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Abstract—Soft-tethered colonoscopes were proposed
for safe and effective colon navigation, yet the deploy-
ment of front-wheel actuated colonoscopes is hindered by
contact interactions with the lumen along the entire soft
tether. To mitigate this problem, this study introduces an
over-the-tube flexible device aimed to assist colonoscope
deployment. The device is composed of three pneumati-
cally driven actuators devised to repeatedly perform a two-
phase operation: (phase I) to advance along the tether up
to a working position relatively close to the colonoscope’s
tip; (phase Il) to clamp and drag the tether forward, upon
anchoring to the colonic wall. This way, a distal tether por-
tion is freed, thus reducing the aforementioned limitations
and fostering effective front-wheel navigation. Considering
anatomical/clinical constraints and a 2N resistive force, we
designed and prototyped a system with an inner and outer
diameter of 12 and 26 mm, respectively, a length of 91 mm,
and operating pressures equal to 150, 50, and 15 kPa for
clamping the tether, elongating the device and safely an-
choring to the colonic wall, respectively. The device was
successfully tested, achieving locomotion speeds up to
4.9 and 2.2 mm/s, and tether-freeing rates up to 2.9 and
1.8 mm/s, in tabletop conditions and in a colon phantom,
respectively.
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[. INTRODUCTION

ONVENTIONAL colonoscopy is the golden standard

for diagnosis and treatment of colorectal cancer (CRC),
namely the development of cancer from colon or rectum, which
is the third most diagnosed and second death cause of all types of
cancer worldwide. Based on the 2020 statistics reported by the
International Agency for Research on Cancer, CRC represents
10% of the 19 million new cancer cases and 9.4% of the 10
million cancer deaths worldwide [1]. Moreover, CRC incidence
has been steadily rising, at a global level, over the past years, also
because citizens from developing countries nowadays started
to adopt a westernized diet and lifestyle [2]. The potential
risk factors for CRC growth include obesity, a diet with low
intake of fruits and vegetables, less physical exercises, alcohol
drinking, and smoking [3]. In order to prevent and reduce the
incidence of CRC, besides adopting a healthy lifestyle, regular
colonoscopy screening plays a key role in early-stage tumour
detection [4]. As a matter of fact, colonoscopy screening and
polypectomy reduce the incidence of CRC and mortality [5],
and colonoscopy is popularized across the world as one of the
most commonly performed and valuable procedures in clinical
interventions [6]. However, during conventional colonoscopy,
the clinicians introduce the scope through the anus, and ex-
cessive pushing/stretching against the colonic wall often causes
pain and discomfort [7], which is exacerbated by the well-known
looping phenomenon [8].

In order to mitigate the aforementioned issues, researchers are
pursuing painless approaches, including robotic colonoscopy
systems with multiple functionalities and actuation principles
[9], [10], [11]. Amongst them, soft tethers combined with front-
wheel navigation, namely tether pulling from tip (i.e., its distal
end), represent a promising approach, as demonstrated, e.g.,
by magnetically driven soft-tethered colonoscopes [12], [13],
[14], [15]. Indeed, front-wheel actuation significantly reduces
colon stretching and looping, thus fostering high-quality, safe,
and painless diagnosis, as well as effective complementary
intervention. Yet front-wheel actuation incrementally becomes
more challenging as the colonoscope advances, because of the
correspondingly increasing contact interactions between tether
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Fig. 1. (a) FOD schematic illustrating its three main functional com-
ponents: FA (red), CA (blue), and RA (RA-IM yellow, RA-EM green).
(b) Operational steps for phase | (locomotion): steps I.s1-1.s6 are cycled
in order to make FOD advance along the soft tether (up to a desired
working position, in view of the next phase). (c) Operational steps for
phase Il (tether freeing): after Il.s1 and Il.s2, steps 11.s3—ll.s6 are cycled
in order to free a sought tether portion.

and the colonic wall, in particular after passing the colonic
(splenic and hepatic) flexures. It is worth remarking that such a
difficulty hampers front-wheel colonoscopes at large, regardless
of the tip-pulling strategy they specifically adopt [16], [17], [18],
[19], [20], [21]. Hence, there is a growing quest for strategies
and devices aimed at supporting the effective deployment of
front-wheel actuated, soft-tethered colonoscopies.

This study tackles the aforementioned challenge by presenting
a flexible over-the-tube device (FOD) for tethered colonoscopy.
When the pulling force at the endoscope’s tip becomes insuf-
ficient to overcome the resistance opposing navigation, FOD
could be introduced through the anus in order to repeatedly
execute a two-phase operation. Specifically, thanks to the se-
lective actuation of four soft pneumatic parts, FOD could first
advance along the tether up to a desired working position (phase
I: locomotion). Then, upon anchoring to the colonic wall, it
could clamp and drag the tether forward (phase II: tether free-
ing), so as to make available a tether portion ideally subjected
to negligible resistive actions, thus restoring the possibility to
retake colonoscopy by front-wheel navigation. Focusing on the
aforementioned two-phase operation principle, we designed and
implemented FOD based on three pneumatic actuators, hereafter
labeled as front actuator (FA), central actuator (CA), and rear
actuator (RA). Each of them was prototyped and characterized
and, upon integration, FOD was successfully validated in table-
top conditions and using an in-vitro colon phantom. Clinical
criteria were considered throughout conceptual, design, and
testing stages, thanks to close collaboration with experienced
clinical specialists also authoring the present study. A related
preliminary concept was introduced in the conference article
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[22], which, however, substantially differs from the present
work. Specifically, CA was redesigned by introducing multiple
peripheral chambers that do not suffer from inflation instabilities
and prevent detrimental contacts between CA and tether/colon.
Moreover, in order to reduce the number of engagements with the
colonic wall (whence invasiveness) during device locomotion,
RA was redesigned by introducing two individually inflatable
chambers (with the inner one devised to internally anchor to
the tether), thus also preventing hampering effects due to poten-
tial backward RA displacements relative to the tether. Further-
more, while the previous conference paper mainly introduced
the two-phase working principle, FOD was designed based on
specifications that led to a smaller device [in terms of both
length and inner/outer diameter (ID/OD)] and tailored operation
pressures for FA, CA, and RA (also considering safety limits
for interaction with the colonic wall). Finally, for FOD, FA, CA,
and RA were quantitatively characterized, and FOD locomotion
and tether-freeing performance were quantitatively assessed
(also using an advanced colon phantom, whereas a rigid Plexi-
glas tube was used in the previous article). The present study
thus introduces clear conceptual and technical developments
compared to [22].

The rest of the article is structured as follows. Section II
provides an overview of FOD (including working principle,
specifications, and design), while Section III presents system
integration. Section IV then reports experimental characteriza-
tion, whereas Section V presents system validation (for both
tabletop and in-vitro tests), prior to discussion, and Section VI
provides concluding remarks.

[I. SYSTEM OVERVIEW
A. Working Principle: Locomotion and Tether Freeing

From a functional viewpoint, FOD is composed of three
pneumatic actuation units, namely FA, CA, and RA. As sketched
in Fig. 1(a), when FA is activated, a soft inner membrane is
inflated so as to clutch the tether (thus resulting in FA switching
from free sliding along the tether to locking on it). When CA
is activated, a soft linear actuator is inflated and extended (thus
resulting in CA switching from its starting, relatively short length
to an extended length). RA features two individually actuated
modules: an internal module (RA-IM) and the external module
(RA-EM). RA-IM works as FA: upon activation, RA switches
from free sliding along the tether to locking on it. Differently,
when RA-EM is activated, a soft outer membrane is inflated so
as to get in contact with the colonic wall of the local haustra
(thus resulting in RA switching from free sliding to anchoring
with respect to the colonic wall).

From an operational viewpoint, FOD implements a two-phase
procedure. During phase I (locomotion), FOD advances along
the tether by a six-step cycle, sketched as I.s1-1.s6 in Fig. 1(b).
Specifically, the cycle starts at I.s1, with all three actuators
deactivated (and FOD at its initial position along the tether). At
I.s2, RA-IM is activated, thus locking on the tether. At I.s3, CA
is activated and elongated, thus bringing FA forward along the
tether. At I.s4, FA is activated, thus locking on the tether. At I.s5,
RA-IM is deactivated, thus unlocking from the tether (whereas
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FA still clutches it). At 1.s6, CA is deactivated and restores its
initial length, thus making FOD advance along the tether. By
repeating this six-step cycle, FOD advances up to a desired work-
ing position (relatively close to the colonoscope’s tip) in view of
the next phase. During phase II (tether freeing), FOD takes the
six steps sketched as II.s1-II.s6 in Fig. 1(c). Specifically, IL.s1
represents the initial status, with all the actuators deactivated. At
II.s2, RA-EM is activated, thus anchoring to the colon. At I1.s3,
FA is activated and locks on the tether. At II.s4, CA is activated
and elongates, thus freeing a portion of tether in front of FA. At
IL.s5, FA is deactivated, thus returning to the condition where it
can freely slide along the tether. At I1.s6, CA is deactivated, thus
returning to its original length. In order to free a sought tether
length, steps I1.s3-11.s6 are cycled. Finally, after completing the
endoscopic procedure, FOD can be either pull out together with
the colonoscope or commanded to move back (by reversing its
locomotion steps) and exit before pulling out the tether, based
on further procedural constraints (including safety and timing).

B. Specifications and Design

Consistent with the current early developmental stage, we
addressed a flexible demonstrator with an OD of around 26 mm
(representing an average lower anatomical limit [23]) and a
length not exceeding 100 mm [24], capable of operating with
a soft tether having a diameter up to approximately 10 mm
[12]. The targeted size is similar to that of current conventional
anoscopes (featuring diameter and length in the range of 15-30
and 65-90 mm, respectively [25], [26], [27]. Moreover, based on
previous investigations by the research group [28], we assumed
that FOD had to overcome a resistive force F,. = 2N. Such a
working assumption had to be matched based on the frictional
interaction between tether and the colon phantom material con-
sidered in the present study. Finally, in view of safety concerns,
we assumed the working pressure not to exceed 200 kPa [29],
and an upper limit of around 18.5 kPa for the contact pressure
with the colonic wall [30], [31], [32].

With reference to the illustration in Fig. 2(a), in order to
achieve front-wheel actuation, the pulling force at the colono-
scope’s tip (IFy;p) must be able to overcome resistive frictional
effects that also increase upon passing the colonic flexures, as
described by the following capstan-like model [28]:

Fip > ((AFSIGH‘% + AFsg)euez + AFS3)6“93 + AFgss (1)

where AFg;—AFg, denote the resistive contributions of seg-
ments sS4, respectively, 8;—0; represent the angular span of
flexures c;—c3, respectively, and p denotes the friction coeffi-
cient. Despite the simplifications associated with the underlying
model, the expression in (1) highlights how tether deployment is
significantly hampered upon incrementally passing the flexures.
By assuming quasi-static equilibrium conditions and with ref-
erence to the (phase II) free-body diagrams shown in Fig. 2(b),
the soft tether is dragged by FA with a force fga that opposes
the resistance F,: fga = F, . Moreover, FA is subjected to the
reaction force RF'r applied by the tether and to the pushing
force Fcay exerted by CA: Fcap = RF7 (= fga ). Furthermore,
CA is subjected to the reaction force RFps applied by FA

pulling force
(front-wheel actuation)

colon

soft
tether

Fea ‘FC
RF7 RFFAH RFyz, -
(FA) (CA) Jra (rA)
(b)
Fig. 2. (a) Schematic of a front-wheel actuated soft-tether colono-

scope navigating the colon, with labeling of straight segments s; and
curved segments c; (flexures). (b) lllustrative phase Il free-body dia-
grams for tether, FA, CA, and RA.

and to the supporting force RFra exerted by RA: RFgrs =
RFga (= Fca1 ). Finally, RA is subjected to the pushing force
Fcaz applied by CA and to the supporting force fga exerted by
the colon: fra = Fcan ( = RFRra )

The conceptual design of the three actuation units FA, CA,
and RA (each to be fed by pneumatic lines) is shown in Fig. 3.
Specifically, the FA is shown in Fig. 3(a). The exploded view
details its components, namely: a sliding ring including three
ball bearings and a support frame; a rigid cage; a soft membrane;
a rigid cap featuring a passage for the pneumatic feeding line.
Moreover, the bottom part of Fig. 3(a) illustrates the related
working principle (by means of a cut section): upon pressur-
ization (pressure p in the figure), the soft membrane clutches
the tether (through a frictional contact). Finally, in view of the
aforementioned dimensional targets, we considered an OD of
26 mm and an ID of 12 mm for FA.

The CA is then shown in Fig. 3(b). The exploded view details
its components, namely: a top interface (toward FA); a main body
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Fig. 3. (a) Design schematic for the FA. Key components are shown through the exploded view; activation by pressurization is sketched through

the bottom cut-sectional views. (b) Design schematic for the CA, with a detailed view of the EMC. (c) Design schematic for the RA. Key components
are shown through the exploded view; activation by pressurization is sketched, for the external module RA-EM, through the bottom renderings.

composed of a number (n.) of extensible modular chambers
(EMCs); a base hub. As further detailed in the bottom part
of Fig. 3(b), each EMC features an inner pneumatic chamber
made of soft silicone rubber; encircling O-rings; plastic disk
spacers; and a pneumatic fitting functional for assembling. More
in detail, the O-rings serve to counteract ballooning potentially
occurring due to pressurization, whereas the spacers aim to
keep the relative position amongst ECMs and increase structural
stability (by increasing the corresponding critical axial load
associated with Eulerian instability). Clearly, when the EMCs
are pressurized, CA elongates up to a certain extension that
depends on the resistive load contextually encountered by FOD.

Considering dimensional constraints in the radial direction
and the need to also house O-rings, we considered tentative
ID and OD equal to 2 and 4 mm, respectively, for the EMCs.
Moreover, by assuming a working pressure in the order of 50 kPa
(suitably distant from the aforementioned safety threshold) to
act on a disk having a diameter of 3 mm, a pressurization force
on the order of 0.35 N is obtained, thus leading to choose n.
= 6 EMC:s to overcome the target resistive force F.. Moreover,
considering a tentative EMC initial length of around 40 mm, and
by assuming a load-free elongation on the order of 10 mm (i.e.,
order of 10% of the body length) upon 50 kPa pressurization,
a Young modulus around 1.8 x 10° Pa is needed for the soft
pneumatic chamber inside the EMC. Therefore, we consistently
choose to fabricate the EMC chamber with a Dragon Skin 10
NV (Smooth-On, Inc., U.S.A.) silicone [33], [34].

The RA is finally shown in Fig. 3(c). The exploded view
details its components, namely: a sliding ring including three ball
bearings and a support frame; a rigid cap at the distal end (capl);
an inner soft membrane; a rigid cage; an outer soft membrane;
arigid cap at the proximal end (cap2). Pneumatic lines are also
hinted (four input lines at the proximal section; two output lines
at the distal section, for transmission to CA and FA). Moreover,
the bottom part of Fig. 3(c) illustrates the working principle for

module RA-EM (RA-IM being identical to FA, as anticipated):
upon pressurization, the outer soft membrane engages with the
local colonic haustra. Specifically, in order not to exceed the
aforementioned safety threshold (of around 18.5 kPa for contact
with the colonic wall), we devised to operate RA-EM with 15 kPa
pressure.

[ll. SYSTEM INTEGRATION
A. System Prototyping

The assembled FOD system is shown in Fig. 4(a). Let us
preliminarily observe that, for ease of prototyping, the pneu-
matic lines were implemented through polyvinyl chloride (PVC)
tubes (ID: 1.6 mm, OD: 2 mm) with the only exception of that
one for FA, which was implemented by wrapping a silicone
tube extension around CA (considering extra length to allow for
elongation).

The FA and RA soft membranes, as well as the inner chambers
of the EMCs in CA, were molded with silicone rubber materials:
Dragon Skin 20 for FA and RA-IM, Ecoflex 00-30 for RA-EM,
and Dragon Skin 10 NV for the EMCs. In particular, for RA-EM
we chose a relatively more compliant material such as Ecoflex
00-30 in order to enhance extended deformation, as required to
conform to the haustra geometry. Moreover, for the membranes
devised to clamp the tether we chose Dragon Skin 20, rather than
Dragon Skin 10 NV, because of its higher frictional coefficient
(as resulting from characterization tests similar to those per-
formed for the FA clamping force, see Section IV). Degassing
of the silicone was performed by using a VTR5022 vacuum
machine (Heraeus, Germany), after that curing was performed at
room temperature. Furthermore, all the involved molds (for FA,
CA, and RA) were 3D printed with VisiJet M3 Crystal (ProJet
MJP 3600, 3D systems, Inc., USA).

As concerns FA, the sliding ring frame, the cage, and the cap
were 3D-printed. Three ball bearings (ID: 1 mm, OD: 3 mm;
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Fig. 4. (a) Integrated FOD system, including the electro-pneumatic
control unit. Top: physical implementation; bottom: corresponding elec-
trical scheme. (b) Time-activation sequence for FA, CA, RA-IM, and
RA-EM (colored/empty cells stand for activated/idle states), for both
phase | and phase Il (steps labeled as in Fig. 1).

MISUMI, Inc., Japan) were fixed on the frame by means of I mm
diameter metal pins. The 1 mm-thick soft membrane was sealed
to cage and cap via Loctite 4011 glue (Henkel Corp., USA); the
pressure line was similarly sealed to the cap. Upon assembly,
FA resulted in a diameter of 20 mm and a length of 15 mm.

Furthermore, as regards CA, top interface and base hub were
3D-printed, and each EMC was molded (ID: 2 mm, OD: 4 mm,
length: 40 mm) and encircled with O-rings (ID: 4 mm, OD: 5
mm). Moreover, five PVC disks were evenly interleaved with O-
rings in order to increase structure stability, as discussed above.
The disks were obtained from a 1 mm thick plate by means of a
VLS3.50 laser cutter (Universal Laser Systems, Inc., USA). Fur-
thermore, each EMC was glued to the FA, whereas a pneumatic
fitting (diameter: 5 mm, length: 10 mm; MISUMI, Inc., Japan)
was introduced to connect the EMC to the CA. More in detail,
an auxiliary PTFE tube chunk (ID: 0.8 mm, OD: 1.2 mm) was
glued to the EMC and inserted into the fitting. Upon assembly,
CA resulted in a diameter of 23 mm and a length of 56 mm.

Finally, as concerns RA, the sliding ring frame, the cage, and
the caps were 3D-printed, and three ball bearings were fixed
on the sliding ring frame as for FA. Moreover, the inner and
outer soft membranes were glued and sealed to cage and caps. In
addition, four PTFE tube chunks were inserted and glued in cap2
(upon which the input pressure lines were press-fit), and two
chunks were inserted and glued into capl (devised to transmit
pressure to the CA base hub and the silicone tube extension
reaching FA). Upon assembly, RA resulted in a diameter of
26 mm and a length of 20 mm.

After all three actuators had been properly assembled, air
tightness was checked in order to proceed with subsequent
characterization.

B. Electro-Pneumatic Control Unit

The electro-pneumatic control unit shown in Fig. 4(a) was
developed for operating FOD. Specifically, the considered unit
consists of a microcontroller (Arduino Mega 2560), an eight-
channel relay module, eight two-way (normally closed) solenoid
valves (N3-HIGHEND, Hangzhou, China) operated at 12 Vdc,
a mini air pump (KMDP-U3, KAIMENG, Shenzhen, China)
operated at 12 Vdc, besides pneumatic connectors and tubes.
Each of the four pneumatic actuators (namely FA, CA, RA-
IM, and RA-EM) was pneumatically connected to two solenoid
valves. For ease of development, open-loop pressure control was
implemented, based on valve activation timing. When 12 Vdc
is individually supplied, one solenoid valve drains air from the
mini pump and serves as air inlet, while the other valve serves as
air outlet. When the voltage is removed, both solenoid valves are
closed, and the corresponding chamber pressure is maintained.
Furthermore, a 0.6 s period and a 0.8 s period were coded for the
cyclic steps foreseen for phase I (locomotion) and phase II (tether
freeing), respectively, according to the time sequences sketched
in Fig. 4(b), where colored/empty cells denote activated/idle
states for each actuator.

[V. EXPERIMENTAL CHARACTERIZATION

Each actuator (namely FA, CA, and RA) was individually
characterized; hereafter, methods and results are jointly
reported, for ease of presentation. As regards RA, only the
RA-EM module was considered (being RA-IM identical to FA).

As regards FA, we characterized the tether clamping force by
using a commercial tensile tester Instron 5965 (Instron, USA).
We used a soft polyurethane tether (OD: 8 mm), filled with
five tubes (SMC Corporation, Japan) to mimic the geometry
and structural stiffness of a conventional colonoscope while
considering the basic functionalities (namely operative channel,
electrical wires, insufflation, irrigation, and flushing), as done in
[12]. As shown in Fig. 5(a), FA was initially caged and clamped
through the lower tester grip, while the upper grip, connected to
the tester moving stage and equipped with a load cell (Instron
4464, Norwood, USA), was used to clamp the free end of the
tether. FA was then pressurized at 50, 100, and 150 kPa, and for
each pressure value, the moving stage was raised for 10 mm at
0.5 mm/s. Each test was performed thrice. The obtained readout
force is shown in Fig. 5(b): the maximum tether-clutching forces
(namely those before slippage occurred) corresponding to the
aforementioned pressure values were 0.6, 1.9, and 3.7 N. In view
of the obtained results and considering the target resistive force
(F, = 2N), we selected a pressure value of 150 kPa to operate
FA (as well as RA-IM), thus also keeping a safety margin with
respect to 200 kPa potentially harmful for operation [21].

As for CA, we characterized both the pushing force and the
load-free elongation associated with pressurization. Specifically,
a horizonal load cell (HP 30, Yueqing Handpi Instruments Co.,
Ltd., Zhejiang, China) was used for measuring the pushing force,
once clamped the CA base through a fastening interface as in
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Fig. 5. Experimental characterization: setups and related results. (a) Test setup for the tether-clutching force exerted by FA (as well as RA-

IM). (b) Corresponding results for selected pressurization values. (c) Test setup for the pushing force exerted by CA. (d) Corresponding results.
(e) Test setup for the load-free CA elongation. (f) Corresponding results. (g) Test setup for the anchoring force exerted at 15 kPa inflation pressure
by RA-EM. (h) Corresponding results with and without colon lubrication. For all the experiments, error bars represent one standard deviation over

three replicates.

Fig 5(c), whereas an electromagnetic tracker (Northern Digital
Inc., Aurora, Canada) was used to record the tip elongation as
shown in Fig 5(e). The input pressure was varied from O to
70 kPa (to investigate an extended pressure range compared to
the working value assumed during the conceptual design phase)
with steps of 10 kPa, and each test was repeated thrice. The force
results, reported in Fig. 5(d), confirmed that a working pressure
of 50 kPa was sufficient to counteract the target resistive force
F,. Furthermore, as shown in Fig 5(f), the load-free elongation
at 50 kPa was nearly 6 mm, which is compatible with the
underlying design assumptions in view of actual material prop-
erties and nonideal operation conditions (for which, e.g., some
fraction of the pressurizing work is not perfectly transduced into
one-dimensional EMC extension).

Finally, as concerns RA, we assessed the anchoring perfor-
mance of RA-EM by using the aforementioned tester machine.
To this purpose, we also fabricated (by molding) a simulator of
a straight colon segment (length: 90 mm, diameter; 30/40 mm
with/without haustra) using Ecoflex 00-30 as in [35]. The
friction coefficient between polyurethane tether and Ecoflex
00-30, namely 0.126 4 0.016, was very close to that reported
in [28], thus corroborating the resistive force adopted to ice-
break design. More in detail, the RA was firmly connected
to the tester base through a rigid rod, as shown in Fig 5(g),
whereas the moving stage was connected to the colon simulator.
After pressurizing the involved soft membrane at 15 kPa, we

commanded the sensorized stage to raise for 35 mm at 0.5 mm/s.
To characterize the system closer to realistic working conditions,
we performed the experiments by also lubricating the colon with
Vaseline oil (Alvita, Italy), thus also considering less conserva-
tive working conditions. Each test was performed thrice. As
shown in Fig. 5(h), although lubrication introduced a dramatic
effect on the anchoring performance, RA managed to effectively
anchor to the colon, being able to sustain a traction force around
2.4 N, thus above the target resistive force F,.

V. SYSTEM VALIDATION

FOD was validated in terms of both locomotion and tether-
freeing capabilities; hereafter, methods and results are jointly
reported, for ease of presentation. More in detail, a preliminary
performance assessment was carried out considering simplified
tabletop conditions. Then, FOD operation was validated in an
in-vitro colon phantom, thus considering working conditions
closer to the perspective medical scenario. For all the carried-out
tests, and based on previous characterization, we operated FA
(as well as RA-IM), CA, and RA-EM at pressures equal to 150,
50, and 15 kPa, respectively. To this purpose, using a common
inlet pressure of 282 kPa, the valve activation times were set to
0.018, 0.059, and 0.140 s, for CA, FA (as well as RA-IM), and
RA-EM, respectively.
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Fig. 6.

Experimental validation in tabletop conditions. (a) Locomotion test along a straight tether section. (b) Locomotion test along a curved (90

deg turning) tether section. (c) Locomotion test along a curved (180 deg turning) tether section. (d) Tether freeing test. Image overlays are used
to show FOD initial, intermediate, and final poses in the locomotion tests, which were accomplished with average speeds of 4.9 (Section 1), 3.1
(Section 1), and 2.9 mm/s (Section lll). Tether freeing was accomplished at an average rate of 2.9 mm/s.

A. Validation in Tabletop Conditions

As regards locomotion, FOD was commanded to advance
along three tether sections representative of different colonic
tracts. In particular, we considered: a straight tether section
(Section I; length: 700 mm); a 90 deg turning section (Section II;
length: 400 mm, radius of curvature: 220 mm); a 180 deg turning
section (Section III; length: 500 mm, radius of curvature: 150
mm). For each test case, we measured the average locomotion
speed.

The initial and final FOD poses, together with an intermediate
one, are shown (also using overlays) in Fig. 6(a), (b), and (c)
for Sections I, II, and III, respectively. In Sections I, II, and
III, FOD advanced over the corresponding length in 143, 128,
and 172 s, respectively, thus resulting in corresponding average
locomotion speeds of 4.9, 3.1, and 2.9 mm/s. We observe that
some tether displacements were caused by FOD advancement
in Section III because of the relatively sharp turning over the
unconstrained tether; however, the relative speed with which
FOD advanced along the tether was substantially unaltered by
tether displacement, thus supporting the carried-out experimen-
tal measurements.

As regards tether freeing, FOD was placed inside a 180
mm-long straight colon simulator segment (similar to the one
introduced in Section IV), and RA-EM was activated so as to

anchor to the colonic wall. Once inserted the tether, FOD was
commanded to free a 200 mm-long tether portion, as identified
by a marker on the tether itself, and we finally measured the
average rate at which the tether was freed.

The initial and final tether positions are shown in Fig. 6(d),
where the marker is also visible. FOD completed the task in 68 s,
resulting in an average tether-freeing rate of 2.9 mm/s.

FOD performance in tabletop conditions is further illustrated
through Supplementary Video S1.

B. Validation in In-Vitro Colon Phantom

Both locomotion and tether-freeing FOD capabilities were
further assessed by means of a complete in-vitro colon phantom,
which was fabricated similarly to the colon segment introduced
in section IV. More in detail, in order to demonstrate FOD
capabilities in an integrated way, we considered the clinically
representative challenge of overcoming the splenic and the
hepatic flexures with a front-wheel actuated colonoscope.

Consistently, and with reference to Fig. 7(a), we, thus, first
considered a first scenario (scenario I) where the tip of a front-
wheel colonoscope is stuck in proximity of the splenic flexure
(as hinted through the dashed tip overlay in the figure). In such a
circumstance, FOD effectively advanced over the tether toward
the colonoscope’s tip, up to a working position closer to the tip
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Fig. 7.

Experimental validation in an in vitro colon simulator. Scenario | (colonoscope’s tip stuck close to the splenic flexure): (a) locomotion up

to a working position, from where (b) tether freeing is performed. Scenario Il (tip stuck close to the hepatic flexure): (c) locomotion up to a working
position, from where (d) tether freeing is performed. Tether freeing is detailed in (b) and (d) through incremental marker displacements in the insets.

(namely in the descending colon segment in the figure at hand).
Once anchored to the local haustra, FOD was able to effectively
free the tether as shown through the insets in Fig. 7(b), thus
allowing the colonoscope to further advance along the transverse
colon segment (as hinted in the figure).

Moreover, with reference to Fig. 7(c), we then considered a
second scenario (scenario IT) where the colonoscope’s tip is stuck
in proximity of the hepatic flexure. In such a circumstance, FOD
reached a working position in the transverse colon segment and,
once anchored therein, it successfully freed the tether as shown
through the inserts in Fig. 7(d), thus enabling further navigation
toward the caecum (as hinted in the figure).

For both scenarios I and II, FOD successfully accomplished
the locomotion and tether-freeing tasks, while also demonstrat-
ing a flawless operation when advancing over the splenic flexure.
More in detail, FOD advanced with an average locomotion speed
of 2.2 mm/s (scenario I) and 1.9 mm/s (scenario II), and its tether
freeing rate was equal to 1.8 mm/s (scenario I) and 1.1 mm/s
(scenario II). FOD performance in the in-vitro colon phantom is
further illustrated through Supplementary Video S2. For the sake
of clarity, let us remark that, in order to enable colonoscope tip

advancement in a chosen colonic tract, it is not required that FOD
reach that tract. It is sufficient that FOD anchors at a previous
tract and frees tether therein, so that the as-freed tether enables
subsequent front-wheel pulling in the chosen tract. With the
reference to Supplementary Video S2, for instance, in order to
enable front-wheel colonoscope actuation in the caecum, FOD
is called to reach the transverse colonic tract, and free tether
therein (i.e., FOD is not asked to reach the caecum). In order
to further illustrate this point and augment FOD validation,
we considered a magnetically driven soft-tethered colonoscope,
obtained by integrating a magnetic endoscopic capsule at tether’s
tip, to be pulled by means of an external permanent magnet
(supported by a common Martin’s arm, for simplicity). We then
used FOD, in particular, to free the tether (upon anchoring to
the transverse colon) as needed for the magnetic capsule to
overcome the hepatic flexure and approach the caecum along the
ascending colon. Such a complementary illustration is included
in Supplementary Video S2 (as “bonus material,” given the study
focus on FOD rather than magnetically driven colonoscopy).
Moreover, in order to further emphasize FOD capabilities, the
final section of Supplementary Video S2 shows that even FOD
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itself is able to overcome the hepatic flexure and move in the as-
cending tract. As remarked above, however, FOD is not devised
to perform such an extra-procedural task, which is shown for
the sake of extended illustration. Finally, endoscopic sequences
are shown at the beginning of Supplementary Video S2, aimed
at providing the reader with complementary internal views of
FOD locomotion and tether freeing.

VI. DISCUSSION AND CONCLUDING REMARKS

A flexible mechatronic device for front-wheel soft-tethered
colonoscopy was conceived, prototyped, characterized, and pre-
liminary validated up to in-vitro colon phantom tests.

The proposed device, concisely labeled as FOD in the present
manuscript, supports soft-tethered colonoscopy by means of a
two-phase operation: locomotion over the tether (phase I) and
subsequent tether freeing (phase II). FOD features a diameter
of 26 mm and a length of 91 mm, and it is operated by using
pressure of 150, 50, and 15 kPa for the FA (which is the same
as the internal module of the RA, i.e., RA-IM), the CA, and the
external module of the RA (RA-EM), respectively.

Thanks to the use of compliant materials (namely, rubber
elastomers, also complemented with elastic and metallic ele-
ments), FOD is able to conform to the colon anatomy while
advancing and to respectfully engage with the colonic wall upon
anchoring. Moreover, the chosen pressures permit to overcome
the targeted resistive force (2N) while also remaining below
the 200 kPa threshold for safe operation within the colon [29],
and the 18.5 kPa threshold for safe contact with its wall [30].
Furthermore, FOD was successfully tested both in tabletop
conditions and in an in-vitro realistic colon phantom. Specif-
ically, the assistive device was able to advance over the tether,
even along curved tracts (including 180 deg turnings), and to
successfully overcome anatomical challenges such as the splenic
flexure in the colon phantom, by featuring speeds between
2.9 and 4.9 mm/s for tabletop tests and between 1.9 and 2.2
mm/s for colon phantom tests. In addition, FOD was capable to
effectively free the tether with rates of 2.9 mm/s for tabletop tests,
and between 1.1 and 1.8 mm/s for colon phantom tests. FOD
operation was further illustrated by assisting a magnetically
driven soft-tethered colonoscope in approaching the phantom’s
caecum. In this regard, it is worth remarking that the proposed
in-vitro simulator, recently published by the authors, together
with extended contributions, in a specifically focused paper [36],
provides an unprecedented setting to test endoscopic robots. In-
deed: it reproduces human anatomical conditions reconstructed
from CT colonography images and literature data; it represents
haustra and muscular tones (missing in human cadavers), thus
enabling conformational contact; it simulates realistic frictional
contact (as demonstrated since [28]). Moreover, while preserv-
ing the aforementioned desired characteristics, it is advisable to
develop simulators with enhanced optical transparency, for ease
of experimental characterization.

Considering the starting functional specifications, we thus
successfully developed the sought device, in particular through
an embodiment that is compatible, in terms of size and op-
erational pressure, with clinical applications. Collaboration
with clinical specialists, in particular, was key for targeting a

prototype with a size similar to that of current conventional
anoscopes, thus paving the way for potential translation. More-
over, in view of the reported speeds, FOD would be able to travel
along, e.g., a 140 cm long colon tract, in around 12 min, thus
compatibly with procedural times.

FOD is substantially different from prior over-the-tube assis-
tive devices, such as Endo-Ease Discovery [37] and Pathfinder
[38]. FOD is arelatively short compliant device that is conceived
to move along soft tethers, whereas previous devices (having a
characteristic length around 100 cm) are steadily mounted at the
distal section (close to tip) of conventional (Iess flexible) colono-
scope shafts. This reflects the intrinsically different underlying
assistive concept: while Endo-Ease Discovery and Pathfinder
were devised to support the deployment of a conventional
colonoscope from its base, through manual corkscrew insertion
(to leverage frictional effects on colonic wall) and stiffening (to
mitigate looping), respectively, FOD was conceived to move
along and free soft tethers used in front-wheel colonoscopy.
Consistently with above, FOD is expected to be more compliant
than prior-art devices, yet any related differences, particularly in
interaction force with colon, could be quantitatively assessed at
a later developmental stage, and based on specific sensorization
even for prior-art devices.

However, the current FOD prototype still requires
improvements. In particular, further miniaturization has to
be accomplished in order to foster clinical translation. In this
regard, it is worth observing that based on discussions with
clinical partners, FOD could be inserted into and retrieved from
the rectal sphincter by the physician, thanks to its compliant
structure; based on further miniaturization, it could be retrieved
by locomotion (using a time-reversed control law) or as clamped
to the tether (by possibly pulling the pneumatic lines as well).
However, stronger claims must be backed by subsequent focused
experiments, possibly involving advanced phantoms including a
physically/clinically representative sphincter tract. Nonetheless,
the tether will support both FOD insertion and retrieval by pro-
viding a physical track (thus avoiding, e.g., uncontrolled bending
and kinking), and FOD and tether miniaturization may go hand
in hand toward increasingly painless front-wheel colonoscopy.
Moreover, system sealing should be implemented through a
compliant skin, while also using fully biocompatible materials.
In this regard, the implementation of the pneumatic system
should be refined (yet the fact that most of the electro-pneumatic
components are devised to be external to the body supports
effective development closer to pre-clinical test conditions).
Closed-loop pressure control should be implemented, by nego-
tiating system complexity with pressure sensing capabilities and
by possibly including sensors/methods for estimating contact
pressure between RA-EM and colonic wall, so as to enforce
effective-and-safe anchoring. Moreover, anchoring should be
further assessed by using physical simulators with spatially
varied diameters, although patient-specific variability could be
alternatively faced by introducing a family of FOD devices, e.g.,
differing from one another for their diameter, so as to tailor a
specific FOD to a certain patient based on preoperative imaging.
In addition, system modeling should be consistently refined by
negotiating accuracy and complexity, based on model objectives
and calibration data. Furthermore, whether to further develop
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the system to be reusable (upon sterilization) or disposable,
should be carefully analyzed based on further evaluations and
considering cost-effectiveness. Finally, it is worth underlining
that FOD has potential for clinical translation, since it could
effectively enact painless front-wheel colonoscopy. However,
more accurate and stronger claims should be based on extensive
tests, also in ex-vivo and in-vivo conditions. In this regard,
human tests could be reached in 5-10 years, as needed to
increase the device technology readiness level, also depending
on possible liaison with clinical institutions and investments.

Nonetheless, it is worth remarking that the developed device
could be used with (and further customized for) a variety of
soft-tethered colonoscopes, thus amplifying its potential impact
in the search for effective minimally invasive interventional
strategies against CRC.
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