonomic, and intelligent. They will enhance
the medical or surgical workflow by providing as much information and support as possible to
the clinical team intraoperatively and in real time. To this end, MRI-compatible surgical robots
(119) will allow the use of real-time functional 3D imaging in the operating room to provide
an unprecedented level of surgical navigation and superhuman dexterity. Also, future surgical
systems will interact with the pathology at a cellular level by providing in situ, in vivo cellular
imaging for real-time diagnosis and tissue identification (e.g., optical biopsy). The incorpora-
tion of such imaging in microrobots will allow not only the detection of pathologies but also
targeted treatment, for example, by delivering drugs in a localized area so as to preserve healthy
tissue.

Further improvements to medical robotics will require the development of new technologies
through joint efforts by engineers, clinicians, physicists, chemists, and biologists. Yang et al. (120)
have identified grand challenges in medical robotics that will enable technical advances to have a
significant impact on health care. A primary challenge may be the development of surgical systems
with an increased level of autonomy—for example, systems that can autonomously recognize the
relevant anatomy and perform surgical tasks appropriately. For instance, EV interventions involve
navigating a catheter through the vasculature to perform a surgical task. Learning algorithms can
be used to automate certain steps of the EV task while the surgeon takes control of others, utilizing
a shared surgical control platform with increased technical performance and safety (121, 122).
Another grand challenge is the realization of micro- and nanorobots to perform targeted diagnosis
and therapy, as outlined above. Although some technology of this type has already been developed
(18), a great deal of research is still needed in terms of design, biocompatibility, autonomy, tracking,
and control (120).

Another significant challenge for researchers in robot-assisted intervention—both in academia
and in industry—is the process of moving a medical device prototype from the lab to the clinic.
In order to ensure the safety and effectiveness of new medical devices, the prototypes must obtain
regulatory approval.Regulatory bodies such as the FDA aim to ensure that newmedical devices are
properly designed and not harmful to patients. In general, this process consists of (a) developing a
clinical prototype, resulting in a first-in-human study; (b) evaluating the prototype through clinical
trials; (c) obtaining regulatory approval; and (d ) adopting the device (see the sidebar titledMedical
Robotics and Health Economics).

During the development of new medical devices (Figure 5), effective communication between
the technical and clinical parties is essential. It is crucial for engineers to ask clinicians what is
required at each stage of development. While clinicians may initially have certain ideas about
what the device should look like and/or what it should do, technical barriers can prevent ex-
act implementation. Continuous clinical input and feedback are essential during this develop-
mental process. Another major challenge is the testing of new devices in patients. While testing
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MEDICAL ROBOTICS AND HEALTH ECONOMICS

One challenge that innovation in medical robotics faces is the effect of the uptake of new technologies on health
care economics. The cost-effectiveness of medical robotics has been discussed in several reports, mostly with regard
to the da Vinci system (126–129). Studies indicate that the costs associated with medical robots should be further
reduced to facilitate their uptake; however, scientific research on cost-effectiveness has been limited due to the lack
of data availability, which is mostly related to earlier generations of robotic systems. To gain better insight into the
impact of medical robots on the health care system, we should wait until more systems have been adopted and more
data become available. Furthermore, early adoption is more expensive, so we expect that the area of medical robotics
and its health economics will change appreciably in the near future,when costs will decrease as more devices become
available and more competitors enter the market (25).

may start on phantoms or animals, patient evidence is critical for any device to achieve clinical
uptake.

In terms of regulatory issues, different pathways can be followed before approval, depending
on the nature of the device. For example, FDA premarket notification 510(k) must be followed “if
the device is substantially equivalent to a predicate device and does not necessarily require clinical
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Figure 5

Clinical innovation cycle. To solve a new clinical challenge, as specified by clinicians (e.g., automating seed
placement in prostate brachytherapy), the development team first provides ideas, concepts, and methods
underlying the solution to be solved. Researchers may patent these concepts or methods. A preclinical
prototype [e.g., the PROSPER robot (133)] is developed and tested, for instance, on anatomical parts,
allowing researchers to foresee the medical service to be demonstrated (134). A clinical prototype is then
developed (135) in compliance with regulatory and ethical requirements and is tested on patients in the first
evaluation of the medical service. Preproducts or products enable evaluation of the medical service provided
by the system to be finalized. Routine use of the system may generate new medical challenges. Each stage of
this process involves close collaboration among medical, research, and industrial teams.
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data.” Premarket approval is the appropriate regulatory pathway if the device is “not substantially
equivalent” to a predicate device and requires reasonable evidence of safety and effectiveness.
Another regulatory pathway is humanitarian device exemption, for devices intended for use in
patients with rare diseases or conditions. In general, the pathway for lower-risk devices is usually
less rigorous than for high-risk devices, allowing for their more rapid approval.

Similar to devices marketed in the United States, medical devices commercialized in Europe
must receive CE marking by demonstrating compliance with the applicable essential require-
ments. This process includes the clinical investigation of the device, consisting of the assessment
of clinical data to demonstrate safety and performance.

Such clinical studies must consider cost-effectiveness and evidence of improving outcomes and
competition by different solutions. The clinical added value of the device may concern better effi-
ciency (better functional outcome, longer survival, etc.), lower rates of adverse effects (blood loss,
radiation of healthy organs, etc.), or organizational aspects (number of people involved, duration
of the procedure, duration of recovery, etc.). Typical clinical studies may take years to perform, and
the outcome of improvement may not always be clear. The story of ROBODOC (123) clearly il-
lustrates this challenging issue. In this example, more precise milling of a bone, which is quite easy
to evaluate, does not mean that the prosthesis will last longer or be more stable than with conven-
tional surgery. This functional evaluation is much longer term. As such, the duration and cost of
studies often discourage many commercial companies from investing in health care technologies
but rather suggest focusing only on fast-growing consumer markets. Coupled with the complex
procurement processes, adopting new technologies in clinical practice is often challenging.

A study conducted by Marcus et al. (124) investigated the translation of new devices from
the laboratory to first-in-human studies between 1993 and 2000. This study showed that clinical
rather than industry collaboration was the most important predictor of success; devices developed
with clinical collaboration were more than six times more likely to lead to a first-in-human study
than those without.Amore recent study by the same research group (125) examined the regulatory
clearance and/or approval of newmedical devices between 2000 and 2004. In contrast to the earlier
results, this study showed that the likelihood of a device obtaining regulatory approval was higher
if developed by industry alone. The likelihood decreased if it was developed jointly by industry
and academia and was lowest if developed by academia alone. This incongruity is likely the result
of the varying role of clinical and industry collaboration through the device development pathway;
early clinical studies may be more reliant on clinicians, and later regulatory approval more reliant
on industry. Also, the findings suggest that industrial interests are the main drivers of regulatory
approval for specific devices.

4. CONCLUSIONS

In the past 30 years, the field of surgical robotics has evolved from a research niche into commercial
reality with accelerating clinical uptake. According to a recent analysis (136), the medical robot
market is evaluated at US$5.7 billion (2017), approximately one-eighth of the industrial robot
market (evaluated at US$42 billion in the same year). However, driven by the increasing usage
of robotics systems in health care, it is expected to grow by more than 20% by 2025—a much
faster growth than the industrial robots market (estimated ∼10%). The increasing availability of
robotics systems such as the ones reported above has led to wide adoption of robotic devices. For
example, approximately 750,000 surgical robotics procedures were performed in theUnited States
in 2016, with greater adoption in urology and gynecology.More specifically, robot-assisted radical
prostatectomy was performed in approximately 85% of these cases (14% traditional laparoscopic,
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1% open) and robot-assisted hysterectomy in 34% (16% traditional laparoscopic, 36% open, 14%
vaginal) (137).

Medical robotics is intrinsically cross-disciplinary, involving many key engineering disciplines:
image and signal processing, computer vision, data fusion, modeling and simulation, and human–
machine interfaces. New collaborations between academia and industry need to be created to
facilitate the adoption and clinical translation of medical devices with a realistic social-economic
impact.Moreover, there is a lack of reliable cost–benefit analyses with respect to improved postop-
erative outcome that needs to be addressed.While the literature on this topic is growing (138–143),
there is still a need for high-quality comparative studies in this area. The use of robotic platforms
in health care “requires demonstrating the superior clinical benefit of these devices while consid-
ering the full set of costs for these systems” (144, p. 836). Activity-based costing studies (141) fail
to capture all costs throughout the total cycle of care (e.g., cost of complications and cost of addi-
tional care required) and undervalue procedures that have fewer postsurgical complications while
overvaluing procedures that have lower upfront investment costs (i.e., focusing only on upfront
costs, ignoring long-term costs). Time-driven activity-based costing studies (142) provide a more
accurate comparison of costing between procedures by capturing all costs throughout the cycle of
care—including upfront investments, surgical costs, and postsurgical costs.

This review has shown that the technology to improve many medical and surgical procedures
already exists, but further technological and engineering advances are needed to develop the next
generation of computer-assisted intervention platforms. Current robotic platforms provide the
clinical team with increased dexterity and precision but generally are still too bulky and not well
integrated with the clinical workflow, especially with real-time intraoperative imaging. This rep-
resents one of the major limitations that needs to be addressed in order for these platforms to
be of clinical value. In parallel with the general paradigm shift toward early detection and in-
tervention in medicine, we envision that in the near future surgical robots will become smaller,
smarter, and more cost-effective, and thus more clinically relevant. Microrobots will be able to
autonomously interact directly with the pathology at the cellular level to perform diagnosis and
deliver therapy simultaneously. With the rise of smarter robotic platforms, surgical procedures
will become more and more patient specific: Surgical systems, as depicted in Figure 2, are now
entering a new era influenced by the rebirth of AI and access to big data. The access to huge
amounts of information regarding patient health underpins improved patient-specific diagnoses
and therapeutic decisions. Surgical robotics represents an ideal opportunity to make AI successful.
The evolution from robotic tools into robotic assistants has already began and will require us to
rethink the patient–clinician relationship, so as to make robots available and accessible to all.

SUMMARY POINTS

1. Medical robotics, be it used for surgical intervention, targeted therapy, rehabilitation, or
hospital automation, is one of the fastest-growing sectors in the health care industry.

2. The integration of robotics and computer assistance into the clinical workflow could
improve current medical procedures by providing as much information and support to
the surgical team as possible to produce better outcomes.

3. In the last 30 years, medical robotics has evolved to become a major area of innovation,
research, and development.

4. Medical robots, initially based on bulky, commercially available industrial manipulators,
are now smaller, smarter, and custom-designed devices for specific clinical applications.
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5. Recent advances in microrobotics, imaging, and sensing have led to the innovation and
improvement of medical robots that are able to cooperate with the clinician.

6. The implementation of the perception–decision–action loop architecture, along with
surgical robotic assistance, improves treatments in terms of increased clinical outcome
and safety.

FUTURE ISSUES

1. It is envisioned thatmedical robots will become smaller, smarter, andmore cost-effective,
and thus more clinically relevant.

2. A primary challenge will be the development of medical robots with greater autonomy—
for example, robots that can autonomously recognize the relevant anatomy and appro-
priately perform clinical tasks (e.g., delivery of a therapy).

3. Future surgical systems (e.g., micro- and nanorobots) will be able to interact with the
pathology at the cellular level by providing in situ, in vivo, real-time diagnosis and
treatment.

4. Greater interaction with other disciplines such as biology, bioengineering, biochemistry,
and so forth will be necessary to improve the biocompatibility and usability of implanted
devices.

5. New collaborations between academia and industry will be necessary to facilitate the
adoption and clinical translation of medical devices with a realistic social-economic
impact.

6. The lack of a standardized framework for medical robot benchmarking presents a major
challenge to overcoming translational barriers. There is a need to identify appropriate
and clinical comparators to obtain a fair cost-effectiveness analysis of medical robots.
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