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Abstract

A dual-bending hydraulic endoscope with shape-locking function to perform
inexpensive gastric screening is developed in this study. The endoscope employs a
custom microvalve to switch between hydraulic actuation of a spatial bending fluidic
actuator and water-jet actuation. Three alloy wires with buckle attachments are
connected to a pneumatic balloon which facilitates reversible shape-locking of the
actuator, and thus supports stable scanning by water-jet actuation. Experiments
demonstrated a 58% increase in the workspace after introduction of the water-jet.
Stiffness tests of the shape-locking mechanism revealed that the device in rigid state
achieved more than three times the load-locking ability of flexible state. Length of
insertion tube is 600 mm, with a maximum outer diameter of 13 mm. Distal tip of the
tube has an internal charge-coupled device camera for inspection. The prototype was
validated through phantom experiments, demonstrating the potential clinical value of

the endoscope system.
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INTRODUCTION

Cancer is one of the leading causes of death worldwide, with gastric cancer
representing the fifth most common type of cancer with 1 million new cases in 2018. It
is also the third most common cause of cancer-related death, with 793,000 deaths [1].
Furthermore, gastric cancer exhibits significant socioeconomic and geographic
dependence, with more than 70% cases concentrated in low- and middle-income
countries [2-3]. Studies have shown that early detection of precancerous lesions, often
via endoscopic screening, is important for reducing the mortality rate of gastric cancer
[4-5]. However, commercial flexible endoscopes are sophisticated medical devices that
require frequent and expensive maintenance. Therefore, their implementation within
low-income and rural regions is challenging due to their high cost, complex sterilization
process [6, 7], and poor portability. Consequently, regions with lower socioeconomic
status often lack the resources to procure and properly maintain endoscopes [8]. Thus,
it is necessary to develop endoscopic platforms that are low-cost, disposable, and
portable, with the primary goal of reducing gastric cancer-related mortality among low-
and middle-income communities through wider access to regular screening programs.

A number of approaches to low-cost endoscope design have been proposed;
including cable driven [9], tethered capsules [10-11], and pneumatically driven [12-13]
devices. In addition to these, water-jet driven endoscopes represent a prevalent
approach, with the advantage of low-cost and disposable features and water-jet based
orientation control [14-17]. The disposable, water-jet-actuated design makes the
approach viable for application in gastric screening at low- and middle-income
countries. However, the capsule has a few limitations arising from an unstable platform
and a single-bending section. Due to the excessive flexibility of the tethered structure
and unstable motion of the water-jet, attempting to observe a target stably or even
manipulate tissues during endoscopic procedures is difficult without integration of
sensing and closed-loop control [17]. To improve actuation stability, a water-jet outer
sheath with a variable stiffness mechanism and braided structure was developed [18].
However, the bending section cannot flex reach large angles, making it challenging to

examine the cardia and lesser curvature of the stomach. Furthermore, due to the phase-
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change material mechanism employed, rapid stiffness variation and shape locking is
precluded; which could result in extended procedural times and the associated injection
of an excess of water into the body.

To overcome some of the existing disadvantages of water-jet endoscope mechanisms,
other driving methods may be considered to work together with water-jet. Wire or
tendon drive is widely used in medical robotics as it can realize high accuracy and
compact designs. However, it is not well suited for low-cost endoscope applications as
the insertion part cannot easily be made disposable. The procedures for connecting,
assembling and tightening of driving wires are complex and time-consuming, and
tendon-sheath mechanisms represent a higher cost than the proposed method.

The driving methods used in continuum and soft robotics draw much attention of
researchers in medical robot design [19-20] due to them being capable of safe, dynamic,
and flexible bending performance; owing to their natural compliance [21]. In addition,
unlike piston-based or cable-driven systems, soft robots have low friction between their
movable parts [22-23]. Hence, they can achieve smooth motion and precise positioning.
Among the many soft robot actuation methods, hydraulic actuation offers several
advantages for the proposed application. The actuator can be miniaturized depending
on the application constraints; the liquid flow acts as a natural damper, preventing rapid
pressure variations that may damage the robot or the surrounding tissue [24]; and
hydraulic microvalves may be employed to produce single-input, multi-output systems
[25].

Stiffness variation and shape-locking is another important requirement for many
medical soft robots; as a stable platform is often needed for more accurate local
screening or surgical procedures. Wire tension and pneumatic mechanisms are the two
major methods for shape-locking or variable stiffness medical soft robots [26-31]. A
highly articulated robotic probe (HARP) with shape-lockable function was presented
and applied in endoluminal surgery [26]. By pulling back the three wires 120 degrees
apart along the device, its shape can be locked due to the increasing friction between
the tube connecting parts. The wire tension method has the advantage of easy actuation,
but often suffers with wire extension and breakage. Pneumatic methods represent a
simpler way to induce stiffness variation and shape locking. A “snake belly” structure
[27] and a “dragon skin” mechanism [28] were developed by Zuo et al. to lock shape
of medical instruments by engaging specifically designed tooth links or bellows tubes

under application of negative pressure. Other pneumatic mechanisms include layer
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jamming [30], granular jamming structures [31] and fiber jamming structures [32]. The
disadvantages of pneumatic approaches are the large sizes required for inner body
operations and the small locking power produced.

As a logical iteration of these types of soft robots, we propose a novel dual-bending
hydraulic endoscope with a spatial bending fluidic actuator (SBFA) and water-jet that
can achieve effective and safe actuation of the robot for endoscopic procedures (Fig. 1).
A specially designed microvalve, whose on/off state is controlled by input pressure, is
utilized to alter between single-bending and water-jet-enhanced dual-bending motions.
A pneumatic shape-locking mechanism based on alloy wires with buckle attachments
has been developed and integrated to increase the stiffness of the platform instantly and
reversibly, and thus help the distal tip achieve a more stable scanning motion. The
specific features of the new system are:

1. Integration of hydraulic and water-jet mechanisms to achieve dual-bending while
ensuring safety. Combination of the two mechanisms increases the workspace for the
endoscope. In addition, introducing of the bending mechanism significantly reduces the
volume of water ejected into the patient’s stomach compared with traditional water-jet
design, which is because much portion of the inspection work can be performed by the
hydraulic bending mechanism alone.

2. A new, custom pressure controlled microvalve transforms hydraulic actuation to
water-jet actuation. A certain range of bending can be achieved through hydraulic
actuation of the SBFA alone (i.e. with the microvalve closed). When a larger bending
curvature is required, the microvalve can be opened to enable the water-jet mechanism
to further increase the bending range of the endoscope. As the microvalves are
controlled using the input water pressure lines, simple system operation is maintained.

3. The position of the soft SBFA can be reversibly fixed via the shape-locking
mechanism. A pneumatically driven balloon radially expands to engage the buckle
attachments of three alloy wires with its outer wall; providing a stable platform for
water-jet tip actuation to scan the targeted area. The shape locking system is integrated
into the endoscope without increasing the outer diameter or invade the inner channel

for camera wires.
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Fig. 1. Endoscope for gastric screening.

Prototype Design and Fabrication

The design considerations of the endoscope are shown in Tab. 1. The shaft of the
endoscope is mainly composed of three parts (Fig. 2(a))—a bellows tube, an SBFA
with shape-locking function, and water-jet steerable tip. The prototype has a maximum
outer diameter of 13 mm and a length of 600 mm. Pressurized water causes the SBFA
to expand and bend. As the pressure of the water increases above a threshold, the
microvalve opens and the nozzle is actuated by the water-jet, which increases the
bending range and helps scan the targeted area. The designed endoscope with water-
jet-enhanced bending mechanism is shown in Fig. 2(b). The tip of the endoscope can

turn by an angle of up to 180°, with the proposed dual-bending design.

TABLE I. Design requirements of endoscope platform with water-jet mechanism.

Horizontal workspace
Diameter of esophagus Bending length Exhaust pressure Stability
projection radius

2-3 cm [32] > 150 mm [33] > 100 mm [33] <3 bar [34] Variable stiffness
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(a)
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Fig. 2. (a) Structural design of the endoscope. (b) The designed endoscope with

water-jet-enhanced bending mechanism.

The structural parameters of this work and five commercial devices are listed as Tab.
II. A smaller outer diameter (under 10mm) and longer insertion part (over 1m) of the
developed endoscope are preferred to further minimize the invasive of the procedure
and approach more deep area in gastrointestinal track. Nevertheless, the current outer
diameter and length of the prototype should be acceptable for clinical usage, since it is
superior to some of the current devices. The 60cm working length was determined
according to the requirements of phantom test in this work. One benefit of the presented
hydraulic-drive design, is the relative simplicity in fabricating the insertion part to
arbitrary length (e.g. longer). This is specifically enabled because there are only the
water tubes and the camera wires inside the bellows tube, and no reliance on cable
layout and tensioning.

Main advantage of this work is in price, which is perfect for low-income regions. The
hardware price of the whole developed equipment is $800, and the price of the insertion
part is $40. However, total price of GIF-Q260 (Olympus, Japan) system is higher than

$440, 000. The advantage of this work in commercial cost is significant.

TaBLEII. Structural parameters comparison between commercial endoscopes and this work.

Outer Diameter

Manufacturer Length(cm)
(mm)
GIF-Q260 Olympus 9.2 103
GIF-2TQ260M Olympus 11.7 103
ViaCath Hansen Medical 18 100
DDES Boston Scientific 16 55
Incisionless
) USGI 18 110
Operating Platform
This work - 13 60
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Spatial Bending Fluidic Actuator (SBFA)

The SBFA has an outer diameter of 13 mm and a central channel for the passage of
tools. The three parallel chambers of the SBFA can be pressurized individually and are
uniformly distributed around the central axis. Fig. 3(a) illustrates the structure of the
SBFA and the cross-section of an individual chamber. The anisotropic elongation
among the three chambers causes the SBFA to bend, as illustrated in Fig. 3(b). There is
an inextensible line (wire of the camera) along the center of the SBFA that constrains

its elongation.

]
@ Part of

chamber

. Camera wire channel

channel Wire channel

Fig. 3. (a) SBFA structural design. (b) Sectional view of the camera-wire channel in
the bending state. (c) Fabrication process of the SBFA. (d) Fabricated SBFA in the
unactuated state. (e) Bending state of the SBFA with one actuated channel.

The fabrication process of the SBFA is illustrated in Fig. 3(c). Three identical
chambers were manufactured by casting silicone rubber (Dragon Skin 20, Smooth-On
Inc., USA) in a two-part 3D-printed mold. Due to the complexity of design, each
chamber was molded separately in molds designed to reduce the number of fabrication
steps and maintain the integrity of the chamber. To mold each chamber, the two-part
silicone was first mixed in equal proportion by weight and degassed in a vacuum
chamber to remove air bubbles. Prior to casting, white petroleum jelly was applied to
the surface of the molds to act as a releasing agent. The silicone prepolymer was
subsequently poured carefully into the mold and degassed a second time in a vacuum

chamber to remove any residual air bubbles trapped during the pouring process. The
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molds were subsequently closed and cured at room temperature for 6 h before
demolding.

Three identical chambers were fabricated following the above steps, and then bonded
together in axisymmetric alignment using additional silicone rubber (Dragon Skin 20,
Smooth-On Inc., USA.) as bonding agent. Each chamber is molded using a two-part
mold with central insert to create the internal cavity. Medical tubes (outer diameter = 4
mm; inner diameter = 2 mm) were attached to each of the three chambers to allow
independent supply of pressurized water. The assembled SBFA, shown in Fig. 3(d), has
a length of 96 mm, a maximum diameter of 13 mm, and a total mass of 4.2 g. Actuation

of the SBFA under pressurization of a single chamber to 130 kPa is shown in Fig. 3(e).

Water-jet Mechanism

The block diagram of the water-jet mechanism is shown in Fig. 4(a). Compressed air
is used to pressurize water in a water tank (Fig. 4(b)). A pressure-regulating valve is
installed at the air inlet of the water tank to adjust the air pressure. Water is delivered
from the tank to a distribution joint. By turning on and off the two-position, three-way
solenoid valves connected to the three channels, pressurized water was pumped into the
tubes, which helps achieve different bending motions. When the solenoid valve is
closed, the corresponding passage of the body part under observation is connected to
zero pressure. When the solenoid valve is opened, the corresponding passage is
connected to the pressurized water path, which actuates the scanning motion. The
actuation response time mainly depends on the speed of the directional valve, which is
within 100ms. An automatic interface (LabVIEW, National Instruments) was

developed to control the water-jet system from a standard computer.

Pressure
gulating valve
Flowmeter

mainfold

On-offjvalve

The developed endoscope irectional
aly

(a) Di -;1_11_ ution (b)
joint

Fig. 4. (a) Block diagram of the water-jet system. (b) Structure of the water tank.
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As shown in Fig. 5(a), three microvalves in the nozzle corresponding to three
channels are the key components for switching between single-bending and water-jet-
enhanced dual-bending motions. The microvalve, which utilizes the elastic properties
of a soft membrane, is specially designed and fabricated to meet the requirements of
this application. When the microvalve is closed, as shown in Fig. 5(b), the elastic rubber
membrane is pretensioned to block the flow of water. The valve remains closed under
pressures lower than the actuating pressure range (> 130 kPa). As the water pressure
rises, the membrane is pushed open. Then, pressurized water is ejected from the nozzle,
actuating the bending of the endoscope. The opening state of the microvalve is shown
in Fig. 5(c). With the valve closed, no leakage occurs as the soft membrane material
completely blocks the flow. The endoscope can achieve three directional bending
motions with the nozzle design. The diameter and length of the nozzle are 13 mm and

20 mm, respectively.

- \
|
Elastic X

rubber

membrane

Base of Vater

the valve } =

Fig. 5. (a) Nozzle structure design. (b) Closing state of the microvalve. (c) Opening

flow

state of the microvalve.

Shape-locking Mechanism

The shape-locking mechanism is shown in Fig. 6(a). Three nickel-titanium alloy
wires guided by small copper eyelets are routed along the length of the SBFA parallel
to the central axis. The copper eyelets reduce the friction between the alloy wire and
the SBFA, and thus promote smooth bending. The proximal end of each alloy wire is
terminated with a buckle structure (Fig. 6(b)), while the distal end is terminated and
constrained using an aluminum sleeve. As shown in Fig. 6(b-c), a balloon (inflated with
pressurized air) is used to push the small sliding buckles of the alloy wires radially to

engage them with the inner wall of the bellows structure; reversibly locking the shape
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of the SBFA and providing a stable platform for the water-jet tip. Furthermore, after
the SBFA is locked, the tip position can be adjusted by water-jet in a continuous fashion,
therefore, discreteness of the shape-locking mechanism does not limit the possible
space that the device can reach. A conversion joint is used to connect the bellows with
the SBFA and to act as a manifold for routing the water channels inside the bellows to
the inlet of the SBFA. Specifically, the conversion joint gives a 60° rotation (around
the central axis) for each water channel, as marked in Fig 6(a), to give enough clearance
for the shape locking mechanism in the bellows to actuate unimpeded. Similarly, a joint
is also used at the distal end for the connection between the SBFA and the water-jet

parts, although no flow diversion is employed in this case.

Nickel-titanium

/ alloy wire

s,

SBFA \ Copper eyelet

@

ater ﬂow 9

Conversion joint Top view

Bellow
Buckle

Balloon

Fig. 6. (a) Structural diagram of the shape-locking mechanism. (b) Free state of the

shape-locking mechanism. (¢) Locking state of the mechanism.

RESULTS

Bending Characteristics of SBFA

The bending properties of SBFA were evaluated using an NDI Aurora
Electromagnetic Tracking System (NDI Corp., CA). A miniature electromagnetic
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sensor was attached to the tip of the endoscope, allowing to measure the angle of

rotation (Q).

Fig. 7 shows the relationship between the driving pressure and angle a. As shown in
Fig. 7, the maximum bending angle (@) is 82°, corresponding to the 140 kPa water
pressure. The observation of the cardia and the lesser curvature of the stomach requires
a bending angle of 180°, which necessitate a higher water pressure; risking damage to
the SBFA. Hence, the observation cannot be made purely by bending the SBFA, and

thus the microvalve nozzle structure with water-jet-enhanced dual bending is utilized.

90 :
I 4
50 .
401
30 .
ol ¢ L. ]
0O 20 40 60 80 100 120 140 160
Pressure (kPa)

Fig. 7. Bending test results of the SBFA.

a (deg)

Characteristics of Microvalve

The opening pressure of the microvalve corresponds to the maximum water pressure
at which the SBFA bends. To design the ideal microvalve size, a series of simulations
was conducted. A single-channel valve body with a 4-mm-diameter hole (the same as
in the nozzle) was designed, and then bonded to an elastic rubber membrane. During
the experiment, a digital push—pull force gauge was used to measure the variation of
pretension force with film displacement. The gauge was fixed on a three-axis translation
stage. To simulate the pressure force in the channel, a base with a 1.6-mm cylindrical
loading stick was used, which was connected and fixed to the head of a digital push—
pull force meter. A passive arm (Magic Arm, XYZ, USA) was used to fix the valve
body. By adjusting the three-axis translation stage, the loading stick and the valve body
were placed coaxially and allowed to contact slightly. The setup is shown in Fig. 8(a),

and the relationship between the force and displacement is plotted in Fig. 8(b).
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Fig. 8. (a) Membrane pretension force test setup. (b) Test results.

As shown in Fig. 8(b), the relationship between the pretension force and film
displacement of the microvalve is approximately linear. When the water pressure
reaches 140 kPa, a pressure force of 1.12 N works on the elastic rubber membrane.
From this relationship, the displacement is approximately 1.7 mm when the pretension
force is approximately 1.12 N. Therefore, the convex length of the miniature valve is
1.7 mm. Meanwhile, the opening pressure is approximately equal to the maximum
pressure of the SBFA. Thus, the SBFA can be used to bend and reduce the amount of

water entering the human body without structural damage.

The characteristics of the microvalve were also evaluated. First, the water pressure
was gradually increased until the microvalve opened. Second, the pressure was
gradually decreased until the microvalve closed. Changes in water pressure and flow
rate during this process were recorded. Fig. 9 shows the test results of the relationship
between the inner pressure and flow rate of the microvalve. The black and red arrows
indicate the direction of pressure change. These data confirm that the fluid passes

through the valve only after reaching a specific pressure value.
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Fig. 9. Pressure vs. flow rate of water.

From Fig. 9, water starts to flow at 133 kPa. Meanwhile, the microvalve opens. As
the pressure increases, the opening becomes larger and so does the flow rate of water.
The microvalve gradually closes as the water pressure decreases, reducing the flow rate
of water. Finally, at approximately 123 kPa, the water stops flowing and the microvalve
is shut. The experiments reveal that the dimensions of the microvalve meet the design

requirements and are more compatible with the SBFA.

Force Generated by Water-jet

To avoid injuring the patient’s stomach during the scanning procedure, the contact
pressure between the endoscopic device and the stomach should be less than 3 bar [30].
Therefore, it is necessary to measure if the water pressure meets the safety regulations.
We measured the force generated by the water-jet using a digital force gauge. The
measurement setup and results are shown in Fig. 10. The pressure was increased by
adjusting the pressure-regulating valve until the microvalve opened and the nozzle
began to spray water. Meanwhile, the digital push—pull force gauge started to record
data. The water pressure was slowly increased to gauge the change in the force

generated by the water-jet.
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Fig. 10. Water-jet force test setup and results.

As shown in Fig. 10, when the water pressure was approximately 138 kPa, a driving
force reaching 0.06 N was exerted on the nozzle, opening the microvalve. As the water
pressure continues to increase, the water-jet force also gradually increases. Meanwhile,
the maximum water-jet power does not exceed 0.1 N (the water pressure of the actual
device should not be greater than 200 kPa, to prevent damage). The maximum pressure
of the system working on the human tissue is 0.318 bar, which is far less than the upper
limit of 3 bar that the human body can withstand. In summary, the water-jet system

designed in this study is safe for the human body and can be used for gastrointestinal

(GI)-tract screening.

Workspace Evaluation

The NDI Aurora Electromagnetic Tracking System was also used to evaluate the
range of tip motion. A miniature electromagnetic sensor was placed in the middle of
the nozzle to measure its tip position (Fig. 11(a)). In the flexible state, the endoscope
was actuated in all possible directions by pressurized water. The ambient temperature
of the experiment was 37[, which is similar to the normal temperature of the human
body. The ranges of motion at different water pressures (80, 115, and 135 kPa) are
shown in Fig. 11(b)—(d). From the results, the nozzle completed the ring scan with the
help of three microvalves. Different pressures have different scanning ranges. By

incorporating different pressures, the nozzle can cover an ellipsoidal space range.
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Fig. 11. (a) Experimental setup. (b) Horizontal workspace
projection. (c) Lateral workspace projection. (d) The full semi-hemispherical
workspace at different water pressures.

To compare the ranges of motion achieved with and without water-jet, water pressure
was increased until the formation of the water-jet. The same method was used to
measure the ranges of motion. The experimental results are shown in Fig. 12. A
comparison of these results with those of the soft bending motion under the pressure of
135 kParevealed an increase in the range of motion. Meanwhile, this motion also covers
an ellipsoidal area of range. Fig. 12 (d) shows the results of a single-channel water-jet
motion. The device traverses along an approximate elliptical surface, and the water-jet
extends the range of motion. In Fig. 12(c), enhancement by the water-jet is accompanied
with a horizontal workspace projection radius of approximately 150 mm, which
satisfies the design criterion. Without water-jet enhancement, however, the system does
not fulfil the criterion. The calculation of area under the curve revealed a 58% increase

in the workspace of the endoscope upon the introduction of the water-jet.
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workspace.

Shape-locking Evaluation

The stiffness of the endoscope in both flexible and rigid states was evaluated. The
device was supported by two holding points (Fig. 13(a)), and the point span was set to
50 mm. The load was applied horizontally to the middle of the shaft in the right side of
the X-axis. A force gauge with an X-axis stage was used to measure the loading force
and deflection displacements. Each experiment was repeated three times. As shown in
Fig. 13(b), the maximum load in the rigid state was 0.54 N with a 21 mm deflection
displacement. In contrast, the maximum load in the flexible state was only 0.17 N with
the same 21 mm deflection displacement. The stiffness in the rigid state was
approximately 3.2 times more than that in the flexible state when the deflection of the
shaft was 21 mm. In other words, shape locking mechanism of the device can reach 220%
stiffness variation, which is far better than the 36% variation using convectional negative

pneumatic method [35].
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Fig. 13. (a) Endoscope stiffness test setup. (b) Force—displacement test results of the

endoscope.

The shape-locking ability of the endoscope was also evaluated (Fig. 14). In the
flexible state, the endoscope has high flexibility, which cannot remain linear because
of the influence of its own gravity. In the rigid state, the maximum force under which
the device did not undergo any obvious changes in deformation was 0.6 N (60 g) at a
displacement of 95 mm. Thus, the maximum torque for shape locking was 5.7 Ncm.
With same outer diameter, the shape-locking ability in this work is better than the liquid

metal based method [36], which was 4 Ncm.

Flexible state Rigid state
Load=0 Load=0
il

Rigid state
Load=10g

Rigid state
Load=60g

Rigid state
Load=30g \
-. *

Fig. 14. Shape-locking function test.

Phantom Experiment

This experiment was performed to compare the performance of the new system with
that of a conventional flexible endoscope (GIF TYPE 2TQ260, OLYMPUS, Japan).
The operator performed five phantom experiments. The phantom region was a
hemispherical space with five landmarks for target observation (white color foam with

an area of approximately 25 mm?). Four participants were invited to complete the
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experiments using a traditional endoscope and the new dual-bending endoscope
separately. For the dual-bending endoscope, an internal camera (Shenzhen ezon Corp.,
4mm diameter, 14.5mm length, 75° field of view angle, 1M pixels) with a light source
was fixed on the distal nozzle for capturing images. Participants were trained until they
could skillfully operate the device. We subsequently compared the time taken to

complete the experiment using the new device with that using a traditional endoscope.

The user was directed to determine all five points of interest and perform the
experiment five times. The points can be observed by the internal camera of the
prototype and the endoscope, as shown in Fig. 15. To negate the influence of memory
bias on the results, the points for each trial were chosen arbitrarily. The average time to

complete the trial required for this process is listed in Tab. III.

Traditional

»

endoscope

Omm

25

Designed

endoscope

Traditional!

1
endoscope

Designed

endoscope

Fig. 15. (a) Comparison of traditional and the designed endoscope. (b) Setup of the

phantom experiment. (c) Images from traditional and the designed endoscope.

Tablelll. Comparison of results of the trials between the new device and the standard endoscope.

. Standard
Time(seconds) Deviation(seconds)
Endoscope 103 19
Before training Water—iet-
jet-enabled
device 286 19
After training Watzrgv G;tc—:nabled 198 16
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The experimental results showed that the time taken by novice technicians to
complete an experiment with the new device was approximately 2.8 times longer than
with the endoscope. However, the completion time can be minimized (by 31%) after
training the technicians sufficiently. Although the prototype still requires a longer time
than the flexible endoscope to complete a trial, these results fell within the typical time
range of a gastroscopic procedure (approximately 900 s for one procedure), and can be
further improved by introducing better control interfaces and providing technicians

with further training to operate the medical device.

DISCUSSION

In this study, we developed a novel dual-bending hydraulic endoscope to assist with
gastric cancer screening. The device is actuated by pressurized water. The novelty of
the endoscope is that it bends the gastric screening device to achieve greater viewing
angles. The device possesses the function of shape-locking, which is basically the
ability of the device’s distal tip to move while its body is locked in place. This function
can be achieved by a mechanism consisting of pneumatic balloons, wires, bellows, and
buckles. The endoscope employs a specially designed microvalve, to switch between
the single bending of SBFA and water-jet-enhanced dual bending of the device tip. The

introduction of water-jet increased the workspace of the endoscope by 58%.

In this study, the SBFA was manufactured by casting the Dragon Skin 20 silicone
rubber in a 3D-printed mold. Dragon Skin 20 has good ductility and strength. The
accuracy of the mold as well as human errors during molding made it difficult to
fabricate the SBFA with higher precision. We designed three chambers in the SBFA
with varying wall thickness and shape, which gave it an asymmetric bending range. A
more precise processing technology or method must be adopted in future research. A

pressure-regulating valve was employed to regulate the air pressure in the water tank.

For the workspace experiment, maximum bending angle (a) of the SBFA was 82°,
and the corresponding water pressure was approximately 140 kPa. With help of water-
jet, horizontal workspace projection radius after the incorporation of a water-jet was
approximately 150 mm. The stomach of the average adult has a maximum width of 10
cm and a length of 34 cm at the greater curvature [33]. The workspace combined with
the field of view of the camera (75°) and the difference insertion length should be

sufficient for observing most parts of the greater curvature of the stomach. The opening
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of the microvalve can make the device bend by an adequately large angle, enabling the
physician or technician to directly observe the cardia and the lesser curvature of the

stomach.

As the SBFA acts in conjunction with the water-jet driven tip, even with varied
insertion lengths, the endoscope can reach a wide range of bending angles. Ultimately,
the insertion degree of freedom may be operated by the trained user to perform the
screening procedure most effectively. Considering the more than 1000cm? space and
34cm greater curvature length of an average adult’s stomach, we think the 20cm
bending length is acceptable. In addition, benefiting from shape-locking ability of the
proposed device, the SBFA can be firstly actuated and then locked. The water-jet
actuation is started for local scanning afterwards. When the SBFA is locked, the
bending length is shortened to about 10cm, which is similar with commercial
endoscopes. Based on the presented testing, 200 mm length was found to be suitable,
however, for alternative scenarios, the SBFA and water-jet section lengths (and

therefore overall lengths) may be adjusted without significant design alteration.

Although system stability was suitable for the benchtop visualization tasks
performed, it has also been demonstrated using kinematic model design [14] and
improved flow control hardware [15] that stability and controllability for water-jet
systems may be further improved. As part of our future work, we will explore these and

other methods to further improve the efficacy of the device.

For the shape-locking experiments, the maximum shape-locking torque in the rigid
state was 5.7 Ncm. The maximum force of the water-jet did not exceed 0.1 N, which is
within the load-bearing range of the rigid state. This implies that this torque meets the
stability criterion of the SBFA with water-jet. The balloon was used to lock the wire in
place and fix the shape. The structure is simple and operates rapidly (approximately 2
s). The device is soft, and therefore can be easily detached from the human body in case

of an emergency.

We performed a phantom experiment and engaged and trained a group of people to
fill the role of device technicians. It took a longer time for the technicians to the
complete a trial with the proposed endoscope (an average of 286 s) than with the
conventional endoscope. With proper training, the technicians can shorten this time to

198 s. With the average time of 900 s taken to complete the gastroscopy procedure, the
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efficiency of the new device can be considered acceptable. In addition, the camera had
a narrower field of view (75° vs. 140°) and a shorter focus distance (3—80 mm vs. 3—
100 mm) than the conventional endoscope, which partly contributes to the time
difference between the completion of the procedure by the two devices. The workspace
and shape-locking evaluations show that the endoscope can be actuated in the stomach
for large-area scanning and provide a stable platform for local scanning. The maximum
force generated by the water-jet was 0.1 N, which is safe for the stomach because the
force level for manipulating stomach tissues should be higher than 2N [37]. The
maximum water-jet pressure of 0.318 bar at the nozzle ports is also safe compared with

the threshold of 3 bar [34].

The demonstrated workspace scanning of the proposed endoscope represents suitable
coverage for stomach screening. In addition, the reversible shape-locking functionality
and portable and low cost deign make the endoscope well suited for gastric cancer
scanning in low- and middle-income regions. Specifically, the hardware cost of the
proposed endoscope together with the camera falls under 800 USD total (<$40 for
single use parts), which is much lower than traditional endoscopes. The endoscope
along with the water tank system and the controlling parts can be packaged into the size
of a standard luggage container (0.2 m?, 10 kg), making it compact and easily

transportable.

Future work will focus on improving the stability of the water-jet, preferably by using
optimized control algorithms to regulate the pressure/flow of water. In addition, design
refinement to further minimize size and cost of the endoscope and control system will
be explored. The employment of multi-lumen tubing and integration of an air pump,
water tank, and controlling valves will be explored to this end. Finally, a separate
channel with a nozzle jetting water directly on to the lens will be integrated to allow
selective camera lens cleaning, which can become blurred with blood or mucus in the

scanning process.

CONCLUSIONS

In this paper, we detail the development of a new dual-bending hydraulic endoscope
with shape-locking mechanism for gastric screening. A microvalve was designed to
switch between the single bending of the SBFA and water-jet-enhanced dual bending

of the device tip. With 135 kPa water pressure, horizontal workspace projection radius
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after the incorporation of a water-jet was approximately 150 mm, suitable for coverage
of an average adult stomach. A 58% increase in the workspace after introduction of the
water-jet was achieved. In the rigid state, the SBFA locked the shape of the device to
improve the stability of the water-jet’s bending motion. The stiffness in the rigid state
(5.7Ncm) was approximately 3.2 times more than that in the flexible state. The
experimental results demonstrated the potential clinical value of the endoscope in
improving the prospects for upper gastrointestinal tract disease screening, especially

gastric cancer.
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