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ABSTRACT When performing endoluminal surgery inside the colon using a flexible endoscopic robot,
there is a problem of losing visualization and task space due to the collapsing of the surrounding wall. This
happens mainly because of the intra-abdominal pressure and peristalsis of the colon. Although insufflation
is commonly used for expanding the colon, it does not function when a full-thickness incision is created
on the colon wall. To support the collapsing colon and ensure sufficient visualization and task space even
with a hole, we developed a deployable colon support structure (CSS) that can be seamlessly adapted to the
existing procedures. While the CSS is designed to be small and flexible enough to pass through an endoscopic
channel that can be tortuous, it becomes sturdy enough to hold the collapsing/squeezing colon after being
deployed. Also, the CSS is collapsible after task completion, for retraction through an endoscopic channel.
Through the ex-vivo and in-vivo studies with a swine, we have successfully demonstrated the feasibility of
supporting the colon wall during endoluminal interventions with the CSS. We confirmed that the CSS was
easily deliverable and deployable and the created space was large enough to perform surgical tasks using

robotic arms.

INDEX TERMS Surgical instruments, biomedical equipment, medical robotics.

I. INTRODUCTION

The advancement of flexible surgical robot technology has
made it possible to access the surgical site through anatom-
ical pathways or natural orifices of the human body and
perform endoluminal/intraluminal surgery. Compared to the
conventional minimally invasive interventions with rigid
instruments, endoluminal surgery can be faster and safer
due to spatial flexibility and dexterity. Because endoluminal
surgery has such advantages, many flexible surgical robots
including both experimental and commercial systems have
emerged in recent years [1]-[9]. One problem associated
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with endoluminal surgery is that surgical operation could be
obstructed by the surrounding body lumen. For endoluminal
surgery of the colon, ensuring a good visualization can be
challenging due to the folds, regional turns between the dif-
ferent parts of the colon, and tissue viscoelasticity. Peristalsis
and intra-abdominal pressure (IAP) are other factors that
contribute to the occlusion of the endoscope and the loss of
vision and task space. Although insufflation could expand the
colon wall internally, there are several issues including gas
embolism and post-procedure pain due to abdominal disten-
tion. If carbon dioxide is used as the insufflation gas, patients
with chronic obstructive pulmonary diseases will have a
higher risk of carbon dioxide retention [10]. In addition, when
perforation is created accidentally or during full-thickness
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FIGURE 1. Top: Body lumen covers over the endoscope and vision and
task space necessary for surgical operation are lost. Bottom: Surgical
space is created by introducing a body lumen expansion device.

resection of lesions, the insufflation gas escapes to the peri-
toneal cavity and the gas is no longer capable of holding
the intra-luminal space. Furthermore, the escaped gas could
cause cardiopulmonary distress [11]. Therefore, it is advan-
tageous to develop a device that can expand a body lumen
to maintain visualization and task space without insufflation
during endoluminal procedures (Fig. 1).

Cornhill et al. and Milsom et al. developed devices
that rely on balloons to create a space for endoscopic
procedures [12], [13]. Their devices are advantageous due
to the functionalities of straightening bends, ironing out the
luminal surface folds, and stabilizing the distal tips and
working ends of instruments. However, since the devices
are to be mounted over an endoscope, the overall diam-
eter increases and the insertion and guiding of the endo-
scope through the body lumen becomes more challenging.
Besides, as those inventions rely on insufflation to expand
the sidewall of the body lumen, the body lumen may not be
expanded with the existence of a perforation. Milsom et al.
also developed another body lumen expansion device that
is similar to a stent [14]. The device can be detached from
an endoscope after deployment and capable of steadying
the endoscope and instruments. However, the endoscope
dimension becomes large as the device is attached around an
endoscope. Piskun et al. introduced a multi-lumen-catheter
retractor system to improve the visibility and task space for
endoscopic procedures [15]. The body lumen is expanded
with the retractor elements and an endoscope and an instru-
ment are delivered through the catheter lumens. Since it is an
integrated endoscopic system rather than a device to be used
with general endoscopes, the cost and the adaptability are
potential drawbacks. Reydel et al. presented a device directly
or indirectly attached to the distal end of an endoscope [16].
The device creates an internal void space with a curved cage
constructed by resilient curved bars. The window size of the
cage is defined by the curved bars. One issue with the device
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is that the size of the cage is too small to perform complex
tasks. Nakajima et al. developed a retractor that comprises
a movable wire, multiple stationary wires placed around the
movable wire, and an insertion tube connected to the proximal
end of the stationary wires [17]. As the movable wire slides
toward the insertion tube, the stationary wires sag and expand
to create a task space. The major issue with this device is
that the deployed structure is not detachable and the space
in between the wires is too small for performing endoscopic
tasks. We previously developed a device to solve the disad-
vantages of the above-mentioned devices [18]. However, our
previous device faced a problem of tissue squeezing into the
created space when tested in-vivo with the porcine colon.
Furthermore, ease of deployment of the device was affected
by the presence of localised folds in the colon.

In this paper, we present a novel device, the colon support
structure (CSS), to internally support the collapsing colon
and provide a visualization and task space for endoluminal
surgery. The CSS is designed to overcome the issues iden-
tified in the existing devices. The key features of the CSS
are as follows. (1) small enough to be delivered and retracted
through an endoscopic channel so that no specially designed
endoscope or modifications on the endoscope are required,
(2) flexible enough to go through tortuous pathway inside
the colon, (3) easily deployed and collapsed after use to
be seamlessly adapted to the existing surgical procedures,
(4) rigid enough to support the collapsing colon wall after
deployment, (5) detachable from the delivery tools to free
up the endoscopic channel, (6) the created space is large
enough to perform various surgical tasks, and (7) the created
space is sustainable even with a full-thickness incision. The
details and the use of the CSS are explained in section II. The
performance of the CSS is evaluated ex-vivo and in-vivo with
the porcine colon and the results and discussion are presented
in sections III and IV. In section V, conclusions regarding the
developed CSS are given.

Il. MATERIALS AND METHODS
A. MAIN STRUCTURE
The main structure of the CSS consists of PET tubes with
1.9 mm outer diameter and 0.9 mm inner diameter (Nordson
Medical, USA). Four joints are created on the tubes by
notches with certain angles 6; i = 1, 2, 3, 4). Each joint is
given a specific twist angle ¢; with respect to the previous
joint such that the structure forms a certain shape after the
joints are fully bent (Fig. 2(a)). All the joints are reinforced
with a polyester tube with a 0.06 mm wall thickness (Nordson
Medical, USA) which is fitted by heat shrinking (Fig. 2(b)).
The length of each linkage is labeled as [; (i = 1, 2, 3, 4, 5).
Two symmetrically shaped tubes (Tube 1 and 2) are com-
bined to form the main structure (Fig. 2(c)). The Ist links of
each tube are rigidly joined with adhesive and the middle of
the 4th links are connected by wrapping a 0.1 mm diameter
nitinol wire (Flexmet, Belgium) around so that the links are
rotatable about the connection point. Since the nitinol wire
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FIGURE 2. (a) PET tube with four joints in straight shape. (b) Zoomed
view of a joint which is reinforced with a heat shrink fitted polyester
tube. (c) Two symmetrically shaped tubes (Tube 1 and 2) are combined to
form the main structure. (d) Deployment flow of the CSS. (e) CSS with the
actuation and lock mechanism and tissue block wire.

is elastic, it pushes the tubes to orient them in the proper
position and facilitates deployment. To increase the sturdiness
of the deployed structure, three 304 stainless steel tubes
with an outer diameter of 0.6 mm (MicroGroup, USA) are
added as the side and distal frames of the bottom face. The
lengths of the side and distal frame tubes are denoted as I
and I; respectively. To prevent the bottom frame tubes from
falling apart, they are attached to the main structure by nitinol
wire loops. A nitinol actuation wire with 0.11 mm diameter
(Flexmet, Belgium) is looped through the legs of the main
structure while passing through the side and distal frame
tubes. By pulling the actuation wire until there is no excess or
exposed portion, the joints are forced to rotate up to their lim-
its while the side and distal frame tubes make contact with the
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TABLE 1. ¢; and ¢; for Tube 1 and Tube 2.

Parameter  [Unit]
014 1 @2 3 o
[deg] [deg] [deg]  [deg] [deg]
Tube 1 90 0 90 140 140
Tube 2 90 180 90 40 40

main structure. Thus, the main structure transforms from the
straight to the deployed form (Fig. 2(d)). The actuation wire
is managed inside the actuation and lock mechanism which
is described in detail in the following section (Fig. 2(e)).
Although the CSS is capable of maintaining a large internal
space, surrounding tissue could still squeeze in from the
open faces. Therefore, another loop of 0.09 mm nitinol wire
(Flexmet, Belgium) is embedded to intersect the side faces
of the CSS and block tissues. The proximal and bottom faces
of the CSS are left open to access an endoscope and perform
surgery. Depending on the surgical requirements, the tissue
block wire’s spacing can be adjusted or the wire can be
completely removed if necessary. The tissue block wire also
needs to be tensioned for holding tissues pressing in. This is
done by terminating the tissue block wire at the actuation rod
and pulling it together with the actuation wire.

As the size of the colon varies depending on the locations
and individuals, the size of the CSS needs to be selected
carefully before each use. The diameter of the adult’s colon
ranges from 30 to 90 mm [19], [20]. While the cecum has
the largest diameter of 90 mm and the anal canal has the
smallest diameter of 30 mm, the rest of the colon (ascending,
transverse, and descending colon) are usually less than 60 mm
and the sigmoid colon is slightly smaller in diameter. Besides,
to determine the proper CSS’s dimension, we need to take
into account the size of the robotic arms to perform surgi-
cal tasks. In this work, we refer to the flexible endoscopic
robot developed in Nanyang Technological University [21].
The articulated arms are 24 mm long and the robot requires
about 40 mm of space or depth when tightening a knot after
suturing. The values of 6; and ¢; for the CSS we manufactured
for the experiments are summarized in Table. 1. We prepared
three different structure sizes and /; and the lengths of the side
and distal tubes are shown in Table. 2 (both Tube 1 and 2 have
the same /;.). The lengths of links 2 and 3 are determined such
that the proximal face of the deployed structure is slightly
larger than the size of the colon to push the inner wall outward
and anchor the CSS. Also, the length of link 5 is made short
to have small distal face to help prevent catching tissue and
getting stuck during the deployment process.

The volume of the deployed CSS can be estimated from
the lengths of the linkages. We assume all the joints reach
their maximum limits as indicated in Table. 2 and the link-
ages 2 and 5 are perpendicular to the bottom face. The
cross-section of the deployed CSS is a rectangular shape
from the proximal to the distal face. Then, the volume (V) is
represented by integrating the cross-sectional area along the
direction of x indicated in Fig. 3:

L
V= / Ly (x)Ly(x)dx 1
0
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TABLE 2. Linkage dimensions and suitable colon sizes for three different size CSS.

l 2 I3
[mm]

[mm]

ls ls
[mm]

Colon
D [mm)]

lg
[mm)]

Small 7
Medium 7
Large 7

30
35
40

Bottom face
L VE

Deployed CSS

20,

Side face

FIGURE 3. Dimensions of the deployed CSS. The main structure (PET
tubes and side and distal frame tubes) is indicated in the blue line and
the nitinol wire (tissue block wire) is indicated in the green line.
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and the result of the integration yields

L
V= 8(41213 + 2bls + I3lg + 2sly) ()

B. ACTUATION AND LOCK MECHANISM

To transform the structure from the straight to the fully
deployed form, the actuation and tissue block wires will need
to be pulled for about 130 - 150 mm depending on the size of
the CSS. If the wires are pulled linearly, the CSS will become
too long considering a mechanism to hold the pulled wire.
To keep the CSS’s length as short as possible, a threaded
rod is employed and the wires are wound around the threads.
Also, after the structure is fully deployed, the threaded rod is
locked to avoid unwinding and releasing the tension in the
wires. Hence, we developed the actuation and lock mech-
anism shown in Fig. 4(a). It consists of three components;
the actuation base, actuation rod, and lock cap. The actuation
base is attached to the main structure by adhesive. The actu-
ation base has a threaded hole in the middle for the actuation
rod to fit. The wire guide grooves next to the lock cap guide
ridges are to guide the wires from the main structure to the
actuation rod. The actuation rod has an M3 size threaded
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rod on one end and a lock key right next to it. The wires
are terminated at the lock key such that the wires are wound
around the threaded rod as it is unscrewed (Fig. 4 (b)). To fully
deploy, the actuation rod needs to be rotated roughly 14 -
16 revolutions. After the actuation rod is rotated, it needs to
be fixed to avoid the wires from unwinding. The lock cap
consists of a guide slot, stop slot, delivery tube lock, and key
slots. As the cap slides in along the lock cap guide ridges of
the actuation base, the lock key on the actuation rod fits into
one of the key slots and is thus prevented from rotating.

All the manipulations of the CSS are provided distally by
the actuation rod and delivery tube (Fig. 4 (¢)). The actuation
rod has an L-hook at the tip which is fitted to the L-hook hole
on the actuation rod. Thus, the distal rotation of the actuation
rod is transmitted to the actuation rod for deployment. The tip
of the delivery tube has an L shape socket and it is fitted to
the delivery tube lock. This mechanism makes the delivery
tube easily and securely attachable/detachable to the CSS.
By connecting the delivery tube and the CSS, the CSS’s
position and orientation can be adjusted from the distal end
of the delivery tube. Therefore, the CSS can be delivered
or retracted simply by pushing or pulling the delivery tube
through an endoscopic channel.

The actuation base and the lock cap are 3d printed with
LL316 stainless steel (Protolabs, USA). The entire actuation
rod and the cap guide slot are made out of a stainless steel
tube (MicroGroup, USA) and a threaded rod (Misumi, Japan).
With the actuation and lock mechanism, the total straight
length of the CSS becomes about 150 mm (125 mm main
structure and 25 mm actuation and lock mechanism). The
largest part of the CSS has a diameter of 4.5 mm.

C. FLOW OF USAGE

1) Delivery: The actuation rod and delivery tube are first
connected to the CSS. Then, the CSS is inserted into an
endoscopic channel until the structure reaches the distal
end of the endoscope (Fig. 5(a)). Insufflation is turned
on to expand the colon and the endoscope is placed at
a position deeper than the surgical site. While holding
the L-hook rod and delivery tube, the endoscope is
retracted until the entire CSS is exposed.
Deployment: The actuation rod is rotated to unscrew
the actuation rod and wind the actuation wire while
holding the delivery tube to avoid the CSS from rotat-
ing together. In this process, there must be sufficient
insufflation to prevent surrounding tissue from apply-
ing external loads onto the CSS so as to not hinder
the deployment of the CSS. After the CSS reaches its
deployed form, the lock is activated by pushing the

2)
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FIGURE 4. (a) Details of the actuation and lock mechanism. (b) Winding the actuation wire and tissue block wire. (c) CSS is connected to the actuation rod
and delivery tube for distal manipulation.
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FIGURE 5. Usage flow the CSS. The processes of (a) delivery, (b) deployment, (c) breaking actuation wire, and (d) retraction are shown.

delivery tube and sliding the lock cap. This prevents be retracted through an endoscopic channel by simply
the screw from rotating and the actuation wire from pulling the delivery tube (Fig. 5(d) and Fig. 6(b)).
unwinding. Then, the delivery tube and actuation rod

are detached from the CSS (Fig. 5(b)). The insufflation IIl. RESULTS

can now be stopped and surgery can be performed A. EX-VIVO EXPERIMENTS

inside the CSS. All the experiments performed in this section investigates the
3) Breaking actuation wire: To prepare for CSS retraction, general use of the CSS and not replicating any particular
it first needs to be collapsed, by releasing the tension surgical procedure. Although the size of the CSS used in
in the main actuation wire. To do that, the retraction the experiments is determined based on the surgical robot

rod with U-hook at the tip is introduced to hook one of developed in Nanyang Technological University, any surgical
the exposed actuation wires in the proximal face of the procedure can be performed under the CSS as long as the size
CSS (between link 2 and 3). Then, the wire tension is of the CSS is adequate for the specific procedure.
increased by rotating the hook and twisting the actua-
tion wire until it is broken (Fig. 5(c) and Fig. 6(a)). 1) STRUCTURAL STRENGTH

4) Retraction: After the wire tension is released, The structural strength of the CSS is experimentally inves-
the retraction loop is hooked onto the retraction rod tigated. The CSS was placed inside a double-layered plastic
and the delivery tube is re-joined. Then, the CSS can bag and the air is supplied in between the inner and outer bags
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FIGURE 6. (a)Breaking the actuation wire with the retraction rod.
(b)Catching the retraction loop with the retraction rod to re-joining the
CSS.

(Fig. 7). An inner tube was placed inside the CSS such that
excess air can escape and the inner bag can directly compress
the CSS. Firstly, a medical insufflation unit (UHI-4, Olym-
pus, Japan) was used to apply an external pressure of 3.33 kPa
(25 mmHg) which is the highest pressure the insufflator can
provide. Next, to apply even higher pressures, a manual pump
was used. We applied two and three times higher pressures of
the insufflator’s limit (6 and 10 kPa respectively). For all the
external pressures we applied, no noticeable deformation of
the CSS was observed.

2) VALIDATION OF INTERNAL SPACE

The colon tissue is viscoelastic and tends to deform and fill
in an open space. Therefore, we need to investigate whether
the CSS can maintain sufficient internal space. The CSS was
deployed inside the porcine colon with roughly 60 mm diam-
eter. With no insufflation, the colon tissue covered over the
CSS due to gravity. Since almost no tissue entered the space,
a large surgical space was maintained (Fig. 8(a)). To simulate
a realistic live colon environment, the colon was enclosed
by a plastic bag and external pressure was applied using the
UHI-4 Olympus insufflator with the highest appliable pres-
sure of 3.33 kPa. We applied two different external pressures
of 1.67 and 3.33 kPa. Since the insufflator’s highest pressure
is 3.33 kPa, it should be a large enough pressure to simulate
the worst squeezing effect of the colon. For 1.67 kPa, a small
amount of tissue squeezed in but a decent space for surgery
remained (Fig. 8(b)). When 3.33 kPa was applied, although
the internal space was invaded by the tissue more signifi-
cantly, sufficient visualization of the bottom surface where
surgery will take place is maintained. (Fig. 8(c)). For all cases,
no deformation of the structure was observed and therefore
the structural rigidity was confirmed to be sufficient.
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(a)

Outer bag

Insufflator/pump
tube

Rubber band

FIGURE 7. (a) Experimental setup to test the structural strength of the
CSS. External pressure was applied using (b) Olympus UHI-4 insufflator
and (c) manual pump. (d)3.33 kPa (25 mmHg), (e)6 kPa, and (f)10 kPa of
external pressures were applied.

3) DEPLOYABILITY TEST

The live human colon has folds and bends and they could
be obstacles when deploying the CSS. To investigate the
deployability over the folds, rubber bands were placed over
the porcine colon and the folds were artificially created as
the folds do not appear in the dead colon. Because the rubber
bands are stiffer and not as visco-elastic as the real folds,
deployment over the artificial folds is more challenging.
It is very difficult to find a material that is similar to the
human colon folds. Even the off-the-shelf colonic models
are stiffer than the actual folds [22]. Therefore, the objec-
tive of this experiment is to demonstrate the CSS can be
deployed even under extremely challenging situations. In the
first trial, the CSS was placed over the three folds. As the
actuation wire was wound, the distal tube caught the fold and
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FIGURE 8. Ex-vivo study with the porcine colon. External and internal
views of the CSS under (a) no external pressure, (b) 1.67 kPa, and
(c) 3.33 kPa (the highest appliable pressure of the insufflator).

the deployment was interrupted. When higher tension was
applied, the actuation wire broke before the CSS was fully
deployed (Fig. 9(a-c)). In the second trial, the CSS was placed
so that the tip was away from a fold. This time, the CSS was
deployed successfully without being stuck or catching on to
tissue (Fig. 9(d-f)).

Next, the CSS was delivered inside a curved colon with a
bend radius of roughly 10 cm and 25 cm (Fig. 9(g,j)). Those
numbers were selected by assuming the typical anatomy of
the rectum and the sigmoid colon which are about 15 cm
and 45 cm long respectively with roughly 90° bend [23],
[24]. Although the CSS was bent before deployment, there
was no issue with the deployment process for both bend radii
(Fig. 9(h,i,k,1)).

B. IN-VIVO EXPERIMENTS

The CSS was tested inside the live swine (about 60 kg)
under general anesthesia (Fig. 11(a,b)) with the approval
from the Institutional Animal Care and Use Committee
(INH2018/017), Singapore. The CSS used for the in-vivo
experiment is shown in Fig. 10. We firstly introduced a CSS
without the lock mechanism to check the inner diameter
of the targeted location of the colon. After confirming the
colon size, a proper size CSS was selected and introduced
from an endoscopic channel under insufflation. The CSS was
deployed smoothly and detached successfully (Fig. 11(c)).
The delivery tube and actuation rod were then removed
(Fig. 11(d)). An injector was introduced to dye and lift the
targeted tissue and a submucosal dissection was created with
an electrical cautery knife (Fig. 11(e,f)). After stopping the
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FIGURE 9. Ex-vivo deployment test inside the porcine colon. (a-c) The
deployment fails when the distal frame tube is right behind the fold.

(d-f) Successfully deployed when the distal frame tube is placed in front
of the fold. (g,j) The CSS is deployed inside the colon with 10 cm and

25 cm bend radii. (h,i) Endoscopic view before and after deployment for
10 cm bend radius. (k,I) Endoscopic view before and after deployment for
25 cm bend radius.

insufflation, we observed about half of the CSS’s inner space
was occupied by the tissue rising from the bottom face. The
robotic arms were inserted to suture the incision (Fig. 11(g)).
Although there was a space left inside the CSS, insuffla-
tion was applied occasionally to facilitate the suturing task.
After the suturing task was completed, the robotic arms were
retracted and the U hook was inserted to catch and break the
exposed actuation wire (Fig. 11(h)). The retraction loop was
caught with the U-hook and the CSS was re-joined with the
delivery tube (Fig. 11(i,j)). Then, the CSS was retracted from
the endoscopic channel without any issues (Fig. 11(k)). Next,
the CSS was tested under a full-thickness incision (Fig. 11(1)).
We again observed the tissue squeezed into the inner space
of the CSS and the external organ was observed through
the incision (Fig. 11(m)). Therefore, insufflation was applied
occasionally to keep the optimal visibility and task space
(Fig. 11(n)). After the closure of the incision with the robotic
arms, the CSS was retracted successfully.

IV. DISCUSSION

Although the deployability of the CSS was verified both
ex-vivo and in-vivo setups, different combinations of colon
diameter and CSS size would cause the failure of deployment
(i.e. deploying large CSS inside a small colon). In the in-vivo
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FIGURE 10. The CSS used for the in-vivo porcine study. The red circles
indicate the sharp edges that caused the tissue damage observed
in Fig. 11 (d).

experiment, we used a CSS without the lock mechanism but it
would be ideal if the colon size is measured more accurately
and easily to select a proper-sized CSS prior to delivery. The
worst-case scenario for deployment would be the combina-
tion of the folds and sharp bends that could happen in the live
colon. In this case, the tip of the CSS needs to be positioned
away from those folds and bends and the CSS needs to be
re-position after deployment.

Because not all the endoluminal robots have a large enough
channel to deliver the CSS, it would be more convenient if
the CSS is deliverable through a channel of a commonly
used endoscope. Usually, a colonoscope for diagnosis has a
3.2 mm channel with a 45° bend near the entrance. Therefore,
the application can be expanded by modifying the CSS to pass
through such a channel. In this work, we only have shown the
usability of the CSS for the colon. However, it can be applied
to the other body lumens by changing the design parameters.

For the ex-vivo experiment, no insufflation was required
to maintain the inner space of the CSS even under the high-
est external pressure from the insufflator. However, for the
in-vivo experiment, the colon wall entered from the bottom
face (the face to perform surgery) of the CSS and blocked
about half of the inner space. This happened because the
dead colon tissue was less visco-elastic compared to the
live colon tissue. The insufflation needs to be applied con-
tinuously without the CSS but with the CSS, we roughly
applied 5 seconds of insufflation every 25 seconds. Therefore,
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FIGURE 11. In-vivo porcine study. (a) Swine under general anesthesia.
(b) The CSS is manipulated outside of the porcine colon. (c) The CSS is
being deployed inside the porcine colon. (d) Deployed and detached CSS.
The arrow indicates the tissue damage caused by the sharp edge of the
CSS. (e) Blue dye is injected to lift the submucosa. (f) A submucosal
incision is created. (g) Suturing is performed with robotic arms under the
CSS. (h) Breaking the actuation wire. (i) Catching the CSS with U-hook.

(§) CSS is re-joined with the delivery tube. (k) Retracted CSS.

(I) Full-thickness incision is created. (m) Colon tissue squeezes in without
insufflation. (n) Full-thickness suturing is performed with robotic arms.

the amount of gas utilised was reduced to 1/6. In order to
avoid the tissue from entering the CSS’s inner space without
insufflation, the tissue block wire should be added and the
open space of the bottom face needs to be controlled properly.

In the in-vivo trial, the sharp edge of the front face of
the CSS (as shown in Fig. 10) created shallow scratches and
caused minor bleeding on the colon wall (Fig. 11(d)). In the
future, we will modify the joint design and blunt the sharp
edge for safety. It can be done by increasing the number of
notches for each joint. Currently, each joint has one 90 degree
notch. It can be divided into 6 15-degree notches for instance,
to have less sharp edges with more contact area. This will
only affect the shape of the proximal face will not change the
deployability of the CSS.

Although it was possible, in the retraction process, catching
the exposed actuation wire to break and hooking the retraction
loop was time-consuming. By exposing a longer portion of
the actuation wire, the time to catch it with a hook can be
reduced. Besides, attaching a magnet at the proximal end
of the CSS and using magnetic attraction could simplify the
re-joining and retraction process.
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V. CONCLUSION

We have developed a colon support structure (CSS) to over-
come a crucial problem of endoluminal surgery which is the
occlusion of the vision and task space by the surrounding
wall. The CSS was designed to be small and flexible to
be delivered through an endoscopic channel, easily deploy
and yet collapsible on demand, and capable of supporting
the collapsing colon wall even with a full-thickness incision.
Although slight modifications will be required for the optimal
outcome, through the ex-vivo and in-vivo porcine studies,
we have shown the feasibility of ensuring the vision and task
space for endoluminal interventions of the colon using the
CSS. The next milestone will be to validate the CSS with
human in-vivo trials.
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