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Abstract: A colonoscopy add-on device has been developed to reduce intubation time without
modification of the current colonoscope and peripheral devices. One of the main purposes of
the system is to minimize trauma caused by the distal tip of the colonoscope. The detachable
sensory fixture at the end of the distal tip measures the distance between the distal tip and
the colon wall in three directions, and the actuation system attached at the base of the colonoscope
controls the distal tip by rotating two dial knobs. The device controls the distal tip to minimize
contact between the distal tip and the colon wall, and the distal tip ideally points out the next
possible lumen. A compatibility test of the infrared sensory system was carried out, and the
design of the actuation system was accomplished. The system is integrated and controlled by a
microprocessor. The device was tested in a silicon colon and porcine intestine. The results showed
that a colonoscopist successfully reached the cecum with the aid of the colonoscopy add-on
device without significant contact between the colon wall and the distal tip. The colonoscopy
aid device was very helpful for the novice colonoscopist.
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Introduction

Prior to the invention of the colonoscope, most diagnosis of afflictions of the gastro-
intestinal tract was performed with barium radiology. This procedure involved using a
barium enema to fill the large intestine and taking x-rays. Although this method gives
a black and white picture of the colon, it is not as accurate or as thorough as a direct
inspection. As a response to this, the fully flexible and maneuverable endoscope was
invented in the late 1960s. This device was improved in the 1970s to allow the surgeon
to remove abnormal features, such as polyps, for biopsy.! Endoscopy is a procedure in
which an endoscope is inserted into the body to examine the inside of a hollow organ.
In the case of colonoscopy, the colonoscope is inserted into the anus of the patient and
maneuvered to the end of the colon.

A typical colonoscope consists of the following elements: control head, instru-
ment shaft, deflectable tip, biopsy forceps, light source, air/water supply, and the
connecting “umbilical cord.” The scope is maneuvered through the colon by use of the
tip controls on the control head and the deflectable tip. When the colonoscopist turns
the tip controls, the bending section at the end of the colonoscope moves to traverse
through bends or narrow passages in the colon. This movement is accomplished by
pull wires attached to the distal tip of the colonoscope that run down the length of
the scope to the tip control knobs. The distal tip contains four channels necessary
for completion of the procedure. The light channel provides illumination so that
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the surgeon can see the colon walls through the lens. The
air/water jet channel supplies air to inflate the colon for better
examination and squirts water to clean the lens if necessary.
The biopsy/suction channel allows the insertion of biopsy
tools to take samples of abnormal features in the colon. It also
allows for the suctioning of fluid or polyp samples for further
examination and testing. Generally, a more experienced
colonoscopist should be able to reach the cecum with greater
success than a less experienced colonoscopist. As a result,
the cecum is reached with a colonoscope in only 90% of
patients.? In addition to difficulty completing the procedure,
colonoscopy can cause damage to the patient, such as colonic
perforation and overdistention of the colonic walls.?

Although conventional colonoscopy has been established
as the gold standard for screening the colon, its drawbacks
have led researchers to develop improvements to colonoscopes
as well as new ways of detecting colon cancer and other
diseases. Nonsurgical methods offer a less invasive pro-
cedure than conventional colonoscopy. Variable stiffness
colonoscopes and shaft guidance devices help solve the
problem of loop formation. Robotic endoscopes are designed
to travel through the colon automatically.

Nonsurgical screening methods

Because of the proliferation of colonoscopy as the main
method for screening for gastrointestinal disease, several less
invasive technologies have been introduced in an attempt to
reduce patient discomfort and improve detection of disease.
One of these technologies is virtual colonoscopy, which
includes computed tomographic colonography and magnetic
resonance colonography. Although virtual colonoscopy does
not require actual surgery, in many cases the patient must
still undergo bowel preparation for the procedure, which
many patients consider the most uncomfortable aspect of
colonoscopy.* Also, virtual colonoscopy is effective only at
identifying polyps greater than 6-10 mm in size.*® Another
nonsurgical screening method for disease of the colon is
capsule endoscopy. Through several studies it has been
determined that capsule endoscopy has a low diagnostic
accuracy for identifying polyps and usually requires a
subsequent method of screening, such as colonoscopy.® !

Variable stiffness colonoscopes

Loop formation in the colon can often cause difficulty in
completing colonoscopy. These loops form because of
the tradeoff between the stiffness and flexibility of the
colonoscope.'? Variable stiffness colonoscopes (VSCs) have
been developed that combine these two desired characteristics.

They have a dial on the control head that controls the stiffness
of the colonoscope as desired. VSCs have been shown to
achieve cecal intubation faster and to reduce the amount of
pain experienced by the patient.'* ¢

Shaft guidance

In addition to VSCs, researchers have developed shaft
guidance devices to prevent the formation of loops. These
devices consist of an overtube to encircle the colonoscope.
The rigidity of the device can be changed in order to absorb
the force of the colonoscope while advancing it. One such
device has been proposed by Raju et al'” and uses a multilink
skeleton. It has a squeeze handle that can control the stiffness
of the device when needed. Yagi et al'® developed a similar
device that uses an on-off switch and air pressure to control
the rigidity of the sheath. The Vacu-SL, developed by Loeve
et al,'” uses a vacuum pump to remove air from a foil tube
filled with small particles.

Computer-assisted colonoscopy

Although some researchers have sought to solve difficulties
with colonoscopy by creating new devices to work in
conjunction with conventional colonoscopes, other research-
ers have developed new types of scopes. Eickhoff et al®
developed the NeoGuide Endoscopy System, which is similar
in size and shape to conventional colonoscopes but contains
16 identical segments that are actuated independently.
The NeoGuide Endoscopy System contains sensors and a
controller that, as the scope is advanced through the colon,
stores the information of the scope configuration. Through
testing of ten patients, the NeoGuide system was shown to
be effective in reaching the cecum.

Earthworm-based robotic endoscopes

In order to eliminate the need for a conventional colonoscope,
several researchers have developed robotic devices that mimic
the locomotion of an earthworm to navigate through the colon.
One of these devices is called the EndoCrawler, developed by
Ng et al.? Tests performed on a live adult pig showed that the
EndoCrawler was able to advance approximately 30 cm into
the colon. Kumar et al?! proposed a similar device that uses
the same earthworm locomotion principles but is used inde-
pendently of a traditional colonoscope. Pressurized air propels
two units that grip to the colon walls, thereby propelling the
device through the bowel. Zuo et al** developed a micro-
creeping robot that also acts independently of a traditional
colonoscope and mimics the locomotion of an earthworm.
Tests performed in a rubber pipeline showed that the robot
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can propel itself forward and backwards. Ye et al* developed
a system very similar to this one using wireless power transfer
rather than wired connections. Tests showed that it was able
to navigate through the intestine of a pig.

Research objectives

These studies detail different attempts to improve screening
for colon cancer and other diseases. The purpose of this
research is to investigate the design and preliminary testing
of a new, unique device to screen for colon cancer and other
diseases. The ultimate goals of the device are to accurately
diagnose abnormalities, safely and effectively achieve cecal
intubation, and be relatively low cost. Mechanical trauma
caused by the distal tip of the colonoscope can be reduced.
This design will consist of an attachable sensory system, an
attachable and detachable actuation system, and a micropro-
cessor to control the motion of the colonoscope. The sensory
system will detect the position of the colonoscope by reading
the distances to the colon wall. Then, the actuators will move
the colonoscope tip to the center of the colon lumen. After
the distal tip reaches the cecum, the actuation part can be
detached for the normal colonoscopy procedure.

Methods

An inverse solution is mathematically developed to place the
distal tip of the colonoscope with the infrared sensors and two
direct current (DC) servo motors. The radial cross-section
of the colon is approximated with an uncertainty. Instead of
using the closed-form solutions developed from the inverse
solution, a look-up table is generated for fast hardware
control. For the hardware parts, the sensory system contains
three pairs of infrared sensors positioned 120° to each other
to measure the distance between the colon wall and the distal
tip of the colonoscope. The signal wires from the sensory
fixture to the base of the colonoscope go through the biopsy
channel and can be removed after the intubation process.
Two DC servo motors are coupled to control the dial knobs
(up-down and left-right) at the base of the colonoscope. The
actuation part can be easily removable after intubation, and a
colonoscopist can complete the normal retraction procedure
without the aid of the device. The sensory and actuation parts
are integrated with a microprocessor to implement the closed-
loop control system. The details of the control algorithm and
hardware parts are described in the following subsections.

Inverse solution
The cross-section of the colon can be simplified as a circle
with uncertainty, which is shown in Figure 1.

AY

v

Figure | Simplified cross-section of the colon to determine control logic.**

X, =a (1)
yk=§x3+b (2)
yc =_§XC_C (3)

where variables a, b, and c are the points of intersection with
the x- and y-axes. The slopes in Equations (2) and (3) were
determined by the geometric relationship between the sensors.
The sensors are positioned 120° from each other, so when the
sensor reading /, is positioned at the top, the lines overlapping
line segments /, and /, have slopes shown in Equations (2)
and (3) by trigonometry. The variables a, b, and ¢ must be
found before Equations (1), (2), and (3) can be solved to find
the position of the distal tip. They can be solved by using the
known values of /, [,

Equation (4) describes the shape of the simplified

and I3 from the sensors.

colon:
X+yr=r @)

where 7 is the radius of the simplified colon. The location
of point 4 in respect of point o can be found by combining
Equations (1) and (4) to yield Equation (5):

y,=~Nr’-a’ 5)
where the x position, x, is described by Equation (1).
Similarly, the location of point B in respect of point o can
be found by combining Equations (2) and (4):

2
X 5 +(—\/§x2 +b] =?
B 3 B
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2x2 +x/§bx3+%(b2—r2)=0

This equation can be solved using the quadratic formula
to yield Equation (6):

X, = —%\/3 (b+ =307 + 472 ) 6)

Equation (6) can be plugged into Equation (2) to yield
Equation (7):

Vg =

(3b —J3b 4 ) (7

!
4
The location of point C in respect of point o can be found

in the same way as point B using Equations (3) and (4) to
yield Equations (8) and (9):

%, = %\/5 (c N3 + 47 ) ®)

Yo = %(3c 3¢ 4 ) )

Knowing the locations of 4, B, and C, the distance for-
mula can be used to solve for the length of line segments / ,
l,, and [, in terms of a, b, ¢, and r

(10)

Figure 2 Altered cross-section of colon to solve for radius.

where AB, BC, and AC are the sides of the triangle. These
side lengths can be determined using the sensor readings and
the angles between each sensor as shown in Figure 4.2.

Triangle ABC can be broken down into three smaller
triangles, ABO’, BCO’, and ACQ’. Each of these triangles
consists of two known sensor line segments and one unknown
triangle side. To determine the unknown side lengths, the law
of cosines can be used:

AB> =12 +1>= 21, cos @ (14)

e [ )] o

_1
4

2
(36 \/—3b2+4r2)—b;"}

(11

,3=JH@(Qm)_a}lu(ﬁm)_bﬂz

The radius of the colon must be known in order to solve
these equations. However, the colon radius is constantly
changing. Therefore, one cannot simply choose a single value
for r; it must be solved.

Figure 2 shows the triangle ABC, which is circumscribed
by the simplified cross-section of the colon. This triangle is
formed by connecting the points 4, B, and C, which are the
intersections of the sensor line segments /,, /,, and /, with the
colon cross-section. The radius of the cross-section can be
described by Equation (13):

(AB)(BC)(AC)

(12)

where 01is the angle opposite the unknown side. Because the
sensors are placed evenly around the sensor fixture, the angle
will always be 120°. Solving Equation (14) for the unknown
side lengths yields Equations (15)—(17):

-
J(4B +BC+ AC)(—AB + BC + AC)(AB - BC + AC)(AB + BC — AC)

AB = JI? +1,> =11, cos120 (15)
BC = |1+ 1 — 1,1, cos120 (16)
13)
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AC = \JI? + 12— 11, cos120 (17)

After solving these equations, the side lengths can be
inserted into Equation (13) to solve the colon radius.

Numerical solution tabulation
Instead of using the known values of /, /,, and /, from the
sensors, it can be assumed that the position of the distal
tip is known in relation to the center of the colon lumen.
Equations (2) and (3) can be rearranged to yield Equations

(13) and (14):

b=y, —ﬁxo, (18)
3
3

c=yo,+§xo, (19)

The subscripts of B and C are replaced with O“because
the position of the distal tip is known. By combining
Equations (1), (18), and (19) with Equations (10)—(12), the
distances from the sensors to the colon wall (/, /,, and /,)
can be found. This process can be repeated for any value
of the colon radius and any assumed position of the distal
tip in relation to the center of the colon lumen. Although
this method will reduce the computation time required to
determine XScope and Yscope, it presents another problem.
The purpose of this table is for the control system to search
through it and find the values of / , [, and /, that most closely
match the readings of the sensors. With a range of 0-30 mm
for XSCOpe and Yscope, the size of the table is 29,578. This means
that up to 88,734 operations will be needed to determine the
position of the distal tip, which may take too long to keep
up with the advancement of the colonoscope. However, due
to the resolution of the sensors, the size of the table can be
greatly reduced.

Sensory system

Figure 3 shows the sensory fixture mounted on the distal tip
of the colonoscope. It has three sets of infrared sensors for
the distance measurement between the distal tip and the colon
wall. Each set of the infrared sensor has emitting and receiving
parts and is placed at a 120° interval to cover up the complete
radial direction of the distal tip. The wires that can transmit the
signal of the infrared sensors are through the biopsy channel
in the colonoscope. The wires can be moved after the distal
tip reaches the cecum, and the retraction procedure is the same
as a conventional colonoscopy procedure.

Figure 3 Sensory system of the colonoscopy add-on device.

The infrared sensors used in the system work by emitting
and receiving infrared light. When the light hits the surface
under examination, it is reflected back. The resulting output
voltage is directly related to the distance from the sensor to
the surface. In order to assess how much the voltage could
vary, various surface conditions were tested. The output
voltage from the infrared sensors in respect of the distances
was measured and the results were analyzed. Secondly, the
limited resolution of the infrared sensors was simulated
and the possible solution was suggested to overcome the
limitation of the hardware.

Sensor sensitivity was tested on lubricated and dry
surface conditions. First, an infrared sensor was aimed at the
surface that is normal to the sensor set. The voltage outputs
were measured in respect of the distance to the test surface.
The tests were on the silicon and polyvinylchloride surfaces,
and the test results were compared.

The discrete, noncontinuous behavior of the sensor output
limits the accuracy of the system in determining the position
of the colonoscope tip. However, the purpose of the device
is to avoid contact with the colon wall by approximately
positioning the scope in the center of the colon lumen;
therefore, it is acceptable if the position of the tip is within
5-10 mm of the actual center. Also, as mentioned previously,
the resolution of the sensors presents the opportunity to
significantly reduce the size of the look-up table for real-time
control of the device. It was assumed that the values of X
andYScope could range anywhere from 0 mm to 30 mm in steps
of 1 mm. However, the sensors cannot differentiate between
some distances (eg, 5-7 mm or 12—15 mm). Averaging the
range of possible distances to the colon wall for each sensor
output value can describe the distance to within an accuracy
of 2.5 mm (this was determined from the largest range of
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distances, 16-21 mm: 21-18.5 = 18.5-16 = 2.5 mm). These
averaged values can be used as the only possible values for
I, 1,
only these discrete values from the look-up table and place

and /,. An algorithm can then be developed to pick

them in another table. The size of the full table assuming a
radius range of 0—30 mm resulted in a table of length 29,578.
Using the discrete table algorithm and assuming a threshold
of 1 mm, the size of the table can be reduced to 1735. This
means that the control system needs only to perform up to
5205 operations to find the position of the distal tip, which
is a significant reduction of computation time.

Actuation part

The actuation part comprises two DC servo motors and the
easily mountable or removable fixture. One DC servo motor
is directly coupled to the dial knob of the colonoscope, and
another one governs the dial knob through the timing belt
and gears. The fixture is lightweight and easy to install or
uninstall. Figure 4 shows the prototype of the actuation part
mounted to the base of the colonoscope. In order to determine
the actuator that can operate two dial knobs at the base of
the colonoscope, control knob input torque was measured.
Rotational speeds of two control knobs were experimentally
determined for the optimal control of the distal tip of the
colonoscope. Based on the knob rotations, the positions of
the distal tip for both up-down and left-right movements were
mapped using simple geometric calculation. The mapped
information of the distal tip was also implemented through
the control logic.

Control system hardware
The sensory and actuation parts are connected to a micropro-
cessor and controlled by a programmed algorithm. The sensor

Figure 4 The prototype of the actuation part mounted to base of colonoscope.

and motor drivers are imbedded in the control system, and
the control system is connected to the sensory and actuation
parts. External power supply is required for the system, and
analog and digital powers are separated to minimize the
possible noise to the system.

Results

Figure 5 shows the results of sensitivity tests. There was no
difference in output voltage between the dry and lubricated
surfaces when the sensor was uncovered. For every case, the
voltage followed discrete steps for a range of distances. Once
the distance of one range was exceeded, the voltage increased
to another discrete value. The voltage increased faster in the
silicone colon test; however, this increase is very small. The
maximum variation in the distance for any voltage value is
within 3 mm. Therefore, the relationship between the output
voltage of the sensors and the distance to the surface can be
generalized, no matter what the test conditions are. Also, it
can be noted that for every case, the voltage was identical up
to 10 mm. Furthermore, it can be assumed that the sensors
will always have a protective covering and that the conditions
inside the testing area will always be wet. In these conditions,
for both the white and red test surfaces, the output voltage
was identical up to 20 mm.

Effect of sensor resolution

on numerical tabulation

Figure 6 shows a sample plot of the possible positions of
the scope with the current sensor resolution. A colon radius
of 10 mm was arbitrarily chosen for this example; in the
actual table this value can range anywhere from 0 mm to
30 mm. The blue stars represent all possible positions of
the colonoscope tip for this colon radius. As is obvious
from the plot, there are some “dead zones” shown in red;
these are areas of the cross-section where the distal tip
cannot be located due to the sensor resolution. It may
seem that this empty space would cause the scope to be

Taped sensor, lubricated 4 Dry/lubricated surface M Taped sensor, dry

0.3
0.25
0.2

— A m,‘mﬂ-ﬁﬂ"ﬁ

Voltage (V)
o
o
=

0 5 10 15 20 25 30
Distance to test surface (mm)

Figure 5 Sensor sensitivity test results on silicone colon.
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Figure 6 Sample grid of possible scope positions for 10 mm colon radius.

inaccurately moved to the center of the colon lumen;
however, the device can act sequentially to achieve the
correct motion.

Figure 7 shows the colonoscope tip at a “dead zone”
position in the upper left quadrant of the colon cross-
section. Point S refers to the actual position of the scope,
and points a, b, and ¢ show the possible positions that the
control system calculates the scope can be. At points a, b,
and c, the control system will move the scope according
to line segments ao, bo, and co. If these line segments are
then shifted to the actual position of the tip, the scope will
arrive at points a’, b, and ¢’. These points are very close to
the center of the colon lumen. However, another movement
can bring the tip exactly to the center. Figure 8 shows the
second stage of the sequential movement. Points a” and
b’ are very close to possible tip positions as calculated
in the discrete table. Consequently, the microprocessor
will instruct the actuators to move the scope to almost the

A — —
P * & % P |
()2 — oo
* = (Db PO * ¥

- - . o \j\{\
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E O I T R

Figure 7 First stage of sequential movement when tip is in a “dead zone.”
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Figure 8 Second stage of sequential movement when the scope is in a “dead zone.”

exact center of the colon lumen. Point ¢is in between two
discrete values; this will require a third sequential move-
ment for proper positioning. This sequential positioning
of the distal tip does not require additional programming;
it will occur automatically with the previously mentioned
control algorithm.

Control knob input torque

Figure 9 shows sample data for the input torque tests. As is
seen in the graph, as the knob is rotated, the force increases
linearly. After a small amount of rotation, the force drops
suddenly. This drop in force does not affect the required input
torque. After the drop, the force again begins to increase
linearly until it reaches a maximum, which refers to the
maximum rotation of the tip control knob. Once the knob is
released, the force drops to zero.

Determination of motor rotational speed
Rotational grid paper was attached to the tip of the bottom
dial. A reference point on the top dial was chosen to determine
the amount of rotation of either knob. The microprocessor
was programmed to rotate for a set amount of time and then

= A
»

Force (N)
O N b O 0O DN

0 2 4 6 8
Time (s)

Figure 9 Sample data for input torque tests.
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stop, after which the amount of rotation was recorded. The
amount of torque required to turn the knobs increases as the
amount of knob rotation increases. Therefore, the rotational
speed was tested at different starting positions of the knob
rotation. Both knobs were tested at the maximum rotational
speed of the servo motors. The results of this test are shown
in Figures 10 and 11.

It can be seen that the top knob follows a smoother
decrease in rotational speed as the starting position of the
knob is increased than the bottom knob. The top knob is
directly coupled to the DC servo motor and the control is
more smooth and precise, whereas the bottom knob is con-
nected with a timing belt and pulley. There is vibration and
a slow response compared with the top knob. The different
size of the top and bottom knobs is also the main reason for
the slope difference between the two graphs.

Mapping of control knob rotation

to distal tip movement

The position for the top control knob (left-right movement)
and bottom control knob (up-down movement) as mapped
is shown in Figures 12 and 13. Due to the mechanism, there
are no movements from 5° to 20° rotation of the top and
bottom knobs. Ten degrees of rotations of both knobs were
approximately equal to each other.

As the tip of the knobs is rotated and the distal tip is
moved, the angle in which the tip is pointing changes. As
a consequence, to determine the amount that the scope
must be moved, the angle must be taken into account. As is
shown in Figures 12 and 13, the workspace of the distal tip
follows a circular path. To determine the angle of the tip,
the slope can be found using a central difference as in
Equation (20):

320
300
280
260
240

220

Knob rotational speed (deg/s)

200
0 50 100 150

Amount of starting knob rotation (deg)

Figure 10 Top knob rotational speed.
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Figure |1 Bottom knob rotational speed.

@ _ Vi T Vi
dx; X=X

i

(20)

where i is the current point. From this slope, trigonometry
can be used to determine the angle of movement of the scope
as in Equation (21):

e2y)

The values of the distal tip angle were calculated for every
point. The largest difference in the angle for either knob is
about 16° at the maximum knob rotation. Generally, it will
be uncommon for the scope to be moved to this far limit.
During the knob rotation before the maximum, the differ-
ence in angle is, on average, 5.6°. If it is assumed that the
maximum radius of the colon (and therefore the maximum
movement necessary of the distal tip) is 30 mm, the angle
of the colonoscope would change by only 16.8°, on average.
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-100 —ﬁo" = ”£‘ 100
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Figure 12 Tip position for top control knob (left-right movement).
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Figure 13 Tip position for bottom control knob (up-down movement).

Because this total angular movement is small, the small-angle
approximation can be used. In this approximation, it can be
assumed that the distal tip moves in a straight line when the
tip is corrected back to the center of the colon lumen. The
average distance for both clockwise and counterclockwise
rotation for the bottom and top knobs was 10 mm and 11 mm,
respectively.

Implementation of tip mapping

in control logic
The purpose of the sensory system is to pass the values
of X

scope

and Y oper which are the x and y positions of the
scope in relation to the center of the colon lumen, to the
microprocessor. The next step in the operation of the auto-
matically adjustable colonoscope is to utilize the actuators
to move the distal tip to the center of the colon lumen — the
procedure of this movement explained hereafter. It is assumed
that when the colonoscopy is started, the distal tip is in the
straight-out position, meaning that both of the tip control
knobs have zero rotation, and the tip is starting in the center
of the colon lumen. Once the tip deviates from the center,
the sensory system passes the values of X cope and Y ope O the
Mmicroprocessor. X cope refers to movement of the top knob, and

Yope refers to movement of the bottom knob. The direction of
the rotation of the knobs will be chosen based on the position
of the distal tip. The rotational speed of the motors depends
on the current amount of rotation of each knob. Therefore,
the control system must always store the current amount of
rotation. Table 1 shows the ranges of these values with the
averaged rotational speed.

The relationship between the rotation of the tip control
knobs and the distal tip movement was:

00, 10 o1 =2

mm 11 mm mm

Table | Range of rotational speeds for bottom knob

Initial rotation (deg) o (degls)
0-30 99.3
30-60 96.9
60-90 95.7
90-120 94.1
120-150 91.7
150-180 92.0

and

scope

Y and the motor rotational speed, Equation (26) can be

scope’

Using these relationships, the values of X

developed to determine the amount of time each motor must
be rotated to move the distal tip the desired amount:

_ X scope map T

Y map
tT — an d tB — scope B

@r @y

(26)

where ¢ is duration of rotation of each servo motor and wis
the rotational speed of the servo motors.

These equations do not fully describe the behavior of the
servo motors. It was discovered that the first 0°-30° degrees of
rotation of the tip control knobs resulted in no movement of the
distal tip. This lag in the response must be incorporated into the
control system to accurately and effectively position the colono-
scope tip. Therefore, the control system must always monitor
the current amount of rotation of the tip control knobs. Using
this information, the control system can instruct the motors to
rotate the knobs more than calculated, if necessary.

Test of colonoscopy add-on device

to colonoscopy training model

For a test platform, the modified colonoscopy training model
was used to validate the functionality of the colonoscopy
add-on device. The colonoscopy training model comprised
the human torso model, the rubber rings attached to the body,
and a silicon colon.

Figure 14 shows the porcine colon in the colonoscopy
training model. A silicon colon was replaced with a part
of a porcine colon, and air was inserted from the cecum to
inflate the porcine colon for realistic intubation. The porcine
colon was restrained by ten rubber rings and firmly attached
inside the colonoscopy training model. The total colonoscopy
procedures were accomplished by the novice and expert.
The intubation process took 14 minutes by the expert with
the mucosa inspection, and it took 16 minutes by the novice
without the mucosa inspection. The various parts of the
porcine colon are captured in Figure 15.
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Figure 14 Colonoscopy training model with porcine colon. Air is inserted to open
the lumen for more realistic intubation.

The distal tip of the colonoscope maintained its position in
the lumen without contact with the colon wall. In some cases,
it is unavoidable to make contact between the distal tip and
the colon, and special cases during the intubation process are
mentioned in the discussion section. After the distal tip reached
the cecum, the colonoscopist removed the wiring connection
through the biopsy channel and uninstalled the actuation part
from the base of the colonoscope. The retreat process was the
same as the normal colonoscopy procedure. The sensory fixture
was still attached at the end of the distal tip, but it did not affect
the motion of the distal tip, due to the low-profile design.

Discussion

The control theory assumes that the colonoscope is traveling
through a straight, unobstructed passage of the colon.
However, the actual human colon has several different
sections with sharp bends. From the configuration of the
sigmoid colon, it can be assumed that the control theory will
be applicable during navigation of the descending colon,

Figure 15 Snapshots of the porcine colon for the various parts during intubation.

transverse colon, and ascending colon. However, there are
four obvious places where the colon bends sharply: the first
and second bends in the sigmoid colon, the bend in the left
splenic flexure in between the descending and transverse
colons, and the right hepatic flexure in between the transverse
and ascending colons. As a result, it is necessary to add spe-
cial cases to the programming of the microprocessor.

Sigmoid colon

Figure 14 shows the colon as if the patient were laying flat on

their back. During colonoscopy, the patient is usually turned

on their side. Therefore, it can be assumed that the sigmoid
colon undergoes a bend of about 90° upward. During this bend,
the values of /, and /, will be consistent with normal sensor
readings during navigation of straight passages of the colon.

In other words, they will match some values in the look-up

table. The value of /,, however, will be greater than any values

in the look-up table. As a result, the following steps can be
taken to ensure proper navigation of the bend:

e Insert a condition in the programming of the micropro-
cessor before it searches through the look-up table. This
condition will be that /, and /, are less than the maximum
sensor value available in the look-up table, whereas /| is
greater than the maximum value.

e Instruct the servo motor connected to the up-down tip
control knob to move the distal tip toward the direction
of [,

e Continue this movement until the value of /, is within the
maximum sensor value.

Once these steps have been performed, the control system
can resume normal operation of the device. Similarly, the
second bend in the sigmoid colon can be navigated with
different conditions. In this case, the value of /| will have
a normal value found in the look-up table, whereas /, and
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[, will have greater values. The up-down servo motor will
then need to move the distal tip downwards to negotiate the
bend. It should also be noted that every person’s colon is dif-
ferently shaped. Therefore, there may be other sections, not
just in the sigmoid colon, that require this kind of movement.
The bend correction algorithm mentioned previously can be
extended to include all possible bends of this nature, utilizing
readings from all sensors. The resulting motion will require
the use of the up-down motor, the left-right motor, and a
combination of both.

Flattened colon, splenic flexure,

and hepatic flexure
The splenic flexure is located between the descending
and transverse colons. The bend at this section is so sharp
that often the colon lumen is completely flattened. As a
result, the normal control logic will not apply to move
the distal tip correctly. In this case, the bend correction
logic mentioned previously will not work, because the
bend direction will not be known, due to the flattened
section. To navigate these sections, the control system
can test several different movements to determine which
direction the bend goes in. This can be accomplished by
the following steps:

1. Ifall three sensors have very small readings (<1 mm), the
microprocessor detects that the scope is entering a flat-
tened section of the colon and will warn the colonoscopist
with a beep or with a visual warning on the monitor.

2. The colonoscopist will then (slowly) continue to advance
the scope. The microprocessor will continue to read the
distance values from the sensor. If the sensor values
return to normal values from the look-up table, it is deter-
mined that the flattened section is followed by a straight
section of the colon, and normal operation of the device
can resume.

3. If the sensor values do not return to normal, it is deter-
mined that the flattened section is followed by a bend. The
control system will then instruct the actuators to bend the
distal tip arbitrarily in one direction. If the sensor values
return to normal, then it is determined that the bend has
been negotiated successfully and normal operation of the
device can resume.

4. If the sensor values do not return to normal, it is deter-
mined that the bend has not been negotiated successfully
and the movement of the tip will be immediately
stopped. Another warning signal will be issued to the
colonoscopist to inform them to stop advancement of the
scope and retract it.

5. The colonoscopist will repeat steps 3 and 4. However,
the microprocessor will instruct the actuators to move
the scope in a different direction.

6. Steps 3—5 will be repeated until it is determined that the
scope has successfully negotiated the flattened section/
bend.

These flattened bends will occur at the splenic flexure, the
hepatic flexure between the transverse colon and the ascend-
ing colon, and possibly between the rectum and the sigmoid
colon. The algorithm described previously will be able to
handle all of these possible scenarios.

The resolution of the sensors caused the device to not
be able to discern between certain distances to the colon
wall. This aspect of the device caused both advantages
and disadvantages. It allowed the size of the look-up table
to be reduced, reducing the amount of computation time
required to determine the position of the scope and poten-
tially decreasing the response time of the system. However,
the low resolution of the sensors could cause problems in
small-radius sections of the colon. If the distance sensed is
incorrect by 2 mm in a part of the colon where the radius is
2 mm, the scope could potentially come in contact with the
colon wall. Another limitation was the effect of different
types of light on the sensors. During the control tests in the
colonoscopy training model, it was discovered that the halo-
gen light emitted at the tip of the colonoscope caused erratic
behavior of the sensors. The sensors would occasionally
get “stuck” at some value (ie, the voltage would remain the
same even when the sensor was moved away from the colon
wall). This could be due to the glare of the light or possibly
from the light being reflected off a circular surface, causing
the light to be reflected unpredictably. The white light was
changed to a green light, which solved the problem. However,
the picture from the monitor is not as clear when the light
is green, which could cause problems when attempting to
diagnose abnormalities in the colon.

The tests performed on the actuation system provided an
accurate description of the movement of the distal tip due
to the rotation of the tip control knobs. During testing of the
device, it was possible to achieve movement of the tip to the
desired position. However, occasionally, the movement did
not follow the predicted behavior of the tip mapping. This
is due to the pull wire mechanism of the colonoscope. When
the tip control knobs are rotated, they allow some wires to
become tensioned while loosening others. This caused there
to be some lag in the movement of the distal tip when the
knobs were turned until the wires became fully tensioned.
Although this did cause some inaccuracy in positioning,
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the device was able to position the distal tip approximately
in the center of the colon lumen. The construction of the
actuator fixture was robust enough to allow short-term use
of the device without the need for maintenance.

Conclusion

A colonoscopy add-on device has been developed to improve
the intubation process. A detachable sensory part measures
the distance between the distal tip and the colon wall in three
ways. A microprocessor integrates the signals from the sensory
part and controls two dial knobs at the base of the colonoscope
through an actuation system. It automatically indicates the
direction of the lumen without direct contact with the colon
wall, and intubation time is reduced. It also avoids the mechani-
cal trauma caused by the end of the distal tip. After the distal
tip reaches the cecum, the colonoscopist removes the wiring
connected to the sensory fixture through the biopsy channel of
the colonoscope and uninstalls the actuation part at the base of
the colonoscope. The retraction process is the same as a con-
ventional colonoscopy. The colonoscopy add-on device helps
inexperienced colonoscopists to reduce intubation time and
mechanical trauma, but there is a learning curve for an expert
who is more familiar with a conventional colonoscope.
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