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Abstract

Background Endoluminal therapeutic procedures such as
endoscopic submucosal dissection are increasingly attrac-
tive given the shift in surgical paradigm towards minimally
invasive surgery. This novel three-channel articulated robot
was developed to overcome the limitations of the flexible
endoscope which poses a number of challenges to endo-
luminal surgery. The device enables enhanced movement
in a restricted workspace, with improved range of motion
and with the accuracy required for endoluminal surgery.
Objective To evaluate a novel flexible robot for thera-
peutic endoluminal surgery.

Design Bench-top studies.

Setting Research laboratory.

Intervention Targeting and navigation tasks of the robot
were performed to explore the range of motion and retro-
flexion capabilities. Complex endoluminal tasks such as
endoscopic mucosal resection were also simulated.
Successful completion,
accuracy and time to perform the bench-top tasks were the
main outcome measures.

Results The robot ranges of movement, retroflexion and
navigation capabilities were demonstrated. The device
showed significantly greater accuracy of targeting in a
retroflexed position compared to a conventional endoscope.
Bench-top study and small study sample.

Main outcome measurements

Limitations
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Conclusions We were able to demonstrate a number of
simulated endoscopy tasks such as navigation, targeting,
snaring and retroflexion. The improved accuracy of targeting
whilst in a difficult configuration is extremely promising and
may facilitate endoluminal surgery which has been notori-
ously challenging with a conventional endoscope.
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Abbreviations

ESD Endoscopic submucosal dissection
GOJ Gastro-oesophageal junction

DoF Degrees of freedom

Endoluminal therapeutic procedures are increasingly attrac-
tive given the shift in surgical paradigm towards minimally
invasive surgery. There has been a stepwise evolution in
surgical technology; initially, there was open surgery which
after a century progressed to laparoscopic surgery in the
1990s. Since then, the pace of change has accelerated with the
introduction of hybrid endoscopic—laparoscopic surgery
which, in itself, is already being supplanted by endoluminal
and transluminal surgery. This has pushed forward the field of
gastroenterology with the flexible endoscope at the forefront
of this increasingly specialised field.

The development of techniques such as endoscopic sub-
mucosal dissection has improved curative resection rates and
lowered recurrence rates of early gastrointestinal cancers
compared to piecemeal resection [1—4]. However, these are
complex procedures made particularly difficult by the endo-
scope design [5—7]. Furthermore, in awkward areas such as the
cardia and fundus, maintaining stability of the device whilst
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precisely resecting a lesion is extremely difficult, time con-
suming and mentally and physically demanding [8].

Despite developments in the field, there have only been
relatively minor alterations to the basic design and function
of the flexible endoscope. There are a number of emerging
flexible platforms (most of which are not commercially
available) which show great promise. These include the
Anubiscope® (Storz) [9], EndoSAMURAI™ (Olympus)
[10, 11] and the Direct Drive Endoscopic System (Boston
Scientific) [12]. Whilst preliminary results are encourag-
ing, there are still challenges in terms of stability, distal
force transmission and tissue handling which require
modifications to these devices.

The goal of this study was to evaluate a novel flexible
snake robot to perform navigation, targeting and complex
tasks which would be required for endoluminal surgery.
We hypothesize that this snake robot improves targeting
accuracy in both a retroflexed and neutral configuration
compared with conventional endoscope.

Methods

The system consists of an flexible snake robot with articu-
lated distal section, delivery shaft and motor housing unit and
seven degrees of freedom (DoF) lightweight robot 4+

(KUKA Roboter GmbH) holding the robot. The articulated
section is 13 mm in diameter and 155 mm long with two
articulated links comprising the head of the robot and a
flexible driven section creating the neck (Fig. 1) [13]. The
head is driven by 4 mm embedded micro-motors and can
move in perpendicular planes, 90° horizontally and 45°
vertically in a total of three DoF. The 95-mm-long flexible
neck is driven by two pairs of antagonistic tendons that are
controlled using motors located in the motor housing unit at
the back of the robot. They allow movement in two DOF and
can be retroflexed at a tight radius of <40 mm. The robot also
has 3- and 2.5-mm working channels for passing inter-
changeable endoscopic tools and a 2.4 mm optical light fibre
source for visualisation. A 2.8-mm video camera with
160,000 pixels is also housed within the device.

The control interface is the Omega 7 haptic device
(Force Dimension) connected to the master computer. The
master computer controls the KUKA robot providing linear
motion and rotation of the flexible robot and sends com-
mands to the slave computer of the flexible snake robot to
control the remaining degrees of freedom.

Bench-top studies

The robot was evaluated in a series of bench-top tests based
on endoscopic manoeuvres aiming to demonstrate its range

Fig. 1 Flexible snake robot A without and B with sheath and probe
emerging from distal tip C Range of motion of the robot with greater
retroflexion capabilities demonstrated compared to a flexible endoscope
D Robotic system set-up with master computer to the far left (black
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outlined white arrow), Omega 7 controller (solid black arrow) and KUKA
robot (black outlined arrow) attached to snake robot (solid white arrow)
with on-board camera view shown (note the surgical covers which hid the
robot during the tasks were lowered to show the task set-up)
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of movement, dexterity and therapeutic feasibility. Two of
the tasks were repeated with a flexible endoscope (GIF
XQ-240, Olympus), to compare the two devices. During all
robotic experiments, only the on-board camera was used
and the experiment set-up was hidden from the partici-
pant’s visual field.

Navigation

To assess the range of motion and targeting accuracy in a
neutral position, a navigation course was created (Fig. 2).
Five subjects navigated the robot with a magnetic tracking
probe device (Aurora® by NDI) inserted through the
working channels of the endoscope through the course.
They were asked to touch the probe tip to each white target
peg (or as close as they could get to the peg) for 5 s. Whilst
navigating through the course, the delivery shaft was kept
in line with the purple starter peg space and the task fin-
ished with the distal tip being navigated through the fin-
ishing purple pegs. They were timed, and the accuracy of
navigation at each white target peg was analysed using the
tracker probe. A 5-s penalty was added if they moved the
robot outside of the starter purple pegs.

The task was repeated using an endoscope, as before
they were asked to keep the shaft within the space created
by the purple starter pegs.

Fig. 2 A Navigation path

B flexible robot (without sheath)
and Aurora probe visible

C KUKA LWR supporting
robot and on-board camera with
white distal tip of Aurora probe
visible at the bottom centre of .
the screen (arrow) :

Start pegs

Retrofiexion targeting

To assess the range of motion and accuracy of targeting,
we used the robot to navigate through a simulated gastro-
oesophageal junction (GOJ), retroflex and touch the tip of
the tracking probe (inserted down the main working
channel of the device and exited it 1 cm from the distal tip
as shown in Fig. 1B) as close to the centre of eight targets
placed around the opening as possible (Fig. 3) [13]. The
points were placed around the opening to represent target
points in the cardia and fundus which may be awkward to
perform endoluminal surgery in.

Snare task

We used a robotic hood pod (Chamberlain group) to
demonstrate the therapeutic potential of the device for
endoscopic mucosal resection. We placed a 15-mm snare
into the working channel of the robot and navigated the
robot to snare the spikes in a certain order (spike numbers
6, 1, 3 and 10) (Fig. 4). The task was deemed complete
when the snare closed around the point and an observer
looking at both the on-board camera images and the
experimental set-up agreed this had been adequately placed
around the point.
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Fig. 3 Emergence of the robot with the tracking probe through the
simulated GOJ and with the targets shown

Fig. 4 Snare task with robotic hook pod and emergence of robot
from the GOJ

Results

Controlled navigation was achieved by all five participants
without any added time penalties. The operators were able
to accurately target all pegs on the navigation course with
similar accuracy for both devices (mean standard deviation
was 4.86 and 4.55 mm for the endoscope and robot,
respectively) (Fig. 5). Times to complete the task for the
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flexible endoscope ranged from 2 min 14 s to 4 min 59 s
(median 3 min 24 s) and between 2 min 18 s and 8 min
35 s for the robot (median 3 min 56 s). There also
appeared to be a learning curve with speed and efficiency
improving between points.

The snare and targeting in retroflexion tasks were also
successfully completed (Fig. 6). Targeting using the robot
was significantly different between the endoscope and robot
(Mann—Whitney test, U = 7, z = 2.91, p < 0.05; Table 1).
The overall median accuracy error using the endoscope was
4.03 mm compared to 2.43 mm with the robot, and inter-
estingly, the robot targeted the points more accurately in all
planes. The median accuracy errors for the superior, inferior
and lateral points were 3.30, 4.03 and 4.02 mm for the
endoscope and 2.55, 2.43 and 2.36 mm for the robot. All
targets in retroflexion were accurately reached with the
robot; however, target 4 which simulated the outer cardia
was not reached with the flexible endoscope.

Discussion

Since the introduction of robotics, there has been a keen
interest and desire to integrate into clinical practice.
This has lead to the development of a number of flexible
robotic devices designed for surgery in difficult to reach
anatomical areas including the cardioARM robotic system
(Medrobotics) [14, 15] and Flex™ Robotic system
(Medrobotics), robotic-assisted platforms for cardiac sur-
gery and single-site access oropharyngeal surgery [16].

A number of robots have also been designed for use in
gastroenterology. The Endotics ™ system (Era Endoscopy
s.r.l.) comprises of a disposable worm-like probe which
moves in a semi-automatic inchworm motion designed to
reduce forces applied to the colon wall during insertion
[17]. The Neoguide (Intuitive Surgical Inc) is a novel
computer-assisted colonoscope which provides real-time
three-dimensional mapping of the leading segment of the
colonoscope [18]. Improvements to the basic design of
these devices would make these extremely promising
platforms for diagnostic gastroenterology.

Minimally invasive techniques such as ESD have
inspired the development of a number of robotic gastro-
intestinal devices for interventional procedures. Phee’s
group has developed the MASTER and EndoMaster mas-
ter—slave robots with robotic arms mounted on the distal tip
of an endoscope and controlled by a joystick [19]. The
master—slave system (IRCAD) is a teleoperated robot with
two flexible motorised cable-driven arms through which
instruments can be inserted and operated [20]. However,
current robots are characterised by technical limitations
affecting their performance and large-scale application.
The devices are often adaptations of a flexible endoscope
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Fig. 5 A Endoscope navigation
trajectories B robot navigation
trajectories. Outlier point which
was not reached by the
endoscope to target 4

or robotic end effectors mounted to the distal tip rather than

a novel design.

The flexible snake robot presented in this paper offers a
controlled, stable and precise platform for endoscopic
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therapy. The robot has shown superior targeting accuracy

over the flexible endoscope in a retroflexed configuration

and equal navigation and targeting accuracy in a neutral
position. This intuitive master—slave robot promises to
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Table 1 Targeting accuracy errors for each target point in millime-
tres (Mann—Whitney, U = 7, p < 0.05)

Point Endoscope error (mm) Robot error (mm)
1 3.56 3.76
2 10.77 3.48
3 4.04 2.28
4 26.01 1.81
5 2.50 243
6 4.00 2.55
7 3.30 2.72
8 4.03 1.84
9 6.89 2.09
Median value 4.03 243

overcome the limitations presented by the flexible endo-
scope, increasing the uptake of endoluminal surgery by
improving surgical precision, and reducing operating time,
complications and post-operative discomfort. The studies
described in this paper have two main limitations. First,
there are a limited number of study participants, and sec-
ond that these are bench-top tests. Laboratory-based tests
should always be performed prior to animal studies in order
to overcome any major design challenges of a novel
device. These bench-top studies show promising results
supporting the role of the robot in endoluminal surgery.
Given that the initial phase of device development and
therapeutic potential has been successfully established,
further ex vivo and in vivo studies with a greater number of
study participants are now required to optimise the robotic
device design aiming towards a bimanual platform and to
compare against existing platforms.
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