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From Passive Tool Holders to Microsurgeons: Safer,
Smaller, Smarter Surgical Robots

Christos Bergeles∗, Member, IEEE, and Guang-Zhong Yang, Fellow, IEEE

Abstract—Within only a few decades from its initial introduc-
tion, the field of surgical robotics has evolved into a dynamic
and rapidly growing research area with increasing clinical uptake
worldwide. Initially introduced for stereotaxic neurosurgery, surgi-
cal robots are now involved in an increasing number of procedures,
demonstrating their practical clinical potential while propelling
further advances in surgical innovations. Emerging platforms are
also able to perform complex interventions through only a single-
entry incision, and navigate through natural anatomical pathways
in a tethered or wireless fashion. New devices facilitate superhu-
man dexterity and enable the performance of surgical steps that
are otherwise impossible. They also allow seamless integration of
microimaging techniques at the cellular level, significantly expand-
ing the capabilities of surgeons. This paper provides an overview of
the significant achievements in surgical robotics and identifies the
current trends and future research directions of the field in making
surgical robots safer, smaller, and smarter.

Index Terms—Microrobots, minimally invasive surgery (MIS),
surgical robots.

I. INTRODUCTION

F IVE decades ago, Driller and Neumann published their
electromagnetic biopsy device [1], the first medical robot-

related paper of this journal. It took just half a decade for the
still clinically unrealized concept of electromagnetic cerebral
catheter steering to be presented by Askenasy et al. [2], and the
concept of superconductive intravascular magnetic navigation
to be proposed by Montgomery et al. [3]. Although the Food
and Drug Administration (FDA, USA) had undertaken regula-
tory measures for the translation of medical devices since 1976,
the concept of Health and Service Robotics had not been intro-
duced until 1984, when the United States Congress was urged
to support “innovative research in functional rehabilitation of
cognitive capabilities, speech, mobility, and manipulation” [4].
During that period, robots in medicine were considered mainly
as rehabilitation devices and nurse assistants [5].

It was not until 1988 that the experimental evaluation of
stereotaxic needle insertion using the first surgical robot, a con-
ventional industrial Unimation PUMA 200, was published by
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Fig. 1. Exemplary surgical robots along different size scales. “da Vinci” im-
age: © 2013 Intuitive Surgical, Inc.; “Raven” image: © Applied Dexterity,
Inc.; “MiroSurge” image: © DRL; “Endosamurai”, adapted from [6], © 2010
Baishideng; “CGCI”, © Magnetecs, Inc; “NOTES robot”, “Screw capsule”, and
“MRI microrobot” images: reprinted with IEEE permission from [7], [8], [9];
“Intravascular microrobot”: reprinted with Elsevier permission from [10]; Illus-
tration of nanorobot: © IEEE.

Kwoh et al. [11] in T-BME. This publication heralded the explo-
sion of research on surgical robots and their gradual introduction
to operating theatres, the first clinically evaluated robots being
“ROBODOC” [12], a robot for precise hip replacement, devel-
oped by Taylor et al. [13], and “PROBOT”, a robot for prosta-
tectomy, developed by Davies et al. [14]. Since then, surgical
robots have advanced significantly, becoming safer, more ac-
ceptable, and more versatile, resulting in a multibillion industry
led by the exemplary success story of “da Vinci” from Intu-
itive Surgical Inc. [15]. From the macroscale surgical robots
that originated from industrial manipulators, the field is also
progressing toward smarter and smaller systems, with exciting
research conducted on millimetre- and even micrometre-scale
devices (see Fig. 1). Nowadays, microsurgical platforms are be-
ing developed for virtually all parts of the human anatomy (see
Fig. 2).

Science fiction, however, had long before included robotic
surgeons in its themes, with movies portraying both intracor-
poreal navigation of microrobots (Fantastic Voyage, 1966) and
robotic surgery (The Empire Strikes Back, 1980). Several rea-
sons for this relative delay have been identified, with the de-
piction of robots as unwanted (Metropolis, 1920) and unsafe
(Rossum’s Universal Robots, 1923) being important factors.

0018-9294 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 2. Exemplary surgical robots for different applications. “Ophthalmic microrobot”: © ETH Zurich; “Steady-hand robot”: adapted from [34], © SAGE
publications; “Hyperredundant robot”, © Carnegie Mellon; “MRI-compatible SMA robot”: reprinted with IEEE permission from [35]; ”Concentric tube robots”
(top): © Vanderbilt University; “MRI-steerable bacteria”: reprinted with IEEE permission from [36]; “Anubis”: © Karl Storz GmbH; “Active capsule”: © Scuola
Superiore San’t Anna; “MASCE”: reprinted with IEEE permission from [37]; “da Vinci”: © 2013 Intuitive Surgical Inc; “i-Snake”: reprinted with Springer
permission from [38]; “IREP”: © Vanderbilt University; “Concentric tube robots” (bottom): © Boston Children’s Hospital; “Magellan”: © Hansen Medical Inc.;
“Heartlander”: reprinted with IEEE permission from [39]. Representation of systems inspired by [25] by Nelson et al.

Robots in the operating theatre were characterized as a potential
“bull in a china shop,” despite their precision being superior to
the surgeon’s [16]. Only in 1991 did safety guidelines for “tam-
ing the bull” appear to assist in surgical robot development [17].

With the rapid advance of surgical robotics in recent years,
it is timely to provide an overview of the field’s progression
since the first surgical robots were introduced. We do not at-
tempt to perform an exhaustive taxonomy of research publi-
cations. The long list of high-quality publications and prod-
ucts makes inadvertent omission inevitable; thus, we refer the
readers to existing reviews on past and state-of-the-art surgical
robotics [18]–[28]. In this paper, we focus on representative
publications and robotic systems that helped shape this research
field and identify open research directions and socioeconomic
issues. When possible, we highlight systems evaluated in vivo.
Representatives are shown in Table I.

Building on the classification of Salisbury et al. [21] and Re-
bello [22], we focus on different generations of robotic surgery.
Thus, Section II describes the transition from industrial manip-
ulators to untethered intracorporeal microsurgeons. Ideas on the
field’s progression and outstanding challenges are discussed in
Sections III, and Section IV presents the conclusions.

II. SURGICAL ROBOTS: PAST AND PRESENT

This section follows the evolution of surgical robots. From
one generation to the next, invasiveness and collateral tissue
damage are reduced, while surgical dexterity is augmented.
Laparoscopic surgery, considered as generation zero, is the
starting point in Section II-A. Subsequently, Section II-B
discusses stereotaxic robotic surgery and needle insertion,
i.e., first-generation systems . The second-generation systems
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TABLE I
EXAMPLES OF COMMERCIALIZED SURGICAL ROBOTS

for dextrous minimally invasive robotic surgery are the focus
of Section II-C. Systems for natural-pathway navigation
are third-generation systems discussed in Section II-D, and
naturally lead to the untethered milli- and micro-robotic
surgical systems of Section II-E. Each generation identified
shortcomings of existing procedures and the characteristics
that surgical robots should exhibit. These characteristics were
implemented by subsequent systems to deliver treatments of
higher versatility, safety, and success. Each generation contains
smaller systems that are easier to introduce in the surgical
workflow, thus demonstrating the trends of miniaturization and
increased dexterity, and accessibility.

A. Laparoscopy—Zeroth Generation

In laparoscopy (also termed minimally invasive surgery (MIS)
or keyhole surgery), access to the pathology location is gained
by inserting and manipulating elongated surgical tools through
a small number of abdominal incisions. For the better visual-
ization of the operating site and the increased workspace, the
abdomen is inflated with carbon dioxide. Even though robots
were absent from initial MIS endeavors, it was engineering de-
velopments on endoscopes and surgical tools that enabled the
adoption of these new techniques, starting with the first laparo-
scopic cholecystectomy by Mühe in 1985 [29].

The advent of laparoscopic practices marks the transition
from traditional open-surgery to MIS techniques. Their wide
adoption is due to improved patient recovery times, reduced
trauma, and reduced hospitalization costs [30]. Despite these
advantages, MIS faces significant hurdles complicating its ap-
plication particularly to the newer surgical domains of single-
port access, intraluminal, and transluminal surgery [28].

These complications revolve around ergonomic factors as-
sociated with limited sensory feedback of surgeons, i.e., mis-
alignment of visuomotor axes, and a high demand on manual
dexterity required to manipulate the laparoscopic instruments.

More specifically, since most endoscopes provide 2-D images,
the surgeons operate while looking at a screen. Stereoscopic
depth perception is commonly absent and their visual estimation
skills are impaired [31]. Haptic feedback is also limited as they
have to manipulate the surgical tools while tackling the fulcrum
effect resulting from the constraining incision ports [32]. The
lack of feedback makes certain types of microsurgery particu-
larly challenging. Retinal microsurgery, for example, requires
forces that are at the limits of human perception [33], rendering
safe tissue manipulation highly demanding.

Surgical robotic systems, operating either autonomously or
in a teleoperated fashion, were proposed as clinical solutions to
the problems of precise manipulation, visualization, and force
feedback. The introduction of these systems marks the start of
the first generation of robotic surgery.

B. Stereotaxic Robotic Systems—First Generation

The first generation of surgical robots relates to stereotaxic
interventions in neurosurgery and orthopaedics. These systems
focus on increasing surgical accuracy rather than returning sight
or haptic sensation to the surgeon, thus primarily dealing with
the lack of dexterity in MIS. Their pioneering ideas are the
foundation of state-of-the-art robotic surgical systems.

The first application of a robot in surgery was performed by
Kwoh et al. [11]. The industrial PUMA 200 manipulator was
registered to a stereotaxic frame, was positioned to define the
entry orientation and location of a surgical needle, and was
subsequently switched off. The surgeon proceeded in manually
advancing the needle through the corridor defined by the robot,
achieving placement accuracy below 1 mm. Kwoh et al. subse-
quently improved their approach to remove the first intracranial
tumor [40]. This innovative use of industrial robots evolved into
the first neurosurgical robot, “Neuromate” [41], which has been
granted FDA approval and is now commercialized by Renishaw
Plc. Since “Neuromate” and subsequent similar approaches [42]
initially defined a surgical entry path, they are considered as pas-
sive tool holders [19].

The underlying trend in stereotaxic neurosurgical robots grad-
ually steered away from industrial manipulators toward de-
veloping dedicated systems. “Minerva” is an example of a
mechatronic system that was designed to satisfy sterilization
constraints, the requirements for dynamic updates through in-
traoperative CT-based visualization, and established safety re-
quirements [43]. More recent smaller-scale systems, such as
“NeuroArm” from Sutherland et al. [44], highlight the clini-
cal demand on smaller and less intimidating systems that can
be integrated easily with existing surgical flow into the operat-
ing room. Newer state-of-the-art needle-insertion robots push
the boundaries of miniaturization by being skull- and spine-
mountable [45], [46], and by expanding their application area
to cover kidney, prostate, and lung procedures [47].

Toward improving accuracy, newer stereotaxic systems inte-
grate nonionizing imaging modalities, such as magnetic res-
onance imaging (MRI). Hence, both accurate tool manipu-
lation and harmless intraoperative visualization are possible.
The first guidelines for the design of MRI-compatible robotic
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mechanisms were published by Jolesz et al. in 1999, with Kiki-
nis et al. employing them to design the first MRI-compatible
robot for neurosurgery [48]. A clinically approved system for
MRI-compatible needle insertion is the “Innomotion” arm (Syn-
thes Inc.) [49]. This pioneering research presented ideas that
motivated further endeavors on MRI-compatible system devel-
opment. Examples include the MRI-compatible prostate biopsy
systems developed by Whitcomb et al. [50] and Fichtinger and
Iordachita et al. [51], and even MRI-powered needle-insertion
robots by Dupont et al. [52]. Still, these systems essentially
perform needle orientation, positioning, and insertion, and are
hence classified as first generation.

Orthopaedic surgical robots evolved in parallel to neurosur-
gical systems. “ROBODOC,” the first commercially successful
surgical robot [12], was developed by Taylor and Kazanzides
et al. in IBM and commercialized by Integrated Surgical Sys-
tems Inc. “ROBODOC,” clinically evaluated in 1992, performed
total hip replacement. It was initially based on a modified
SCARA robot, and its operation involved acquiring a CT scan of
the patient anatomy and subsequently developing a surgical plan
to mill the location that receives the hip replacement implant.
The surgeon was supervizing the execution of the plan and inter-
vening for cancellation or adaptations as necessary. The system
implemented six-axis force sensing for safety, acknowledging
the importance of force-feedback in surgery [13].

“ROBODOC” was fully autonomous, but a competing sys-
tem, “AcroBot” from Davies et al., operated synergistically with
the surgeon [53]. “AcroBot”, i.e., active constraints robot, intro-
duced a new telemanipulation concept wherein the surgeon was
actively guiding the surgical tool to perform knee machining for
implant reception. Instead of blindly following the surgeon’s
motion, active constraints ensured that the robot operates only
within a predefined allowable region. The notion of telema-
nipulation using active constraints is an integral component of
many state-of-the-art surgical robots, especially in domains that
require micrometer accuracy [34], [54], [55].

Similar to neurosurgical needle-insertion robots, orthopaedic
robots are evolving toward smaller devices that fit in the oper-
ating theatre with ease. One such example is “iBlock” (Praxim
Inc.), a total-knee arthroplasty robot. “iBlock” mounts directly
to the bone, thus preserving the registration between itself and
the anatomy [27], [56].

It is not surprising that the first robotic systems were applied
to neurosurgery and orthopaedic surgery, as both are charac-
terized by operation within well-defined bone structures, i.e.,
the skull, and the hip or knee. This allows robots to be reg-
istered to the anatomy using bone-mounted landmarks whose
position changes little during surgery. Hence, the established
anatomy/robot registration can be maintained throughout the
procedure without adaptation to the robotic mechanism.

The developed systems allow interventions of increased ac-
curacy, and their success supported the acceptance of robots
operating in surgical suites. Through iterations and building on
existing research contributions, systems gradually became more
lightweight and compact. They are, however, not designed to al-
low visualization, haptic feedback, or surgical dexterity in mul-
tiple degrees of freedom. These issues are a requirement for

improving the outcome of minimally invasive interventions that
involve tissue manipulation. This is the focus of the next gener-
ation of robotic systems, which are based on the integration of
imaging modalities, the notion of synergistically operating with
the surgeon, and the now established limitations of surgical and
robotic capabilities.

C. Rigid Dextrous Robots for MIS—Second Generation

Initial success in stereotaxic interventions and needle ma-
nipulation demonstrated the potential of introducing robots in
the operating theatre. With the increasing acceptance of laparo-
scopic MIS, there was higher demand for superhuman dexterity
and visualization via robotic assistance. The robots of this gen-
eration approach the problem of operating in confined body
cavities and dextrously manipulating tissue. They were initially
envisioned as endoscope manipulators meant to relieve surgical
assistants. Indeed, their first field of application in laparoscopy
was manipulation of the imaging system via tracking of surgical
tools [57] or surgeon head motion [58].

The first robotic soft-tissue surgeon was “PROBOT”, devel-
oped by Davies et al. “PROBOT” was designed for transurithral
resection of the prostate and was clinically evaluated already
in 1991 [14]. “PROBOT” followed a preoperative plan au-
tonomously but under clinical supervision. The robot was ini-
tially based on a PUMA six-axis industrial robot equipped with
two additional degrees of freedom, but subsequent iterations
used customized mechatronic mechanisms that ensured the ap-
propriate working envelope [59]. “PROBOT” is, again, a testa-
ment to the evolution of surgical systems from industrial ma-
nipulators to application-specific configurations. Moreover, as
the first system of its generation, “PROBOT” demonstrated the
complexity of soft-tissue surgery when undertaken without an
intraoperative imaging modality or synergistic surgical manip-
ulation. These two key characteristics are elements on which
newer robotic systems are based.

One of the first endeavors to exploit these notions was
“LARS” published by Taylor et al. in 1992. “LARS” was based
on IBM’s-modified SCARA system, and was a tele-manipulated
robot for laparoscopic surgery. Its concept was to include sev-
eral robotic arms for manipulating the surgical tools and the
endoscope, transporting the surgeon from the operating table to
a nearby operating console. The first evaluation of the system
was as an endoscope manipulator [57].

The arrangement of several robotic arms to create a laparo-
scopic surgical robot was further evolved by Computer Motion
Inc. and their “ZEUS” platform. “ZEUS” consisted of “AESOP”
arms whose initial intended function was, again, to maneuvre
an endoscope. “ZEUS” was used surgically between 1998 and
2003, including the transatlantic telesurgery “Operation Lind-
bergh” by Marescaux et al. [60]. The merger of Computer Mo-
tion Inc. and Intuitive Surgical Inc. led to “ZEUS”’ withdrawal
from market in favor of the “da Vinci” platform, a teleoperated
robot stemming from the research of Green et al. at the Stanford
Research Institute [61] . The first application of “ZEUS” and the
“da Vinci” was minimally invasive cardiac surgery [15], [62].
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Fig. 3. Retinal surgery requires impressive dexterity and micrometre accuracy. Surgical platforms range from (a) large-scale remote-centre-of-motion teleoperated
systems that replicate and scale clinician’s motion: image adapted from Mitsuishi et al., [104], to (b) hand-held stabilizing tools that increase surgical performance
by measuring and filtering hand tremor: image adapted from Riviere et al., [79], and (c) wireless electromagnetically navigated microdevices for drug delivery:
image adapted from Nelson et al., [105].

Since then, the “da Vinci” has found an extensive range of appli-
cations, with its primary use being radical prostatectomy [63].

Three characteristics of the “da Vinci” can be identified as
main reasons for its surgical, as well as commercial success.
First, the system utilizes stereoendoscopes, and, hence, returns
the lost depth perception to the surgeon. Second, the surgeon
operates in an immersive environment, with his gaze directed
toward his hands. This natural operating posture is preferred
to looking at a video screen, since it restores hand–eye coor-
dination. Perhaps its biggest innovation, however, is the seven-
degree-of-freedom end effectors (endowrist instruments) that
mimic natural wrist/hand motions combined with motion scal-
ing. These robotic wrists, inspired from the seminal 1998 publi-
cation of the “Black Falcon” from Madhani and Salisbury [73],
restore the wrist articulation that is lost during laparoscopy.
Hence, the “da Vinci” manages to restore the sense of sight
with fully aligned visuomotor axes while providing increased
surgical dexterity. Haptic feedback, even though identified as a
crucial element to restore in laparoscopy as early as 1991 [74], is
still a topic of ongoing research in both academic and industrial
levels [75]. Newer laparoscopic surgery systems aim to improve
the successful paradigm of “da Vinci” by focusing on reducing
system volume and footprint and on providing haptic feedback.

The “MiroSurge” system, developed by Hirzinger et al. of the
German Aerospace Centre (DLR), Germany, uses a configura-
tion similar to “ZEUS” and “LARS” [76]. Three to five robotic
arms, named “MIRO,” attach to the operating table, with their
location specified based on the desired entry angle and location
of the laparoscopic tools. Each arm weighs of the order of 10 kg,
making the system significantly light. Its wrist-equipped tools
integrate a force/torque sensing to quantify tool/tissue interac-
tions. A remote centre of motion around the fulcrum point is
enforced programmatically rather than through the robot archi-
tecture, making the system more versatile.

“Raven” (Washington University, Seattle, United States), de-
veloped by Rosen and Hannaford et al., is also a lightweight
surgical system with arms mounted directly on the operating
table [77]. The developers of “Raven” have recently started
providing the robot as an open platform for teaching and re-
search, as well as for testing and development of new surgical
mechanisms and software. Several international universities are
already in possession of these systems [65]. A notable charac-
teristic of “Raven” is that it employs a flexible endoscope for

improved visibility [78]. Indeed, flexible surgical instruments
and robots, as will be described in the following section, are
rapidly gaining traction with increased effort being invested in
the creation of platforms that can navigate around anatomical
targets to reach deep-seated pathological locations.

Also of interest in MIS are smart surgical tools manually
operated by the surgeon that augment his/hers surgical capabil-
ities. “Steady Hand Robot,” by Taylor et al. is one of the first
robots of this category. Apart from enforcing safe and unsafe
workspace regions via active constraints, it scales the motions
and forces of the surgeon [34]. Another example, “Micron,” de-
veloped by Riviere et al., minimizes the surgeon’s hand tremor
and allows him/her to perform interventions with micrometre
accuracy [79] [see Fig. 3(b)]. Both “Steady Hand Robot” and
“Micron” have ophthalmic surgery as their primary application.
Other endeavors by Yang et al. focus on stabilizing clinical mo-
tions for increased accuracy in endomicroscopy [80]. Hand-held
robots are easily acceptable by surgeons since they resemble fa-
miliar tools and can be directly introduced in their workflow.

D. Flexible Robots for MIS—Third Generation

MIS robots have improved surgical outcomes and reduced
patient trauma, although the tangible economic impact and pa-
tient benefits still need to be established. For a technology that
is still young and constantly evolving, perhaps one should be
patient enough to wait until its relative maturity. Nevertheless,
the current achievements set more demanding research-and-
development goals: further miniaturization of the platform and
reduction of trauma by minimizing entry incisions to a single
one, and further increase of dexterity to operate through natu-
ral pathways. These new interventional procedures are referred
as NOTES (natural orifice transluminalendoscopic surgery) and
SILS (single -port laparoscopic surgery).

Flexible robots are a technology promising to revolutionize
both endoluminal and transluminal surgeries. Developed plat-
forms comprise miniaturized mechatronic components to create
arm-like assemblies with active shape control, and their flexibil-
ity allows insertion through natural orifices, e.g., transvaginally
or transorally, and operation inside anatomical lumen, e.g., the
stomach or the abdomen. Even though flexible robots are traced
to the 1960s [81], the first flexible medical robot, an endoscope
with the capability to control its shape along its entire length, did
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not appear until 1988. It was developed by Ikuta et al., and em-
ployed shape-memory alloys (SMA) pulling on a spring skeleton
for bending in three directions [82]. Tendon-driven mechanisms
were also explored early [83], with the primary focus always
being endoscopy. These endeavors identified the biggest chal-
lenges in developing flexible surgical robots: 1) maximize their
angular bending capability, 2) increase their ability to triangu-
late their arms for dextrous tissue manipulation, and 3) exercise
significant forces on tissue. Several noteworthy flexible surgical
robots are in development, and readers are referred to [28] for a
review.

Flexible robots for laparoscopic interventions are most com-
monly based on connected articulated joints that form hyperre-
dundant robots, or tendons that deform a skeleton by pulling.
An example of the first approach is “CardioArm,” which em-
ploys the three-degree-of-freedom joint developed by Choset
et al. [66]. “CardioArm” is licensed by Medrobotics Corp. for
minimally invasive heart and throat surgery. Another example,
“i-Snake,” developed by Yang et al., employs universal-type
joints and has full retroflexion capability [38] as is necessary in
certain interventions, e.g., tubal ligation in the pelvis or PEOM
in the stomach with a NOTES approach. The robots provide a
lumen for interchangable surgical tools.

Tendon-driven flexible robots can be made smaller. They do
not possess discrete components but control their overall shape
through traction on tendons running through an elastic back-
bone [84]. The tendons can be actuated by pulling, as, for ex-
ample, in the tendon-driven bimanual flexible robot of Simaan
et al. [67]. The initial application of this robot was throat surgery
in a NOTES fashion [67], but with the technology being li-
censed by Titan Medical Inc., it is expected to find general
usage in SILS. Other examples are the platforms “Anubis” by
IRCAD and Karl Storz GmbH, Cobra by USGI Medical Inc.,
EndoSAMURAI by Olympus Medical Corp. [6], [68], [69], and
the hybrid micromotor tendon-driven flexible arms with artic-
ulated head in the bimanual platform of Yang et al. [7]. Other
notable endeavors include the SPRINT platform, result of the
EU consortium ARAKNES [85].

While it is possible in many surgical scenarios to obviate
anatomical constraints, as, e.g., by insufflating the abdominal
cavity, there are pathology locations where instruments need
to be inserted along tortuous paths while manipulating a tissue
in confined anatomical regions including the heart, kidneys, or
brain ventricles. The aforementioned flexible robots cannot be
applied there due to their large diameter. The smallest flexible
robots, with diameters of the order of a few millimetres, are
steerable catheters and concentric tube robots.

Catheters, due to their flexibility, can navigate long paths
of the human vasculature. Catheter-based interventions such
as cardiac ablation for atrial fibrillation are becoming increas-
ingly common [86]. Therein, a catheter is navigated through the
femoral artery in the groin toward the heart where it performs
cauterization for arrhythmia treatment. Manually controlling the
catheter is challenging and time consuming, and collaborative
learning-based systems are being developed to increase opera-
tional accuracy [87]. Since fluoroscopy is used for visualization,
however, clinicians and patients are exposed to large amounts

of radiation. Hence, steerable catheter systems that remove the
clinician from the operating room are investigated, with me-
chanical and electromagnetic steering being the predominant
solutions.

Mechanical steering is based on engineering flexible compo-
nents to the catheter. SMAs can be used to create catheters with
active shape control of their tip, as described by Patel et al. [88].
Thus, the catheter can be initially steered manually in a coarse
fashion, and, subsequently, fine manipulations of the catheter
tip can be applied. An alternative approach is to use tendons,
similar to certain flexible robots, as is the operating principle
of the commercial systems “Magellan” from Hansen Medical
Inc. [70], and “Amigo” from Catheter Robotics Inc. [71]. Other
mechanical steering systems operate by replicating the clini-
cian’s motions [89].

Electromagnetic steering is based on equipping the catheter
with magnetic parts and applying electromagnetic forces and
torques for its navigation. Such concepts were proposed in the
early stages of the field [2], [3], but the vast technological
challenges have only recently made them realizable. “Niobe”
from Stereotaxis Inc. performs steering by moving large perma-
nent magnets, and is used for numerous atrial fibrillation proce-
dures worldwide [72]. The system requires permanent magnetic
shielding and safety measures similar to MRI suites. Alternative
systems employ stationary electromagnets and shape the elec-
tromagnetic field through current control, thus requiring less rig-
orous safety mechanisms. The “CGCI” system from Magnetecs
Inc., which has obtained CE mark and is currently deployed in
several centres worldwide, employs an array of eight electro-
magnets [90] and allows full six-DOF control of a catheter tip.
Finally, Martel et al. propose using the gradient field of MRI
scanners to deflect and navigate catheters [91]. The integrated
imaging capabilities of the MRI are a significant benefit, but the
limited control over the generated magnetic fields do not allow
control over the torque applied on the catheter.

Even though robotic steering does limit the clinician’s expo-
sure to fluoroscopy-based radiation by removing him/her from
the operating room [92], using MRI completely eliminates irra-
diation of both clinician and patient. Hence, similar to the evo-
lution of stereotaxic robots (see Section II-B), there is extensive
effort to make catheter guidance systems MRI-compatible [93].
Force feedback, considered important also in catheter-based in-
terventions [94], can be provided using mechanisms based on
fibre optics [95], [96]. There is ongoing effort to make these
force sensors MRI-compatible [95]. Increased accuracy, intra-
operative visualization, and haptic feedback will allow ultra-
minimally invasive interventions without current catheterization
challenges. The main drawback of catheters, however, i.e., their
inability to apply large forces, prohibits their use in complex
operations, e.g., in leaflet repair. Concentric tube robots are stiff
but compliant continuum robots with catheter-size dimensions
that are suited for such interventions.

Concentric tube robots comprise precurved concentric su-
perelastic tubes that rotate and translate with respect to each
other. The interaction of the different curvatures gives rise to the
final robot shape, which can be controlled to allow navigation
of tortuous paths. Concentric tube robots were simultaneously
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and independently introduced in 2006 by Dupont et al. [97] and
Webster et al. [98]. Even though proposed for several surgical in-
terventions such as neurosurgery [99] and cardiac surgery [100],
only in 2013 have they been applied in vivo, in porcine heart
surgery [100]. The procedure was observed using ultrasound
and fluoroscopy. The robot was inserted through a neck inci-
sion and was extended through the jugular vein and the superior
vena cava toward the left atrium, to perform patent foramen
ovale closure. The lack of high-quality interoperative visualiza-
tion and haptic feedback complicated surgery, but research on
force sensing based on Fiber–Bragg Gratings [101], [102] and
MRI-compatibility [103], may provide touch and sight to these
robots as well.

Flexible robots can reach certain pathology locations ultra
minimally invasively. Recent advances provide increased dex-
terity and bring harmless intraoperative imaging and force feed-
back even to the smallest of continuum robots. Given the rise
of manually steered flexible laparoscopic tools, it can be antici-
pated that in the coming decades continuum robots will become
valuable tools of the surgical workflow. Due to manufacturing
limitations inherent to their structure, however, flexible robots
cannot be made arbitrarily long and are thus limited with re-
gards to their insertion depth. Steerable capsule endoscopes and
microrobots promise untethetered intracorporeal navigation and
the highest interventional precision.

E. Untethered Microsurgeons—Fourth Generation

The vision of tiny devices roaming inside the human body to
detect and fight pathologies has been inspirational for science
fiction movies and science talks. In one of the most prominent
seminars, “There’s plenty of room at the bottom” by Richard
Feynman (Dec. 1959) [106], the vision was crystallized in “[. . .]
swallow[ing] the surgeon; [putting] the mechanical surgeon in-
side the blood vessel, [so that] it goes to the heart [to] look
around”. Untethered microsurgeons that navigate intracorpore-
ally by penetrating tissue or using anatomical pathways realize
this vision and constitute the smallest medical robots.

Capsule endoscopes are millimetre-scale devices that, at their
current commercial state, explore the gastrointestinal (GI) tract.
They perform diagnosis through image acquisition and are pas-
sively propelled based on peristalsis [107]. Their passive loco-
motion prohibits them from re-examining lesions or interven-
ing [26]. Steerable capsule endoscopes, on the other hand, can
navigate using onboard locomotion or external energy trans-
fer mechanisms [26]. Biomimetic locomotion principles like
insect-like legged or inchworm locomotion have been proposed
by several research groups, e.g., by Sitti et al. [108], Dario
et al. [109], and Park et al. [110], with several technologies
having been tested ex vivo and in vivo. Similar to catheter steer-
ing, effort is invested in magnetic steering, either with dedicated
electromagnetic systems as in [111] or in the Olympus Medical
Corp./Siemens AG. partnership [112], MRI scanners [113], or
mobile permanent magnets [114]–[116]. Capsule endoscopes
coupled with thermally actuated nanogrippers can perform lo-
calized biopsies [117] and wireless colon insuflation [118], or

deliver drugs [37]. The capsules can be localized within the
body by exploiting the magnetic field they produce [119], [120]
or by ultrasound imaging [121], and can, thus, be servoed to
the desired anatomical sites. Recent technological advances by
Ishiyama et al. and Abbott et al. demonstrate that screw-like
capsules can burrow in tissue, thus expanding their operational
capabilities [122], [123]. Ongoing research will result in versa-
tile capsule platforms for disease treatment and intervention.

To achieve navigation in the smallest sections of human
anatomy, i.e., the spinal channel or capillaries, miniaturization
must be pushed even further, reaching the domain of micro-
surgeons. Microrobotics is one of the newest research areas
in surgical robotics. Microrobots have been proposed for vari-
ous applications, e.g., arterial plaque removal [10], intravascu-
lar drug delivery [124], intraocular drug delivery [125], drug
delivery in the brain [126]. A thorough review of state-of-the-
art systems can be found in [25]. Due to this domain’s youth,
few systems have been evaluated in vivo; notable examples in-
clude intraocular microrobot mobility tests in rabbits by Nelson
et al. [105] [see Fig. 3(c)], and guidance in the carotid artery of
swine, and rabbits, by Martel et al. [127], and Park et al. [128],
respectively.

At small scales, untethered power transfer is extremely chal-
lenging since batteries cannot be sufficiently miniaturized.
Hence, external powering mechanisms are investigated. Even
though electrostatic fields [129], attached flagellated bacte-
ria [130]–[132], and thermal gradients [133] have been proposed
for microrobot propulsion, the most common actuation method
is based on arrays of electromagnets and electromagnetic field
control due to the favourable scaling of electromagnetic forces
and torques with respect to device volume [134].

Visualization presents an additional challenge in micro-
robotics. The most commonly used imaging modality, en-
doscopy, is inapplicable since it involves incisions that are orders
of magnitude larger than the microdevices themselves. Fluo-
roscopy has been occasionally employed [128], but since the
ionizing radiation poses risks to patients and clinicians alterna-
tive imaging methods need to be employed, with the greatest
challenges arising from the facts that 1) increased resolution is
required to detect micrometre-scale devices, and 2) the imaging
systems should integrate with bulky external powering mecha-
nisms, preventing, for example, the use of PET/SPECT scanners.
A promising approach involves using MRI scanners, since they
enable both magnetic actuation and visualization; the magnetic
microrobots appear in the images as detectable artefacts [9]. Al-
ternatively, when the operating area is externally observable, as
in ophthalmology, steering systems can be coupled with optical
microscopes [105], [135].

In summary, certain challenges relating to manufacturing and
functionalization of tiny devices have been addressed and bench-
top experiments have been performed. Successful coupling of
real-time imaging modalities, high-volume powering, and ro-
bust controllers with microdevices will make the latter indis-
pensable tools of future operating rooms, capable of treating
pathologies with ultra-high precision at early stages of the dis-
ease development.
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III. SURGICAL ROBOTICS: FUTURE

Over the past 60 years, the field of surgical robots has evolved
into a dynamic area of research and development, with versa-
tile and robust mechanisms already being deployed in several
operating theatres worldwide. The previous sections allow us to
identify several trends and directions of the field.

It is now acknowledged that robots should be lightweight,
compliant, and allow for close interaction between clinicians,
patients, and the robot itself [76]. Surgical robots, once off-the-
shelf industrial manipulators, are becoming smaller following
the advances in manufacturing and capitalizing on the success
of MEMS devices [22]. Future surgical robots will be mounted
on the operating table directly and will be reconfigurable with
ease by nontechnical personnel. Even smaller robots will be
rigidly attached to the patient, or will be implanted in the human
body to detect pathologies and intervene intracorporealy. Fig. 3
illustrates the miniaturization in ophthalmic surgery.

Robots are now able to synergistically operate with surgeons,
steering away from simple execution of preprogrammed plans.
Not only increased surgical accuracy and superhuman dexter-
ity are achieved, but high quality intraoperative imaging and
force feedback as well. As a result, the senses of sight and
touch that were deprived from surgeons with the advent of la-
paroscopic techniques are now returning in the operating room.
MRI-compatible surgical robots will allow intraoperative 3-D
visualization of anatomical volumes, providing clinicians with
unprecedented levels of anatomical details. Hardware and soft-
ware constraints will guarantee safe instrument manipulation
both with regards to entry incisions and safe/unsafe anatomical
regions. Implementation of force sensors along the tool and end
effectors of robots will be an additional pillar for safety and in-
creased surgical success. Decades of research have established
the limitations of both surgeons and robots, and, we can now
develop robotic systems that complement rather than alter the
surgical workflow. This leads to more acceptable systems with
increased penetration potential.

Acceptability, however, is one aspect of the accessibility is-
sues that surgical robots face. Despite their acknowledged ad-
vantages, their high cost prohibits wide adoption, especially in
emerging economies worldwide. Effort is already invested in
designing lightweight systems, thus limiting material costs. We
expect that 3-D printing technologies will further minimize sur-
gical robot manufacturing costs and increase their accessibility.
There already exist several 3-D printed medical devices, albeit
mainly for rehabilitation purposes [136], [137], and this trend
is expected to propagate in the surgical robotics field. More im-
portant, perhaps, are the capital and resources associated with
acquiring certification. The long and stringent process is a sig-
nificant challenge for research groups planning to take a concep-
tual robotic design all the way to clinical translation. Given the
current market space in medical robotics, new synergies need
to be created such that a balanced ecosystem is created, which
promotes innovation while focusing on tangible patient benefit
and realistic social-economic impact.

Our apprehension of surgical robotics may shift in the coming
years as well. With increased research in wireless power trans-
fer, mainly driven through advances in electromagnetic steering

and control, surgical robots may be viewed as systems pos-
sessing wireless links between their actuation components, e.g.,
the electromagnets, and their end effector, e.g., the steerable
catheter, microdevice, or articulated joints for intraabdominal
surgery [138].

Future surgical robots will interact with pathology sites at
microscopic levels to deliver highly concentrated drugs in a lo-
calized fashion, thus reducing side-effects and increasing treat-
ment success. Up to now, successful research in surgical robots
required the combined efforts and skill sets of engineers and
clinicians. As surgical devices become smaller and approach
the nanometre domains, thorough understanding of the variety
of forces that operate at these scales will be necessary. There
are several fundamental differences pertaining to the interac-
tion of tiny devices with tissue, and electrostatic forces, van
der Waals forces, and chemical interactions become significant.
Their modeling will require incorporating contributions from
the fields of physics and chemistry. Moreover, to create devices
that interact with patients at a microscopic scale, research teams
may need to expand and include molecular biologists. Indeed, if
microsurgical robots are to detect and combat pathologies, e.g.,
cancer [131], or if they are to deliver engineered stem cells [139]
or bind to arterial plaque [140], concrete knowledge of biologi-
cal processes is necessary. Finally, chemical and biological reac-
tions themselves may allow robots to harness power from their
immediate environment. Given the challenges relating to force
application at the microscale discussed in Section II-E, further
research is required before reaching a universally acceptable
solution.

Grand challenges in surgical robotics are also identified in
[141]. It is suggested that larger research centres that can pool
their resources may be formed to make acquisition of expensive
high-end infrastructure possible. Indeed, in light of recent re-
search budget sequestrations in the USA [142] and Europe [143]
and their hindering effects on research output [144], inter de-
partmental and cross-institutional collaboration is critical. As
the commercializsed platforms of Table I demonstrate, how-
ever, the potential clinical and commercial return of surgical
robotics can be substantial. Thus, together with their undeni-
able societal impact, surgical robots can have a great future in
years to come.

IV. CONCLUSION

The advent of laparoscopy made routine open-surgery inter-
ventions complex, and already complex operations impossible.
We are now at a state where surgical robotics have succeeded
in facilitating MIS by granting even the average surgeon super-
human capabilities. We now possess the technology not only to
increase success rates for existing interventions, but to also carry
out conceptually new interventions. It has been understood that
only through human/robot synergies, wherein decision making
lies in the hands of the surgeon and manipulation in the hands of
the robot, the highest patient benefit can be achieved. Systems
are becoming smaller, and less expensive. In the years to come,
an ever increasing arsenal of intracorporeal devices will appear
and will make possible the fight of pathologies at a molecular
level.
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In his talk, Feynman stated that the design of the swallow-
able surgeon was a task that he “would leave [. . .] up to [us].”
The inspiring progress of the surgical robotics field in the last
60 years demonstrates that our community is well capable of
designing and developing the robotic surgical systems that were
previously only present in the imagination of the pioneers.
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