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Abstract

Capsule endoscopy involves the patient swallowing a capsule that travels through the gastrointestinal
tract while capturing interior images. The capsule usually passes the body. However, in patients with
irritable bowel disease, the capsule has a chance to become lodged due to bowel constrictions. This
complication requires surgical removal, turning a non-invasive procedure into an invasive one. To prevent
such an outcome, magnetic actuation can maneuver a capsule past constrictions. To test the feasibility
of this, capsules were controlled within a Bowel Phantom with constrictions. Results showed that the
capsule managed to maneuver through the Bowel Phantom, indicating that controlled navigation within
the bowel is feasible. This result could decrease the likelihood of the capsule becoming lodged, making it
a preferable option over passive capsule endoscopy.

1 Introduction

Conventional endoscopy involves imaging the digestive tract by inserting an endoscope orally, often causing
discomfort for around 30% of patients [1, 2, 3]. Consequently, some patients refuse this procedure. Capsule
endoscopy, a less invasive method, involves a patient swallowing a capsule that travels through the digestive
tract and captures images of the patient’s gastrointestinal (GI) tract. The capsule could be used to image the
entire tract; however, it mainly images the small intestines, since those are difficult to reach with conventional
endoscopy [4].

Usually, the capsule travels smoothly through the GI tract. Nevertheless, it may become lodged due to
constriction within the bowel [5] by some diseases, particularly in patients with Crohn’s disease. These con-
strictions prevent the peristaltic movement from moving the capsule past an obstruction. Capsule retention,
where the capsule remains in the GI tract for two weeks or longer, occurs in about 1.9% of cases [5, 6, 7],
which increases to around 3% [8, 9] for people with Crohn’s disease. However, it decreases to 2.88% when a
patency capsule [8], a soluble capsule used to assess the risk of capsule retention in the patient, is utilized.
Generally, the consequence of capsule retention will be surgical removal of the capsule [2, 10]. Furthermore,
surgical procedure would nullify the non-invasive nature of capsule endoscopy. Thus, it is crucial to decrease
chances of capsule retention further. A potential solution to this problem is using magnets to manipulate
the movements of the capsule to move past an obstruction. Besides solving the problem of immobilization,
the clinician may adjust the camera to image points of interest from multiple angles within the GI tract of
the patient.

In addition to the immobilization issue, there is an issue specific to the upper GI tract. Nonmagnetic
capsules cannot be used for gastroscopy [11] due to the anatomy of the stomach. The capsule would pass
the stomach without any opportunity to image anything within it. Nonetheless, if the capsule becomes
magnetically controllable, the clinician may control what is imaged within the stomach and control when
the capsule passes the stomach, allowing for gastroscopy.

Preliminary tests were done to test the viability of moving the capsule through the large intestines.
Nonetheless, since the capsule is not magnetic, it needs a casing where magnets can be added. The entire
experiment took around two hours, during which the endoscopy capsule did not move past the first haustrum,
which Figure 1 shows. Therefore, the original casing cannot aid the capsule to move through the Bowel
Phantom. The failure to move could imply that the capsule does not gain enough traction to move through
the Bowel Phantom or does not react strongly to the RPM. The experiments were done using the original
casing. Since the casing did not manage to move inside the Bowel Phantom, shown in Section 3, the capsule
needs to change to allow the capsule to maneuver through the large intestines. Hence, this report will focus
on improving the capsule to allow movement inside the Bowel Phantom.

Currently, the bulk of research around capsule endoscopy is focusing on automated robots controlling the
capsule and assessing its safety for clinical use [12, 13], comparing it to conventional methods such as the
endoscope [2, 3]. This article will add to the bulk of the research by seeing the feasibility of moving a capsule
past a constriction, which simulates an irritable bowel disease, without the aid of peristaltic movements.
Thus, this article will research how the movement of the control magnet may control the movement of the
capsule and how specific parameters, like the magnetic dipole moment, change the control of the capsule.
Therefore, the research question is: “How can the movement of a capsule be controlled within the GI tract
with the help of an extracorporeal magnet?”



2 Theory

To understand how the magnetic capsule is controlled, the physics needs to be understood. Permanent
magnets, or ferromagnets, inherently create a magnetic field. This field depends on the shape of the magnet
and the material. However, to simplify the calculations in this paper, the magnets used in experiments
are approximated, assuming that the magnet is a point dipole. This approximation becomes more accurate
when the magnetic field is assessed at a distance further away from the magnet, as opposed to directly next
to the magnet [14]. The magnetic field of a magnetic point dipole can be constructed with the following
formula [15]:
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where h represents the magnetic field produced by a magnetic point dipole. Furthermore, m, signifies the
dipole moment and p represents the distance from the middle of the RPM to the middle of the capsule, with
p = pc — pa where pc stands for the middle of the capsule and pa stands for the middle of the Rotating
Permanent Magnet(RPM). This can be seen in Figure 1.
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Figure 1: A) The capsule inside the Bowel Phantom, stuck in the first haustrum. B) The capsule is being magnetically
controlled by the Rotating Permanent Magnet(RPM). During control of the capsule, the capsule will be able to send images
to the clinician, aiding them in control of the capsule. The distance, P, between the points in space pa and pc, where pa
stands for the middle of the RPM and pc stands for the middle of the capsule.

In the formula, the magnitude and the vectors of m, and p are separated. Meaning that mi, and p are the
unit vectors of p and m,. M, shows the direction of the magnetic dipole moment from the magnet. Finally,
D(p)=3 pp? — I, where I is the identity matrix for a 3D space. Formula 1 is used to assess the magnetic
field direction. This is useful knowledge because the magnets will try to align their magnetic dipole moment
with the other’s magnetic field. However, since the RPM is fixed in place rotationally and positionally, only
the capsule will try to align itself with the magnetic field of the RPM.

Torque affects the capsule due to interactions between the magnetic fields of the RPM and the capsule’s
magnetic dipole moment. This formula is a modified version of Formula 1. By multiplying Formula 1 with
pome and the dipole moment vector of the capsule mi. and its absolute value, mc, the following formula is
obtained:
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Figure 2 illustrates the magnetic field of the RPM, with the capsule depicted within the RPM’s magnetic
field. Since the capsule is not aligned with the RPM, which has a stronger magnetic dipole moment, it
would be reasonable to predict the capsule to align itself with the RPM’s magnetic field. Therefore, the
capsule will experience a negative torque, which would cause the capsule to rotate counter-clockwise. The
calculations in Appendix 6.1 support this, as this situation was found to have a torque of -1.28E-05 Nm. If
this torque is strong enough, the capsule will stay aligned with the RPM, a phenomenon called coupling.
Conversely, if the torque is not strong enough, the capsule will not be able to stay aligned, which is referred
to as decoupling.

Plot of the magnetic field lines of the RPM
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Figure 2: Figure2 depicts the capsule within the magnetic field of the RPM.

Using the magnetic field generated in Figure 2, and the kinematics equations, a small simulation can
be generated. The calculations used to generate these simulations are explained in Section 6.2. In this
simulation, the RPM remains stationary while it rotates at a rate of one rotation per second. Consequently,
the capsule rotates in reaction to the magnetic field, causing it to roll. Figure 3 illustrates this movement
at an interval of 1.25 seconds. This interval was chosen to clearly demonstrate the capsule traveling, while
the RPM is rotating.
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Figure 3: This figure depicts how the capsule reacts when the RPM rotates. The figure shows the location of the capsule at
a 1.25 second interval.



3 Methods

For the experiments, an endoscopy trainer (Kyoto Kagaku, Japan) of the large intestine, shown in Figure
4 A, and not the small intestine, will be used because the first tests are going to be a proof of concept. If
testing is successful, testing can move to the small intestine to see if this concept will work in a more narrow
space. The capsule will have to move over the plicae semilunares in this phantom.

Figure 4: A) The Bowel Phantom used, is a colonoscope trainer from Kyoto Kagaku. B) The KUKA robot used for the
experiments. C) The Rotating Permanent Magnet, which controls the capsule.

3.1 Rotating permanent magnet (RPM)

During the tests conducted, there were two magnets: The rotating Permanent Magnet (RPM) and the
casing magnets. The RPM, shown in Figure 4 C, is used to control the casing’s movement and orientation
by orientation and movement in 3D space. The specific robot arm in this article is the KUKA KR10
R1100-2 (KUKA, Germany), shown in Figure 4 B. The robot allows control over the magnet with six DOF.
Additionally, a motor is attached to the end effector of the KUKA-arm to allow for the spinning of the
magnet, hence the name rotating permanent magnet.

3.2 Capsule and casing

The endoscopy capsule used for experiments is named “MiroCam MC1600”. This capsule, also seen in
Figure 5 A, is 24 mm in length and 11 mm in diameter. The capsule has a depth of field between 0 and 30
mm and can image 170° in the forward direction at 6fps and flashes light at a similar tempo. The weight of
Mirocam MC1600 is 3.38 g. The capsule activates upon removal from the container, immediately capturing
images. These images are stored within a Mirocam receiver and transmitted to the desired computer during
the procedure and at the end. A company called IntroMedic (Korea) created the capsule and the transceiver
[16].

10mm

Figure 5: Figures showcasing the capsule casing and how the capsule casing should be attached to the capsule. A) An
endoscopy capsule used to image the GI-tract of a patient. B) Capsule casing to hold the magnets. C) Capsule with the
casing.



Since the capsule is not magnetic, it is not controllable with the RPM. Hence, a casing has been created
to hold magnets. The casing, shown in Figure 5 B, referred to as “capsule casing”, is made from ABS-Like
2.0 Photopolymer Resin from Elegoo. Resin printing is preferred, since it allows for more detailed printing
over Fused Deposition Modeling, also known as conventional 3D printing. The capsule casing weighs 1.51
grams, has a density of 1.195 g/cm?®, has a diameter of 15.4 mm, and is 20.5 mm long. The purpose of the
capsule casing is to hold 1.5 x 1 x 5 mm N45 magnets within its eight slots, which have a magnetic dipole
moment of 0.007878 m? - A. Therefore, a capsule casing with eight magnets has a dipole moment of 0.063
m?-A. With a density of 8 g/cm3, these magnets weigh 0.06 g. The total weight adds up to 5.37 g, including
capsule and casing. Also, there are extra slots, which are wider than the magnet slots. These serve the
purpose of decreasing the total weight of the capsule casing. After having fit the capsule casing with eight
magnets, it allows for magnetic control of the endoscopy capsule with the aid of an external magnet. Lastly,
the capsule is put into the casing as in Figure 5 C, allowing the capsule to still image 170° inside the casing.
Due to the casing stopping before the transparent part of the capsule, the casing does not limit the field of
view of the capsule.

Nonetheless, during preliminary testing, this capsule casing version showed instability and uncontrol-
lability in the form of right or left drift. The drift is likely caused by the RPM when the capsule is not
perfectly perpendicular to the RPM, which can be calculated using Formula 2. And since the capsule is never
perfectly parallel to the RPM, the capsule experiences forces opposing straight motion. Thus, to improve
the controllability of the capsule, a redesign is necessary. For this purpose, three designs have been made.
Of the redesigns, the designs in A, shown in Figure 5, are fit with bumps, while the design in B has an
increase in magnet slot size. The reasoning behind the bumps is that they form a threshold against small
forces, which push the capsule off the straight path. Therefore, an increase in speed would be expected
as a result. The slot size increase allows for more magnets to fit within. Resulting in an increase of the
overall stability of the casing, since the current capsule casing is likely unstable due to a low magnetic dipole
moment. A low magnetic dipole moment can cause the capsule to oscillate between being coupled and
decoupled with the RPM. While the capsule is decoupled, the RPM’s forces can cause the capsule to move
erratically. Nevertheless, it will also increase the weight of the casing, which could cause ’climbing’ over
the semilunares plicae to be more difficult. Therefore, it is paramount to understand if more magnets will
increase the controllability of the casing and if the increase in weight in trade for controllability is beneficial.
There are going to be three designs for the redesigns. Design one increases the size of the magnet slots,
design two has four bumps on each side of the casing, and design three has eight bumps on each side of the
casing, for a total of eight and sixteen bumps respectively. Figure 5 illustrates the redesigns of the capsule
casings.
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Figure 6: Figures showcasing the capsule casing redesigns from different views. Moreover, the frequency response of the
respective capsule is shown underneath the designs. A) shows the capsules with eight magnets, these are smooth, four
bumps, and eight bumps, respectively. While, B) shows the design of the sixteen magnet casing. Additionally, this figure
displays the frequency responses of different capsule casings, with the y-axis being the speed in cm/s, and x-axis displaying
the rotational speed of the RPM in RPS. Overall, the graphs look similar, except for the frequency response of the sixteen
magnet casing, which manages to move at an RPS of 3.5.

3.3 Experiment

Experimentation is done in two parts. First, the redesigns will be tested and compared. Secondly, the chosen
capsule casing will move through the Bowel Phantom.

3.3.1 Pre-experiment testing

The capsule will move in a straight line during the first experiment, and the RPM controlling the capsule will
follow while it rotates at different frequencies. This will be recorded as videos to then derive the velocity of
the capsule by using a tracking software called Tracker by Physlet. The data garnered from the experiments
are plotted, with velocity on the y-axis and frequency on the y-axis, to create the frequency response. The
frequency response curve will be used to determine ideal rotations per second and will aid in choosing the
right redesign, since a higher cutoff frequency means that the capsule casing can keep up with the high
rotational speeds of the RPM, which implies a better coupling to the RPM. The expectation for the eight
magnet capsules with bumps is that they cause an increase in speed due to moving in a straighter path
than the original capsule. Also, the expectation for the sixteen magnet capsule would also be an increase in
speed, but caused by better coupling to the RPM.

3.3.2 frequency response

With this experiment, the capsule casings have been characterized. Figure 5 shows that the capsule casing
with sixteen magnets moves in reaction to the RPM spinning at a rate of 3.5 RPS. The other capsule casings
did not react to the RPM. with linear movement at a RPS of 3.5. The capsules with bumps reacted by
spinning in place or rolling in the opposite direction. These types of movement are not productive in moving
the capsule. Consequently, the frequency, where the capsule casings responses undesirably, are considered
to be zero.

The frequency responses in Figure 6 show that the sixteen magnet casing caused the capsule to react at
3.5 RPS. Thus, this suggests that the sixteen magnet casing has better coupling to the RPM. While the
other capsule casings do not show improvements over the original capsule casing. Furthermore, while it
appears the eight bump capsule and smooth capsule have the same data points, they do vary slightly.
Also, the frequency response of the sixteen magnet casing shows a gradual increase in velocity, opposed
to the plateauing experienced by the casings with eight magnets. Therefore, the sixteen magnet design is
used during the experimental phase. The eight magnets redesigns also did not any improvements over the
original capsule. For example, the eight bump casing appears to react almost exactly the same way the
smooth capsule does, and the four bump capsule only has slight deviations compared to the smooth capsule
and eight bump capsule.



Figure 7: The figure shows the material used in the experiment ;d the setup of the experiment. Figure 7 A shows the
KUKA-arms used in the experiment. The C-arm will move the radiator and detector to be straight above and beneath the
Bowel Phantom, respectively. Then, the C-arm will turn 30 °so that the RPM does not block the capsule in the images.
Additionally, this prevents the robot from ever hitting the C-arm on accident. Figure 7 B shows the KUKA-arm to be directly
above the Bowel Phantom. The KUKA-arm should be close enough to allow control, but also prevent the capsule casing from
being pulled into the RPM. Lastly, Figure 7 C shows the position in which the Bowel Phantom is placed for the experiments.
Also, the figure shows the constricted area, between the eighth and fourteenth haustra

3.4 Experiment

In Section 3.4, the experiments will be divided into two sessions with different plans, since time with the
ARTIS pheno is limited.

3.4.1 Session 1

In session 1, the capsule traverses from the white cap of the Bowel phantom (Figure 7). An operator controls
the RPM both manually and autonomously. The RPM is controlled autonomously by predetermining what
path the RPM follows during the procedure. Since the amount of sessions and time with the ARTIS pheno
is limited, autonomous and manual control are combined. The operator controls the RPM manually during
the straight parts of the bowel, while the RPM is controlled autonomously during turns, since the number of
buttons that are used simultaneously makes turning manually difficult. Furthermore, the area between the
eighth and fourteenth haustra is constricted to simulate an irritable bowel disease. During this experiment,
the measured parameters are the time taken from the Ileocecal valve to the right before the capsule enters the
rectum. Moreover, the distance traveled through the intestines is measured every 30 seconds. The distance
measured is based on which of the 41 haustra the capsule is in. Since the Bowel Phantom is not transparent,
X-ray Fluoroscopy is used to image the capsule. The device used is the ARTIS pheno (Siemens, Germany)

3.4.2 Session 2

The experiments of session 1 are going to be divided in individual experiments in session 2. Since the
operator now has more experience setting up and adjusting the KUKA-arm decreasing time wasted. Thus,
session 2 has two experiments, one involving manual control and the other autonomous control. Also, during
Session 1, it was observed that if the RPM is too close to the Bowel Phantom, the capsule will be attracted
to the RPM, consequently lifting and twisting the Bowel Phantom. The decision was made to tape the Bowel
Phantom down, which is acceptable, since this complication cannot happen in vivo. The tape was applied
in a way that did not cause any additional constrictions. This can be seen in Figure 11 in the appendix.

3.4.3 Experiments without the ARTIS pheno

Since the sessions and time with the ARTIS pheno device are limited, further experimentation is done
without the ARTIS pheno device to gain an appropriate amount of data. The setup remains mostly the
same, but without the X-ray view of the capsule, a different method is deployed to ascertain the capsule’s
position. A flashlight is used to cast the capsule’s shadows on the Bowel Phantom’s walls. Furthermore,
this allows the visualization of the capsule without X-ray fluoroscopy and without disturbing the capsule.
While this is not a method a clinician could employ during capsule endoscopy, it is a method that can let
the capsule go undisturbed from outside influences aside from the RPM. Another change is that the time
constraint is lifted. Consequently, there is enough time to experiment with autonomous and manual control.
These will be separated in different experiments of either pure autonomous control or pure manual control.
During autonomous control, the distance between RPM and Bowel Phantom is changed between attempts
to see its effects on how far the capsule manages to get.



Figure 8: This figure is obtained from the experiments with the C-arm. The figure gives an impression that the RPM is
beside the capsule. However, the RPM is actually directly above the capsule.

4 Results

4.1 Session 1

The experimentation with the X-ray fluoroscopy started with a straight path. Thus, the operator controlled
the RPM manually for the first part. As depicted in Figure 8 a, b, and c, the fourth haustrum was reached
by 1:39 minute and the sixth haustrum by 2:32 minutes. Once the capsule reached haustrum ten, the control
switched from manual to autonomous. During autonomous control, Figure 8 d & e, the capsule managed
to move at a similar pace as the manual control until the capsule became stuck. Multiple attempts were
made using autonomous control, but the capsule did not budge. The RPM was lowered to use a stronger
field to control the capsule. The magnetic field of the RPM got strong enough to lift the capsule into itself,
which caused the Bowel Phantom to twist. The capsule reached the thirteenth haustrum before the Bowel
Phantom became twisted. Therefore, the capsule managed to traverse 31.7% of Bowel Phantom.
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4.2 Session 2

In session 2 both manual, and autonomous control managed to completely move through the Bowel Phantom.
Though manual control was faster, with a time of 11 minutes and 5 seconds, while the autonomous control
took around 7 minutes and 54 seconds. However, this time is only made up of the KUKA-arm maneuvering
the capsule. This will be discussed more in detail in Section 5.

4.2.1 Autonomous Control

Figure 9: This figure is obtained from the experiments with the C-arm. The figure gives an impression that the RPM is
beside the capsule. However, the RPM is actually directly above the capsule.

The videos for a part of the autonomous control became inaccessible due to corruption, which was supposed
to be after Figure 9 d. Consequently, the time from Figure 9 e is an estimate, since the time was not recorded
in another way. In the autonomous control, once the capsule coupled with the RPM, the capsule moved
faster compared to manual control. The speed can be seen in Figure 9 d. It managed to maneuver through
the constriction at 76 seconds. While the manual control became lodged there.
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4.2.2 Manual Control

Figure 10: This figure is obtained from the manual control experiments with the C-arm in session 2. It was done by splicing
together specific times from the x-ray fluoroscopy videos.

First, the manual control was recorded every moment the KUKA-arm moved. This means that there is some
downtime. For example, once the KUKA-arm appeared in Figure 10 d, some time was taken to see if the
KUKA-arm was capable of further clock-wise rotation. However, this downtime is not taken into account
for time until completion F. Therefore, the time is measured while the KUKA-arm is being controlled by
an operator. From the start, in Figure 10 a, the capsule moved continuously until it reached the constricted
area. In Figure 10 c, d, e, f, and g the capsule became lodged for approximately 6 minutes and 45 seconds.
After the capsule passed the first constriction, it started moving at a consistent pace until it reached the
end at the start of the rectum in Figure 10 j.
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4.3 Experiments without the ARTIS pheno

Foremost, it is important to understand that these results were achieved before session 2. Thus, the Bowel
Phantom was not taped down yet in these experiments.

4.3.1 Autonomous control

The results achieved from the autonomous control experiments are displayed in Table 1. Time taken in Table
1 means the taken before the experiment was aborted. When the capsule becomes trapped, the autonomous
controlled RPM does not react, which causes the RPM to move out of range of the capsule. The furthest
haustrum the capsule managed to maneuver to was the fourth haustrum. Additionally, during experiments
6 & 7, the distance between the RPM and the Bowel Phantom became so small that the capsule casing
got pulled to the RPM, causing the RPM and Bowel Phantom to entangle. Consequently, the data from
experiments 6 and 7 have not been recorded.

Experiment number | Time taken (minutes) | Furthest haustrum traveled | Height of the RPM (cm)
1 2 1 5
2 1.5 1 5
3 1.5 1 5
4 1.5 2 5
5 1.5 1 5
6 N/A N/A 3
7 N/A N/A 1
8 2 4 4.5
9 1.5 1 4.5
10 1.5 1 4.5
Mean 1.63 1.5 N/A

Table 1: This table contains the data gathered from the experiments with automatically created paths. The table shows
the time taken before the experiment was aborted, the furthest haustrum the capsule managed to travel, and the distance
between the RPM and the Bowel Phantom during the experiment.

4.3.2 Manual control

The results of the manual procedure are shown in Table 2. The movement of the capsule was often obstructed
during experimentation, causing the capsule to become trapped in multiple haustra. Table 2 shows which
caused the most trouble for the capsule. The time taken in the manual experiments decreases as the number
of attempts increases until attempt number five. Similarly, the longest time spent in a haustrum decreases
with more attempts. Moreover, during manual experimentation, the RPM reached a point where it could
not continue moving due to limitations set on the KUKA-arm. The time to move the RPM into a position
where it could continue was subtracted from the total time taken until completion.

Experiment number | Time taken (minutes) | Haustrum | Longest time spent in Haustrum (minutes)

1 12.5 4 & 16 1.5
2 11 4 &7 1
3 9 16 & 17 1
4 8 9 3
5 9 11 2
6 13.5 17 3

Mean 10.5 N/A 2

Table 2: This table contains the data from the manual experiments. The table shows time until completion of the Bowel
Phantom, the haustrum/haustra, which trapped the capsule the longest and the longest time spent in a single haustrum.
The haustra are counted from the capped end.
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5 Discussion

The question 'How can the movement of a capsule be controlled within the GI tract with the help of an
extracorporeal magnet?’ has been answered by rotating the RPM parallel to the capsule, which will roll in
a direction perpendicular to the RPM. A problem at the beginning of this project was that the MC1600
Navi are currently not in production. To still be able to carry out experiments, the original capsule casing
was created. However, this capsule casing had problems, for example unpredictable movements caused by
coupling and decoupling. Therefore, the original capsule casing needed to be redesigned, which resulted in
multiple designs. These capsule casings were compared using the frequency response graphs. For example,
the capsule casing, from Figure 5 the design with sixteen magnets, showed a peak at a frequency of 3.5
RPS, which suggests that this capsule casing has better coupling to the RPM compared to the other capsule
casing designs. Implying, that this design is more stable than the other designs. Also, the eight magnet
casing had a similar graph to the original capsule casing. This is possibly due to the amount of bumps,
causing the eight bump capsule to react similarly as the original capsule does. Suggesting, the eight bumps
to be redundant. Nonetheless, due to the magnets in the capsule casing, the weight of the capsule increased,
which made orienting the capsule more difficult. Orientation is still possible, but the capsule needs to roll
into position. It cannot rotate in place due to its weight, making orientating the capsule difficult due to the
limitation of space. The other designs also had the increase in slot size length, to allow more magnets to be
slotted inside the capsule casing. Nevertheless, since these 'dot’ designs showed no improvements over the
standard capsule casing, further testing using the extra-slotted magnets was discontinued.

The Bowel Phantom is not a one to one substitute for the real bowels, due to the lack of peristaltic movement.
Furthermore, peristaltic movement could have made the capsule’s movement through the bowels faster.
Additionally, inside the bowels of a person, the capsule only has to be controlled if the person executing
the procedure needs to stop the capsules’ movement due to peristaltic movements, orient the capsule in the
direction of a point of interest, or when maneuvering past an obstruction. However, it is possible that the
procedure is sped up when the person executing the procedure controls the capsule. Regardless, we found
a mean time taken to completion of 10.5 minutes. Due to the experiments not being in vivo. Nevertheless,
other articles have reported on small bowel transit time using magnetic actuation, which is around five hours
[17, 18]. Implying that large bowel transit time has a high likelihood of being higher.

The time measured in this article includes only the operation of the KUKA-arm. excluding the time for
positioning and setup corrections, since the KUKA-arm has positional limitations set. Nonetheless, the time
taken to set up, and correcting the autonomous control were excluded from the time taken until completion.
Resulting in a lower time than it took in total to maneuver the capsule through the Bowel Phantom. Manual
control had minimal downtime, with a total time of approximately 30 minutes. However, autonomous control
required more manual correcting of the path. Resulting in a total time of approximately three hours.

Regardless, the experiments suggest that it is possible to maneuver the capsule past the large intestine with
high possibility of success with manual control. Moreover, autonomous control managed to move through
the intestines at a much lower probability of success. Also, results showed that moving past a constriction
is possible, even though it takes longer to move past them. The capsule moving past the constricted area
supports this, since these were compressed to simulate a constriction in the large intestines. Experiments 6
& 7 might have caused shifting of the Bowel Phantom, causing the obstacles to change. Due to the lifting
of the capsule while the RPM was spinning, which caused the Bowel Phantom to entangle with the RPM.
Possibly, causing following experiments with the Bowel Phantom to have different results, due to shifting of
the set-up. Therefore, only autonomous attempts eight, nine, and ten can be compared to manual control.
Since these were done right after the autonomous control experiments. Furthermore, the manual experiments
have shown a decrease in time taken when the number of attempts increases until the fifth attempt, which
suggests that the operator can improve their control over the RPM. Nonetheless, these results only come
from the manually controlled experiments. While, the automatically controlled RPM experiments have
managed to maneuver the capsule past the Bowel Phantom. The RPM appears to be moving either too fast
for the capsule to keep up or too slow for meaningful progress. A possible solution would be to allow the
operator to take control over the RPM when they deem it necessary or to create a feedback system, which
changes the RPM’s movement based on the location of the capsule relative to the RPM, rather than using
a preset path. The mix of manual and autonomous control is however not possible with how the KUKA
KR1100-2 was operated during the experiments. The KUKA-arm was programmed to be either in manual
or autonomous control, but not both simultaneously. For this reason, using autonomous in conjunction with
a feedback loop would likely be a better solution.

Future research could investigate creating a feedback system that allows the tracking of the capsule in space
and let the RPM react accordingly to move the capsule forward. Otherwise, investigating the feasibility of
using this capsule inside the small intestines would also be interesting.
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6 Appendix

6.1 Calculations
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We can calculate that p:[_g 2] of which f)[ _Og[; ] is the unit vector. Then, we calculate D(p)
‘ 005 4 0 —1.2
by filling p into 3 - pp? — I, where I is the identity matrix, which equals to [ (152 " 10;1 ] Then, we
start calculating the constant part of the equation by filling % with constants. Resulting in
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. Finally, filling this into the formula for torque gives

47(|1/0.05]|3
—4 0 —-1.2770 0
4xmx1E—7]|18.89]| ||0.0630272]] [0] [ } [ ] : : .
o|x| o -1 o 0 |, which results in | -1.282-05 | in Nm
47|[+/0.05] |3 1 —1.2 0 14 Jl1]) 0

6.2 Kinematics equations

The results, in Section 6.2, were gathered from MATLAB. The formulas are run within a for-loop. Therefore,
the iterations here mean a single iteration of said for loop.

First, to calculate what distance the capsule will travel as a reaction to the RPM, we need to calculate the
acceleration caused by the torque it generates. To do this we need to know how much the capsule rotates, this
can be used to calculate the distance the capsule travels. This was done through the Kinematics equations.
To start, Newton’s second law of rotation is used, which is also shown in Equation 3,

a=— 3
: 3)
where 7 is the torque on the capsule generated by the magnetic field, Formula 2, and I is the Moment of
Inertia of the capsule. The rotational acceleration, «, is used then used to calculate rotational speed, w, in
Formula 4.
W = Wprevious + o x dt (4)

In Formula 4, wprevious is the rotational velocity in the previous loop iteration. This replaces the w in the
original formula, which would be wo. Therefore, wprevious replaces the role of starting rotational speed by
taking the rotational speed of the previous iteration. The dt signifies the time step between iterations.

0= eprevious + Wprevious + 0.5 % a dt2 (5)

Finally, in Formula 5 w and « of the previous formulas are used to calculate the 6, which is how much
the capsule has rotated within an iteration. Here, § works on the same principles as w The 0 calculated
using Formula 5 is then used to calculate the distance the capsule has traveled within the time step of the
iteration.

d=r=x0 (6)

Here, d stands for the distance traveled, r is the radius of the capsule, and 6 is how much the capsule has
rotated in an iteration. This is then added to pc, after which the entire iteration start anew.
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6.3 Figures

Figure 11: This is the taped down version of the Bowel Phantom. This was done to prevent the capsule from lifting the
Bowel Phantom into the RPM. The tape was done in a way that prevents the Bowel Phantom from lifting into the RPM,
while not constricting any of the haustra.

6.4 Chat-GPT

Chat-GPT was used in this article to write more concise, and check for grammatical errors. In the early
stages, it was also used as a tool to understand certain concepts like the magnetic dipole moment.

6.5 Dutch abstract

Bij capsule endoscopie slikt een patiént een capsule, die door het maag-darmkanaal gaat en beelden vastlegt.
De capsule reist meestal zonder problemen het lichaam door, maar in patiénten met inflammatoire dar-
mziekten heeft de capsule de kans om vast te raken. Als de capsule langer dan twee weken vast zit, dan
wordt er gebruik gemaakt van chirurgie om de capsule te verwijderen. Dit zorgt ervoor dat de procedure
van non-invasief naar invasief verandert. Om deze uitkomst te vermijden wordt magnetische controle ge-
bruikt om de capsule langs verdikkingen in de darm te manoeuvreren. Om te testen haalbaarheid van deze
methode te testen zal de capsule in een ”Bowel Phantom” met verdikkingen gecontroleerd worden/ Volgens
de resultaten van deze experimenten kon de capsule zich langs verdikkingen manoeuvreren in de ”Bowel
Phantom”, wat laat zien dat magnetische controle in de darmen mogelijk is. Magnetische controle zou de
kans dat de capsule vast komt te zitten kunnen verminderen. Met als gevolg is deze methode beter dan
passieve capsule endoscopie.
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