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Early-stage gastrointestinal cancer is often treated by endoscopic submucosal dissection (ESD) using a flexible endoscope.
Compared with conventional percutaneous surgery, ESD is much less invasive and provides a high quality of life for the patient
because it does not require a skin incision, and the organ is preserved. However, the operator must be highly skilled because
ESD requires using a flexible endoscope with energy devices, which have limited degrees of freedom. To facilitate easier
manipulation of these flexible devices, we developed a surgical robot comprising a flexible endoscope and two articulating
instruments. The robotic system is based on a conventional flexible endoscope, and an extrapolated motor unit moves the
endoscope in all its degrees of freedom. The instruments are thin enough to allow insertion of two instruments into the
endoscope channel, and each instrument has a bending section that allows for up–down, right–left, and forward–backward
motion. In this study, we performed an ex vivo feasibility evaluation using the proposed robotic system for ESD in a porcine
stomach. The procedure was successfully performed by five novice operators without complications. Our findings demonstrated
the feasibility of the proposed robotic system and, furthermore, suggest that even operators with limited experience can use this
system to perform ESD.

1. Introduction

Minimally invasive surgery (MIS) allows surgical techniques
that minimize damage to healthy tissues. For example, lapa-
roscopic surgery involves inserting long, rigid instruments
(a camera and surgical tools) through a small incision in
the patient’s skin to access the lesion. This approach results
in a smaller incision in a healthy part of the patient compared
with conventional open surgery, which usually involves a
large incision. MIS offers various benefits to the patient, such
as quick recovery and minimal blood loss and scarring. As
such, MIS has become a major part of modern surgery. One
type of MIS, flexible endoscopic surgery, enables an addi-

tional minimally invasive approach for many conditions,
such as early-stage gastrointestinal cancer.

Gastrointestinal cancer generally begins from the inner
layer of the intestinal wall (i.e., the mucosal layer) then grows
toward the outer layer (i.e., to the submucosal layer, then to
the muscle layer). If the cancer reaches the muscle layer, a
large part of the organ or the entire organ must be removed
by laparoscopic or open surgery to mitigate the risk of metas-
tasis. However, if the cancer remains in the mucosal layer, the
risk of metastasis is relatively low, and local resection can be
performed only around the cancerous tissue. This surgery,
called endoscopic submucosal dissection (ESD) [1, 2], can
be performed with an intraluminal approach: either via the
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mouth (to the esophagus, stomach, and duodenum) or the
anus (to the rectum and colon), using a flexible endoscope.
Compared with conventional percutaneous surgery, this sur-
gery is much less invasive (i.e., it does not require an incision
in the patient’s healthy tissue), and the organ can be pre-
served, resulting in a higher quality of life for the patient.
ESD is popular in Japan and some Asian countries because
ESD was originally introduced by Japanese endoscopists.
However, in places where ESD is not popular, especially in
western countries, patients have fewer treatment options,
even for early-stage cancer [3].

One factor that may be hindering the widespread adop-
tion of ESD is that the technique requires a highly skilled
operator because it relies on long, thin, flexible instruments
that have limited degrees of freedom (DOF) [4, 5]. To facili-
tate easier manipulation of these flexible instruments,
endoscope-based surgical robots are being developed. In con-
trast to robots designed for laparoscopic surgery, which have
been used routinely for many years [6], robotics for flexible
endoscopy is a relatively new field. Early studies on such
robots initially focused on the application of natural-orifice
transluminal endoscopic surgery (NOTES), which was intro-
duced in 2004 [7]. NOTES is a surgical procedure that uses a
flexible endoscope instead of a rigid laparoscope; NOTES is
mainly used for abdominal organs. Like ESD, access to the
lesion is obtained via a natural orifice (e.g., the mouth or
anus), eliminating the need to make an incision. However,
NOTES requires an incision through the gastrointestinal wall
to access various organs in the abdominal cavity. Because
conventional flexible endoscopes and instruments are not
effective in NOTES, several companies are developing multi-
tasking platforms [8–13]. These platforms generally include a
flexible endoscope and articulating instruments, such as
grasping and cutting devices, and many employ wire trans-
mission and are actuated manually. However, NOTES is still
in the experimental phase regarding these developments
because this procedure remains technically difficult, even
using the new platforms, and most platforms have been
discontinued. Recently, several robotic platforms have been
proposed, most of which are designed for both the NOTES
and ESD procedures.

The Anubiscope [8, 9], which was developed by IRCAD
and Karl Storz Endoskope for NOTES and ESD, comprises
a custom flexible endoscope and articulating instruments.
This manually driven system was later modified by Strasburg
University into a motorized version called STRAS [14–17].
The university’s researchers implemented visual servoing
(i.e., target tracking) [14] and instrument-position measure-
ment [15] in this platform and demonstrated its performance
in animal experiments [16, 17]. Endomaster [18–21], devel-
oped by Nanyang Technological University in Singapore
and Endomaster Pte Ltd., also in Singapore, is a robotic
system with a manually driven endoscope that has two
instrument channels to accommodate two articulating
instruments, each of which has “shoulder” and “elbow” joints
rather than uniform bending sections. This system has been
demonstrated for both ESD and NOTES in animal models
[18, 19], ESD in in vivo human experiments [20], and trans-
oral surgery in human cadavers [21]. The Flex robotic system

(Medrobotics Corporation, Raynham, MA, USA) [22–25] is
a snake-like endoscopic robot. Unlike other endoscopes with
single bending sections at the tip, the entire length of this
endoscope is flexible; thus, the endoscope can be moved in
a follow-the-leader manner by switching two sets of shape-
locking sheaths. The system also includes two 4mm manu-
ally driven articulating instruments with continuous bending
sections. This robot has been approved by the United States
Food and Drug Administration as a medical device, and tar-
get clinical applications include intraluminal laryngeal and
rectal surgery and percutaneous surgery in the abdominal
cavity. However, this endoscope is too short to reach deep
sections of the colon. The K-Flex robotic system, developed
by the Korea Advanced Institute of Science and Technology
in South Korea [26, 27], is equipped with two articulating
instruments and a short flexible endoscope. This system has
achieved a high payload compared with other proposed sys-
tems. Target applications of the K-Flex system include
NOTES and percutaneous surgery in the abdominal cavity.
Kume et al. [28, 29] proposed a teleoperated colonoscope
robot comprising a conventional colonoscope set in a motor-
ized housing that could be controlled using a joystick con-
troller. A unique feature of the proposed system is that it
provides force feedback to mimic the resistance force when
inserting the colonoscope. The system was used to perform
successful colonoscope intubation in a rubber phantom;
however, as it was intended only for intubation, the system
does not have surgical instruments.

Our group has been developing manually driven flexible
endoscopic platforms for ESD [30, 31]. Experimental trials
revealed that the endoscope needs to be frequently reposi-
tioned to maintain the visual field. Furthermore, both the
endoscope and instruments can be teleoperated simulta-
neously by a single operator, which minimizes the operative
cost compared with the current ESD procedure, which
requires one clinician and one assistant. Therefore, we devel-
oped a motorized version of the flexible endoscopic platform
for ESD with two articulating instruments [32]. In this study,
we describe the design of the robot and the results of a feasi-
bility study in an ex vivo animal model.

2. Materials and Methods

2.1. Experimental Design. This study was a feasibility test of
the ESD procedure in isolated porcine stomachs using the
prototype robot. The trials were performed by five nonclini-
cians (medical engineers and managers in a medical com-
pany) who did not have previous experience in robotic
surgery but had knowledge of ESD. During each operation,
an expert clinician who was familiar with the robotic surgery
provided verbal instructions to the operator. Each operator
began the ESD procedure without training in robotic manip-
ulation. ESD was performed using the same steps as for con-
ventional ESD. Before beginning, a robotic electrosurgical
knife and a conventional injection needle were inserted into
the additional channel and the endoscope’s original channel,
respectively. At first, a circle was marked around the simu-
lated lesion using the coagulation mode of the electrosurgical
knife (Figure 1(a)). Then, blue liquid was injected into the

2 Cyborg and Bionic Systems



submucosal layer using the injection needle to create a buffer
for dissection (Figure 1(b)). During injection, the injection
needle and syringe were held by an assistant. After the assis-
tant changed the device from the injection needle to the
robotic grasper, the mucosal layer was circumferentially
incised using the electrosurgical knife (Figure 1(c)). Finally,
dissection of the submucosal layer was performed using the
robotic electrosurgical knife with the help of the robotic
grasper (Figure 1(d)). The procedure was completed when
the entire lesion was dissected (Figure 1(e)). The entire pro-
cedure was recorded on video to analyze the durations of
incision and dissection in minutes. Specimen size was esti-
mated from the video in multiples of 5mm by comparing
the thickness of the instrument (2.6mm) and the specimen.
The primary endpoint was ESD completion, and the second-
ary endpoints were the procedure duration and adverse
events.

2.2. Mechanical Design of the Prototype Robot. Figure 2 shows
the proposed robotic system, which is divided into three
parts: the robotic endoscope module, the robotic instrument
module, and the master controller module. The robot was
designed while considering its practical clinical use. First,
the system was designed to be compatible with a conven-
tional endoscope without modification. Thus, the healthcare
facility can use an existing flexible endoscope and does not
need to purchase an additional endoscope for the robot,
which can be expensive; this design feature reduces the cost
of the system.

The system is equipped with two instruments: a grasper
and an electrosurgical knife, and each instrument has a bend-
ing section at the tip. The maximum diameter of each instru-
ment is 2.6mm, which allows the instruments to be inserted
into the instrument channels (φ: 2.8–3.2mm) of a commer-
cially available endoscope. This diameter is almost equivalent
to the diameter (φ: 1.9–2.7mm) of commercially available
instruments that do not have bending sections.

The system was designed to be operated entirely from
one console by a single operator. Conventional ESD is typi-
cally performed by one doctor and one assistant. If the robot
required two clinicians (e.g., one operating the instruments
and the other operating the endoscope), this would be costly.
Furthermore, all four DOF of the endoscope can be con-
trolled from the console: two dials controlling twisting and
inserting the tip of the endoscope and two buttons to control
insufflation and suction.

2.3. Endoscope Robot Module. The endoscope driving actua-
tor unit is a housing that holds the endoscope grip. A flexible
endoscope can be easily set into or removed from this unit by
closing or opening the door. The grip of the endoscope has
two coaxial angle dials actuating the vertical and horizontal
bending. The dials are driven by the two coaxial wheels with
fitted couplings (Figure 3(a)). The backlash between the
knobs and couplings and between the couplings and actuator
unit is not large because the couplings were specially
designed so that they fit the shape of the knobs. Each coaxial
wheel is driven by timing belts. To actuate the twisting
motion of the endoscope tip, the entire endoscope driving
actuator unit rotates together with the grip part of the endo-
scope around the endoscope’s shaft, as shown by the arc
arrow in Figure 3(b). This motion is transmitted to the endo-
scope tip because the flexible part of the conventional endo-
scope is made of a torque-transmissive material. The
flexible part of the endoscope is held by a push–pull arm to
push or pull the endoscope into or out of the patient’s mouth
or anus; this motion is similar to a manually operated endo-
scope. The push–pull arm is coupled with the flexible part of
the endoscope by an inner pipe attached to the flexible part of
the endoscope and an outer pipe fixed to the push–pull arm
(Figure 3(b)). The inner pipe can freely rotate inside the outer
pipe; therefore, the coupling transmits the forward–back-
ward motion without interfering with the twisting motion
of the endoscope. The stroke range of the forward–backward
motion is approximately 15 cm, which is sufficient to move
around a lesion but not long enough for insertion from the
mouth or anus. Therefore, the endoscope is inserted manu-
ally (i.e., without robotic actuation) from the mouth or anus
to the lesion, as in conventional endoscopy. When the end of
the endoscope is near the lesion, the head of the endoscope is
affixed in the robot; after this point, the operator can control
all motion from the console. The endoscope driving actuator
unit contains two actuators coupled to two push valve but-
tons to actuate insufflation and suction (Figures 3(c) and
3(d)). Half-push and full-push of the insufflation button con-
trol the insufflation and lens washing functions, respectively.

2.4. Instrument Robot Module. Two flexible articulating
instruments with maximum diameters of 2.6mm were
designed to be inserted into a standard 2.8mm endoscope
channel. Because a standard endoscope has only one channel,
a tube was attached to the outside of the endoscope to serve
as an additional channel. The instruments can move forward

(a) (b) (c) (d) (e)

Figure 1: ESD procedure using the proposed robot: (a) marking; (b) injection; (c) circumferential incision; (d) dissection; (e) ESD
completion.
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and backward relative to the channel and can be removed
from the channel to exchange with other instruments. Each
instrument has a 2-DOF bending section at the distal end
that employs a continuum mechanism with twelve consecu-
tive hinges. One of the benefits of the continuum mechanism
is that the wrist length (i.e., the distance the instrument pro-
trudes from the tip of the channel) is variable. With a fixed-

length wrist (i.e., a link-and-hinge mechanism), the instru-
ment can only start to bend after the protruding length
exceeds the wrist length. This limitation precludes manipula-
tion close to the camera, which is practically important in
flexible endoscopic surgery for several reasons. First, the field
of view of conventional endoscopes is very small as they are
usually equipped with a wide-angle lens (typically 140

Push/pull arm
Endoscope driving
actuator unit Actuator unit for instruments

Instrument robot section

Master controller
for endoscope

Master controllers
for instruments

Master controller section

Tube for additional channel

Grasper

Electrosurgical knife

Endoscope robot
section

(a)

(b) (c)

(d)

Figure 2: Overview of the proposed robotic system for endoscopic submucosal dissection: (a) photograph of the complete system;
(b) magnified view of the endoscope driving actuator unit; (c) magnified view of the coupling for the flexible part of the endoscope;
(d) magnified view of the endoscope tip.
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degrees), similar to a fish-eye camera. Therefore, manipula-
tion within 15mm from the camera is desirable for safe
operation. Another reason is stiffness; the instruments are
thin and flexible; therefore, if the wrist is long, the moment

arm is long, and the stiffness at the tip of the instrument is
low, which limits the force that can be applied. The third
reason is triangulation; long wrists cause the two instruments
to be almost parallel, which is not suitable for precise

Coaxial, two
independent
actuators

Coupling

(a) (b)

(c) (d)

Coupling

Actuators
for pushing
buttons

Figure 3: Inside the actuator unit driving the endoscope: (a) the driving mechanism with two dials; (b) twisting motion of the entire
endoscope; (c, d) air/suction button actuation mechanism.

(a) (b)

Figure 4: Hinges in the bending section of each instrument: (a) the shape of the hinges and wire routing; (b) bending motion of the
hinge unit.
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manipulation. The situation can be understood intuitively as
trying to manipulate the instruments using both hands with
extended elbows; to manipulate close to the camera, the
bending section must have a short bending radius. A laser-
cut elastic metal (a nickel–titanium alloy) pipe was used to
form a hinge in a previous study [33]; this approach is suit-
able to make a small-diameter bending section. However,
the bending radius cannot be reduced with this design
because this would require additional wire force to cope with
the elasticity. Thus, the bending section should have as little
elasticity and friction as possible.

Figure 4 shows the bending section designed for the pro-
posed system. Like a conventional flexible endoscope, the
bending section is composed of several consecutive 2-DOF
hinges, each of which has two right-angle axes with four
wires corresponding to the up–down and right–left bending
directions. A unique feature of the bending section is the
stacking hinge formed by convex and concave portions,
which is achieved only with stacking. A hinge pin is not nec-
essary because the hinges are bound by wires, which helps
keep the assembly cost of the bending section low. All hinges
are the same shape and made of plastic, which is compatible
with mass production and also minimizes the cost. Four

wire-guide holes are placed off-axis relative to the hinge to
avoid interference between the wire and hinge, which helps
create a bending section with a short bending radius. The

Table 1: Specifications of the proposed robotic system.

Parameter Specification

Flexible endoscope used for experiment GIF-Q260J (Olympus Medical Systems, Japan)

Instruments
Diameter φ2.6, length 2.2m
(1) Electrosurgical knife, needle shape
(2) Grasping forceps

Endoscope robot DOF Bending 2 + forward/backward 1 + twisting 1 + air/water button 1 + suction button 1 = 6DOF

Instrument robot DOF Bending 2 + forward/backward 1 + open/close forceps 1 = 4DOF

Master DOF

<For endoscope>
Joystick up‐down 1 + right‐left 1 + forward‐backward 1 + twist 1 = 4DOF
(sensors: potentiometers)
Push switch 3 buttons (air/water/suction)
<For instruments>
Joystick up‐down 1 + right‐left 1 + forward‐backward 1 + open/close forceps 1 = 4DOF
(sensors: potentiometers)

Control algorithm Joint-to-joint control

Motors

<Endoscope robot>
RS406CB × 2 (dial rotation)
RS406CB × 1 (push/pull)
RS406CB × 1 (twisting)
RS406CB × 2 (air/suction button)
<Instrument robot>
BLS177SV × 4 (wire for bending)
BLS177SV × 1 (wire for forceps)
RS406CB × 1 (forward/backward)
(All from Futaba Corporation, Japan)

Microcontroller unit (MCU)
Microcontroller board based on STM32F103 (STMicroelectronics, Switzerland) connected
with PC via USB2.0

PC Core2 duo, Windows

Circuit Potentiometers/switches—MCU1—PC—MCU2—motors

Motors for four
bending wires

Motor for
center wire

Motor for forward/
backward motion

Motors for four
bending wires

tor for
ter wire

Motor for forward/
backward motion

Figure 5: Inside the actuator unit for the instruments.
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moving range of the wrist is more than 180 degrees, although
a short bending radius is more important than the moving
range, as explained earlier.

The bending section is located at the end of the sheath,
which is composed of five pairs of Bowden cables covered
by a torque-transmissive braided tube and insulating heat-
shrink tubing. Four of the five cables are used to control
four-way bending, and the center cable is used to actuate
the end-effector (i.e., the forceps or the electrosurgical knife).
The braided tube cover keeps the instrument from twisting as
it is inserted and manipulated, which is necessary to ensure
that the controller’s direction consistently matches the direc-
tion of the bending section. In the motor unit, five actuators
drive the five wires. A sixth motor actuates the movement of
the entire motor unit relative to the instrument channel to
control the forward–backward motion. For the prototype
intended for this feasibility study, we used an R/C servo for
rapid prototyping, as shown in Table 1. The proximal ends
of the wires are connected to the pulleys, which are directly
attached to the output shafts of the motors, as shown in
Figure 5.

2.5. Master Controller Module. The master controller for each
flexible articulating instrument has a 2-DOF joystick control-
ling up–down and right–left motion. The joystick is mounted
on a linear guide to allow forward–backward motion input.
The operator can push or pull a knob on the grip using his
or her thumb to control the open–close motion of the grasper
jaw or to adjust the length of the electrode. The master con-
troller for the endoscope is similar, but the controller has a
twisting axis in the grip to control the twisting motion of
the endoscope and does not have a knob. All sensors are
rotary or linear potentiometers. Three buttons on the master
controller control the suction, insufflation, and lens washing
functions. Joint-to-joint control is implemented in the con-
trol program. The parameters and specifications are shown
in Table 1; Figure 6 shows the details of the master controller
and control axes.

3. Results

Five ESD trials were performed by five participants, and all
ESD procedures were successfully completed with en bloc

resection. The procedure times and specimen sizes are shown
in Table 2. The specimen sizes ranged from 10mm to 25mm,
and the mean ± standard deviation ðSDÞ was 16:0 ± 5:5mm.
The means ± SDs of the circumferential incision time and
dissection time were 11:2 ± 8:6 minutes and 12:4 ± 5:5
minutes, respectively. Dissection speeds per area calculated
using the formula area = πðspecimen sizeÞ2/4 ranged from
3.4min/cm2 to 15.3min/cm2. No adverse events were
observed. Figure 7 shows the experimental setup and an
endoscopic view during ESD.

4. Discussion

Our trials in ex vivo animal stomachs showed that ESD using
the proposed robot system was feasible. Notably, each opera-
tor performed ESD for the first time, and all operators were
novices in endoscopy. These findings suggest that the pro-
posed system will significantly reduce the technical hurdles
associated with ESD. In our previous study [30], the average
dissection speed of ESD endoscopists was 2.7min/cm2. In
this study, ESD was performed only once by each participant.
Thus, although these procedure times are relatively slow
compared with those generally achieved in clinical practice,
we expect that the procedure could be completed more
quickly as the user gains experience with the robotic system.
We observed large differences in operation times between
cases. The possible reason is that some operators were gener-
ally good at machine handling and others were not. However,
further study is required to clarify this issue.

Our robotic system was designed with a focus on clinical
adoption. This system is compatible with a conventional
endoscope, to minimize the added cost of the system. The

Forceps controller

Knife controller

(a) (b)

Insufflation/suction/
water button

Endoscope controller

Knife

Endoscope

Forceps

Figure 6: Master controller and control axes: (a) master controller and its control axes; (b) corresponding moving axes of the robot.

Table 2: Experimental outcomes.

Case # #1 #2 #3 #4 #5

Duration of incision (minutes) 26 7 8 4 11

Duration of dissection (minutes) 18 8 12 18 6

Total (minutes) 44 15 20 22 17

Estimated specimen size (mm) 25 15 10 15 15

Dissection speed per area (min/cm2) 3.7 4.5 15.3 10.2 3.4
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instruments are thin enough to be inserted into the 2.8mm
channel of the endoscope, and only one clinician is required
to operate both the endoscope and instruments. Therefore,
the personnel expense associated with the procedure is min-
imized. No previously developed robotic system offers all of
these features.

This study had several limitations: First, we did not con-
sider sterilization of the system. For the commercial version
of the system, the instruments will be disposable. Further-
more, mechanical connectors between the instruments and
the motor unit and a mechanism to ensure biological separa-
tion between the endoscope and endoscope-driving unit
might be required; these features are not present in the cur-
rent prototype. Finally, the participants were not clinicians,
and their number was limited. We intend to address these
limitations in a future study.

On the basis of the experimental results, we conclude that
this novel robotic system can be used to safely perform ESD
in an ex vivo porcine stomach. Our findings suggest that even
operators who have limited experience can use the system to
perform ESD.

Conflicts of Interest

RN, TI, SOn, and MH have received research fund from
Johnson & Johnson K.K., Japan. Employees of the company
participated in the experiments. RN, TI, SOn, JA, SOg, TA,
and MH have pending patent for the robot described in this
paper.

Authors’ Contributions

Conception and design were handled by TI and SOn; acqui-
sition, analysis, or interpretation of data was taken care of by
RN, TI, SOn, SOg, and YO; drafting or revising was managed
by RN, JA, and TA; and final approval of manuscript was
made by all authors.

Acknowledgments

A part of this work was supported by JSPS KAKENHI Grant
Number 20H04552.

References

[1] T. Gotoda, H. Kondo, H. Ono et al., “A new endoscopic muco-
sal resection procedure using an insulation-tipped electrosur-
gical knife for rectal flat lesions: report of two cases,”
Gastrointestinal Endoscopy, vol. 50, no. 4, pp. 560–563, 1999.

[2] N. Yahagi, M. Fujishiro, N. Kakushima et al., “Endoscopic sub-
mucosal dissection for early gastric cancer using the tip of an
electrosurgical snare (thin type),” Digestive Endoscopy,
vol. 16, no. 1, pp. 34–38, 2004.

[3] L. L. Swanström, “Treatment of early colorectal cancers: too
many choices?,” Endoscopy, vol. 44, no. 11, pp. 991-992, 2012.

[4] P. H. Deprez, J. J. Bergman, S. Meisner et al., “Current practice
with endoscopic submucosal dissection in Europe: position
statement from a panel of experts,” Endoscopy, vol. 42,
no. 10, pp. 853–858, 2010.

[5] N. Fukami, “What we want for ESD is a second hand! Traction
method,” Gastrointestinal Endoscopy, vol. 78, no. 2, pp. 274–
276, 2013.

[6] G. S. Guthart and J. K. Salisbury, “The Intuitive telesurgery
system: overview and application,” in Proceedings of the IEEE
International Conference on Robotics and Automation
(ICRA2000), pp. 618–621, San Francisco, CA, USA, April
2000.

[7] A. N. Kalloo, V. K. Singh, S. B. Jagannath et al., “Flexible trans-
gastric peritoneoscopy: a novel approach to diagnostic and
therapeutic interventions in the peritoneal cavity,” Gastroin-
testinal Endoscopy, vol. 60, no. 1, pp. 114–117, 2004.

[8] B. Dallemagne and J. Marescaux, “The ANUBIS project,”
Minimally Invasive Therapy & Allied Technologies, vol. 19,
no. 5, pp. 257–261, 2010.

[9] S. Perretta, B. Dallemagne, B. Barry, and J. Marescaux, “The
ANUBISCOPE® flexible platform ready for prime time:
description of the first clinical case,” Surgical Endoscopy,
vol. 27, no. 7, pp. 2630–2630, 2013.

(a) (b)

Figure 7: (a) Experimental setup; (b) endoscopic view during an ESD procedure using the proposed robotic system.

8 Cyborg and Bionic Systems



[10] G. O. Spaun, B. Zheng, D. V. Martinec, M. A. Cassera, C. M.
Dunst, and L. L. Swanström, “Bimanual coordination in natu-
ral orifice transluminal endoscopic surgery: comparing the
conventional dual-channel endoscope, the R-Scope, and a
novel direct-drive system,” Gastrointestinal Endoscopy,
vol. 69, no. 6, pp. e39–e45, 2009.

[11] C. C. Thompson, M. Ryou, N. J. Soper, E. S. Hungess, R. I.
Rothstein, and L. L. Swanstrom, “Evaluation of a manually
driven, multitasking platform for complex endoluminal and
natural orifice transluminal endoscopic surgery applications
(with video),” Gastrointestinal Endoscopy, vol. 70, no. 1,
pp. 121–125, 2009.

[12] G. O. Spaun, B. Zheng, and L. L. Swanström, “A multitasking
platform for natural orifice translumenal endoscopic surgery
(NOTES): a benchtop comparison of a new device for flexible
endoscopic surgery and a standard dual-channel endoscope,”
Surgical Endoscopy, vol. 23, no. 12, pp. 2720–2727, 2009.

[13] K. Ikeda, K. Sumiyama, H. Tajiri, K. Yasuda, and S. Kitano,
“Evaluation of a new multitasking platform for endoscopic
full-thickness resection,” Gastrointestinal Endoscopy, vol. 73,
no. 1, pp. 117–122, 2011.

[14] L. Ott, F. Nageotte, P. Zanne, and M. de Mathelin, “Robotic
assistance to flexible endoscopy by physiological-motion
tracking,” IEEE Transactions on Robotics, vol. 27, no. 2,
pp. 346–359, 2011.

[15] P. Cabras, D. Goyard, F. Nageotte, P. Zanne, and C. Doignon,
“Comparison of methods for estimating the position of actu-
ated instruments in flexible endoscopic surgery,” in 2014
IEEE/RSJ International Conference on Intelligent Robots and
Systems, pp. 3522–3528, Chicago, IL, USA, September 2014.

[16] L. Zorn, F. Nageotte, P. Zanne et al., “A Novel Telemanipu-
lated Robotic Assistant for Surgical Endoscopy: Preclinical
Application to ESD,” IEEE Transactions on Biomedical Engi-
neering, vol. 65, no. 4, pp. 797–808, 2018.

[17] A. Légner, M. Diana, P. Halvax et al., “Endoluminal surgical
triangulation 2.0: a new flexible surgical robot. Preliminary
pre-clinical results with colonic submucosal dissection,” The
International Journal of Medical Robotics and Computer
Assisted Surgery, vol. 13, no. 3, article e1819, 2017.

[18] L. S. Phee, K. Y. Ho, A. Shabbir et al., “Endoscopic submucosal
dissection of gastric lesions using a through-the-scope intui-
tively controlled robotics-enhanced manipulator system,”
Gastrointestinal Endoscopy, vol. 69, no. 5, article AB163,
2009.

[19] S. J. Phee, K. Y. Ho, D. Lomanto et al., “Natural orifice trans-
gastric endoscopic wedge hepatic resection in an experimental
model using an intuitively controlled master and slave translu-
minal endoscopic robot (MASTER),” Surgical Endoscopy,
vol. 24, no. 9, pp. 2293–2298, 2010.

[20] S. J. Phee, N. Reddy, P. W. Y. Chiu et al., “Robot-assisted endo-
scopic submucosal dissection is effective in treating patients
with early-stage gastric neoplasia,” Clinical Gastroenterology
and Hepatology, vol. 10, no. 10, pp. 1117–1121, 2012.

[21] G. Tay, H.-K. Tan, T. K. Nguyen, S. J. Phee, and N. G. Iyer,
“Use of the EndoMaster robot-assisted surgical system in
transoral robotic surgery: a cadaveric study,” The International
Journal of Medical Robotics and Computer Assisted Surgery,
vol. 14, no. 4, article e1930, 2018.

[22] E. Funk, D. Goldenberg, and N. Goyal, “Demonstration of
transoral robotic supraglottic laryngectomy and total laryngec-
tomy in cadaveric specimens using the Medrobotics Flex Sys-
tem,” Head & Neck, vol. 39, no. 6, pp. 1218–1225, 2017.

[23] S. Atallah, A. Hodges, and S. W. Larach, “Direct target
NOTES: prospective applications for next generation robotic
platforms,” Techniques in Coloproctology, vol. 22, no. 5,
pp. 363–371, 2018.

[24] M. Remacle, V. M. N. Prasad, G. Lawson, L. Plisson, V. Bachy,
and S. Van der Vorst, “Transoral robotic surgery (TORS) with
the Medrobotics Flex™ System: first surgical application on
humans,” European Archives of Oto-Rhino-Laryngology,
vol. 272, no. 6, pp. 1451–1455, 2015.

[25] C. M. Rivera-Serrano, P. Johnson, B. Zubiate et al., “A trans-
oral highly flexible robot,” The Laryngoscope, vol. 122, no. 5,
pp. 1067–1071, 2012.

[26] M. Hwang and D. S. Kwon, “Strong continuum manipulator
for flexible endoscopic surgery,” in Proceedings of 10th Ham-
lyn Symposium on Medical Robotics (HSMR2017), pp. 63-64,
London, June 2017.

[27] M. Hwang and D. S. Kwon, “K-FLEX: a flexible robotic plat-
form for scar-free endoscopic surgery,” The International
Journal of Medical Robotics and Computer Assisted Surgery,
vol. 16, no. 2, article e2078, 2020.

[28] K. Kume, T. Kuroki, T. Sugihara, and M. Shinngai, “Develop-
ment of a novel endoscopic manipulation system: the endo-
scopic operation robot,” World Journal of Gastrointestinal
Endoscopy, vol. 3, no. 7, pp. 145–150, 2011.

[29] K. Kume, N. Sakai, and T. Goto, “Development of a novel
endoscopic manipulation system: the Endoscopic Operation
Robot ver. 3,” Endoscopy, vol. 47, no. 9, pp. 815–819, 2015.

[30] R. Nakadate, S. Nakamura, T. Moriyama et al., “Gastric endo-
scopic submucosal dissection using novel 2.6-mm articulating
devices: an ex vivo comparative and in vivo feasibility study,”
Endoscopy, vol. 47, no. 9, pp. 820–824, 2015.

[31] Y. Okamoto, R. Nakadate, S. Nakamura et al., “Colorectal
endoscopic submucosal dissection using novel articulating
devices: a comparative study in a live porcine model,” Surgical
Endoscopy, vol. 33, no. 2, pp. 651–657, 2019.

[32] T. Iwasa, R. Nakadate, S. Onogi et al., “A new robotic-assisted
flexible endoscope with single-hand control: endoscopic sub-
mucosal dissection in the ex vivo porcine stomach,” Surgical
Endoscopy, vol. 32, no. 7, pp. 3386–3392, 2018.

[33] T. Kato, I. Okumura, H. Kose, K. Takagi, and N. Hata, “Ten-
don-driven continuum robot for neuroendoscopy: validation
of extended kinematic mapping for hysteresis operation,”
International Journal of Computer Assisted Radiology and Sur-
gery, vol. 11, no. 4, pp. 589–602, 2016.

9Cyborg and Bionic Systems


	Surgical Robot for Intraluminal Access: An Ex Vivo Feasibility Study
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Design
	2.2. Mechanical Design of the Prototype Robot
	2.3. Endoscope Robot Module
	2.4. Instrument Robot Module
	2.5. Master Controller Module

	3. Results
	4. Discussion
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

