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ABSTRACT

Although the robotics firstly appeared as an entertainment form, its capabilities have continuously advanced from the
world’s first industrial robot to the surgical robotic systems which are today capable of performing many surgical ma-
neuvers unaided. However, these surgical robots are not autonomous systems; they are designed to complete a sur-
geon’s abilities and converting surgeon’s movements into incredibly steady and accurate robotic movements that finally
manipulate surgical instruments to assist delicate operations. This novel type of surgery is carried out in the form of
minimally invasive surgical procedure and has offered valuable alternatives to enhance traditional open surgery ap-
proach. Although the surgical robotic systems began as external robots, technological progresses are directing the sur-
gical robotic systems to endoluminal robots which consist of doing surgical maneuvers by navigating of robot through
lumens of human body. Here, we will briefly review different applications of robotic systems in various fields of medi-
cine. Then, we will discuss minimally invasive surgical systems and their role in progressing of minimally invasive
surgery as a modern surgery method. By thoroughly investigating a considerable amount of published materials about
the minimally invasive surgical technologies, we will study the recent research activities and commercially available

samples of surgical robotic systems.
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Endoluminal Robots

1. Introduction

The robot, a Czech word from robata which simply means
“forced labour”, firstly appeared in an entertainment form
[1]. In contrast with the first appearance, the robots have
evolved to a technology that revolutionized different fields
of science such as mathematics, automotives, ocean/space
exploration, medical and military tasks. In this regard,
medicine and more especially surgical operating rooms
are one of the crucial locations that have been influenced
by robotic technologies [2]. Laparoscopic instruments,
endoscopic equipment and recently surgical robotic systems
are all different consequences of robot utilization in
surgery [3]. Furthermore, one of the most valuable achieve-
ments of robotic systems for surgical operating rooms is
known as minimally invasive surgery or MIS [4]. MIS is
referred to any application of computer-assisted robotic
technologies to increase the surgeon’s ability to carry out
various surgical maneuvers [5]. In fact, the robots used in
surgery are part of computer-integrated surgery systems;
the robot is just one element of a larger system designed
to assist the surgeon in performing a surgical process.
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Here, we will present a brief review of different applica-
tions of robotics in various medical fields. Then we will
thoroughly introduce different minimally invasive surgical
technologies in three different categories; laparoscopic
technologies, external surgical robotic systems, and endo-
luminal surgical robotic systems.

2. Robotic Systems with Medical Aims

With the employment of robots in the various fields of
science/industry, the idea of using robots with medical
applications was raised. The robots were used in medicine
initially with the rehabilitation aims. Afterwards, the idea
of using the robots in hospitals with patient care purpose
and also in surgical procedures to improve surgery quality
was proposed. Nowadays, the main fields of medicine
with which the robots interact can be listed as rehabilitation
therapies, surgery, medical diagnosis, and medical/surgical
training.

Rehabilitation: the most traditional usages of robotic
technologies for medical applications has been in rehabi-
litation. The rehabilitation robotics tries to provide phy-
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sically disabled individuals with tools to improve their
life quality. Robotic systems influenced different fields
of rehabilitation therapies include prosthetics/orthotics
systems [6,7], assistive robotic systems [8], and therapeutic
robotic systems [9].

Surgery: open surgery, the primary form of surgery,
has emerged through the requirement of removing or
mending part of body. While open surgery is commonly
the most effective treatment for many conditions, it is
highly invasive. It requires large incision that often results
in long hospital stay and lengthy recovery period [10].
Infection risk, significant post-surgical pain and potentially
substantial blood loss are the other notable disadvantages
of traditional open surgery method [11]. These problems
lead to a growing trend for moving towards the minimally
invasive surgery approaches. So, the robots were appeared
to improve the outcomes of surgical procedures by enhanc-
ing the surgeon’s ability to carry out various surgical ma-
neuvers.

Medical diagnosis: different steps of medical diagnosis
are one of the other fields of medicine that robotic systems
are involved in and can improve the present technologies.
In this regard, artificial-palpation-based systems are one
of the most valuable achievements of robotic systems
that try to make tactile data more available for doctors/
physicians [12,13]. Artificial palpation is a novel technology
to obtain different characteristics of a hard object embed-
ded in a soft tissue or state of manipulation of it [14].
Breast tumor detection [15,16], exactly locating kidney
stone during laparoscopic surgery [17], and detection of
arterial stenosis during artery bypass surgeries [18] are
all different recent research works that were done in this
field.

Medical/surgical training: finally, the last field of
medicine that robotic technologies have profound impli-
cations, is medical/surgical training. Virtual reality or
simulated environments are the most achievements of
robotic systems for medical/surgical training. Using these
technologies, many surgical training activities can be
done without risk or damage to an animal/human patient
[19].

3. History of Surgery Evolution

Open surgery is the traditional form of surgery during
which by cutting the skin and tissues, surgeons could
have direct access to the abdominal structures and tissues/
organs. This results in the tissues/organs to be seen and
touched directly during surgical process and hence many
surgical maneuvers include grasping, feeling, cutting off,
sealing, or performing any other necessary task, can be
done without having any limitations. Although this me-
thod of surgery has played an important role in people
health, it suffers from many significant drawbacks. Ex-
posure of the tissues/organs to the air of the operating
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room (sometimes for long duration), large incision, long
recovery period, infection, patient’s pain, etc. are all
different drawbacks of this method that make its usage
undesirable [2]. Figure 1 demonstrates a photograph of
an open surgery and its incision. Comparing to the tradi-
tional open surgery approach, a modern method of
surgery (known as minimally invasive surgery or MIS,
minimal access surgery or MAS, key hole surgery)
revolutionized the concept of surgery. MIS is referred to
any surgical procedure carried out through small ports
(body cavities or anatomical openings can be also chosen)
rather than large incision to provide access to the opera-
tion site [20]. This method of surgery is performed by
using laparoscopic devices and remote-control manipulating
of instruments with indirect observation of the surgical
field (through an endoscope or similar devices). MIS
offers many valuable benefits such as shorter hospital
stays, outpatient treatment, faster recuperation for patient,
and less pain. In contrast with these valuable advantages,
MIS suffers from many limitations. Reduced dexterity,
limited perception, increased error, and longer procedure
time are all different instances that limit the usage of this
new method of surgery in many cases [21]. In fact, these
limitations are rooted from loss of wrist articulation, poor
touch feedback, the fulcrum effect, loss of 3-dimensional
vision, and poor ergonomics of the tools.

Laparoscopic and robotic surgery, are two major me-
thods of MIS. It is notable that the laparoscopic surgery
is known as a “transitional” stage leading to the robotic
surgery [22,23].

Laparoscopic surgery: is the primary form of MIS
that nowadays is being widely used as a preferred choice
for various types of surgery operations. In this method of
surgery, the abdominal operation is performed using long,
rigid instruments plus an endoscope inserted through
small incisions (three 5 mm - 15 mm incisions) [24]. The
laparoscopic incisions are made by pushing a cutting tool,
together with a trocar through the abdominal wall.

Figure 1. Photograph of an open surgery and its incision.
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When the cutting tool is removed, the trocar is left
behind and will be used for the insertion of other la-
paroscopic instrument such as scissors, graspers, staplers,
probes, and biopsy forceps. In order to lift the abdominal
wall away from surgery site, carbon dioxide (CO,) gas is
insufflated to the inside space of abdomen. It is notable
that laparoscopic surgery is not a minor surgery, but it is
a major surgery carried out through small incisions [25].

Robotic surgery: or computer-assisted surgery or ro-
botically-assisted surgery is referred to any technological
developments used to enhance surgeon’s ability to do
various surgical maneuvers through small incisions and
using the robot’s arms equipped with different surgical
instruments. These systems are usually teleoperated by a
surgeon to precisely manipulate the surgical instruments
[26]. The most common components of surgical robotic
systems can be introduced as: manipulator, remote center
of motion (RCM), image acquisition device, and computer
[27,28].

4. Minimally Invasive Surgical Systems

Minimally invasive surgical systems have been classified
in many different ways; based on manipulator design;
level of autonomy; targeted anatomy/technique; intended
operating environment, and finally, context of their role
in computer-integrated surgery systems [11]. Unlike the
previous review articles, in this paper we will introduce
the most recent research activities and commercially
available surgical systems in a new manner; laparoscopic
technologies, external surgical robotic systems, and en-
doluminal surgical robotic systems.

4.1. Laparoscopic Technologies

The concept of laparoscopic surgery firstly appeared on
1985 when Erich Muhe did the first laparoscopic chole-
cystectomy [29]. In those years, a cystoscope (a small
camera which initially used in order to check peritoneal
cavity) was utilized to see the internal space of abdomen.
Laparoscopy was really difficult in its first form; because
surgeon had to hold the cystoscope by one of his/her
hands and do the surgical maneuvers with the other hand.
The significant event occurred in laparoscopic surgery in
1987, when the first video-laparoscopic cholecystectomy
was performed [30]. Afterwards, the laparoscopic instru-
ments and devices were completed and improved to do
different surgical maneuvers in the best possible form; so
many generations of graspers, scissors, probes, ligatures,
etc. were fabricated and used until now. In the following,
we will describe the recent research studies done in the
field of laparoscopic surgical instruments. In a research
work done by Farkoush and Najarian in 2009, a hypothesis
about the fabrication of a new laparoscopic instrument
applicable in transhiatal esophagectomy was proposed
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[31]. This new instrument would be capable of imitating
surgeon’s fingers movement (during open surgery) for
dissecting adhesive cancerous tissues around esophagus.
It could enter into the patient abdomen, through a 5 cm
incision, and surround the esophagus radially and sheer/
dissect all the adhesive tissues. The constructed initial
prototype is one-fourth of surgeon’s hand volume and
can be incorporated into the various tactile sensors, so the
threshold of causing traumas in delicate tissues during
esophagectomy could be also determined. Figure 2 shows
schematic view of the way that the new laparoscopic
instrument dissects the adhesive cancerous tissues around
esophagus. In another research study done by Mosafer et
al. in 2010, a multi degrees of freedom hand held
laparoscopic instrument has been developed to increase
surgeon’s movement dexterity [32]. This new laparoscopic
instrument consists of three main sections; wrist mechanism,
cable and back end mechanism, and end effector me-
chanism. The proposed instrument has 5DOF and 8 mm
diameter and can bend in a range of —90 to +90 degrees
in horizontal and vertical directions. In order to control
this new flexible laparoscopic instrument, a servo system
was constructed and used. This new laparoscopic instru-
ment has low weight and its ability of providing suffi-
cient degrees of freedom for.

Movement in complex spaces is the other main ad-
vantage of this new instrument.

And finally Afshari et al. in 2011 fabricated a new
laparoscopic instrument capable of detecting the exact
location of kidney stone during Kidney-stone-removal-
laparoscopy. This new instrument was fabricated with
the contribution of Urology.

Nephrology Research Center (Shahid Labbafinezhad
Hospital, Shahid Beheshti University of Medical Science)
and Artificial Tactile Sensing and Robotic Surgery La-
boratory (Faculty of Biomedical Engineering, Amirkabir
University of Technology) [33]. In this research, consi-
dering the present problems of kidney-stone-removal
laparoscopy, a new tactile sensory system in the form of
laparoscopic instrument named “Kidney Stone Detector
(KSD)” is designed and constructed. KSD consists of
four main parts listed as: the sensory part, the mechanical
part (Figure 3), the electrical-electronic part, and the
visualization part. This new laparoscopic instrument,

Figure 2. Schematic view of the different steps of the dissec-
tion of the adhesive cancerous tissues by the new laparo-
scopic instrument [53].
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Figure 3. Mechanical part of new laparoscopic instrument
capable of detecting kidney stone.

with dimensions of 35 cm x 15 cm, is well capable of
finding the stone in the laboratory models through phy-
sically contacting with the model’s surface. By using
force and displacement feedbacks, the problems and
limitations of previous tactile sensory systems have been
eliminated in this new laparoscopic instrument.

4.2. External Surgical Robotic Systems

The start of robotic surgery dates back to 1985, when for
the first time the idea of using an industrial robot,
Unimate Puma 560, in neurosurgery operation, was offered
[34]. The Puma 560 (interfacing with a computerized
tomography, CT, scanner) was used in stereotactic brain
surgery in order to identify exact depth of tumor and do
biopsy using a guide probe at its end-effector. During the
procedure, surgeon guides the robot to the exact place of
target to be fixed. Then, he/she burrs a hole in the skull
(using robot) and inserts a biopsy probe to have an access
to the tumor in a straight line. In 1989, the other industrial
robot was applied in the area NeuroMate used a preo-
perative imaging guidance system and a manipulator arm
to perform surgical maneuvers. It was the first commer-
cially available neurosurgery robot approved by FDA.
Then, in 1991, the first urologic robotic system, Uro-
botics, was used in transurethral prostatic resection sur-
geries [35]. This robotic system has been developed at
the Imperial College in London. The other revolutionized
event in the history of external surgical robotic systems
occurred in 1992, when the first hip replacement surgery
was carried out by RoboDoc system [36]. This system is
usually cooperated by a separated robotic system called
OrthoDoc which is a pre-surgical planning system equip-
ped by a CT scanner. OrthoDoc is utilized before planning
an orthopedic of neurosurgery; NeuroMate [37].

Surgery to provide precise information and effective
data for the surgeon robot. During performing operation,
leg must be clamped to the surgery framework. So, leg’s
movement under preoperative and operative surgery pro-
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cesses will be eliminated. Then, surgeon moves the robot
to the desired point via a hand-held terminal and controls
the robot to scratch the head of femur and, subsequently,
using a rotary cutter (the end-effector) enlarges the area
for the femoral implant [22]. Although initial attempts of
using RoboDoc led to a long-time surgery duration and
high blood loss, recent reports demonstrate some impro-
vements in solving these deficiencies beside providing
some benefits including more accurate formation of fe-
moral components and a superior implant positioning
[38,39]. The other use of surgical robotic systems in
orthopedic is the utilization of Acrobot system in partial
knee replacement surgery. This system consists of two
main sections: the head and a gross positioning device.
The reason why the positioning device was selected to be
separate was the safety concerns. The Acrobot head was
designed to reach a reduced spatial volume and to have
only three degrees of freedom. This system could be
programmed to move autonomously.

In 1994, the first surgeon-assistant robot for imaging
the operating site or holding/positioning of surgical instru-
ment during operations was used. AESOP (Automated
Endoscopic System for Optimal Positioning) helps the
surgeon to control the laparoscope and camera attachment
for their superior vision during surgery process. AESOP
was the first active-type laparoscopic camera holder
which has been widely used in different surgical systems
and achieved the FDA approval [40]. Afterwards, in
1998 the first totally endoscopy CABG surgery operation
using da Vinci robotic system has been performed in
Leipzig, Germany [41]. This robotic surgical system has
been introduced by Intuitive Surgical Inc. and has ach-
ieved FDA approval for diverse minimally invasive
surgeries. Da Vinci system consists of three physically-
separated subsystems: a surgeon console equipped with a
three-dimensional stereo viewer, a robotic manipulator
including three or four six-DOF arms and a video cart
which includes camera control boxes, light sources, and
synchronizer [42]. The main reasons for the success of da
Vinci system can be listed as: very high surgical pre-
cision, minimal invasiveness, and intuitive control of
system. Da Vinci like systems could also be intended for
telesurgery operations. In 2001, for the first time, da
Vinci system was used in cholecystectomy surgery for a
68-year-old woman. The distance was more than 6200
km (New York-Strasbourg). During this surgery, the time
delay was about 155 ms with optical fibers connection
[43].

The Raven surgical robot and also MiroSurge robotic
system can be mentioned as the most recent examples for
advanced surgical robotic systems. The Raven robotic
system is a 7-DOF cable-actuated surgical manipulator
designed to use in either MIS or open surgery opera-
tions. This robot is teleoperated using a single bi-direc-
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tional UDP socket via a remote master device. The
Raven was designed to use force/torque data collected
section by a system allowed it to optimize the design
based on surgical need. This robot also benefits from a
USB foot pedal, a computer for data transmission, and a
computer for chat that allows it to perform teleoperation
experiments around the globe [44]. Furthermore, the
MiroSurge system is developed with regards to a broad
applicability during various interventions include cardiac,
thoracic, gynecologic and urologic surgeries. This is be-
cause it uses different instruments for various interven-
tions. The MiroSurge is a telecontrolled robot that can act
partly or completely autonomous. If the surgeon prefers
manual manipulation, he/she can switch the surgical
operation mode at any time and move and position the
arms according to his/her requirements [45]. To improve
current surgical robotic systems, different issues are raised.
Training of surgeons, tuning the robot features based on
the tissue biomechanics, limiting the invasiveness and
overall robot size are all different issues that nowadays
we are concerned about. In this regard, one of the recent
surgical robots that are developed to use noninvasively,
is Cyberknife. Cyberknife is the most recent and com-
mercially available surgical robot that is used as a mini-
mally invasive alternative (towards no incisions) for ope-
rating on inaccessible lesions that the surgeon cannot do.
It consists of a 6-DOF computer-controlled manipulator
and a dedicated X-ray image-guidance system. This system
has a wide range of applications in different clinical areas
including surgeries on spine, pediatric, prostate, pancreas,
kidney, and lung [46].

4.3. Endoluminal Surgical Robotic Systems

By improving surgical robotic systems, the idea of obtain-
ing MIS advantages (more precision, accuracy, dexterity)
with smaller and friendly robotic systems appear to be-
come more achievable. So, the concept of endoluminal
surgical robotic systems was raised. Endoluminal surgical
procedures consist of bringing a set of advanced surgical
tools to the area of interest by navigating in the lumens of
the body (like gastrointestinal tract, the urinary apparatus,
and the circulatory system). This idea firstly appeared
from the endoscopy of the Gl tract using an endoscopy
capsule. Imaging of esophagus was done for the first
time in 2000, by an endoscopic capsule which benefited
from an optical dome, lens, lens holder, illuminating LEDs,
complementary metal oxide semiconductor (CMOS) imager,
and battery [47]. Today, many commercial samples of
this capsule are available and the future trend of this field
is to do the imaging operation using wireless technology
[48].

One of the most challenging issues in design and
fabrication of endoluminal surgical robots is the internal
locomotion approach of the robot in the internal space of
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body. Body’s space constraints can be described as two
major forms; an environment containing liquid, or a very
flexible environment. The existence of a liquid in an
environment permits the robot to use swimming to move
in the environment filled with the liquid [49]. Developing
of legged locomotion systems could be also useful in the
design and fabrication of systems that are designed to
move in tubular flexible environments [50]. These two
concepts can also be merged; so a hybrid model will be
produced. The new hybrid locomotion strategy forms
from external magnetic guidance and an internal motorized
degree of freedom. This new hybrid model should be
able to manage collapsed areas of the organ exploiting
the flaps and to modify the external shape of the capsule
thus distending the flexible environment wall [51]. Ac-
cording to this hybrid model, the idea of reconfigurable
surgical robots was raised which could have one or many
modules. For exploration and operation of the human
organs, the reconfigurable surgical robot needs to enter
the body; so swallowing the capsules is a suitable idea.
Here, the robot passes through the esophagus. Then, the
capsules will assemble in the stomach. Finally, the robot
reshapes for passing through the pyloric sphincter. The
Araknes is an example of a multi-module robot integrating
a grasping tool. Araknes is a 12 Modules robot that
benefits from biopsy forceps, camera, and tissue storage.
This robotic system consists of four major sections;
Araknes user console, Araknes mini-robot, Araknes robotic
unit for esophageal access, and Araknes robotic unit for
transabdominal access. The Araknes user console includes
autostereoscopic display, additional display, and bimanual
controller with haptic feedback. Araknes mini-robotic
arm consists of a single port, shoulder (2 DOF), elbow (1
DOF), and wrist (3 DOF) [52].

5. Conclusion and Future Trends

Today, robotic systems are highly considered for a variety
of applications. Furthermore, minimally invasive operations
on patient’s body have profound benefits such as less
trauma/blood loss, less pain, and shorter hospital stays. In
addition, surgical robots have many valuable advantages
compared to a surgeon, some of which include having
better accuracy in operations, untiring, easier sterilizing,
more stability, and having fewer tremors. Nonetheless,
the surgical robotic systems have had some limitations
such as less dexterity, limited taction, issues with hand-
eye coordination, and judgment. In order to fully accept
robots in surgery, it is necessary to solve these problems.

The first generation of surgical robotic systems for
minimally invasive computer-assisted surgery appeared
as “mechanical” tools for intervention. Traditional lapa-
roscopic instruments with abdomen incisions, robotic
driller for orthopedic surgery, and robotic hand and wrist
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for laparoscopic surgery are all different achievements of
these mechanical tools for MIS. The second generation
of robotic technologies for minimally invasive computer-
assisted surgery was proposed as “non-contact” tools for
navigation and intervention. Surgical procedure for
“scarless” delivery of tools/particles inside the abdomen,
robotic radiosurgery, and robotic platform with magnetic
guidance for wireless delivery of treatment in the vas-
cular system, are all different forms of “non-contact”
tools. However, these systems are at their infancy and it
is required to have more understanding and more com-
prehensive research in order to improve them more ef-
ficiently.

6. Key Points

Robot: a reprogrammable, multifunctional manipulator
designed to do variety of tasks.

Surgical robots: the robots with different surgical ap-
plications such as neurology, urology, cardiac, orthopedic,
gynecology, etc.

Minimally Invasive Surgery: a novel method of sur-
gery during which surgeons perform through a set of
three to five incisions (1 cm in size). Also, long-handled
instruments are used to grip and cut tissue within the
body, and a video laparoscope provides a view of the
internal operating site.

Laparoscopy: one of the primary methods of mini-
mally invasive surgery.

Avrtificial palpation: an innovative technology obtaining
different characteristics of an embedded object such as
shape, size, temperature, stiffness, and surface texture,
etc by touching it.
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