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Recent advances in endoscopic technology allow clinicians to not only detect digestive diseases early, but also
provide appropriate treatment. The development of various therapeutic endoscopic technologies has changed the
paradigm in the treatment of gastrointestinal diseases, contributing greatly to improving the quality of life of
patients. The application of robotics for gastrointestinal endoscopy improves the maneuverability and therapeutic
ability of gastrointestinal endoscopists, but there are still technical limitations. With the development of minimally
invasive endoscopic treatment, clinicians need more sophisticated and precise endoscopic instruments. Novel
robotic systems are being developed for application in various clinical fields, to ultimately develop into minimally
invasive robotic surgery to lower the risk to patients. Robots for endoscopic submucosal dissection, autonomous

locomotive robotic colonoscopes, and robotic capsule endoscopes are currently being developed.

robotic endoscopy robotic endoscopy platforms endoscopic submucosal dissection

colonoscopy

| 1. Introduction

After the invention of the first flexible fiberoptic gastroscope in 1957 W, the role of endoscopy in the field of
gastroenterology has developed remarkably. With the spread and development of endoscopes, it has become
possible to accurately diagnose and treat digestive diseases at an early stage. The evolution of the endoscopic
device itself has reached its limitations, and various robotic endoscopes are being developed to perform advanced
procedures. The main fields of interest in which robotic endoscopy is being developed are endoscopic submucosal
dissection (ESD) and colonoscopy [&. Significant progress has been made in the fields of ESD and colonoscopy,

and recently, various diagnostic and therapeutic devices using artificial intelligence (Al) have been developed [,

ESD was introduced by Japanese physicians in the 1990s for radical resection of early gastric cancer, which was a
revolution in therapeutic endoscopy 4. With the development of ESD, en bloc resection has become possible
regardless of the size, location, and shape of the gastrointestinal tumor. However, there are several unique
technical difficulties in performing ESD. Effective traction of dissected flap for visualizing the dissection plane in
ESD is difficult to achieve using a conventional endoscope 2. As the instruments are inserted parallel to the axis of
the endoscope, off-axis movements such as triangulation of instruments are almost impossible [8l. Because of the
instability of flexible endoscopy, it is also difficult to accurately transmit the force from the endoscopist to the
surgical field. As the surgical instrument and the endoscopic camera are on the same plane, the visual field

continues to change whenever the endoscope moves for surgery, making the procedure difficult [Z. It takes a
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considerable amount of learning to be proficient in ESD procedures 8. As interest in natural orifice translumenal
surgery (NOTES) increases, various robotic endoscopy platforms are being developed to overcome the technical

limitations of conventional endoscopes.

Robotic devices are also being developed to assist in safe and effective colonoscopies. Colonoscopy can
potentially be more technically demanding than gastroscopy, as the colon is a long, tortuous, thin-walled organ that
has multiple haustrations. Patient complications, patient sedation, and difficult location in the colon can make
therapeutic procedures in colon very difficult. Robotic assisted colonoscopy aims to improve the patient’s tolerance,

facilitate cecal intubation regardless of the endoscopist’s ability, and perform therapy safely.

2. Review of Robot Assisted Endoscopic Devices (Robot
Assisted ESD System)

2.1. Robotic Endoscopic Multitasking Platform

The robotic endoscopic multitasking platform has been developed to address triangulation and optimal tissue
counter-traction, which are the biggest obstacles to the conventional endoscope performing complex procedures.
Most robotic endoscopy platforms come with an operator console and a flexible endoscope with at least two multi-
articular actuated arms to perform precise manipulation of tissues . Those devices follow the master-slave robotic
concept and are designed for telemanipulation (Table 1). The basic concept of this robotic platform is to hold the
ESD flap with the articulating end effector and proceed with dissection with the other end effector. This is similar to
the surgical robots for NOTES such as the da Vinci Surgical System (Intuitive Surgical, Sunnyvale, CA, USA).
Robot-assisted ESD increases the degree of freedom of the robot arm, thus improving the maneuverability 2.
Through the robotic platform, the endoscopist’s external movement is scaled down and converted into an accurate
internal movement, allowing an accurate and safe ESD procedure. However, these systems have the
disadvantages of being large, complex, expensive, and cumbersome because they require docking/registering and
undocking the system for the procedure. There are also many cables connected inside the robotic endoscope,
resulting in a significant level of hysteresis that causes “delayed behavior” in the surgical field . The leaders in the
robotic endoscopic multitasking platform that can perform precise procedures despite these technical difficulties

are Endomaster EASE System and Endoluminal Assistant for Surgical Endoscopy 19,

Table 1. Summary table of robotic endoscopic multitasking platforms.

Approval . . ., Purpose of .
Nam linical Trial Technical F r
ame Status C ca a Use ec cal Features
Endomaster EASE Stomach
System No Animal ESD Console for remote control of the robotic
(EndoMASTER Pte., Human Colon arms, Independent endoscopic platform
Singapore) ESD
Endoluminal Assistant No Animal Colon Master console and a detachable flexible
for Surgical ESD endoscope with three working channels
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Approval . . ., Purpose of .
Name PP Clinical Trial p Technical Features
Status Use
Endoscopy
(ICube Laboratory,
Strasbourg, France)
. Robotic endoscope, mechanical single-
Flex Robotic System . >ndoscope, g
. Animal Colon use flexible instruments and a master
(Medrobotics, FDA . .
Human ESD console with a touchscreen, HD visual
Raynham, MA, USA) . . .
display, a joystick
K-FLEX Explanted Colon Bendable overtube, two exchangeable
(EasyEndo Surgical, No animal ESD surgical instrument modules, a driving
Daejeon, Korea) organs robot arm and a master console
111IT L11UvIiaoLwci [ YN | \J)’OLCIII \I_IIUUIVIClOI.CI rw. Luw., QIIIUQPUIC}, IUIIIICIIy NIIUVWII QO LUIT 111aosLwcl dnd Slave

transendoluminal robot (MASTER), is a newly designed flexible robotic endoscopy platform for ESD. The system
consisted of a console for remote control of the robotic arms and an independent endoscopic platform (Figure 1)
[11 The endoscopic platform has three working channels: two for the robotic arms and one for therapeutic
accessories. The robotic arm was telemanipulated by a surgeon manipulating the controller of the console. Two
robotic arms performed retraction and dissection with nine degrees of freedom; the left arm was designed for
retraction and the right arm for dissection. Initial animal studies showed success in gastric full-thickness resection,
hepatic wedge resection, stomach ESD, and colorectal ESD 1228ll14] |n 3 human feasibility study, successful

gastric and colon ESD was performed 213l The Endomaster platform currently has no CE or FDA approval.

Live Pig Study with Dr. Philip Chiu

Figure 1. Endomaster EASE System (EndoMASTER Pte, Singapore) 2. Colonic endoscopic submucosal
dissection performed using the latest version of the EndoMaster EASE System. Robotic ESD was performed by
grasping the mucosa with the robotic grasper and dissecting the submucosal plane using the needle-type

dissecting knife with electrocautery.

2.1.2. Endoluminal Assistant for Surgical Endoscopy (ICube Laboratory, Strasbourg, France)
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The ISIS-Scope/STRAS System (Karl Storz, IRCAD, Tuttlingen, Germany) was developed as a remotely operated
robotized platform of manual Anubiscope (Karl Storz) 1817 The Endoluminal Assistant for Surgical Endoscopy
(EASE) is the latest version of STRAS. EASE is a platform composed of the master and slave units (Figure 2) 171,
The slave unit consists of a mobile master console and a detachable endoscope. The 53.5-cm-long detachable
endoscope has two 4.3 mm side working channels for the platform’s unique robotic instruments and a 3.2 mm
central working channel for conventional endoscopic instruments. This platform provides 10 degrees of freedom.
The surgeon at the master console unit can control both the endoscope and instruments. The surgeon has two
screens: a frontal view with an endoscopic view and a graphically reconstructed view with a user interface that
maps the positions of the endoscope and instruments. The master controller consists of joysticks and four-way
thumb switches to control endoscope movements. EASE is designed for use in lower gastrointestinal procedures
and has reported 12 successful ESDs for large lesions in porcine colon models 8. A recent small trial showed that
the dissection speed gap between novices and experts was reduced when using EASE for ESD and showed a

shorter learning curve for novices 221, This platform currently has no CE or FDA approval.

Figure 2. Virtual rendering of Endoluminal Assistant for Surgical Endoscopy. (A) Slave unit: mobile cart with robotic
modules. (B) Master unit L4, The ergonomic design of the master unit allows a single operator sitting at the

console to control both the endoscope and the instruments.
2.1.3. Flex Robotic System (Medrobotics, Raynham, MA, USA)

The Flex Robotic System (Medrobotics, Raynham, MA, USA) is a robotic platform for lower Gl tract procedures. It
is composed of a robotic endoscope, mechanical single-use flexible instruments, a master console, an HD screen,
and a joystick (Figure 3) [28 This system was originally developed for head and neck surgery 22, but has been
recently modified to perform procedures in the lower Gl tract. The scope has two working channels and can
accommodate several therapeutic accessories. The robot can access the lesions up to 25 cm from the anal verge.
The robotic endoscope is controlled by an operator at the master console. This device provides dual manual
control, which makes it easy to use two instruments. In an ex vivo porcine colon model experiments, when using
FLEX, ESD novices performed ESD faster and safer than using conventional ESD methods 18, This system was

approved by the FDA for lower Gl tract procedures in 2017.
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(b)

Figure 3. Flex Robotic System (Medrobotics, Raynham, MA, USA) 18l (a) The robot’s flexible distal end including
two working channels with a needle-knife and grasper. (b) Performing ESD with the robotic system using three-
dimensional high-definition visualization. A—Console with the physician controller. B—3-Dimensional high-

definition monitor. C—Base and drive of the robot. D—Instrument support assembly.
2.1.4. K-FLEX (EasyEndo Surgical, Daejeon, Korea)

The K-FLEX (EasyEndo Surgical, Daejeon, Korea) is a robotic endoscopic platform for advanced endoluminal
surgery. The platform is composed of a bendable overtube, two exchangeable surgical instrument modules, a
driving robot arm, and a master console (Figure 4) 29, The motion of each robot arm was controlled to bend up
and down, left, and right with an intuitive thumb stick. The robot arm allows two independent bends at an angle of
more than 100° in each direction, allowing multidirectional traction. The robot arm has a 2.8 mm working channel
and a joint configuration that allows precise movement. The robot’s left arm was equipped with a grasping end
effector and the right arm with a monopolar cautery. The master console monitor has a graphic simulator showing
approximate location of the robot arm in the Gl tract. Ex vivo porcine stomach ESD experiments were successfully

conducted (2. CE or FDA approval was not obtained.
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Surgical instrument

Master device

Figure 4. K-FLEX (EasyEndo Surgical, Daejeon, Korea). The K-FLEX system is composed of two surgical
instruments, overtube, driving robot arm, and a master console 29,

2.2. Robotic Add-On Devices

Robotic add-on devices are attached to conventional endoscopes to improve visual fields and enhance distal
dexterity while performing ESD. The advantages of robotic add-on devices are that they are relatively inexpensive
and easy to sterilize after use. They also minimize the disruption to current clinical workflows owing to the simple
attachment and removal. These assistive robotic devices are expected to show greater improvements in surgical
safety and dissection speed 22, Because robotic add-on devices have limited functions, they are less capable of

triangulation of instruments and tissue manipulation compared to the robotic endoscopic multitasking platform.

2.2.1. ROSE (Endorobotics, Seoul, Korea)

The ROSE (robot for surgical endoscope) platform is a surgical robot system that provides multi-directional traction
during ESD. The ROSE consists of a robotic manipulator, an intuitive user interface (Ul), and an actuation station

(Figure 5) [22l. The robotic manipulator can be attached to the distal end of the conventional endoscope.
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Multidirectional traction with a robotic manipulator provides a clear visualization of the dissection plane. The robotic
manipulator can bend up and down and move left and right along the tip of the endoscope. The endoscopist
operates the robotic manipulator by controlling the Ul attached to the control body of the endoscope. The operation
of the ROSE is based on a tendon-sheath mechanism. In an in vivo porcine stomach experiment, ESD novices
were able to successfully perform ESD with the ROSE 23, CE or FDA approval was not obtained.

Figure 5. ROSE (Endorobotics, Seoul, Korea) (with permission from Endorobotics, Seoul, Korea). (a) Actuation
station. (b) Robotic manipulator attached to the distal end of the conventional endoscope. (c) Intuitive user

interface.
2.2.2. EndoMODRA (Harvard University, Cambridge, MA, USA)

EndoMODRA (endoscopic module for on-Demand robotic assistance) is a modular robotic system that can be
attached to the distal end of conventional endoscope to give additional dexterity for horizontal motion. Because
ESD requires the most dexterity when performing a series of lateral incisions along the submucosal plane, this
robot was designed to provide additional dexterity for horizontal motion. EndoMODRA consists of a detachable
distal robotic module with integrated actuation and sensing functions, which allows closed-loop control of
therapeutic tools (Figure 6) 22, EndoMODRA's robotic machine with a dissection knife moves left and right,

performing a lateral sweeping motion, which can be automatically repeated through the sensors of the machine.
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Endoscopists can focus more on controlling the gross motion of the endoscope. In vivo porcine stomach ESD

experiments were successfully conducted 24, CE or FDA approval was not obtained.

Figure 6. EndoMODRA (Harvard University, Cambridge, MA, USA) 24 |mage of a distally-mounted robotic
endoscopic module with integrated actuation and sensing. (Bottom) shows the view through the endoscope during

an ex vivo dissection.

Robot Assisted Colonoscopy System
2.3. Robotic-Driven Endoscope Locomotion

Colonoscopy is a technically challenging procedure, as it is performed by manually pushing a semi-rigid endoscope
through the tortuous colon lumen. Colonoscopy robots are being actively developed to reduce pain in patients,
reduce the risk of perforation, and promote cecal intubation, regardless of the endoscopist’s ability. Flexible self-
propelled devices have been developed to reduce pain and discomfort during colonoscopy. They follow the loop
smoothly without painful stretching the bowel, potentially avoiding the need for sedation. To reduce the risk of

cross-infection, these endoscopes are being attempted to be single-use.
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The currently developed autonomous colonoscopy robot can be classified as follows, based on the actuation
principle (Table 2): (1) using electro-pneumatic mechanisms, that is, the Aer-O-Scope™ System, Endotics System,
ColonoSight; (2) electromechanically actuated robotic colonoscopes, that is, the NeoGuide Endoscopy System, the
Endoculus; (3) magnetic-actuated tethered robotic colonoscopes, that is, magnetic flexible endoscope, the Endoo
EU project capsule. Products that have been commercialized are the Aer-O-ScopeTM System, Endotics System,
ColonoSight, and the NeoGuide Endoscopy System. Endoculus, magnetic flexible endoscope and the Endoo EU
project capsule are currently in the development stage. All commercialized products showed cecum intubation rate

of over 90%, however, none of these robotic endoscopes has entered clinical routine yet [231126127]28]

Table 2. Summary of the operating principles and technical features of the most recently developed robotic flexible

colonoscopy systems.

2.3.1. Aer-O-Scope™ Colonoscope System (Gl View Ltd., Tel Aviv, Israel)

The Aer-O-Scope™ Colonoscope System (Gl View Ltd., Tel Aviv, Israel) is a self-propelled disposable
colonoscope. It has two contour-conforming balloons that help navigate the colon (Figure 7) (22, One was placed
at the anus, and inflated to block the air passage, and the other was located right behind the distal tip balloon.
When the machine is inserted into the colon, the two contour-conforming balloons are insufflated to form an airtight
seal, and CO2 is insufflated between them. A positive pressure gradient is generated from the distal colon,
propelling the distal tip gently to the proximal colon. The advantage of this machine is that it is easy to operate
even for beginners and the two cameras allow a 360° panoramic view. Because the colonoscope is disposable,
there is no risk of cross-contamination, and this helps avoid the costs associated with cleaning, pressurized
storage, repair, or maintenance. Recently, Aer-O-Scope has added a therapeutic channel. The Aer-O-Scope has
both FDA approval and the CE mark.

Ly

o \

Figure 7. Features of the Aer-O-Scope ™ Colonoscope System (Gl View Ltd., Tel Aviv, Israel). (A) External
workstation with full joystick control. (B) Disposable scanner unit comprising a soft, flexible cable attached to a

system of polyurethane balloons. (C) Scanner tip with openings for irrigation, suction, and insufflation [ZZ129],

2.3.2. Endotics (ERA Endoscopy SRL, Cascina, Italy)
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Endotics (ERA Endoscopy) is a self-propelled, joystick-controlled endoscope. The probe was clamped onto the
mucosa through vacuum and mechanical grasping. The concept of lengthening or shortening by moving forward
through fixing the two anchor points used by this device is inspired by the movement of the inchworm (Figure 8)
89 The ergonomic console allows clinicians to control the probe safely and painlessly. The system now has a 3

mm therapeutic tool channel. The Endotics system received CE-mark and is commercially available.

Figure 8. Endotics (ERA  Endoscopy  SRL, Cascina, Italy) (with permission from

Endotics, http://www.endotics.com/, 29 November 2021). The Endotics system is composed of a workstation and a

hand-held console which drives a steerable probe through the colon lumen.
2.3.3. ColonoSight (Stryker Gl, Haifa, Israel)

ColonoSight (Stryker Gl Ltd., Haifa, Israel) is a self-advancing system composed of a colonoscope, covered by a
wrapped disposable multilumen sheath to prevent the endoscope from contact with infectious agents. The device
uses air pressure assisted pull technology [28l. As the protective disposable sheath is insufflated, the pneumatic

mechanism creates a forward force below the tip of the endoscope. The forward force at the tip pulls the
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endoscope through the colon, thereby reducing the overall pushing force. This reusable colonoscope does not
need disinfection procedure as a single-use sheath including the working channel prevents the endoscope from

contamination.
2.3.4. NeoGuide Endoscopy System (Intuitive Surgical Inc., Sunnyvale, CA, USA)

The NeoGuide endoscopy system is a computer-assisted colonoscope designed to move along the natural
curvature of the colon. There is a sensor on the tip to measure tip steering and an external position sensor to
measure insertion depth 1. It consists of multiple fully articulated segments in the insertion tube, controlled by
electromechanical force. During insertion, the segment is adjusted to suit the shape of the colon according to the

movement of the tip, thereby reducing patient pain 22,

2.3.5. Endoculus (University of Colorado, Boulder, CO, USA)

Endoculus is a small tank-like robot that can navigate the colon and is capable of performing all the functions of the
conventional colonoscope. The robot was propelled by four micropillared treads that functioned by dual motors
(Figure 9) (32, Endoculus robot consists of a camera, a channel for endoscopic tools, and channels for insufflation
and irrigation. Endoculus robot is attached to a 2-m-long tether for power, data transmission, air, water lines, and a
tool overture. Colonoscopy in in vivo preliminary tests of pigs showed successful results. Further experiments are

underway by adding additional functionalities, including autonomous features and device localization.

Figure 9. Endoculus (University of Colorado, Boulder, CO, USA) 22,

2.3.6. Magnetic Flexible Endoscope (Vanderbilt University, Nashville, TN, USA)
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A magnetic flexible endoscope (MFE) is a soft-tethered magnetically driven colonoscope. The actuated permanent
magnet (APM) external to the patient controls the magnet-embedded endoscope through control software (Figure
10) B3l The magnet-embedded endoscope includes a lighting module, a camera, a therapeutic channel, and water
and air channels. It is controlled by an APM operated by a robot outside the patient. MFE has successfully
demonstrated autonomous control in in vivo animal study. The system is under further development with the aim of

autonomously performing endoscopic tasks 24!,

Serial robot

Actuating

per 1ent

magnet

Figure 10. Magnetic flexible endoscope (Vanderbilt University, Nashville, TN, USA) 3],
2.4. Electromechanical Control Device for Conventional Endoscope

Devices that can be attached to a conventional colonoscope to manipulate insertion have been developed. There
is a type of device that assists the endoscopist by manipulating the endoscope automatically when inserting the
colonoscope, that is, robotic steering and automated lumen centralization (RS-ALC).

Although various endoscopic robot platforms are being studied, they are mainly designed for remote control of
therapeutic tools, and the flexible manipulation of the endoscope itself still relies on conventional manual
techniques. There are devices that can remotely insert endoscopes when performing therapeutic procedures with a
master—slave robotic platform, such as the endoscopic operating robot (EOR) and master—slave robot by Hanyang
University. These devices are being developed targeting a platform with a novel force-sensation master unit that

integrates both the manipulation of the forceps and the flexible endoscope itself.
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2.4.1. Robotic Steering and Automated Lumen Centralization (RS-ALC, Enschede, The
Netherlands)

The robotic steering and automated lumen centralization system is an add-on platform that can be used for
colonoscope navigation by connecting to a conventional endoscope. RS-ALC consists of a software algorithm that
identifies the middle of the colonic lumen, which is the target area for the colonoscope (Figure 11) (2. Small
circles on the screen continuously represent the middle of the colonic lumen, as detected by the ALC algorithm.
The endoscopist may decide to have the platform automatically steer the endoscope to follow the circle on the
screen. The system is controlled by a motor module that operates the steering module attached to the endoscope
via joystick. The endoscopist controls the endoscopic tip angulation by manipulating the joystick in the left hand,
and the right hand controls the endoscopic shaft, similar to the conventional colonoscope. CE or FDA approval was

not obtained.

Display with
. endoview and
feedback

. Steering
Module

Anatomical
model

Figure 11. Robotic steering and automated lumen centralization (RS-ALC, Enschede, The Netherlands) 22!,

2.4.2. Endoscopic Operation Robot (EOR; Kyushu Institute of Technology, Kitakyushu, Japan)

Endoscopic Operation Robot (EOR) was developed to replace an additional endoscopist who controls the
endoscope itself in a robotic platform other than the console surgeon in the robotic endoscopic multitasking
platform. The EOR is a system mounted on a conventional scope capable of manipulating it through a joystick with
one hand (Figure 12) B8I37] The master unit of the EOR Ver.3 consists of a torque sensor, a rotary motor, a
rotating handle and a mini joystick. The master unit can move the flexible endoscope to four axes with one hand,
enabling intuitive operation. An operating block with a rotating handle was installed on a linear motor. By operating
the linear motor, the endoscope can be inserted or retracted, and the scope can be rotated with the rotating handle.

It can provide complete remote control of flexible endoscopy for use in clinical practice.
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Figure 12. Components of master unit of Endoscopic Operation Robot Ver. 3 (EOR; Kyushu Institute of
Technology, Kitakyushu, Japan). (a) Rotating knob, (b) mini joystick, (c) rotary motor, (d) torque sensor, (e) load

cell, () circuit switch 1,

Recently, the same research team developed a master—slave system that allows remote manipulation of
endoscopic instruments and combined it with EOR Ver.3 to create a novel endoscopic treatment robot system: the
endoscopic therapeutic robot system (ETRS) [28l. Ex vivo porcine stomach ESD experiments were successfully

conducted using ETRS. CE or FDA approval was not obtained.
2.4.3. Master-Slave Robot by Hanyang University (Hanyang University, Ansan, Korea)

This robotic colonoscopic manipulation system consists of a master controller and a slave robot (Figure 13) 2. A
two-module master device is used to control the slave device. One module is used for the insertion and twisting
motion of the tube, and the other module is used for controlling the two steering motions of the endoscope tip. This
master-slave robot system, which can be mounted on a conventional endoscope, can be a useful option for remote

operation.
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Figure 13. Master—slave robot by Hanyang University (Hanyang University, Ansan, Korea) (A) Tilting device, which
is comparable to a joystick, for controlling up-down and right-left angulation of endoscopic tip. (B) Insertion and

rotation device for controlling insertion, retraction, and rotation of endoscope 2.
2.5. Robotics in Capsule Endoscopy

Over the past decade, wireless capsule endoscopes (WCEs) have been developed as an interesting alternative to
conventional endoscopes. WCE has the advantage of being able to gently examine the gastrointestinal tract
without pain. WCE has a fatal weakness in that it is a passive device that moves only through peristalsis. Externally
controlling the capsule endoscope with a magnetic field is a possible solution to this issue 9. The external
magnetic field-mediated navigation of the capsule in the gastrointestinal tract allows clinicians to potentially
examine the gastrointestinal tract. As capsule endoscopes do not have the functions of water injection, suction or
air inflation, the accuracy of the examination varies greatly depending on the environment in the gastrointestinal
tract. In addition to adequate bowel preparation, the gastrointestinal tract should be filled with water to allow
effective movement of the capsule, making exam harder for patients . Magnetically controlled capsule
endoscopes are being developed in the upper and lower gastrointestinal tracts and are expected to be

commercialized.

2.5.1. MCE System (Ankon Technologies Co, Ltd., Shanghai, China)

The MCE system is a magnetically navigated capsule endoscope designed for stomach examination. When the
patient swallows the magnetic capsule, an external C-arm robot rotates to manipulate the capsule inside the
stomach. (Figure 14) ¥2. This system consists of a magnet embedded capsule, a capsule locator, a computer
workstation with ESNavi software (Ankon Technologies Co, Ltd.), a data recorder, and a C-arm type magnet robot.
Images are captured and recorded at 2 frames per second with a resolution of 480 x 480 pixels. The C-arm type
robot has 5 degrees of freedom (DOFs); 2 rotational and 3 translational DOFs. MCE can be useful in patients who

cannot tolerate gastroscopy.
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Figure 14. MCE system (Ankon Technologies Co, Ltd., Shanghai, China). (A) Guidance magnet robot and
computer work station, (B) magnetic capsule endoscope, (C) capsule loca tor, (D) ESNavi software, (E) data

recorder [42],
2.5.2. Self-Propelling Capsule Endoscope (Osaka Medical College, Takatsuki, Japan)

Self-propelling capsule endoscope (SPCE) is a capsule endoscope that can be controlled from outside the
patient’s body, allowing real-time observation of the entire gastrointestinal tract. The SPCE consists of a fin made
of silicon resin with a micro-magnet to a commercially available PillCam™ SB2 video capsule (Covidien, Dublin,
Ireland) and an external magnetic field generator (Figure 15) 3. The magnetic field generator creates a magnetic
field that shakes the fins and propels the capsule. Capsule endoscopy with SPCE in human volunteers were

successfully performed.
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Examiner

MiniMermaid | _
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Figure 15. Self-propelling capsule endoscope (Osaka Medical College, Takatsuki, Japan). (a) The patient was
examined with the self-propelling capsule endoscope (SPCE) using the New MiniMermaid System. (b) Magnetic
field generator. (c) Body of the SPCE 1431,

| 3. Discussion and Conclusions

Advances in endoscopic techniques have enabled clinicians to resect large polyps or early-stage cancers in the
gastrointestinal tract. Various kinds of robots are being developed to provide better tissue exposure when
performing technically complex endoscopic procedures, increasing the safety and efficiency. The techniques
learned from robotic-assisted laparoscopic surgery and NOTES are increasingly being applied to the robotic
endoscopic multitasking platforms. Robotic endoscopic multitasking platforms have presented the potential for
better visualization of the surgical field, improved dexterity and improved precision of surgical manipulation.
However, these systems have the disadvantages of being large, complex, and economically burdensome. From
that point of view, there may be areas where simple robotic add-on devices are more appropriate. Colonoscopy is a
technique that is painful for patients and difficult for practitioners. Robot-assisted colonoscopy systems have
attempted automation with a softer and more flexible design, reducing bowel distension and loop formation.
Various ideas have been used to promote safe and effective colon insertion, but there is still no innovative product
to be widely commercialized. Although there have been improvements since the introduction of passive diagnostic
capsules, robotic capsules capable of precise endoscopic maneuver are expected to have a long development
period. Magnetic manipulation of the wireless capsule has shown the potential for free control of the capsule

endoscope within the gastrointestinal tract.
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Most of the robotic endoscopic systems presented in the review are still experimental, in the development stage, or
in the process of commercialization. Some of robotic colonoscopes have been commercialized, but there are no
widely used products. Many challenges still remain in the field of robotic endoscopy in gastroenterology. Adequate
visualization, ease of exchangeability, haptics, accessory tools functionality, cost issues, and cleaning and
reprocessing issues are the challenges ahead. The field of gastrointestinal endoscopy for both diagnostics and
therapeutic intervention is progressing rapidly. Robotic endoscopy is an emerging field of research. With advances
in endoscopes, robotics, and artificial intelligence, clinicians will be able to perform more complex intraluminal

endoscopic procedures more safely and effectively.
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