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Summary

In this master dissertation, the localization of the wireless capsule endoscopy (WCE)
is studied in order to minimize the error. In particular, the influence of the different
tissues of which the human body is composed and their impact on localization were
analyzed.

To determine the behavior of the WCE a computational model of the gas-
trointestinal (GI) tract and the WCE have been implemented. Moreover, a finite
difference time domain solver simulation on Sim4Life has been used to study how
the WCE moves through the GI tract. Four different simulations were considered,
three homogeneous and one heterogeneous: one with the air model, one with fat,
one with muscle, and one with a complete human body model containing all tissues.

Various parameters were obtained such as the electric field along the entire GI
tract, the distance between the transmitter (Tx) and the receiver (Rx), and the
behavior of the Tx in the different tissues. Through the analysis of the data obtained
it was possible to interpolate them according to a hyperbola and subsequently
evaluate the localization error.

It was clear that the position of the WCE along the GI tract influences the
results obtained for the homogeneous muscle model and for the Duke heterogeneous
model. For the other two models considered, the homogeneous model of fat and
air, this parameter does not significantly affect the results obtained. Furthermore,
the position of the receivers in respect to the skin in some cases played a key role
in the accuracy of the data obtained. Moreover, the only hyperbolic relationship
found between the electric field and the distance between the Tx and Rx was the
one for the homogeneous air model. The other simulations did not yield this result.
Finally, the localization error for the heterogeneous model was the largest one
obtained (between 30 and 40 cm), although comparable with the homogeneous one
for muscle. The values obtained for fat and air are smaller.

Keywords: wireless capsule endoscopy, localization, computational modeling,
different tissues
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Chapter 1

Introduction

1.1 Introduction on the anatomy of the gastroin-
testinal tract

The gastrointestinal system (GI) is a very complex apparatus that, unlike others,
occupies a large part of the human body. It consists of a muscular tube, called the
digestive canal, and various accessory organs. The digestive canal is composed of
the oral cavity (mouth), pharynx, esophagus, stomach, small intestine, and large
intestine. Other accessory organs include the tongue, teeth, and various glands,
such as the salivary glands the liver, gallbladder, and pancreas, which secrete water,
enzymes, buffers, and other components into ducts that empty into the digestive
canal (Figure 1.1). Food passes through the entire digestive canal and, during this
journey, secretions prepare nutrients for absorption through the epithelium of the
digestive canal [1].

The digestion starts in the oral cavity, where the chewing and insalivation of
what forms the so-called bolus take place. This movement continues along the
pharynx and esophagus with the swallowing process. The bolus moves to the
stomach where both chemical and mechanical digestion takes place to form the
commonly named chyme. In the small intestine, chemical digestion and absorption
take place with the formation of the chyle. Finally, in the large intestine, there is
the absorption and the stool formation.

Due to the fact that the GI is a very complicated and heterogeneous system, it
may be affected by a large variety of diseases ranked from mild to severe. Accurately
diagnosing digestive disorders involves collecting a thorough medical history and
conducting examinations in order to treat the patients.

1



Introduction

Figure 1.1: Gastrointestinal tract [2]

1.2 Gastrointestinal tract investigation systems -
State of the art

Nowadays, gastrointestinal diseases such as bleeding, infections, cancer, inflamma-
tory bowel diseases, and others remain a huge problem and a big threat to human
health. In particular, gastric and colorectal cancer are ranked third and fourth in
the mortality rate classification.

The traditional endoscope represents the gold standard for the examination
of the gastrointestinal tract [3] which otherwise would be an inaccessible site.
Endoscopes are instruments that use tubes that are only a few millimeters thick to
transfer illumination inside the GI tract and high-resolution images in real time out
of the body, resulting in minimally invasive surgeries or explorations. There are
two types of endoscopes present on the market which are used in clinical practice:

• Rigid tube endoscope (Figure 1.2). There are different model variants but they
are normally composed of an outer scope tube, the rigid body of the scope, a
light guide that enable the surgeon to view inside the tract, an image interface,
and a nosel. Normally it enters the human body through a surgical incision;

• Flexible tube endoscope (Figure 1.3). It is normally composed of a control
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section that allows the surgeon to maneuver the instrument, the insertion
tube that enters the body, and a tip that contains the lenses, the illumination
system, and the image processor. Normally the examination, the diagnosis
and, if necessary, the treatment, are performed through the natural orifices of
the human body [4].

Figure 1.2: Variants of rigid endoscopes [5]

The problems the physicians may encounter when performing the examination
of the GI with the endoscope are respectively:

• The rigidity. This is due to the fact that normally the endoscopes have four
degrees of freedom which do not allow their full movement [6];

• The bulky design. Typically the endoscope is almost 160 mm in length and up
to 14 mm in diameter;

• The possibility of cross-contamination of the liquids of different patients
present on the device. In fact, it is common that if the sterilization is not
performed correctly the instrument’s channels are a perfect place for the
proliferation and replication of pathogens. When the contaminated endoscope
enters contact with a patient can cause several infections [7];

• The risk of intestinal perforation. The problem may occur mainly during inter-
ventional endoscopy while the probability is very low throughout a diagnostic
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Figure 1.3: Flexible endoscope [4]

procedure [8];

• The pain, discomfort and embarrassment of the patient;

• The endoscope does not allow examination of the whole GI, because cannot
investigate the entire small bowel.

In order to overcome all the problems listed above a new endoscopic method was
first proposed in [9] in 1997 but approved by the US Food and Drug Administration
(FDA) in 2001. The Wireless Capsule Endoscopy (WCE) was originally designed
for small intestine imaging but nowadays is the only solution for the investigation
of the whole GI tract.

1.3 Wireless capsule endoscopy - State of the art
Wireless capsule endoscopy is an innovative technology used for performing the
examination of the GI system. Different from the traditional fiber-optical endoscopy,
the patient is examined by swallowing a pill capsule which has the possibility to
navigate through the GI tract in a non-invasive way and send images outside of
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the body in order to be examined by the physician. In the original configuration,
the WCE consists of a capsule-shape device equipped with:

• A plastic shell;

• One or more cameras for imaging acquisition;

• An illuminating system to make visualization of the internal organs possible;

• A power source to aliment the device;

• A radio frequency (RF) part containing an antenna and electronics useful for
sending data outside the body.

The capsule (Figure 1.4) follows the gastrointestinal system from the esophagus
to the colon, and the propulsion of the movement is achieved by peristalsis which
is the natural contractions of the intestines. This movement is painless hence the
patient is more inclined to accept it. During the mouth-to-evacuation period, the
WCE measures signals and records images by multiple receivers, worn on (normally
with a belt) or close to the body, and transmits them to a data recorder outside
the body. The physician examines the recorded images searching for abnormalities.

This technique offers multiple benefits compared to conventional endoscopy,
including non-invasiveness of the diagnosis, comfort for the patient, reach of all the
organs in the GI tract, and time scale of the examination.

Figure 1.4: Assembly drawing of MC4000 a type of WCE on the market [10]
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Notwithstanding the fact that the WCE has been proven successful in the
detection of several diseases, there are some risks that need to be taken into account
[11]:

• Retention within the digestive tract: This problem is the most dangerous.
Studies have shown an occurrence of 3.1% enhanced in patients with motility
disorders, suspected small bowel ulcers, or cancers. This is due to the fact
that these diseases can easily influence the movements of the capsule [12];

• Missed inspection: The WCE uses a low frame rate for image capturing in
order to reduce power consumption. However, this led to a small number
of images in the possible lesion area, hence a potential missed inspection.
Another cause of missed inspections can be due to a limited field of view of the
capsule that cannot be moved by the physician as the traditional endoscope
[13];

• Blurred images: The capsule is moving accordingly to the peristalses of the
GI tract. In particular, WCE’s motion is propelled when there is a muscle
contraction, while it is decelerated during muscle relaxation. The difference in
velocity can cause blurred images which can influence the diagnosis [14];

• Localization problems: The physicians cannot precisely locate the detected
diseases because the localization techniques that are currently used in hospitals
for tracking are definitively not precise [15].

Although WCE can provide images of the whole internal gastrointestinal tract,
the identification of the exact location of the signals remains an open question.
Location information is very crucial for the subsequent treatment of the detected
diseases, either through local delivery of drugs or through surgery. The imple-
mentation of a reliable localization system is difficult also due to the complex
electromagnetic (EM) environment within the human body. The huge potential of
WCE in the future endoscopic field relies on the successful tracking of the wireless
capsule.

1.4 Localization methods
Based on the research conducted until now, the tracking techniques used in medicine
can be divided into three main sections:

• Magnetic field-based localization strategies. In magnetic field localization
usually, the system that allows tracking the capsule is constituted by one or
more magnetic sources called transmitter and one or more sensor modules
called receivers. Either the transmitter or the receiver can be located inside
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the capsule and, as a consequence, the other element will be situated outside
the body [3]. The elements that are outside the body are normally either on
the skin or in a belt worn around the waist. The sensors detect the magnetic
field generated by a small magnet inside the capsule, and this information is
used to determine the capsule’s position and orientation. The main problems
that characterize this technique are that the magnet occupies most of the space
inside the capsule, and is very challenging to overcome the conflict between
the actuation of the WCE and the localization system [16];

• Visual-based localization strategies. In visual-based localization, there are no
additional sensors required. In fact, the position of the WCE is determined by
calculating the velocity and evaluating the distance from certain anatomical
landmarks, such as pylorus and ileocecal valve [17]. This technique uses
computer vision algorithms to analyze the images captured by the capsule’s
camera and determine the position and orientation of the capsule within
the GI tract. Visual-based localization techniques have several advantages
over magnetic field-based techniques, such as not requiring external sensors
and being able to provide a more detailed understanding of the capsule’s
surroundings. However, these techniques can be computationally expensive
and may need significant processing power, which can be a challenge for real-
time applications. Moreover, for the fact that the capsule is moving according
to the peristaltic forces present in the GI, it is usually in motion and twisted.
This makes it very difficult to track the capsule wireless using only the images
[18];

• Electromagnetic wave-based localization strategies. EM tracking techniques
make use of fields at different frequencies and known geometry to determine
the position of the capsule inside the human body. In particular, a set of
EM coils is placed outside the body, either on the skin or in a belt worn
around the waist. These coils generate a magnetic field that interacts with
a small coil inside the capsule. As the capsule moves through the GI tract,
the magnetic field generated by the coils induces a voltage in the coil inside
the capsule. The induced voltage is then measured by the coils outside the
body and used to determine the position and orientation of the capsule [19].
Moreover, a more direct approach can be used. In particular, the antenna
inside the capsule is used as a transmitting antenna and sends signals outside
the body. In order to detect the signal produced, a series of multiple receptors
are worn on the body [20]. However, some limitations have to be highlighted.
In fact, this strategy suffers from limited precision and accuracy, especially in
complex anatomical structures such as the small bowel or the intestine [21].
Actually, the signal is highly subjected to interference from the surroundings,
leading to a complicated signal propagation, and as a result a higher error in
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the localization [22]. Furthermore, it is often difficult to locate the endoscopic
capsule due to the difficulty in reconstructing its position in the GI tract
in three dimensions [23]. A further limitation is the continuous need for
communication between the capsule and the external sensors in order to
transmit the data obtained. In fact, this could induce uncontrolled battery
consumption [3].

Electromagnetic wave-based localization strategies are the most adapted to
localize medical targets. For this reason, this thesis will be limited to this technique.

Figure 1.5: Scheme WCE localization methods

The current state of the art on endoscopic tracking systems with EM waves
is mainly focused on using the radio frequency spectrum, which consists in wave
between some Hz and 300 GHz. The basic theory of radio frequency localization
is to use the propagation characteristic of the EM wave to calculate the distance
and estimate the position based normally on triangulation. This is also due to the
EM properties of the human body. In turn, the EM wave-based localization can be
divided into:

• Time of arrival (ToA);

• Direction of arrival (TDoA);

• Phase difference of arrival (PDoA);

• Received signal strength (RSS);
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1.4.1 Time of arrival and direction of arrival

Time of Arrival (TOA) is a technique that measures the time difference between
when a signal is transmitted and when it is received at different receivers. By
measuring the time delay of the signal, the distance between the transmitter and
receiver can be calculated. Using multiple receivers, the location of the transmitter
can be determined by triangulation.

Direction of Arrival (DOA) is a technique that estimates the angle or direction
from which a signal is arriving at a receiver. This technique uses an array of antennas
to measure the signal at each antenna and compare the phase and amplitude of the
signal. By analyzing the differences between the signals received at each antenna,
the direction of the signal can be estimated.

Although ToA and TDoA methods might be more accurate, according to litera-
ture, than the other RF methods (around 10 to 15 mm [24]), however, they require
additional, costly, and unwieldy hardware, for example, for the synchronization
system between transmitter and receiver and a particular array of antennas patterns.
In addition, they also need an accurate knowledge of the propagation proprieties of
the EM waves in passing through human tissue. Finally, there are some bandwidth
limitations to consider [24].

1.4.2 Phase difference of arrival

PDoA can be used to estimate the location of the capsule within the GI tract
by measuring the phase difference between signals received by multiple antennas
placed on the body surface. As the capsule moves through the GI tract, the signals
received at each antenna will have a different phase, due to the difference in the
distance traveled by the signal to each antenna. By measuring the phase difference
between signals received at different antennas, the direction of the capsule can be
estimated. This type of localization strategy is probably the most difficult approach
to analyze.

The accuracy of PDoA localization depends on several factors, such as the
number and placement of antennas, the frequency of the signal, and the noise level
in the environment. PDoA requires careful calibration and synchronization of the
antennas to ensure accurate measurement of the phase difference.

Overall, PDoA is a promising technique for WCE localization that can provide
accurate and real-time localization without the need for external sensors. However, it
has been proven very inaccurate in heterogeneous models and for small wavelengths.
Moreover, to be used in real applications it requires additional and costly hardware.
In fact, the solution can be to use an iterative algorithm based on initial and coarse
estimation [25].
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1.4.3 Received signal strength
The Received signal strength (RSS) method consists of the measurement of the
power present in the received radio signal. This localization technique is widely
employed in localization processes in medicine. It is used to estimate the distance
from a transmitter to a number of receivers. RSS-based localization can be achieved
by measuring the strength of the RF signal transmitted by the capsule and received
at each antenna. As the capsule moves through the GI tract, the strength of the
signal received at each antenna will change due to the attenuation and absorption of
the signal by the surrounding tissue. By measuring the RSS at multiple antennas,
the location of the capsule can be estimated using different techniques. One
approach that can be used consists of knowing the transmitted and received power
and as a result, the path loss can be found. From a model, the distance can
be estimated. Once the distances are obtained, the location can be found by
multilateration. The principle could be to use the same radio frequency signal that
the capsule uses to transmit images and video to transmit the localization signals.
They can also use different types of radio frequencies to transmit the signals [26].

Radio Frequency modules are commonly used to localize the position of the
capsule due to the intrinsic features of the RF signal. In particular, in terms of
hardware, this technique is the easiest one, even though it has been established
that possesses the largest localization errors. In literature, we can find errors from
30 to 100 mm ([11], [26] and [27]) depending on the stimulation frequency and the
model that has been used for the study. Unfortunately, the RF signal attenuation
through the human body is very high. Moreover, the results are strongly dependent
on the carrier frequency, the number of receivers, the type of receiving antennas,
and the complexity of the model, making the obtained results difficult to compare
with other studies.

In order to improve the accuracy of the measurement the RF can be combined
with other methodologies such as inertial unit measurement, visual imaging process-
ing localization, machine learning, magnetic techniques, or exploiting the Kalman
filter.

1.5 Effect of different human tissues on the local-
ization methods

The human body consists of different tissue types. Each one of them has its own
EM properties. In particular, permittivity and conductivity vary over different
tissues and are dependent on the frequency of the EM wave of the transmitter
and the receiver. These properties, affect the propagation of the EM wave inside
and outside the body. Determining how EM waves travel inside the human body
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over the different tissues is crucial for accurately determining the position and
movement of the WCE along the GI tract.

In general, tissues with higher permittivity and conductivity, such as muscle and
bone, will cause greater attenuation and scattering of the RF signal, resulting in a
lower RSS at the receiving antennas. Conversely, tissues with lower permittivity
and conductivity, such as fat, will cause less attenuation and scattering, resulting
in a higher RSS at the receiving antennas [27].

The differences in permittivity and conductivity are determined, to a large extent,
by the fluid content of the material. For example, blood and the brain conduct
electric current relatively well. Lungs, skin, fat, and bone are relatively poor
conductors. The liver, spleen, and muscle are intermediate in their conductivities.
Differences in dielectric constants are more difficult to explain. The dielectric
constant decreases and the conductivity increases with frequency.

In order to conduct an accurate study of the localization of the WCE along
the GI tract, it is important to consider the different influences of each tissue.
In particular, the interaction between the transmitting antenna and the receivers
depends on the tissue that surrounds the capsule.

1.6 Thesis objective
The objective of this master’s work is first to create a simulation program of
the travel of the endoscopic capsule within the gastrointestinal tract. This is
possible thanks to a finite difference time domain solver simulation on Sim4Life.
Subsequently, a point conversion in terms of electric field and other parameters is
required. In addition, most of the work involves comparing the influence of the
localization of different tissues within the human body. Indeed, their different
permittivity and conductivity characteristics lead to different results in terms of
accuracy. After generating the results of the simulations varying these previous
parameters, a thorough analysis has to be performed and comparisons between the
different data have to be made. It is also important to understand which model
creates the least uncertainty.

There have been implemented four simulations, three with models of the hu-
man body made up of only one homogeneous tissue and one with a completely
heterogeneous model of the human body. Subsequently, it is crucial to understand
how much each tissue affects the localization error. In order to achieve this goal,
it is also necessary to understand how much the different parameters chosen are
influenced by the tissue in question. For this reason, a series of comparisons are
necessary. The main parameters that are taken into consideration throughout the
GI tract are the values of the electric field and the distances between transmitter
and receivers in plane and in space. Also fundamental, are the input power values
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of the transmitting antenna according to which the electric field values have been
normalized. This parameter is in fact indicative of how much the antenna influences
the electric field values obtained. Furthermore, a location uncertainty analysis
method was implemented. It is based on the maximum and minimum values of
distances between the transmitter antenna and the receivers obtained given a small
electric field interval.
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Chapter 2

Materials and methods

In this thesis a numerical simulation technique was used to model the electromag-
netic behavior of the wireless capsule endoscopy as it travels through the GI tract.
In particular, the implementation was performed with finite difference time domain
(FDTD) solver simulation on Sim4Life. Sim4Life is a simulation software package
that allows the modeling of complex biological systems and the EM fields that
interact with them. In order to implement the simulation, a program was written
in Python language.

To conduct the simulation, a three-dimensional model of the whole body has
been created using Sim4Life’s modeling tools. This model includes anatomical
features such as the size and shape of the body, as well as physiological properties
such as the electrical conductivity and permittivity of the tissues.

The FDTD solver was then used to simulate the propagation of electromagnetic
waves through the model, including the wireless signals transmitted and received
by the capsule. The solver takes into account factors such as the capsule’s position
and orientation within the tract, as well as the properties of the surrounding tissues
and fluids.

The simulation results can be analyzed to determine the location and orientation
of the capsule at various points in time, as well as the strength and direction of
the EM fields surrounding it. This information can be used to create a visual
representation of the capsule’s journey and the EM environment it encounters.

2.1 Antennas
In order to conduct the numerical simulation of the WCE along the GI tract, it
is important to implement a source model in Sim4life. To this end, the dipole
antenna was chosen. A dipole antenna is a type of radio antenna that consists of
two conductive elements of equal length, that are aligned parallel to each other
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and separated by a small gap. The two elements are often referred to as the
"arms" or "legs" of the dipole. In particular, this type of source acts both as a
transmitter (Tx) and as a receiver (Rx). Both transmitter and receiver are modeled
as half-wavelength dipoles, consisting of two cylinders with a radius of 1 mm and a
height of 3 mm. The two poles of the antenna are separated by 2 mm and fed by a
line element as source [28]. The two arms of the antenna’s material are the PEC
(Perfectly Electric Conducting). This type of material has zero electrical resistivity
and infinite relative permittivity. Due to these characteristics, it represents, as
its name suggests, the perfect conductor which does not have any ability to store
electrical energy and let electric current flow through it without any loss of energy.
Moreover, a sphere that surrounds the entire antenna was implemented (Figure 2.1).
It has a radius of 5 mm and has different relative permittivity if considered as a
Rx or a Tx as can be seen in Table 2.1.

Characteristic Value
Mass density 1000 kg/m3

Electric conductivity 0 S/m
Relative permittivity Tx 97.2
Relative permittivity Rx 86.5

Table 2.1: Characteristic of the sphere around the antenna

Figure 2.1: Antenna model
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2.1.1 Transmitting antenna
The antenna model of the simulation radiate at 868 MHz which is in the bandwidth
of the radio frequencies. From RF on, the electric and magnetic fields are coupled.
This means that if an electric field exists, a magnetic field will be automatically
produced. Therefore, one talks about electromagnetic fields.

The sources of these fields are both charges and currents. There is a relationship
between current and charges which is based on the charge conservation law. This
law states that the net change in the amount of electric charge in any volume of
space is exactly equal to the net amount of charge flowing into the volume minus
the amount of charge flowing out of the volume. It can be represented by the
charge density continuity equation (2.1), where ρ is the charge density and J is
the electric current density.

dρ

dt
+ ∇ · J = 0 (2.1)

In order to correctly analyze the results it is important to understand the
radiation pattern of the antenna. The source will not radiate in each direction
equally. It will radiate more in some directions than in others as can be seen in
Figure 2.2. This characteristic needs to be taken into account for the analysis of
the results.

Figure 2.2: Radiation pattern of a dipole antenna
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2.1.2 Receiving antennas
The receiving antennas are sensors that deal with the detection of the signal emitted
by the Tx antennas. The number of Rx antennas and their placement with respect
to the human body is essential in order to accurately track the capsule’s movement
through the GI tract. In this study, the Rx antennas were implemented as dipoles
oriented parallel to the vertical axis of the body.

For what concerns the Rx antennas, in terms of numbers two different configu-
rations were considered. In particular, twelve Rx antennas and sixteen. Analyzing
the complexity of the simulation and the data obtained, they showed that the
configuration with sixteen Rx is the most accurate. Nevertheless, it was decided
to use the structure with twelve Rx in order to lighten the code and have a lower
computational cost.

The positioning of the receivers, on the other hand, considered multiple configu-
rations. However, the location of the receivers in the body area is always the same,
in the abdominal area. What changes is the distance of the receivers from the body
surface. In fact, distances varying from two to eighty millimeters were considered,
both on the outside of the body and on the inside. In particular, the distances
chosen are 2, 4, 6, 8, 10, 14, 20, 30, 50 and 80 mm from the skin of the model. As
can be seen in Figure 2.3 there are therefore some receiver configurations inside the
body represented in the image to the left (with a negative distance), and others
outside as in the right image (with a positive distance).

Figure 2.3: Modelling of the position of the Rx antennas

2.2 Body model
In order to replicate faithfully the anatomical GI an accurate human body model
was needed. For this reason, Sim4Life provide a large set of Virtual Population
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(ViP). The ViP is a set of body models, Duke is one of the heterogeneous models,
representing an adult male. In this thesis the Duke model was chosen.

The ViP is a set of body models that replicate the human characteristics. This
type of models are created using medical imaging data from real human subjects.
There are different size and shape of these models including male and female adults,
as well as children. The models are segmented into various tissue types, such
as bone, muscle, fat, and others. This accuracy in modelling allows for detailed
simulations of how electromagnetic fields interact with the human body [29].

In this thesis is was used the "Duke Adult Male" model (Figure 2.4), which is a
high-resolution whole-body model of an adult male in his 30s. The characteristics
of this body model can be seen in Table 2.2 where BMI stands for Body mass
index.

Figure 2.4: Duke model from Sim4Life

2.2.1 Duke properties
The conductivity and permittivity values of the ViP models vary depending on two
important parameters:

• The specific tissue type or organ inside the human body;
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Characteristic Value
Name Duke

Gender Male
Height 1.77 m
Weight 72.4 kg
BMI 23.11 kg m−2

Table 2.2: Characteristic of the Duke model [29]

• The frequency of the electromagnetic field which is chosen.

Some approximate values for a few of the tissue types at 868 MHz, frequency chosen
for this work, (which is in the RF range) can be seen in Table 2.3.

For what concerned the air present inside the human body and around it, the
permittivity value was approximated to the one of the vacuum (8.854 · 10−12

F/m). The conductivity, as the air is considered practically insulating, it can be
approximated as 0 S/m.

Tissue Conductivity [S/m] Permittivity [F/m]
Muscle tissue 0.57 47.5

Adipose (fat) tissue 0.13 11.2
Bone tissue 0.019 12.8
Brain tissue 0.54 48.3

Table 2.3: Properties of the Duke model at 868 MHz [29]

Beneficial to understand better of the influence of the different tissues on the
localization of the WCE and the relative accuracy, four different simulations have
been performed. In particular, the various simulations have the objective of verifying
which of the following configurations gives better accuracy in localization:

1. The "Duke Adult Male" model. It consists of all the modelization of the
different organs with their specific EM properties. This is the most accurate
and complex heterogeneous model analyzed. It takes a lot of time to consider
all the different tissues and their properties during the simulation. Furthermore,
due to the fact that Duke’s model is very complex, made up of different tissues
with different properties, it is often difficult to evaluate how much the various
components influence the final result. For this reason, other configurations
were implemented.

2. The homogeneous air model. This second model is the "Duke Adult Male"

18



Materials and methods

where all the organs and the tissues have been set with the property of the
air. This simulation can show us how the air inside our body interacts and
influences the localization and the electric field inside and outside the human
body.

3. The homogeneous fat model. This third model is the "Duke Adult Male" where
all the organs and the tissues have been set with the property of the fat. This
characteristic has the lowest permittivity among the tissues inside the human
body. This simulation can give us an idea of how this tissue, which is strongly
present inside the human body (in healthy subjects between 10-30% [30])
behaves. It is also essential to understand how the electric field propagates
inside this type of tissue.

4. The homogeneous muscle model. This fourth model is the "Duke Adult Male"
where all the organs and the tissues have been set with the property of the
muscle. This tissue has the highest conductivity and almost the highest
permittivity. The results can lead to a better interpretation of how all the
parameters change in this type of tissue and how it affects the electric field
inside the complexity of the entire human body.

2.3 RSS calculation
The RSS calculation is crucial to the estimation of the position of the capsule inside
the body. It is the measurement of the strength of the signal received by sensors
and transmitted by the capsule.

The method that has been implemented is called the maximum likelihood
approach. It consists of finding the in-body Rx location that maximizes the
probability of observing the measured RSS values based on an assumed empirical
relation between RSS and distance. In particular, it works with the EM data
fields generated by the different simulations. Moreover, the properties of the WCE
simulated, such as orientation, location, and emission characteristics are used to
estimate the localization.

For each of the Rx described before, the distance between the Tx and Rx
antenna inside the WCE was calculated. This distance is crucial for estimating
the RSS because the strength of an electromagnetic signal weakens as it travels
through space. Afterwards, it has been taken into consideration the attenuation,
scattering, and interference. These factors influence how the electromagnetic signal
propagates from the WCE to the Rx. In fact, the RSS is reduced as it travels
through biological tissues and encounters obstacles. Using the calculated distances
and the signal propagation model, it has been estimated the RSS at each receiver
location. This estimation represents how strong the electromagnetic signal is when
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it reaches each receiver. Afterward, a localization algorithm is used to determine
the probability of a location of the WCE. It has been considered the differences
in RSS at various receivers to triangulate the WCE’s position. It has been also
calculated the probability distribution to quantify the probability of the position
of the WCE.

2.4 Sim4Life simulation
With the goal of tracing the endoscopic capsule within the gastrointestinal tract, a
Python program capable of simulating this pathway was created on Sim4Life.

2.4.1 Initialisation functions
With a view to best simulate the movement of the WCE in terms of translation
and rotation, functions were initially implemented to reproduce these movements.
In particular, there are three different functions that perform the rotation around
each axis. In fact, there is a function that enables to perform the rotation around
the x-axis, another one for the y-axis, and the last one for the z-axis. Moreover,
there is a single function that allows the realization of the translations along all
the axes.

In order to correctly transform the transmitting antenna to the desired location,
a new function was implemented. It checks whether the Tx antenna is currently
located at the origin and along the z-axis, which is called basetransform and
it is a dictionary. This function is used to ensure that the Tx antenna is in the
correct starting configuration before applying additional transformations to position
it at a specific location and orientation for EM simulations. It helps maintain
the consistency and accuracy of the simulation setup by starting with a known
configuration for the antenna. In this way, there is also another function that
could be used to verify whether an antenna’s transformation has changed during
the simulation or whether it matches a desired base transformation. This could
be important for ensuring the accuracy of simulations and the proper positioning
of antennas. It is also important to ensure that the antennas are positioned and
oriented as required for specific simulations or scenarios. Also for this specific task,
a function was created. It’s a way to "reset" the transformations of the entities to
specific configurations as opposed to applying incremental transformations.

After defining the processing functions of the antenna, it is important to specify
the positions it takes along the GI tract. Three different functions were developed
with this in mind. The first one generates a list of dictionaries of predefined antenna
locations using fixed translation values for each antenna. It is important to define
some step points. Each dictionary in the list is structured with a name which is
the key to identifying the correct location and a transformation vector. There is a
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second function that generates a set of antenna locations arranged in a grid pattern.
Afterward, it calculates antenna positions based on the provided ranges for x, y,
and z coordinates. The grid is formed by iterating through different combinations
of x, y, and z values. Moreover, some conditions such as filtering and skipping
specific combinations based on the name of the antenna are applied during this
process. Each generated antenna location is stored as a dictionary in the list.

Figure 2.5: 3D image of the path along with there are the positions of the antenna
on the GI tract

The last function generates antenna locations based on sixty-eight positions
chosen in advance. Between each of these sixty-eight points, there is the calculation
of ten additive points chosen by linear interpolation. For this reason, a total of six
hundred and eighty points were used in order to specify the stops of the antenna
inside the GI tract. The names of the points where the antenna is simulated are
generated based on the iteration count and internal iteration count, providing a
unique identifier for each location. In this way, it is also possible to find one single
point separately. The path on which the points are chosen can be seen in Figure 2.5
and 2.6 in 3D and 2D respectively.

There is also a function that is responsible for the creation of antenna locations
for the Fat model of the Duke. It consists of one hundred and four points since the
Fat model of the Duke is bigger. In this thesis, this function was not used.

All the functions illustrated in this chapter can be found in Appendix A.1.
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Figure 2.6: 2D image of the path along with there are the positions of the antenna
on the GI tract

2.4.2 Simulation
Before beginning the simulation of the WCE’s journey along the GI tract, some
parameters were defined. In particular, three total rotations were defined, each
around one of the three Cartesian axes. In addition, the initial position of the Tx
antenna was delineated. Possible rotations and translations of the antenna were
also chosen. It provides a way to simulate how objects would behave when rotated
around different axes or in different directions. In addition, the beginning path and
the simulation file were selected.

It was very important to initiate the simulation on a powerful server to obtain
results in an acceptable time frame. For this reason, Ghent University allowed the
use of the Wicasim. This is an alternative server that the university owns and
which allows simulations to be run in less time than normal servers.

The last loop is the core of the code. In fact, it performs a series of simulations
by varying the locations and orientations of antennas according to predefined
configurations and rotations defined in the functions explained before. Moreover, it
ensures that the simulations are saved periodically to manage file size and progress.
The simulation iterates over all the different positions of the antenna defined in
the previous chapter. For each point, it performs several operations:
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1. It checks at which point the simulation is working and saves the data of the
current one. The code is made also to save a new copy of the file after some
iteration in order to not allow the simulation file to become too large. In fact,
after analyzing ten points, the simulation creates a new file.

2. Load the antenna model stored in another file and loop through each direction
of rotation mentioned before. In fact, it reset the antenna position to the
basetranform. Afterward, it applies the translation and the rotations.

3. Subsequently, there is the copy of the file and the orientation of the antenna.
To them, a specific name is chosen. The label of the file is based on the level
of the iteration and the position inside the GI tract.

4. The code updates the simulation’s grid settings, adjusting padding based on
the translation of the current location.

5. It then updates the simulation’s grid settings and creates voxels.

6. The simulation is run using a specified server (wicasim4 in this case) or locally
if no server is specified. After, there is the saving of the progress and the
beginning of a new iteration.
All the code illustrated in this chapter can be found in Appendix A.2.

2.4.3 From Sim4Life data to numpy data
The resulting data obtained after the simulation fished running are in .smash
format. They contained all the locations of the Tx antenna and their specific
electric field. In this view, a new code was developed in order to transform the
data we obtained from .smash into .npy file using the Analysis tab in Sim4life as
can be seen in Appendix B.1. This type of format is definitively easier to handle
and more compact in terms of space.

The electric field was extracted in a vector manner. In fact, the components
along the x, y, and z-axis of the field were determined separately. In addition, the
frequency of the electric field was derived.

2.4.4 Extract electric field
After making the simulation products lighter and more readable in .npy format,
a new code had to be created to convert the data from .npy to .pickle. During
this conversion, all parameters were precisely defined. The code can be found in
Appendix B.2.

The first step was to extract the value of the electric field with some specific Rx
distances with respect to the skin. In particular, the distances chosen are 2, 4, 6,
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8, 10, 14, 20, 30, 50 and 80 mm from the skin of the model. These distances are
calculated both positively and negatively. This means that the electric field was
extracted for both external (positive) and internal (negative) Rx values.

Figure 2.7: Scheme of placement of the electric field extraction points

The points where the electric field has been converted are positioned according to
a precise geometry. In particular, they are located along circumferences moving on
the vertical z-axis. In fact, there are forty-one points vertically where the conversion
has taken place. Furthermore, along each of these forty-one vertical points, the
electric field has been converted for sixty-three zones onward a circumference with
a virtual radius. This contrivance makes it possible to convert points that lie
exactly on the surface of the model’s abdomen. These configurations can be seen
in Figure 2.7 and 2.8.

The interpolated data are saved as pickle files in a directory structure based on
distance and virtual radius. Each pickle file corresponds to a specific configuration
and rotation vector. The electric field is saved in vector components along the
Cartesian axes x, y, and z.

2.5 Analysis
From the various simulations carried out, many parameters have been obtained. In
particular, the most relevant are those of the electric field within the GI tract and
of the distance between Tx and Rx to which these values correspond.

From the parameters obtained, different variables were varied for each simulation,
such as:
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Figure 2.8: 3D positions where the electric field has been converted

• The type of body tissue used for the simulation;

• The location within the GI tract;

• The location of the Rx.

By varying these characteristics, the localization accuracy was analyzed. Follow-
ing the conclusion of the simulations, the results obtained in terms of the electric
field and the distance between Tx and Rx were extracted. This relationship is
important as it is related to the location of the WCE. Theoretically, the relationship
should be a decreasing hyperbolic function. In fact, where there are high field
values, the distance between Tx and Rx will be smaller, vice versa when the field is
bigger.

For each of the four simulated models (the three homogeneous models of air,
fat and muscle respectively, and the heterogeneous complete Duke model), four
positions within the GI tract were considered. Specifically, these locations are at
the end of the esophagus, in the small bowel, at the beginning and end of the
intestine. In these locations, the Rx position and the capsule orientation were kept
constant, precisely 2 mm external to the body and parallel to the vertical axis of
the body. In order to quantify the uncertainty, several parameters were calculated.
These are respectively the maximum, minimum and mean value of both the electric
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field and the distances between Tx and Rx obtained. In addition, the 25° and 75°
percentile values of the obtained electric field were calculated.

Furthermore, it was important to find a suitable interpolation of the data. Several
curves were considered, but the most suitable relationship was the hyperbolic one.
A hyperbolic interpolation was therefore carried out for each simulation and for
each point on the GI tract. In addition, the R2 parameter was calculated in order
to quantify the uncertainty. The R2 provides a measure of the total variability in
the data that is explained by the regression model. This parameter was also useful
for comparing the results obtained for the different simulations.

Subsequently, the data obtained for different Rx positions for each of the four
simulations were analyzed. In fact, all the analyses described above for the various
locations along the GI tract were also performed at the position at the end of
the esophagus, but for all Rx possible positions. In addition, both positive and
therefore external locations were considered, as well as negative and so internal
locations.

In addition, different input powers of the Tx antenna were analyzed for the
comparison of the data obtained. These values were used to make it easier to
compare the data obtained for the different tissues. The electric field values for
each tissue were divided by the square root of the input power of the antenna.
Then, the data were compared.

Moreover, for each of the simulations obtained, holding constant the point along
the GI tract at the end of the esophagus and the position of Rx at 2 mm outside
the body, the electric field in the presence of the Tx antenna with different rotations
was evaluated. In fact, the antenna can assume a rotation parallel to the x-, y- or
z-axis. In fact, the electric field around the Tx antenna varies according to the
tissue surrounding it and according to its orientation.

Finally, a localization process has been implemented. Specifically, the results
obtained for different points within the GI tract were merged for each simulation
separately. The position of Rx was also kept constant and precisely 2 mm outside
the body and the orientation of the capsule was parallel to the vertical axis of the
body. Then, a hyperbolic fit curve was created by merging the electric field and
distance values between Tx and Rx. This curve is therefore representative of the
relationship between the electric field and the distance between Tx and Rx for each
simulation. Subsequently, three constant values of distance between Tx and Rx
were chosen. For each of these, through the interpolation curve, the interpolated
electric field has been calculated. For this value, a range has been selected. In
this interval of values, all distances between Tx and Rx that are in this range have
been found. For each interval, the maximum, minimum, 25th and 75th percentiles
and their difference were calculated. With these parameters, it was possible to
calculate the uncertainty in the localization for each model analyzed.
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Chapter 3

Results and discussion

After creating the code with which the simulation was launched, a detailed analysis
of the result was carried out. In particular, the study was performed for each of
the different models used (homogeneous of air, fat, and muscle and heterogeneous
of the whole Duke). Additionally, a comparison between each different results was
accomplished.

The first step in the analysis was to evaluate the different results obtained in
different positions within the GI tract. This is because this parameter has a crucial
impact on the localization for the presence of different tissues along the GI tract.
Therefore, four positions were chosen (Figure 3.1), which are:

• At the end of the esophagus;

• In the small bowel;

• At the beginning of the intestine;

• At the end of the intestine.

The analysis was performed in terms of the range of values, hence considering the
maximum and minimum values of distances and electric field obtained. Furthermore,
the mean value, which is indicative of the average distance at which the capsule
is placed is important for comparison between different data. The 25th and the
75th percentile have been also calculated. The parameters that were kept constant
during this evaluation are the position of the Rx antennas and the orientation of
the WCE. In particular, the first value was set at 2 mm external to the body model
and the second one was along the z-axis which is the one parallel to the vertical
axis of the body.

It was also essential to consider how faithfully the data obtained could be
interpolated as an hyperbola. Indeed, if this curve was representative of the
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Figure 3.1: Duke model with the four positions on the GI chosen for the analysis

relationship between the distance between Tx and Rx and the electric field, it
would be possible, given the electric field, to easily derive the distance.

It was crucial to investigate, for each simulation, the influence of the position of
the Rx antennas on the chosen parameters. In this way, this important variable
can be optimized. The data at all different Rx positions (2, 4, 6, 8, 10, 14, 20, 30,
50 and 80 mm internal and external to the body surface) have been extracted. In
particular, the range of values, mean value and R2 for the hyperbole interpolation
for the distance between Tx and Rx and electric field were analysed at the location
at the end of the esophagus.

Moreover, comparisons were made between the results obtained. In particular,
the different electric field values in the homogeneous and heterogeneous models were
compared. Furthermore, their interpolation with a hyperbolic curve was evaluated.

Subsequently, the values were compared taking into account the input power
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of the Tx antenna. This process was done to eliminate the bias given by this
parameter. Then a study on the propagation of the electric field around the Tx
antenna was carried out. Finally, an error localization and evaluation process
was conducted. Electric field values that were transformed from linear to decibel
scale used a reference value of 1 V/m unless otherwise specified. Furthermore, the
behaviors of the WCE were studied when the latter is oriented along the z-axis,
which is the axis parallel to the vertical line of the body.

3.1 Air model
This section is dedicated to the stimulation of the journey of the WCE capsule
inside the GI tract with the homogeneous air model. It consists of the Duke
model, where all the materials of which the model was made are changed into air
(Permittivity 8.854 · 10−12 F/m and conductivity almost 0).

3.1.1 Comparison between different locations inside the GI
tract for the air model

In the four locations mentioned before (at the end of the esophagus, in the small
bowel, at the beginning of the intestine, and at the end of the intestine which can
be seen in Figure 3.1) the relationship between Tx and Rx and the electric field
was analyzed.

Figure 3.2: Graph of distances between Tx and Rx and electric field for a location
at the end of the esophagus for the air model

Figure 3.2 shows the connection between the distance between Tx and Rx and
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the electric field at the end of the esophagus. It can be seen that the minimum
value represented in the distance between Tx and Rx is 0.0625 m and the maximum
is 0.4375 m. The average value is 0.2518 m. It can be seen that as this distance
between Tx and Rx increases, the electric field decreases almost uniformly. In fact,
there is not much variability in the data.

If it were to interpolate the data with a hyperbola, the R2 value would be
0.7725. This value of R2 indicates that the results obtained are very close to the
interpolation of the hyperbola.

Figure 3.3: Graph of distances between Tx and Rx and electric field for a location
in the small bowel for the air model

The dependency of the distance between Tx and Rx and the electric field in the
small bowel has been depicted in Figure 3.3. It can be seen that the minimum
value represented in distance between Tx and Rx is 0.0058 m and the maximum is
0.3581 m. The lowest value is lower than the previous one as well as the highest.
For this reason, the range of values has shifted slightly downwards. The average
value is 0.1760 m, which is smaller than the one preceding since the range of values
is also smaller. It can be seen that, as the distance increases, the electric field
decreases similar to the one at the end of the esophagus (Figure 3.2).

The interpolation of the data with a hyperbola generates an R2 value of 0.7984.
This value of R2 indicates that the relation between the obtained data and the
hyperbola is still high and higher than the previous one. In fact, there is lower
variability around the mean value of the distance. Moreover, even around the
maximum value, the discrepancy is reduced.

When considering a point at the beginning of the intestine, the result can be
seen in Figure 3.4. The minimum value of distance between Tx and Rx is 0.0050 m
and the maximum is 0.3580 m. This range of values is almost the same as the one
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Figure 3.4: Graph of distances between Tx and Rx and electric field for a location
at the beginning of the intestine for the air model

in the small bowel. The average value is 0.1760 m which is the same as the former
one.

Interpolating the data with a hyperbola generates an R2 equal to 0.7988. This
value is very similar to the one for the small bowel. In fact, both the range, the
mean value, and the shape of the plot are comparable.

Figure 3.5: Graph of distances between Tx and Rx and electric field for a location
at the end of the intestine for the air model

As for the location at the end of the intestine, it is depicted in Figure 3.5. The
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minimum value of distance between Tx and Rx is 0.0057 m and the maximum is
0.3582 m. This range is comparable with the previous two. The mean value is
0.1760 m which is equal to the two preceding.

The interpolation of the curve with an hyperbola, generate an R2 of 0.7998.
This value is similar to the one for the small bowel and for the beginning of the
intestine. It is slightly higher because the last part of the plot is more compact in
values.

Position Max E [dB] Min E [dB] Mean E [dB] P25 [dB] P75 [dB]
1 -49.06 -67.88 -59.12 -62.66 -55.52
2 -48.58 -66.40 -57.80 -61.68 -53.98
3 -46.80 -65.12 -56.66 -60.82 -52.66
4 -44.48 -63.64 -55.20 -59.64 -51.04

Table 3.1: Electric field parameters for the air model in the positions illustrated
in Figure 3.1

The parameters calculated for the electric field can be seen in Table 3.1. It can
be seen that there is no great variability between the data obtained in the four
positions analyzed. The electric field in the different positions analyzed extends
between very similar maximum and minimum values. Furthermore, the other
calculated parameters are also similar to each other.

In Figure 3.6 it can be seen the magnitude of the electric field around the body
in a plane representation. It can be appointed that the electric field, represented
by the color code in the dB scale, is almost similar in the four areas analyzed.
Particularly, the electric field, which is represented by the color code in the dB
scale, is almost similar in the four areas investigated. In fact, there is an area at
the top of the graph where the electric field is higher for the air model. In addition,
as we move downwards, the electric field value decreases almost constantly.

One would have expected that there would be no variability at all between the
results obtained along the GI tract of the homogeneous air model in terms of electric
field and distances between Tx and Rx. In fact, since air has zero conductivity, it
shouldn’t present differences. However, due to the antenna model used and the
different distances between Tx and Rx observed, there are minimal variations in
the electric field in the four positions taken into consideration. Furthermore, there
should be variations in the TZ plot due to the way the antenna radiates. In the
resulting graph, there are variations, but not that important.
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Figure 3.6: Magnitude of the electric field around the body for the air model
in the four chosen locations (the end of the esophagus, in the small bowel, at the
beginning of the intestine and at the end of the intestine) in dB scale

3.1.2 Comparison between different Rx positions for the
air model

The study was conducted at the end of the esophagus, as mentioned before, for all
the possible configurations of Rx (both internal and external to the body) with
an orientation of the capsule along the z-axis. In particular, it can be seen in
Figure 3.7 some of the relationships between the distance between Tx and Rx and
the electric field for different positions of Rx. It is also shown in this image the
interpolation curve which is a hyperbole and their specific equation. In addition,
the electric field parameters can be seen in Table 3.2.

For what concerns the analysis of the distances of the Tx and Rx, it can be
said that, apart from positions 30, 50, and 80 where the range is more shifted
towards higher values, for the others the range between the minimum and maximum
of the distances between Tx and Rx is almost constant. The average value also
does not vary particularly much. In fact, the shape of the curve does not change
substantially.
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Figure 3.7: Graph of distances between Tx and Rx and electric field for the
position 4 mm, 10 mm, 20 mm and -6 mm of the Rx antenna for the air model
with their interpolation curve

th

If the parameters calculated on the electric field are analyzed (Table 3.2), it can be
stated that for most of the distances between Tx and Rx, the field extends between
values equal to -67 dB and -50 dB. The minimum value for distances equal to -50
mm and -80 mm is slightly higher. Furthermore, the calculated percentiles (25th

and 75th percentiles) do not undergo particular variations.
From this analysis, it can be deduced that the position of Rx does not sub-

stantially influence the distance values between Tx and Rx and the electric field
obtained for the homogeneous air model. In fact, the data does not undergo signifi-
cant changes. Furthermore, in this case, there is not even a substantial difference
between positions of Rx inside and outside the body. It can also be stated that
for the air model, the hyperbola is an adequate interpolation since the results
obtained follow the curve quite faithfully. In fact, in the relationship between
the distance between Tx and Rx and the electric field, for this model, an almost
hyperbolic decrease can be noted. For the homogeneous air model, the position
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Rx dis [mm] Min E [dB] Max E [dB] Mean E [dB] P25 [dB] P75 [dB]
2 -67.88 -49.06 -59.12 -62.66 -55.52
4 67.82 -50.86 -59.08 -62.06 -55.50
6 -67.68 -50.92 -59.04 -62.56 -55.46
8 -67.62 -50.88 -59.00 -62.50 -55.44
10 -67.58 -50.86 -58.96 -62.46 -55.42
14 -67.52 -50.88 -58.90 -62.38 -55.34
20 -67.44 -50.88 -58.80 -62.22 -45.48
30 -67.26 -50.90 -58.62 -61.98 -55.16
50 -66.60 -50.90 -58.32 -61.58 -54.98
80 -65.62 -50.94 -46.10 -61.04 -44.76
-2 -67.94 -50.86 -59.18 -62.72 -55.54
-4 -68.00 -50.86 -59.20 -62.78 -55.56
-6 -68.18 -50.86 -59.24 -62.82 -55.58
-8 -68.14 -50.86 -59.28 -62.88 -55.62
-10 -68.18 -50.86 -59.32 -62.94 -55.66
-14 -68.26 -51.02 -59.40 -63.04 -55.64
-20 -68.28 -51.38 -59.56 -63.18 -55.78
-30 -67.94 -51.96 -59.80 -63.46 -55.94
-50 -67.24 -53.24 -60.30 -64.06 -56.30
-80 -66.08 -55.38 -60.96 -64.82 -56.20

Table 3.2: Values of maximum, minimum, mean, 25th percentile, and 75th per-
centile of the electric field in dB for different Rx positions for the air model

of Rx relative to the body surface does not particularly influence the relationship
between the electric field and the distance between Tx and Rx. Furthermore, an
almost hyperbolic relationship of the decrease of the electric field with increasing
distance between Tx and Rx was observed.

3.2 Fat model

This section is dedicated to the stimulation of the journey of the WCE capsule
inside the GI tract with the homogeneous fat model. It consists of the Duke model,
where all the materials of which the model was made are changed into adipose
tissue (Permittivity 11.2 F/m and conductivity 0.13 S/m).
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3.2.1 Comparison between different locations inside the GI
tract for the fat model

The analysis of the correlation between the electric field and the distance between
Tx and Rx for the fat model was conducted at the same locations as for the air
model.

Figure 3.8: Graph of distances between Tx and Rx and electric field for a location
at the end of the esophagus for the fat model

If we analyze this relationship at the beginning of the esophagus (Figure 3.8), it
can immediately be seen that it is different in shape from the one in the homogeneous
air model. Moreover, the range of electric field value is slightly higher. It can be
claimed that the curve decreases in electric field values as the distance increases
but with greater variability than in the previous analysis. In particular, the range
of distances between Tx and Rx extends between a minimum value of 0.0625 m
and a maximum value of 0.4375 m. The average value in this case is 0.2518 m.
Thus, in contrast to the shape of the graph, the range in distances and the average
value is very similar to the one conducted in air.

Furthermore, if one interpolates the curve with a hyperbola, the value of R2

turns out to be 0.6247, which is slightly lower than in the previous model, but still
comparable.

If one refers to the point in the small bowel, the plot can be found in Figure 3.9.
The range of values in distances between Tx and Rx, in this case, extends between
a minimum value of 0.0397 m and a maximum of 0.4083 m. The average value
is 0.2216 m. These values are lower than at the end of the esophagus. However,
the maximum and minimum values of the electric field do not undergo substantial
variations compared to the previous point.
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Figure 3.9: Graph of distances between Tx and Rx and electric field for a location
in the small bowel for the fat model

The value of R2 is 0.6890, which is slightly higher than the previous one, but of
the same order of magnitude.

Figure 3.10: Graph of distances between Tx and Rx and electric field for a
location at the beginning of the intestine for the fat model

For the location at the beginning of the intestine, the corresponding Figure
is 3.10. The minimum value represented in the distance between Tx and Rx is
0.0219 m, while the maximum value is 0.3801 m. This range is still lower than the
one in the small bowel. But, the average value is 0.2216 m which is the same as the
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one previously obtained. The minimum electric field value obtained in this case is
slightly lower than in the two locations analyzed previously, while the maximum is
very similar.

As for the value of R2 with a hyperbole interpolation, it amounts to 0.6090.
It is slightly lower than the previous one. In fact, the points in the plot are less
localized and more spread compared to the previous position.

Figure 3.11: Graph of distances between Tx and Rx and electric field for a
location at the end of the intestine for the fat model

The values obtained at the end of the intestine can be found in the Figure 3.11.
The minimum value in distance between Tx and Rx is 0.0001 m, while the maximum
is 0.3514 m. This range of distances is the minimum obtained so far. The average
value is also low and equal to 0.1700 m.

The R2 for this case amounts to 0.6102. If we compare it to the previous fat
model it is in line with the others. This is due to the fact that the plot is similar
in shape with the previous ones.

Position Max E [dB] Min E [dB] Mean E [dB] P25 [dB] P75 [dB]
1 -27.62 -62.62 -43.36 -46.64 -39.36
2 -28.52 -62.60 -42.18 -45.48 -37.40
3 -26.34 -62.62 -41.68 -46.16 -36.92
4 -23.10 -59.82 -40.14 -44.52 -35.98

Table 3.3: Electric field parameters for the fat model in the positions illustrated
in Figure 3.1
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In Table 3.3 the electric field values obtained for the four considerate positions
and the respective analyzed parameters can be found. It can be deduced that the
electric field, also in this case, does not undergo particular variations, as well as the
calculated values. The only electric field values slightly lower than the others are
those obtained for the position at the end of the intestine. As regards the maximum
value of the electric field, compared to that obtained for the homogeneous air model
(Table 3.1), the one for the homogeneous fat model is much higher.

In Figure 3.12 it can be seen the magnitude of the electric field around the
body in a plane representation for the homogeneous fat model. It can be stated
that high electric field values are found in the upper part of the plot. Unlike the
results obtained for the air model, there is no constant decrease in this case. In
fact, moving horizontally one passes from medium-high values to other low ones
within the observed range.

Figure 3.12: Magnitude of the electric field around the body for the fat model
in the four chosen locations (the end of the esophagus, in the small bowel, at the
beginning of the intestine, and at the end of the intestine) in dB scale

It can therefore be stated that, in the case of a homogeneous fat model, the
results obtained do not vary substantially in the four positions analyzed along the
GI tract. In fact, the distance values between Tx and Rx and the electric field are
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similar to each other. A difference can also be noted between the results obtained
for the homogeneous air model. These differences are mainly due to the different
permittivity and conductivity that fat has compared to air. Furthermore, there is
a less hyperbolic relationship between the recorded distance between Tx and Rx
and the electric field.

3.2.2 Comparison between different Rx positions for the
fat model

Also in the case of the homogeneous fat model, a study was conducted in which
the location within the GI tract did not vary (at the end of the esophagus), while
the parameter was the position of Rx. In particular, the electric field and distance
between Tx and Rx values were evaluated in all possible configurations of Rx, both
internal and external to the body.

Figure 3.13: Graph of distances between Tx and Rx and electric field for the
position 4 mm, 10 mm, 20 mm, and -6 mm of the Rx antenna for the fat model
with their interpolation curve

Some examples of graphs obtained have been reported in Figure 3.13, in par-
ticular those relating to positions of Rx at 4 mm, 10 mm, 20 mm, and -6 mm.
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Furthermore, in this plot it is also possible to observe the hyperbolic interpolation
curve with the corresponding equation. The shape of the graph is much more
enlarged than that obtained for the air model. In addition, the distances between
Tx and Rx are slightly lower than those recorded for the previous model. If different
Rx positions are considered, the distance between Tx and Rx values does not
fluctuate significantly, as can also be seen from the graphs. The data obtained
are slightly different if positive (external to the body) or negative (internal) Rx
positions are considered. In fact, the shape that the points take on is different.
Furthermore, the electric field ranges obtained are also slightly different. Moreover,
for Rx positions equal to 50 mm and 80 mm (both positive and negative) the curves
obtained are less similar to those obtained for the other Rx positions.

Rx dis [mm] Min E [dB] Max E [dB] Mean E [dB] P25 [dB] P75 [dB]
2 -62.62 -27.62 -43.36 -46.64 -39.36
4 -61.28 -26.70 -42.98 -46.06 -39.34
6 -61.16 -28.02 -42.96 -46.10 -39.42
8 -61.02 -28.64 -43.08 -46.12 -39.58
10 -60.48 -29.20 -43.20 -46.24 -39.72
14 -59.58 -29.86 -43.40 -46.28 -39.994
20 -58.36 -30.92 -43.66 -46.40 -40.24
30 -57.36 -32.34 -43.94 -46.60 -40.72
50 -66.60 -31.90 -58.32 -46.82 -41.48
80 -59.26 -23.70 -44.50 -46.82 -42.12
-2 -64.04 -30.28 -46.20 -50.60 -41.72
-4 -63.56 -34.28 -49.82 -49.82 -45.78
-6 -62.76 -34.50 -51.02 -53.90 -46.46
-8 -62.80 -23.44 -50.18 -53.84 -46.28
-10 -62.94 -23.42 -50.08 -53.76 -46.04
-14 -63.80 -34.46 -49.92 -53.56 -45.88
-20 -64.32 -34.52 -49.84 -53.60 -45.90
-30 -63.92 -36.04 -48.96 -54.12 -45.60
-50 -60.60 -38.60 -48.98 -53.68 -44.20
-80 -74.52 -41.30 -50.54 -55.84 -44.28

Table 3.4: Values of maximum, minimum, mean, 25th percentile, and 75th per-
centile of the electric field in dB for different Rx positions for the fat model

The electric field values of maximum and minimum and the calculated ones,
such as the mean value, the 25th and 75th percentile can be analyzed in Table 3.4.
The minimum and maximum values are approximately at all Rx positions varying
between -30 dB and -60 dB. For negative Rx positions, they assume slightly lower
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values. The same behavior follows the average, 25th and 75th percentile values where
it can be noted that for Rx positions outside the body, these parameters are bigger.
Furthermore, as previously noted from the plots, the electric field values obtained
for the 50 mm and 80 mm positions of Rx, both positive and negative, undergo
variations with respect to the other Rx positions. Furthermore, for positions equal
to -8 mm and -10 mm the maximum field value is bigger.

For this homogeneous fat model, it can therefore be stated that the results
obtained for the different Rx positions tend to be quite similar with minimal
variations. The most distant positions, both the internal and external ones, differ
in terms of electric field values.

3.3 Muscle model
This section is dedicated to the simulation of the journey of the WCE capsule
inside the GI tract for the homogeneous muscle model. It consists of the Duke
model, where all the materials of which the model was made of are changed into
muscle (Permittivity 47.5 F/m and conductivity 0.57 S/m).

3.3.1 Comparison between different locations inside the GI
tract for the muscle model

The first location analyzed is the one at the end of the esophagus. The correspondent
plot can be seen in Figure 3.14. The first feature that emerges is the fact that the
point cloud is much larger. In fact, if it is compared with the plots obtained for
air and fat, it can be seen that there is no direct and easily definable relationship
between the distance between Tx and Rx and the electric field.

As regards the range of distance between Tx and Rx values, the minimum is
0.0625 m, while the maximum is 0.4375 m. Furthermore, the mean value is 0.2518
m. It is important to note that these values are in line with those obtained for
previous models.

As mentioned previously, since the graph does not have a shape similar to a
hyperbola, the R2 value turns out to be 0.3589. It is lower than that obtained for
the other models.

If we move in the small bowel, the results obtained can be examined in Figure 3.15.
In fact, it can be seen that the minimum observed distance between Tx and Rx is
0.0397 m and the maximum is 0.4083 m. The calculated average value amounts to
0.2216 m. Also in this case these values do not change substantially compared to
the previous ones.

In this particular case, the parameter that changes is R2. In fact it is equal to
0.6090. Indeed, it can be seen that the points are in a different shape as those at
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Figure 3.14: Graph of distances between Tx and Rx and electric field for a
location at the end of the esophagus for the muscle model

Figure 3.15: Graph of distances between Tx and Rx and electric field for a
location in the small bowel for the muscle model

the end of the esophagus for the muscle model.
As regards the beginning of the intestine, the corresponding graph is the Fig-

ure 3.16. The minimum in distance between Tx and Rx amounts to 0.0219 m
and the maximum to 0.3250 m. The mean value is 0.1950 m. This range and
the average value are slightly lower than those previously analyzed for the muscle
model in different areas of the GI tract.

Interpolation with a hyperbola is once again difficult due to the presence of a

43



Results and discussion

Figure 3.16: Graph of distances between Tx and Rx and electric field for a
location at the beginning of the intestine for the muscle model

larger point cloud. In fact, the calculated R2 value is 0.3250. This value is lower
than both that obtained for the end of the esophagus and that in the small bowel.

Figure 3.17: Graph of distances between Tx and Rx and electric field for a
location at the end of the intestine for the muscle model

The last section analyzed is the one at the end of the intestine (Figure 3.17). In
this case, the range of distance between Tx and Rx values extends from a minimum
of 0.0052 m to a maximum of 0.3580 m. The mean is 0.1761 m. It can be deduced
that these data are the lowest among all the areas analyzed.
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The value of R2 obtained by interpolation with a hyperbola is 0.5238. It can be
seen that it is intermediate with respect to that resulting from the analysis at the
beginning of the intestine and in the small bowel.

Position Max E [dB] Min E [dB] Mean E [dB] P25 [dB] P75 [dB]
1 -45.31 -86.87 -62.54 -67.27 -56.94
2 -28.24 -65.72 -46.14 -52.56 -39.52
3 -48.11 -89.99 -67.01 -71.12 -63.26
4 -42.52 -82.27 -66.26 -72.05 -61.95

Table 3.5: Electric field parameters for the muscle model in the positions illustrated
in Figure 3.1

The electric field values obtained in the four Rx positions analyzed can be
highlighted in Table 3.5. In particular, it can be seen that the range of values
(maximum and minimum) varies quite significantly. Moreover, in the small bowel,
the field values are shifted towards higher values. For the other three positions,
the range has lower values. Furthermore, at the beginning of the intestine, the
calculated values (mean, 25th and 75th percentile) are lower than in the other
configurations.

The representation of the electric field with respect to a planar section for the
muscle model can be found in the Figure 3.18. It can be seen how in the first
two positions analysed, the field assumes bigger values in the upper part, while
it decreases in the lower part, non-linearly. Furthermore, for the beginning of the
intestine, the center-left area is characterized by a smaller field, while medium-high
values can be seen in the rest of the plan. Field representation in the end of the
intestine shows a top-down decrease from high to low values.

In the case of the homogeneous muscle model there are quite significant variations
when considering different points within the GI tract. In fact, the point at the
beginning of the intestine is different from the others. For this point, smaller electric
field values and different calculated parameters were recorded compared to the
other positions. The homogeneous muscle model, in fact, has a higher permittivity
and conductivity. This affects the results obtained.

3.3.2 Comparison between different Rx positions for the
muscle model

An analysis of the results obtained in the area at the end of the esophagus by
varying the position of the Rx was conducted, as well as for the homogeneous muscle
model. In particular, both negative and positive positions have been observed.
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Figure 3.18: Magnitude of the electric field around the body for the muscle model
in the four chosen locations (the end of the esophagus, in the small bowel, at the
beginning of the intestine and at the end of the intestine) in dB scale

In Figure 3.19, there are some examples of positions of Rx equal to 4 mm, 10
mm, 20 mm, and -6 mm in terms of Tx and Rx distance and electric field. In
addition, there is the hyperbolic interpolation curve with its equation. Compared
to previous models, the muscle provides a denser upper point cloud that is quite
distinct from the lower one. An analysis was conducted in order to understand
whether this division could be caused by the succession of points ordered above or
below or if there were other reasons. Unfortunately, no satisfactory explanation
has been found to explain this phenomenon. Surely it is clearly noted that the
results obtained in the plot do not come particularly close to a hyperbole. In fact,
an orderly decrease of the electric field cannot be deduced as the distance between
Tx and Rx increases.

In Table 3.6, the maximum and minimum values of the electric field for the
muscle model and the respective calculated parameters are visible. It can be
immediately seen how the electric field range has shifted towards lower values
compared to the previous models analyzed. In particular, it can also be underlined
that for Rx positions inside the body, the maximum and minimum of the electric
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Figure 3.19: Graph of distances between Tx and Rx and electric field for the
position 4 mm, 10 mm, 20 mm, and -6 mm of the Rx antenna for the muscle model
with their interpolation curve

field are lower than for external positions. Consequently, the mean, 25th and 75th

percentile parameters also follow the same trend. Furthermore, it can also be seen
that there is a difference between the electric field values obtained for external
positions of Rx versus internal positions. Indeed, for negative values of Rx, the
electric field assumes a smaller range than for positive values of Rx. Consequently,
the calculated electric field parameters (mean, P25, and P75) also have the same
tendency.

Likewise in the homogeneous fat model, different behaviour between internal
and external Rx positions was recorded for the muscle model. Furthermore, the
position of the WCE along the GI tract also plays a key role in the results obtained.

3.4 Duke model
This section is dedicated to the stimulation of the journey of the WCE capsule
inside the GI tract with the heterogeneous Duke model. It consists of the complete
model, where all the materials from which the model was made are considered. It
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Rx dis [mm] Min E [dB] Max E [dB] Mean E [dB] P25 [dB] P75 [dB]
2 -86.87 -45.31 -62.54 -67.27 -56.94
4 -82.66 -45.22 -61.82 -65.26 -56.82
6 -81.94 -45.32 -61.86 -65.90 -57.28
8 -80.80 -45.38 -61.90 -65.96 -57.04
10 -80.36 -45.40 -61.92 -65.98 -57.12
14 -78.60 -45.52 -61.90 -65.98 -57.18
20 -69.00 -45.64 -61.82 -65.92 -57.26
30 -74.42 -45.42 -60.98 -65.40 -57.06
50 -66.60 -50.90 -58.32 -46.82 -41.48
80 -72.60 -44.54 -60.00 -65.10 -56.34
-2 -87.76 -45.44 -66.90 -74.92 -59.46
-4 -88.68 -51.20 -72.40 -77.52 -68.40
-6 -88.22 -53.08 -73.36 -77.70 -69.70
-8 -88.18 -51.42 -73.80 -78.48 -70.14
-10 -88.90 -52.94 -74.26 -79.00 -70.58
-14 -90.78 -54.18 -72.92 -79.82 -71.16
-20 -95.16 -56.58 -75.92 -80.92 -71.68
-30 -97.44 -58.64 -77.16 -82.66 -73.12
-50 -99.76 -60.10 -78.00 -84.66 -74.84
-80 -96.24 -65.84 -82.30 -86.76 -76.14

Table 3.6: Values of maximum, minimum, mean, 25th percentile, and 75th per-
centile of the electric field in dB for different Rx positions for the muscle model

is the most complex simulation among those analyzed.

3.4.1 Comparison between different locations inside the GI
tract for the Duke model

The analysis conducted for the complete heterogeneous Duke model started, as in
the previous cases, from the point at the end of the esophagus (Figure 3.20). The
minimum distance between Tx and Rx recorded was 0.0052 m, while the maximum
was 0.4421 m. The average of the points obtained is 0.1759 m. It can be seen that
these results are among the lowest reported.

At first glance, it is clear that this graph is nowhere near that of a hyperbola.
In fact, his interpolation with this curve generated an R2 equal to 0.0949. This
value supports the idea that there is no hyperbolic relationship between distance
and electric field for this heterogeneous model.
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Figure 3.20: Graph of distances between Tx and Rx and electric field for a
location at the end of the esophagus for the Duke model

If the analysis is moved to the small bowel, the results obtained are not particu-
larly divergent from those obtained at the end of the esophagus for the complete
Duke model. The results can be seen in Figure 3.20. Indeed, the range for the
distances between Tx and Rx extends between 0.0056 m and 0.4335 m. The average
value amounts to 0.1760 m.

Again the shape of the curve is not similar to a hyperbola. Thus, the calculated
R2 value for this type of interpolation is 0.1540.

Figure 3.21: Graph of distances between Tx and Rx and electric field for a
location in the small bowel for the Duke model
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As far as the beginning of the intestine is concerned, the minimum distance
between Rx ad Tx value recorded is 0.0050 m, while the maximum value is 0.4433
m as it can be seen in Figure 3.22. The average of the data obtained is 0.1758 m.
Therefore, there are no particular variations in this case either, compared to the
previous points.

The value of R2 for interpolation with a hyperbola is 0.2286. It is slightly higher
than the previous ones. Despite this, the curve is not comparable to a hyperbola.

Figure 3.22: Graph of distances between Tx and Rx and electric field for a
location at the beginning of the intestine for the Duke model

The last location analyzed is the one at the end of the intestine. The results
are visible in the Figure 3.23. The range of distance between Tx and Rx extends
between the minimum 0.0057 m and the maximum 0.4312 m. The resulting mean
of the data is 0.1760 m. Even this latest study for the complete Duke model did
not lead to substantial variations in terms of distances.

Instead, the curve is more compact than the previous plots. Therefore the value
of R2 in this case is 0.4096. Obviously, the curve does not look like a hyperbola,
but it is closer than the other points analyzed.

In Table 3.7, the electric field values recorded at the four locations within the
GI tract for the complete Duke model can be observed. A certain variability can
be highlighted both in terms of the range and of the parameters calculated. In
particular, the electric field in the small bowel assumes much lower values than
in the other areas analyzed. Instead, in the final part of the intestine the field is
higher. The other two positions assume intermediate values. In general, the ranges
are slightly lower than in the previous models analyzed.

As for the electric field on a planar surface for the complete Duke model, it
can be analyzed in Figure 3.24. It can be stated that in the first two positions,
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Figure 3.23: Graph of distances between Tx and Rx and electric field for a
location at the end of the intestine for the Duke model

Position Max E [dB] Min E [dB] Mean E [dB] P25 [dB] P75 [dB]
1 -36.04 -78.86 -48.76 -55.08 -44.08
2 -45.18 -95.22 -61.10 -69.22 -53.80
3 -39.72 -72.84 -51.00 -53.14 -47.18
4 -29.20 -64.38 -48.14 -51.64 -45.26

Table 3.7: Electric field parameters for the Duke model in the positions illustrated
in Figure 3.1

the electric field in the central part assumes greater values, while in the lateral
part, it is lower. For the representation of the beginning of the intestine, the field
varies if one moves horizontally from areas with high values to others with low
quantities. In the area of the end of the intestine, the presence of a central area
with a medium-high field surrounded by a part with an even higher field can be
noted.

It can therefore be concluded that the results obtained for the different positions
of the WCE along the GI tract are different between each other for the heterogeneous
model. In fact, the electric field range and the calculated parameters vary depending
on the position of the WCE. This behaviour is due to the nature of the human
body. In fact, as the heterogeneous Duke model represents, it is formed by the
combination of several tissues, each with different conductivity and permittivity.
These tissues are present at different locations in the GI tract in different sequences
and percentage. This is why the electric field at the various points is different.
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Figure 3.24: Magnitude of the electric field around the body for the Duke model
in the four chosen locations (the end of the esophagus, in the small bowel, at the
beginning of the intestine, and at the end of the intestine) in dB scale

3.4.2 Comparison between different Rx positions for the
Duke model

The goal of this section is to analyze the relationship between different Rx positions,
holding the location constant within the GI tract (end of the esophagus) for the
full Duke model.

In Figure 3.25 it can be found some examples of graphs in which the distance
between Tx and Rx and the electric field are related. In particular, the positions
of Rx represented are 4 mm, 10 mm, 20 mm, and -6 mm. Moreover, a hyperbolic
interpolation with the related equation has been shown. As with the muscle model,
the shape of the curve cannot be defined through a hyperbolic relationship. In
fact, it can be seen that for each position of Rx, can be talked about a cloud of
points and the interpolation is not representative of the results obtained. For Rx
positions inside the body, it can be said that there is even less relationship than
the one for positive positions.

Table 3.8 shows the maximum and minimum values of the electric field, the
mean, and the 25th and 75th percentiles for the complete Duke model. An important
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Figure 3.25: Graph of distances between Tx and Rx and electric field for the
position 4 mm, 10 mm, 20 mm, and -6 mm of the Rx antenna for the Duke model
with their interpolation curve

difference in range between positive and negative positions of Rx can be immediately
noticed. In particular, lower values are present for internal positions of the body,
while for external ones the electric field assumes higher values. This trend can also
be seen from the calculated parameters. In fact, both the mean and the 25th and
75th percentiles are greater for positive Rx distances and smaller for negative.

It can therefore be stated that even if the heterogeneous model case is considered,
the position of Rx leads to significantly different electric field values. This is because
the distance between Tx and Rx varies depending on whether the receivers are
inside or outside the human body.

3.5 Models comparison
In this section, a comparison among the different models analyzed has been
performed. In particular, in terms of different ranges of values of electric field and
hyperbolic interpolation, normalization with the different input power and different
electric field distribution around the Tx antenna.
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Rx dis [mm] Min E [dB] Max E [dB] Mean E [dB] P25 [dB] P75 [dB]
2 -78.86 -36.04 -48.76 -55.08 -44.08
4 -64.28 -36.36 -48.24 -52.48 -44.12
6 -63.74 -36.46 -48.30 -52.42 -44.24
8 -62.96 -36.52 -48.36 -52.44 -44.34
10 -62.92 -36.62 -48.44 -52.50 -44.46
14 -62.36 -36.74 -48.58 -52.58 -44.46
20 -61.90 -37.18 -48.82 -53.26 -44.96
30 -61.52 -37.58 -49.16 -52.84 -45.42
50 -66.60 -50.90 -58.32 -46.82 -41.48
80 -60.96 -38.16 -49.70 -53.12 -46.16
-2 -85.56 -35.98 -55.70 -64.48 -45.90
-4 -88.12 -40.54 -62.50 -67.48 -58.36
-6 -81.46 -53.10 -63.66 -66.46 -59.16
-8 -87.36 -51.38 -64.18 -68.38 -79.48
-10 -87.22 -51.26 -64.86 -68.86 -60.16
-14 -84.58 -52.02 -65.78 -69.82 -61.06
-20 -88.58 -53.96 -66.88 -72.04 -61.98
-30 -89.52 -53.78 -68.28 -72.84 -63.48
-50 -97.30 -54.70 -71.88 -75.60 -67.38
-80 -89.52 -63.40 -76.266 -78.60 -73.30

Table 3.8: Values of maximum, minimum, mean, 25th percentile and 75th percentile
of the electric field in dB for different Rx positions for the Duke model

3.5.1 Interpolation values

It is important to analyze how, for the different models, the electric field and
distance results between Tx and Rx can be compared. In this regard, Figure 3.26
shows the results obtained for each model in the position at the end of the esophagus
for a position of Rx of 2 mm outside the body.

It appears immediate how the air model, compared to the others, is the one with
more compact values and more similar to a hyperbolic curve. The other models,
on the other hand, are formed by a scattering of points. It can be seen that the
highest electric field values are those for the fat model (as can also be seen from
Table 3.4 in the previous section), while the lowest are those for the muscle model.
The models analyzed, therefore, when compared in terms of the electric field, show
different values due to the nature of the tissue analyzed, and their conductivity
and permittivity.

Moreover, it was evaluated how much the electric field and distance values
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Figure 3.26: Comparison between the four models

between Tx and Rx are interpolable with a hyperbolic curve. The GI tract point
was kept constant and at the end of the esophagus. The analysis was done in terms
of R2. In the Table 3.9 it can found the various values of R2 divided by each model
and by all the Rx positions.

It can be seen that for each model, the range of R2 is very different. In fact,
the highest values are those obtained for the air model, as they are the closest to
hyperbolic interpolation. The second most similar to this curve are those of the fat
model. They are slightly lower than those of air but in any case the value of R2

is medium-high. On the other hand, the results obtained for the muscle and for
the heterogeneous complete Duke model are lower. In fact, the latter has very low
values. For this reason, the relationship between the electric field and the distance
between Tx and Rx is not hyperbolic in this case.

Furthermore, it can be noted that, for all models, there is a drop in the R2

parameter when one passes from positive values of Rx to negative values. This
means that for positive values of Rx there is a greater resemblance to hyperbolic
interpolation.
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Rx dis [mm] R2 air R2 fat R2 muscle R2 Duke
2 0.7725 0.6247 0.3250 0.0949
4 0.7731 0.6540 0.3754 0.1610
6 0.7742 0.6565 0.3856 0.1689
8 0.7749 0.6587 0.3936 0.1892
10 0.7757 0.6595 0.4001 0.1890
14 0.7773 0.6629 0.4112 0.2018
20 0.7803 0.6708 0.4256 0.2242
30 0.7812 0.6805 0.4427 0.2380
50 0.7866 0.6994 0.4769 0.2836
80 0.7878 0.7054 0.5062 0.3083
-2 0.7714 0.6118 0.1363 0.0132
-4 0.7704 0.6653 0.1163 0.0162
-6 0.7694 0.6912 0.1308 0.0141
-8 0.7682 0.6960 0.1408 0.0021
-10 0.7671 0.6991 0.1599 0.0001
-14 0.7604 0.7006 0.1799 0.0002
-20 0.7381 0.6722 0.1957 0.0003
-30 0.7811 0.6297 0.1814 0.0017
-50 0.6700 0.5846 0.0939 0.0468
-80 0.6285 0.5638 0.0021 0.0001

Table 3.9: Values of R2 for hyperbolic interpolation

3.5.2 Input powers

It was important to consider the input power of the Tx antenna because, if you
want to compare the electric field values obtained for the different models, this
parameter plays a fundamental role. Actually, the Tx input power can change,
depending on the type of tissue surrounding the antenna. In fact, previous studies
conducted on this antenna showed that its behavior is similar to a capacitor. This
can be seen as the power results obtained have a large imaginary part compared to
the real one. This is also a symptom of antenna inefficiency. This choice, on the
other hand, was made to have a small antenna that could enter the capsule. In
this way, the real part of the collected power has been entered in Table 3.10.

The conductivity and permittivity properties of the antenna in the Tx sphere are
more similar to those of fat and muscle. For this reason, the input power obtained
assumes a larger value in these cases. As for the air model, it has the most different
properties than the antenna. Therefore, it will have a much lower input power
value, thus resulting in worse behavior. As for Duke’s complete model, its input
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Model Input Power [W]
Air 3.0 x 10−8

Fat 3.6 x 10−5

Muscle 1.2 x 10−4

Duke 1.1 x 10−4

Table 3.10: Real part of the input power of the Tx antenna for the different body
models

power value is the combination of the interaction of the antenna with the properties
of various tissues whose the model is made of. This results in a value very similar
to the one for the muscle model. In conclusion, the recorded input power values
are quite low. These therefore reveal a not too high antenna efficiency.

Figure 3.27: Comparison between the four models normalized by the input power
in dB scale

Subsequently, for the analysis, the point at the end of the esophagus was chosen,
at a Rx distance of 2 mm external to the body and orientation along the vertical
axis of the body (z-axis). For each of the models analyzed, the square root of the
input power value was calculated. Then, each electric field value was divided by
this last value distinctive for the different models. In this way, it was possible to
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compare the results, without having the Tx input power bias. The results obtained
are in the Figure 3.27. It can be seen how the values of the air model, which
without this normalization were among the lowest (Figure 3.26), are now the
highest. As for the other three models, since they have a similar input power, their
relative position in the graph does not vary much. It can therefore be said that
input power plays a fundamental role in the results obtained.

3.5.3 Tx antenna electric field propagation
It is very important to analyze how the electric field propagates in the various
tissues of the human body in order to understand how this parameter influences
the results obtained for the different models. In particular, sections on the XY
plane were evaluated where the electric field value is maximized. This point is
around the location of the Tx antenna. The data obtained refer to a location at the
end of the esophagus. Furthermore, the values were normalized with respect to the
maximum RMS value of the electric field obtained. For each of the four simulated
models, three orientations of the Tx antenna were taken into consideration:

• Oriented towards the x-axis;

• Oriented towards the y-axis;

• Oriented towards the z-axis.

Figure 3.28: XY plane representation of the electric field through the Tx antenna
orientated toward x, y, and z for the air model
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As regards the results obtained for the homogeneous model made up of air, they
can be observed in the Figure 3.28. In particular, it can be seen how the electric
field around the Tx antenna follows an almost regular pattern. In fact, moving
away from the antenna there are concentric circular crowns that contain similar
electric fields. They have decreasing electric field values as they move away from
the center. It can be observed that when the Tx antenna is oriented parallel to the
z axis, the electric field circles are almost perfect, while when it is oriented in the x
and y direction the surfaces are not perfectly circular. This is due to the fact that
when the antenna is oriented towards the z axis it is parallel to the vertical body
axis.

These results are what one might expect from a homogeneous air model. Indeed,
the antenna with orientation parallel to the z-axis radiates almost in perfect circles.
This means that there is a 1:1 relationship in this orientation. In the other two
orientations, there will be losses due to the difference in elevation angle of the Tx
antenna.

Figure 3.29: XY plane representation of the electric field through the Tx antenna
orientated toward x, y and z for the fat model

The results obtained for the homogeneous fat model are visible in the Figure 3.29.
In particular, unlike the air model (Figure 3.28), the electric field does not decrease
with concentric circles around the antenna. In fact for this second model the
pattern of decrement of the field is not regular. Also, the normalization value for
this model is smaller than the previous one. In the Figure 3.29 it can clearly be
seen that the area around the antenna is developed more in space in one direction.
Furthermore, the electric field decreased more slowly. This can be seen by the
larger size of the blue area. For the fat model, due to the fact that at the interface
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between the antenna and the model there is a lot of difference in permittivity and
conductivity, this different shape has been registered. This creates the irregular
effect of decreasing the electric field.

Figure 3.30: XY plane representation of the electric field through the Tx antenna
orientated toward x, y, and z for the muscle model

The muscle model brought the results visible in Figure 3.30. In this case, the
normalization value is the lowest among the models considered. As with the fat
model, the electric field decay around the Tx antenna does not follow a regular
pattern. On the contrary, for all three orientations, a zone can be seen, with a
shape more developed in one direction, around the Tx antenna where the electric
field is bigger. Moving away from the antenna there will be a fairly large area where
the electric field is minimal. This type of decrease is mainly due to the properties of
the muscle tissue. Indeed, having quite high permittivity and conductivity values,
will cause a non-linear decrease of the electric field around the Tx antenna.

The results obtained for the Duke heterogeneous model are visible in Figure 3.31.
The normalization value is equal to that for the homogeneous model of muscle and
therefore lower than that of fat and air. In this model, the decrease in the electric
field is even less regular. In fact, in all three orientations, a small area can be seen
in which the electric field is maximum. Moving away from the Tx antenna this
parameter decreases in value irregularly and more in one direction than the other.
Furthermore, the area where the electric field is smaller is much more directional
than in homogeneous models. This phenomenon is given by the complexity of the
Duke model which contains all the tissues within it.

In conclusion, the orientation of the WCE plays a fundamental role in the
propagation of the electric field. Furthermore, for the different homogeneous
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Figure 3.31: XY plane representation of the electric field through the Tx antenna
orientated toward x, y, and z for the Duke model

models, the decrease of the electric field around the Tx antenna assumes a different
form given by the conductivity and permittivity properties of the fabric model
itself. For the Duke heterogeneous model, the decrease will be even more complex
as it must take into account all the surrounding tissues.

3.6 Localization error analysis
In this section, an analysis of the error in the localization of the WCE has been
performed. In particular, for each of the models considered (air, fat, muscle, and
complete Duke) the results obtained for an Rx position of 2 mm external with
respect to the body surface and orientation of the WCE parallel to the vertical
axis of the body (z-axis) were analyzed. In addition, all four locations within the
GI tract shown in Figure 3.1 were considered. Furthermore, all obtained electric
field values and distances between Tx and Rx were interpolated with a hyperbolic
curve that can be seen in Figure 3.32.

For each of the four models, fixed points of distance between Tx and Rx equal to
0.1, 0.2 and 0.3 m were chosen. Subsequently, in these points, with the hyperbolic
interpolation curve visible in the Figure 3.32, the corresponding electric field values
were calculated. Subsequently an interval of 1 mV/m was chosen (0.5 mV/m
positive and 0.05 mV/m negative) and the maximum, minimum, range, 25th and
75th percentile distance between Tx and Rx in this interval were evaluated taking
into consideration all the points obtained.

In Table 3.11 there can be found the results obtained for the air model. It can
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Figure 3.32: Graph of distances and electric field for the four models for localiza-
tion purposes and their hyperbole interpolation

d[m] E[mV/m] Max d[m] min d[m] Range[m] P25[m] P75[m] RangeP[m]
0.1 2.406 0.261 0.021 0.240 0.095 0.166 0.071
0.2 1.293 0.438 0.054 0.383 0.177 0.313 0.136
0.3 0.921 0.438 0.071 0.366 0.196 0.320 0.124

Table 3.11: Values of maximum, minimum, range, 25th percentile, 75th percentile,
and range P75-P25 of the distances [m] given an electric field [mV/m] calculated
with the interpolation curve for the air model

be seen that the maximum distance between Tx and Rx range obtained is 38.3
cm for an electric field value of 1.293 mV/m. Instead, the smallest range is equal
to 24.0 cm for a field of 2.406 mV/m. It can therefore be underlined that there
is a variability in the range of distances that varies from 24 to 38.3 cm, which
are quite different from each other. Also significant is the range P, derived from
the difference between the value obtained for the 75th percentile minus the 25th
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percentile. For this homogeneous air model, this parameter lies between 16 cm and
18 cm.

d[m] E[mV/m] Max d[m] min d[m] Range[m] P25[m] P75[m] RangeP[m]
0.1 12.099 0.317 0.025 0.292 0.089 0.182 0.093
0.2 8.744 0.437 0.021 0.416 0.155 0.312 0.157
0.3 7.625 0.436 0.020 0.416 0.176 0.330 0.154

Table 3.12: Values of maximum, minimum, range, 25th percentile, 75th percentile
and range P75-P25 of the distances [m] given an electric field [mV/m] calculated
with the interpolation curve for the fat model

As for the fat model, the analysis can be done from Table 3.12. Firstly, the
electric field values obtained from the interpolation curve are quite different in
terms of magnitude compared to those obtained for the air model and very different
from each other. In fact, for a distance between Tx and Rx of 0.1 m, the field
value obtained is 12.099 mV/m, while for 0.3 m the corresponding value is 7.625
mV/m. Furthermore, the range of distances has a minimum of 29.2 cm for a chosen
distance of 0.1 m and a maximum of 41.6 cm for both a distance of 0.2 m and 0.3
m. For this model, the percentile values are not very representative of the corrected
distance.

d[m] E[mV/m] Max d[m] min d[m] Range[m] P25[m] P75[m] RangeP[m]
0.1 6.730 0.358 0.049 0.309 0.171 0.240 0.069
0.2 4.254 0.398 0.032 0.366 0.166 0.252 0.086
0.3 3.429 0.404 0.026 0.378 0.144 0.276 0.132

Table 3.13: Values of maximum, minimum, range, 25th percentile, 75th percentile,
and range P75-P25 of the distances [m] given an electric field [mV/m] calculated
with the interpolation curve for the muscle model

The results obtained for the muscle model are visible in Table 3.13. The electric
field values collected with the interpolating curve for the fixed distances of 0.1,
0.2, and 0.3 m are lower than those of the fat model but higher than those of the
air. Furthermore, the range of distances obtained moves from 24 cm for a field of
2.406 mV/m to 36.6 cm for a field equal to 0.921 mV/m. Furthermore, the 25th

percentile is quite in line with the distance values for the first two cases considered
but not for the third. However, the 75th percentile is higher.

The last model considered is that of complete Duke and the results obtained
are represented in Table 3.14. The electric field values obtained in this case in the
considered distances between Tx and Rx are not very distant from each other. In
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d[m] E[mV/m] Max d[m] min d[m] Range[m] P25[m] P75[m] RangeP[m]
0.1 4.892 0.410 0.006 0.403 0.115 0.276 0.161
0.2 3.678 0.434 0.006 0.427 0.115 0.301 0.186
0.3 3.273 0.437 0.007 0.430 0.121 0.306 0.185

Table 3.14: Values of maximum, minimum, range, 25th percentile, 75th percentile,
and range P75-P25 of the distances [m] given an electric field [mV/m] calculated
with the interpolation curve for the Duke model

fact, it can be seen in Figure 3.32 that the interpolation of the Duke model with a
hyperbola in the area between 0.1 m and 0.3 m descends slowly. In addition, the
range of values obtained for the distances is very high (around 40 cm) for all the
considered cases. Furthermore, the calculated percentile values, both the 25th and
75th, are not representative of the true distance between Rx and Tx.

If one wants to compare the range of distances and the range between P75 and
P25, it can be seen that for localization, the heterogeneous Duke model presents
the largest errors. The lowest values are obtained for the homogeneous air model,
followed by the fat model and then the muscle model.

Model Range [cm] RangeP [cm]
Air 24.0 - 38.3 7.1-13.6
Fat 29.2 - 41.6 9.3-15.7

Muscle 30.9 - 37.8 6.9-13.2
Duke 40.3 - 43.3 16.1-18.6

Table 3.15: Range of error in distance and range between P75 and P25 for each
body model

The summary results of the obtained WCE localization can be found in Table 3.15.
In particular, for each simulated model, there are the ranges in terms of maximum
and minimum and the difference between the 75th percentile and the 25th percentile
in terms of distances in cm given an electric field interpolated with a hyperbolic
curve. Although the electric field range within which the distance ranges between
Tx and Rx have been calculated is only 1 mV/m, the possible distance ranges are
quite high. In particular, it can be noted at first glance that both for the maximum
minimum range and for that relating to the percentiles, the largest ranges are those
relating to the Duke heterogeneous model. In fact, this result is in line with what
we expected since the complexity of the model makes it very difficult to localize the
WCE. If the respective range values are evaluated at the maximum and minimum
of the distance between Tx and Rx recorded, relative to homogeneous models, the
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greatest uncertainty is that for muscle, followed by fat, and finally by air. These
results are the consequence of the conductivity and permittivity properties of the
tissues. In fact, muscle tissue has the highest conductivity and permittivity value
followed by adipose tissue, followed by air.

Not so different are the results obtained from the difference of the 75th and 25th

percentiles. In fact, it can be noted that the distance intervals between Tx and Rx
obtained for the homogeneous model of air are of the same order of magnitude as
those of the homogeneous model of muscle, which are the smallest. Slightly higher
is the range of percentiles obtained for the homogeneous fat model. However, as
previously stated, the largest ranges were obtained for Duke’s heterogeneous model.

These results make it clear how the composition of the human body, made up
of different tissues of different natures, influences the localization of WCE. In fact,
both muscle tissue and fat tissue make it difficult to precisely identify the distance
between Tx and Rx due to their conductivity and permittivity. Furthermore,
even the air model which theoretically should provide more accurate results, is
characterized by a non-negligible localization error.
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Limitations and future work

In this chapter, the limitations of the study and the future work that could be done
to improve the localization error of the WCE are briefly discussed. It is important
to recognize the limitations of the model used in order to accurately interpret the
results and understand how actions can be taken to improve localization.

In particular, in this study, a parameter that has not been taken into consid-
eration is the orientation of the WCE. In all the results obtained (except for the
analysis of the electric field emitted by the Tx antenna), only the orientation of
the capsule parallel to the vertical axis of the body was evaluated. The values
obtained for the capsule parallel to the x or y-axis were not examined. It would
be interesting to better understand whether or not this variable can influence the
uncertainty in the localization.

Furthermore, homogeneous or fully heterogeneous models were considered in this
study. Instead, it would be useful to understand how heterogeneous combinations
of two or more tissues can influence the analyzed parameters and consequently the
localization uncertainty.

Given the values obtained for this localization method based on EM wave
transmission, it would be interesting to compare these results to other localization
methods present in the literature. Indeed, for different homogeneous and heteroge-
neous models, one could implement different simulations based on other methods
and compare the data obtained. This analysis would be important in order to be
able to use in clinical practice the method that minimizes the localization error. In
this regard, one could also combine the data obtained with other methodologies
such as inertial unit measurements, visual imaging processing, machine learning,
magnetic techniques or implementing the Kalman filter.

66



Chapter 5

Conclusion

In this master thesis, a travel model of the WCE through the GI tract has been
implemented for the evaluation of the influence of various human body tissues on
the localization. In particular, a numerical simulation in FDTD with the Sim4Life
software has been realized. In order to achieve this goal, several elements have
been modeled. Initially, the Tx and Rx antennas were simulated. As regards the
Tx antenna, it has been implemented as a dipole antenna which radiates at 868
MHz, therefore in radio frequencies. The Rx has also been modeled as dipole
antennas. 12 Rx were chosen and the simulation was conducted with a variable
distance of the Rx from the body surface, particularly inside and outside the body.
For the modeling of the human body, the Duke model was chosen which represents
the adult male and is part of the ViP. With this model, four simulations were
conducted. In fact, three homogeneous models of air, fat and muscle respectively,
and a heterogeneous one formed by the complete Duke were used to understand
the influence of various tissues on localization given their different properties in
terms of conductivity and permittivity.

Subsequently, the data obtained from the simulations were extracted and an
analysis was conducted. In fact, for each of the simulations performed, the electric
field data and the distance between Tx and Rx along the entire GI tract were
extracted. Furthermore, a hyperbolic interpolation of the data was performed and
the R2-value was evaluated. Then, four significant points along the GI tract were
chosen for the analysis. In these locations, for each model, the obtained values of
electric field and distance between Tx and Rx were compared in terms of maximum,
minimum, average, 25th and 75th percentile values. In this case, the position of
the Rx with respect to the body surface was kept constant at 2 mm outside the
body. Furthermore, the orientation of the capsule was maintained along the z
direction, parallel to the vertical axis of the body. Regarding the homogeneous
air model, although one would expect that there would be no variation along the
GI tract in the amount of electric field and distance between Tx and Rx, minimal
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variations were observed. For the different conductivity and permittivity values of
the homogeneous fat model, the obtained electric field and distance values between
Tx and Rx are different from the data obtained for the previous model. However, no
substantial changes in the observed parameters were recorded between the various
locations along the GI tract. The homogeneous muscle model, being characterized
by higher permittivity and conductivity values among those analysed, led to the
presence of significant variations of the parameters used along the GI tract. The
point that is most different in this case is the one in the small bowel, characterized
by higher electric field values. The Duke heterogeneous model is the most complex
among those analysed. For this reason, the obtained values of electric field and
distance between Tx and Rx for different locations within the GI tract are different
from each other and also differ from the homogeneous models previously considered.

Moreover, the electric field and the distance between Tx and Rx and the
previously described parameters were evaluated for different distances of Rx relative
to the body surface for each of the four simulations performed. In this case, the
point along the GI tract at the end of the esophagus was chosen. In addition, the
orientation of the WCE was maintained along the z-axis, but the position of the Rx
relative to the skin varied in accordance with the simulated locations both inside
and outside the body. From the analysis of the results obtained, we can deduce
that for the homogeneous air model the position of Rx does not substantially
influence the distance values between Tx and Rx and the electric field. For the
homogeneous fat model, a bigger difference was recorded in the electric field values
relating to Rx positions with respect to the skin very internal to the body or very
external (-80 mm and 80 mm). Similarly in the previous model analysed, different
behaviour between internal and external Rx positions was recorded for the muscle
model. Finally, regarding Duke’s heterogeneous model, the calculated parameters
of electric field and distance between Tx and Rx undergo important variations
when different positions of Rx with respect to the body surface are considered.

Furthermore, a comparison of the different input power of the Tx antenna has
been taken into consideration. This analysis was conducted using the electric field
obtained at the point at the end of the esophagus with an Rx position of 2 mm
external to the body surface and an orientation along the z-axis for each of the four
simulations. The electric field values were divided by the square root of the real
part of the input power of the Tx antenna. The input power value obtained for air
is three orders of magnitude smaller than the others. Therefore, when the division
of the electric field by the square root of this value is evaluated, the homogeneous
model of air is the one with the highest electric field. Then follows the input power
of the homogeneous model of fat, while that for the homogeneous model of muscle
and the heterogeneous Duke model are very similar and higher than the others.

To understand how much the different tissues influence the localization of the
WCE, XY sections of the propagation of the electric field near the Tx antenna were
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evaluated for orientations along the x, y, and z axes. It has been observed that for
the homogeneous model of air there is an almost constant decrease with concentric
circles of the electric field in the three orientations. For the other three simulations
(homogeneous models of fat and muscle, and heterogeneous Duke) the decrease of
the electric field is not constant, but directional. Since the Duke heterogeneous
model is the most complex in terms of conductivity and permittivity of the body,
the electric field decrease model is the most heterogeneous and directional both in
the area around the Tx antenna and in the farthest one.

Finally a localization analysis was carried out. For each of the simulations
conducted, the results obtained in the different positions along the GI tract were
combined. Subsequently, the data were fitted using a cumulative hyperbola for each
model. Next, three distances between Tx and Rx were chosen and with the curve
fitted three corresponding electric field values were found. A small range of electric
field values was then chosen and the corresponding distances between Tx and Rx
were evaluated. The data were then analyzed in terms of maximum and minimum
distance between Tx and Rx and range between the 75th and 25th percentile. These
ranges of distance values were then used to evaluate the localization error. It has
been noted that the greatest error, as might have been expected, is that obtained
for the Duke heterogeneous model. Next, the largest errors were recorded for the
homogeneous model of muscle, then fat and finally air. However, if we evaluate the
percentile ranges between the 75th and 25th, the greatest value is always that of
the Duke heterogeneous model, followed however by the homogeneous one of fat
and finally by those of muscle and air.

The results obtained and the parameters considered make it clear that the
localization of the WCE and its uncertainty depend on the characteristics of the
tissues of which the human body is composed. In fact, the wide uncertainty ranges
of the distance between Tx and Rx obtained for the homogeneous models of muscle
and fat make it difficult to localize the WCE. Moreover, also the air model which
should have generated significantly lower errors, showed rather high localization
uncertainty.

69



Appendix A

Simulation code

A.1 Definitions of the functions present inside
the code

1 import sys , os , s h u t i l
2 import numpy as np
3 from math import pi , cos , s in , s q r t
4 import s4l_v1 . model as model
5 import s4l_v1 . s imu la t i on . emfdtd as fdtd
6 import s4l_v1
7 import s4l_v1 . a n a l y s i s as a n a l y s i s
8 import s4l_v1 . a n a l y s i s . v i ewers as v i ewers
9 import s4l_v1 . document as document

10 import random
11 import s4l_v1 . un i t s as un i t s
12 from s4l_v1 . model import Vec3 , Trans lat ion , Rotation , Transform
13 import XCoreModeling
14

15 t h i s f i l e = True
16

17 de f rotx ( rx , matform = True ) :
18 matrix = np . array ( [ [ 1 , 0 , 0 , 0 ] , [ 0 , cos ( rx ) ,− s i n ( rx ) , 0 ] , [ 0 , s i n ( rx ) ,

cos ( rx ) , 0 ] , [ 0 , 0 , 0 , 1 ] ] )
19 i f matform :
20 re turn Mat3( Vec3 ( matrix [ 0 , : 3 ] ) , Vec3 ( matrix [ 1 , : 3 ] ) , Vec3 (

matrix [ 2 , : 3 ] ) )
21 re turn matrix
22

23 de f roty ( ry ) :
24 re turn np . array ( [ [ cos ( ry ) ,0 , s i n ( ry ) , 0 ] , [ 0 , 1 , 0 , 0 ] , [ − s i n ( ry ) ,0 , cos (

ry ) , 0 ] , [ 0 , 0 , 0 , 1 ] ] )
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25

26 de f r o t z ( rz ) :
27 re turn np . array ( [ [ cos ( rz ) ,− s i n ( rz ) , 0 , 0 ] , [ s i n ( rz ) , cos ( rz )

, 0 , 0 ] , [ 0 , 0 , 1 , 0 ] , [ 0 , 0 , 0 , 1 ] ] )
28

29 de f t r a n s l ( tx , ty , tz ) :
30 re turn np . array ( [ [ 1 , 0 , 0 , tx ] , [ 0 , 1 , 0 , ty ] , [ 0 , 0 , 1 , tz ] , [ 0 , 0 , 0 , 1 ] ] )
31

32 de f openFi l e ( p a t h f i l e ) :
33 t ry :
34 document . Open( p a t h f i l e )
35 except RuntimeError :
36 pr in t ( ’ RuntimeError ignored ’ )
37

38 de f t e s t a n d s e t s t a r t c o n f ( antenna , basetrans form ) :
39 f o r ent in antenna . E n t i t i e s :
40 i f not equa l t rans fo rms ( ent . Transform , basetrans form [ ent .Name

] ) :
41 ent . Transform = basetrans form [ ent .Name ]
42

43 de f equa l t rans fo rms ( t , u ) :
44 m, n = t . Matrix4 , u . Matrix4
45 a l l ( [m. Get ( i , j ) == n . Get ( i , j ) f o r j in range (4 ) f o r i in range

(4 ) ] )
46 re turn a l l ( [ ( np . asar ray ( t . S ca l i ng ) == np . asar ray ( t . S ca l i ng ) ) . a l l

( ) , (np . asar ray ( t . Rotation ) == np . asar ray ( t . Rotation ) ) . a l l ( ) , ( np .
asar ray ( t . Trans la t i on ) == np . asar ray ( t . Trans la t i on ) ) . a l l ( ) ] )

47

48 de f setTransform ( group , t a r g e t t r a n s f o r m d i c t ) :
49

50 f o r g i in group . E n t i t i e s :
51 g i . Transform = t a r g e t t r a n s f o r m d i c t [ g i .Name ]
52

53 de f makea l l locsduke11 ( ) :
54

55 c01 ={ ’name ’ : ’ c01 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 4 3 . 0 , 3 3 6 . 0 , 1 1 6 3 . 0 ] ) ) }

56 c02 = { ’name ’ : ’ c02 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 6 1 . 0 , 2 7 1 . 0 , 1 0 3 2 . 0 ] ) ) }

57 c03 = { ’name ’ : ’ c03 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3 ( [ 9 6 . 0 , 2 6 3 . 0 , 9 8 0 . 0 ] )
) }

58 c04 = { ’name ’ : ’ c04 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 4 1 . 0 , 2 2 3 . 0 , 1 1 6 6 . 0 ] ) ) }

59 c05 = { ’name ’ : ’ c05 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 6 8 . 0 , 2 7 8 . 0 , 1 0 8 0 . 0 ] ) ) }

60 c06 = { ’name ’ : ’ c06 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 5 3 . 0 , 3 2 8 . 0 , 1 0 8 0 . 0 ] ) ) }

61 c07 = { ’name ’ : ’ c07 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 3 1 . 0 , 3 4 7 . 0 , 1 0 9 6 . 0 ] ) ) }
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62 c08 = { ’name ’ : ’ c08 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 5 8 . 0 , 2 3 1 . 0 , 1 0 6 9 . 0 ] ) ) }

63 c09 = { ’name ’ : ’ c09 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 3 8 . 0 , 2 6 7 . 0 , 9 8 3 . 0 ] ) ) }

64 c10 = { ’name ’ : ’ c10 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 7 2 . 0 , 2 7 8 . 0 , 1 1 1 1 . 0 ] ) ) }

65 c11 = { ’name ’ : ’ c11 ’ , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ 1 6 1 . 0 , 3 2 1 . 0 , 1 1 3 4 . 0 ] ) ) }

66 re turn [ c01 , c02 , c03 , c04 , c05 , c06 , c07 , c08 , c09 , c10 , c11 ]
67

68 de f makea l l l o c sdukegr id ( ) :
69 nx , ny , nz = 5 ,5 ,8
70 xrange = np . l i n s p a c e (30 ,180 , nx , endpoint = True )
71 yrange = np . l i n s p a c e (138 ,398 , ny , endpoint = True )
72 zrange = np . l i n s p a c e (950 ,1300 , nz , endpoint = True )
73 a l l a l l l o c s = [ ]
74 f o r i , x i in enumerate ( xrange ) :
75 i f i <2 or i >2:
76 cont inue
77 f o r j , y i in enumerate ( yrange ) :
78 f o r k , z i in enumerate ( zrange ) :
79 name = ’ c ’+s t r ( i )+s t r ( j )+s t r ( k )
80 i f i n t (name [ 1 : ] ) != 224 :
81 cont inue
82 i f ( i ∗ j ∗k )%2 == −1:
83 cont inue
84

85 a l l l o c s . append ({ ’name ’ : name , ’ t r a n s l ’ : Trans la t i on ( Vec3
( [ xi , yi , z i ] ) ) })

86 re turn a l l l o c s
87

88

89

90 de f makea l l l ocsduke ( ) :
91 n i n t e r = 10
92 t ruepos = 1000∗np . array ( [ [ 0 . 1 4 3 , 0 . 264 , 1 . 5 0 5 ] ,
93 [ 0 . 1 2 5 , 0 . 271 , 1 . 4 7 4 ] ,
94 [ 0 . 1 1 1 , 0 .27 , 1 . 4 4 8 ] ,
95 [ 0 . 0 9 6 , 0 . 264 , 1 . 4 1 5 ] ,
96 [ 0 . 0 9 3 , 0 .26 , 1 . 3 7 6 ] ,
97 [ 0 . 0 9 , 0 . 261 , 1 . 3 3 9 ] ,
98 [ 0 . 1 0 2 , 0 . 275 , 1 . 2 9 8 ] ,
99 [ 0 . 1 3 1 , 0 . 3 , 1 . 2 6 5 ] ,

100 [ 0 . 1 1 6 , 0 . 322 , 1 . 2 8 2 ] ,
101 [ 0 . 1 1 5 , 0 . 354 , 1 . 2 9 3 ] ,
102 [ 0 . 1 5 2 , 0 . 343 , 1 . 2 6 1 ] ,
103 [ 0 . 1 6 , 0 . 312 , 1 . 2 3 7 ] ,
104 [ 0 . 1 7 , 0 . 286 , 1 .21 ] ,
105 [ 0 . 1 6 8 , 0 . 253 , 1 . 1 9 4 ] ,
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106 [ 0 . 1 6 3 , 0 . 223 , 1 . 1 9 8 ] ,
107 [ 0 . 1 3 3 , 0 . 216 , 1 .19 ] ,
108 [ 0 . 1 3 9 , 0 . 226 , 1 .16 ] ,
109 [ 0 . 1 7 , 0 . 263 , 1 . 1 6 5 ] ,
110 [ 0 . 1 5 4 , 0 . 294 , 1 . 1 8 1 ] ,
111 [ 0 . 1 3 7 , 0 . 317 , 1 . 1 9 7 ] ,
112 [ 0 . 1 5 9 , 0 . 351 , 1 . 2 1 4 ] ,
113 [ 0 . 1 2 7 , 0 . 347 , 1 . 1 7 8 ] ,
114 [ 0 . 1 5 4 , 0 . 334 , 1 . 1 4 6 ] ,
115 [ 0 . 1 6 9 , 0 . 299 , 1 . 1 2 8 ] ,
116 [ 0 . 1 7 , 0 .27 , 1 . 1 0 9 ] ,
117 [ 0 . 1 6 1 , 0 .24 , 1 . 0 9 6 ] ,
118 [ 0 . 1 5 6 , 0 . 226 , 1 . 0 6 7 ] ,
119 [ 0 . 1 6 8 , 0 . 265 , 1 . 0 7 3 ] ,
120 [ 0 . 1 6 1 , 0 . 305 , 1 . 0 9 4 ] ,
121 [ 0 . 1 2 8 , 0 . 348 , 1 . 1 1 1 ] ,
122 [ 0 . 1 5 , 0 . 335 , 1 . 0 7 1 ] ,
123 [ 0 . 1 6 , 0 . 306 , 1 . 0 5 6 ] ,
124 [ 0 . 1 5 9 , 0 . 271 , 1 . 0 4 1 ] ,
125 [ 0 . 1 5 2 , 0 . 267 , 1 .01 ] ,
126 [ 0 . 1 3 7 , 0 . 262 , 0 . 9 8 7 ] ,
127 [ 0 . 1 0 5 , 0 . 268 , 0 . 9 7 6 ] ,
128 [ 0 . 0 6 9 , 0 .26 , 0 . 9 7 9 ] ,
129 [ 0 . 0 8 7 , 0 . 233 , 0 . 9 7 5 ] ,
130 [ 0 . 1 5 3 , 0 .24 , 0 . 9 6 9 ] ,
131 [ 0 . 1 5 8 , 0 . 212 , 0 . 9 9 6 ] ,
132 [ 0 . 1 5 6 , 0 . 196 , 1 . 0 2 3 ] ,
133 [ 0 . 1 4 3 , 0 . 189 , 1 . 0 5 3 ] ,
134 [ 0 . 1 2 7 , 0 . 186 , 1 . 0 8 4 ] ,
135 [ 0 . 1 1 8 , 0 . 184 , 1 . 1 1 8 ] ,
136 [ 0 . 1 1 9 , 0 . 185 , 1 . 1 4 8 ] ,
137 [ 0 . 1 6 , 0 .21 , 1 . 1 5 8 ] ,
138 [ 0 . 1 6 , 0 . 225 , 1 . 1 2 5 ] ,
139 [ 0 . 1 6 9 , 0 . 257 , 1 . 1 4 5 ] ,
140 [ 0 . 1 7 , 0 . 288 , 1 . 1 6 8 ] ,
141 [ 0 . 1 6 9 , 0 . 316 , 1 . 1 9 4 ] ,
142 [ 0 . 1 5 8 , 0 . 331 , 1 . 2 1 5 ] ,
143 [ 0 . 1 2 8 , 0 . 359 , 1 .24 ] ,
144 [ 0 . 1 1 9 , 0 . 373 , 1 . 2 0 6 ] ,
145 [ 0 . 1 0 7 , 0 .37 , 1 . 1 6 8 ] ,
146 [ 0 . 0 9 7 , 0 . 368 , 1 . 1 2 8 ] ,
147 [ 0 . 1 1 , 0 . 365 , 1 . 0 9 2 ] ,
148 [ 0 . 1 2 1 , 0 . 358 , 1 . 0 5 9 ] ,
149 [ 0 . 1 4 5 , 0 . 346 , 1 . 0 2 1 ] ,
150 [ 0 . 1 5 8 , 0 . 324 , 0 . 9 9 6 ] ,
151 [ 0 . 1 5 7 , 0 . 295 , 1 . 0 0 5 ] ,
152 [ 0 . 1 4 8 , 0 . 296 , 0 . 9 8 1 ] ,
153 [ 0 . 1 4 6 , 0 . 291 , 0 . 9 5 6 ] ,
154 [ 0 . 1 1 3 , 0 . 294 , 0 . 9 4 7 ] ,
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155 [ 0 . 0 8 2 , 0 . 289 , 0 . 9 4 9 ] ,
156 [ 0 . 0 4 8 , 0 .27 , 0 . 9 4 7 ] ,
157 [ 0 . 0 5 6 , 0 . 259 , 0 . 9 1 9 ] ,
158 [ 0 . 0 7 3 , 0 .26 , 0 . 8 9 3 ] ,
159 [ 0 . 0 7 1 , 0 . 262 , 0 . 8 5 7 ] ] )
160 nnew = ( l en ( t ruepos ) −1)∗ n i n t e r+1
161

162 p0 = np . repeat ( truepos , n inte r , ax i s = 0)
163 d i f = np . d i f f ( truepos , ax i s = 0)
164 i n c r = np . einsum ( ’ i , jk−>j i k ’ , np . l i n s p a c e (0 , 1 , n inter , endpoint =

False ) , d i f ) . reshape (( −1 ,3) )
165 a s s e r t i n c r . shape [ 0 ] == nnew−1
166 t ruepos = p0 [ : nnew ]
167 t ruepos [ : nnew−1] = truepos [ : nnew−1] + i n c r
168

169 a l l l o c s = [ ]
170 f o r i in range (nnew) :
171 cnr = i // n in t e r
172 i n t e r n r = i%n i n t e r
173 c n r s t r i n g = f ’ { cnr : 02 d} ’
174 i n t e r n r s t r i n g = f ’ { i n t e r n r : 03 d} ’
175 name = ’ c ’+c n r s t r i n g +’ cc ’+i n t e r n r s t r i n g
176 a l l l o c s . append ({ ’name ’ : name , ’ t r a n s l ’ : Trans la t i on ( Vec3 ( [ f l o a t (

i i ) f o r i i in l i s t ( t ruepos [ i ] ) ] ) ) })
177 re turn a l l l o c s
178

179 de f m a k e a l l l o c s f a t s ( ) :
180 t ruepos = np . load ( r ’D: \ no backup \07 L o c a l i z a t i o n \ d i p o l e \

a l l l o c s f a t s . npy ’ )
181 N = truepos . shape [ 0 ]
182 a l l l o c s = [ ]
183 f o r i in range (N) :
184 name = ’ c ’+f ’ { i : 03 d} ’
185 a l l l o c s . append ({ ’name ’ : name , ’ t r a n s l ’ : Trans la t i on ( Vec3 ( [ f l o a t (

i i ) f o r i i in l i s t ( t ruepos [ i ] ) ] ) ) })
186 re turn a l l l o c s

A.2 Main code

1 ro t tox = Transform ( Vec3 (1 , 1 , 1) , Vec3 (0 , 1 .5708 , 0) , Vec3 (0 , 0 , 0)
)

2 ro t toy = Transform ( Vec3 (1 , 1 , 1) , Vec3 ( −1.5708 , 0 ,0) , Vec3 (0 , 0 , 0)
)

3 r o t t o z = Transform ( Vec3 (1 , 1 , 1) , Vec3 (0 , 0 ,0) , Vec3 (0 , 0 , 0) )
4 rot1 = { ’name ’ : ’ a long X ’ , ’ r o t ’ : r o t tox }
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5 rot2 = { ’name ’ : ’ a long Y ’ , ’ r o t ’ : r o t toy }
6 rot3 = { ’name ’ : ’ a long Z ’ , ’ r o t ’ : r o t t o z }
7

8

9 basetrans form = { ’Arm 1 − TX’ : Transform ( Vec3 (1 , 1 , 1) , Vec3 (0 , 0 , 0 ) ,
Vec3 (0 , 0 , 0) ) , ’ L ines 1 − TX’ : Transform ( Vec3 (1 , 1 , 1) , Vec3

(0 , 0 , 0 ) , Vec3 (0 , 0 , 0 ) ) , ’Arm 2 − TX’ : Transform ( Vec3 (1 , 1 , 1) ,
Vec3 (0 , 0 , 0 ) , Vec3 (0 ,0 , −4) ) , ’ Sphere 1 − TX’ : Transform ( Vec3 (1 ,
1 , 1) , Vec3 (0 , 0 , 0 ) , Vec3 (0 , 0 , 0 ) ) }

10

11

12 x r o t v e c t o r s = [ −1 ,0 ,1 ]
13 y r o t v e c t o r s = [ −1 ,0 ,1 ]
14 z r o t v e c t o r s = [ −1 ,0 ,1 ]
15 a l l r o t v e c t o r s = [ [ xi , yi , z i ] f o r x i in x r o t v e c t o r s f o r y i in

y r o t v e c t o r s f o r z i in z r o t v e c t o r s i f x i+y i ∗10+ z i ∗100 > 0 ]
16 a l l r o t v e c t o r s = [ [ 1 , 0 , 0 ] , [ 0 , 1 , 0 ] , [ 0 , 0 , 1 ] ] [ : ]
17

18 a l l r o t d i c t = {}
19 f o r r i in a l l r o t v e c t o r s :
20 name = ’R−x ’+s t r ( r i [ 0 ] )+’_y ’+s t r ( r i [ 1 ] )+’_z ’+s t r ( r i [ 2 ] )
21 a l l r o t d i c t [ name ] = r i
22

23 simnr = 1
24 s i m s u f f i x = r ’ sims ’+s t r ( i n t ( simnr ) )+’ \\ ’
25 s ta r tpa th = r ’D: \ u s e r s \ student \\ ’
26 a l l l o c s = makea l l l ocsduke ( )
27

28 s t a r t f i l e = ’ s t a r t duke . smash ’
29 savepath = sta r tpa th + s i m s u f f i x
30

31

32 t ry :
33 wicasim3 = s4l_v1 . s imu la t i on . GetAva i lab l eServer s ( ) [ ’WICASIM3 ’ ]
34 except :
35 pr in t ( ’ wicasim 3 not found ’ )
36 t ry :
37 wicasim4 = s4l_v1 . s imu la t i on . GetAva i lab l eServer s ( ) [ ’WICASIM4 ’ ]
38 except :
39 pr in t ( ’ wicasim 4 not found ’ )
40

41 count = 0
42 cxprev ious = ’−1 ’
43

44 document . Save ( )
45

46 f o r i , c i in enumerate ( a l l l o c s ) :
47 pr in t ( ’ count : ’ , count )
48 cxn r s t r = c i [ ’name ’ ] [ 1 : 3 ]
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49 i f i n t ( cxn r s t r ) != cxprev ious :
50 openFi l e ( s t a r tpa th+s t a r t f i l e )
51 document . SaveAs ( savepath+’ conf c ’+cxnr s t r+’ x . smash ’ )
52 cxprev ious = cxnr s t r
53

54 pr in t ( ’ Opened and saved ’ )
55 t ry :
56 antenna = model . A l l E n t i t i e s ( ) [ ’ Group 1 ’ ]
57 except :
58 antenna = model . A l l E n t i t i e s ( ) [ ’TX’ ]
59

60 f o r rname , r o t i in a l l r o t d i c t . i tems ( ) :
61

62 confrotname = ’ conf ’+c i [ ’name ’ ]+ ’ − ro t ’+rname
63

64 pr in t ( ’ s t a r t trans form ’ )
65 setTransform ( antenna , basetrans form )
66 t e s t a n d s e t s t a r t c o n f ( antenna , basetrans form )
67

68 antenna . ApplyTransform ( Rotation ( Vec3 ( [ 0 , 0 , 1 ] ) , Vec3 ( r o t i ) ) )
69 antenna . ApplyTransform ( c i [ ’ t r a n s l ’ ] )
70 a2 = antenna . Clone ( )
71 a2 .Name = a2 .Name + c i [ ’name ’ ] + rname
72 f o r a2 i in a2 . E n t i t i e s :
73 a2 i .Name = a2 i .Name + c i [ ’name ’ ] + rname
74

75 pr in t ( ’ S ta r t sim ’ )
76

77 s ims ta r t = document . A l lS imu la t i ons [ ’EM S01 ’ ]
78 sim = s ims ta r t . Clone ( )
79 sim .Name = ’EM’ +c i [ ’name ’ ] + rname
80 confrotname = ’ conf ’+c i [ ’name ’ ]+ ’ − ro t ’+rname
81 document . A l lS imu la t i ons . Add( sim )
82

83 pr in t ( ’ S ta r t save ’ )
84

85 document . Save ( )
86

87 pr in t ( ’ S ta r t g r id ’ )
88 sim . Globa lGr idSet t ings . TopPadding = sim . Globa lGr idSet t ings .

TopPadding + np . array ( [ 0 , 0 ,max(0 , c i [ ’ t r a n s l ’ ] . Trans la t i on
[2] −1400+50) ] )

89 i f c i [ ’name ’ ] [ : 3 ] in [ ’ c67 ’ , ’ c68 ’ ] :
90 sim . Globa lGr idSet t ings . BottomPadding = sim .

Globa lGr idSet t ings . BottomPadding + np . array ( [ 0 , 0 , 5 0 ] )
91

92 sim . UpdateGrid ( )
93 pr in t ( ’ S ta r t voxe l ing ’ )
94 sim . CreateVoxels ( )
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95 pr in t ( ’ Voxels c r ea ted ’ )
96 document . Save ( )
97 pr in t ( ’ S ta r t run ’ )
98 sim . RunSimulation ( server_id = wicasim4 , wait = True )
99 document . Save ( )

100 count += 1
101

102 pr in t ( ’ Ready ’ )

77



Appendix B

Data conversion code

B.1 From smash data to npy data

1 a l l c o n s = makea l l l ocsduke ( )
2

3 x r o t v e c t o r s = [ − 1 , 0 , 1 ] [ : 1 ]
4 y r o t v e c t o r s = [ − 1 , 0 , 1 ] [ : 1 ]
5 z r o t v e c t o r s = [ − 1 , 0 , 1 ] [ 2 : ]
6 a l l r o t v e c t o r s = [ [ xi , yi , z i ] f o r x i in x r o t v e c t o r s f o r y i in

y r o t v e c t o r s f o r z i in z r o t v e c t o r s i f x i +10∗ y i +100∗ z i > 0 ]
7 a l l r o t v e c t o r s = [ [ 1 , 0 , 0 ] , [ 0 , 1 , 0 ] , [ 0 , 0 , 1 ] ] [ − 1 : ]
8

9 a l l r o t d i c t = {}
10 f o r r i in a l l r o t v e c t o r s :
11 name = ’R−x ’+s t r ( r i [ 0 ] )+’_y ’+s t r ( r i [ 1 ] )+’_z ’+s t r ( r i [ 2 ] )
12 a l l r o t d i c t [ name ] = r i
13

14 count = 0
15 s en s o r s = [ ]
16 q u a n t i t i e s = [ ]
17 q u a n t i t i e s = [ "EM E(x , y , z , f 0 ) " ]
18

19 i f t h i s f i l e o n l y :
20 i f not fromimport :
21 s i m l i s t = l i s t ( s4l_v1 . document . A l lS imu la t i ons ) [ 1 : ]
22 e l s e :
23 import impor t l i b
24 import s4 l_analys i s_fromimport
25 impor t l i b . r e l oad ( s4 l_analys i s_fromimport )
26 s 4 l _ a n a l y s i s = s4l_analys i s_fromimport
27 from s 4 l _ a n a l y s i s import ∗
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28 s i m l i s t = [ sim f o r sim in document . Al lAlgor i thms i f sim .Name
[ −10 : ] == ’ ( imported ) ’ ]

29 f o r sim in s i m l i s t :
30 simname = sim .Name
31 pr in t ( simname )
32 c o n f r o t f i l e n a m e = ’ conf ’ +simname [ simname . f i n d ( ’ c ’ ) : simname .

f i n d ( ’R ’ ) ] + ’ − ro t R− ’ + simname [ simname . f i n d ( ’R ’ ) +2: ]
33 i f c o n f r o t f i l e n a m e [ −11 : ] == ’ ( imported ) ’ :
34 c o n f r o t f i l e n a m e = c o n f r o t f i l e n a m e [ : −11 ]
35 i f os . path . i s f i l e ( os . path . j o i n ( exportpath , c o n f r o t f i l e n a m e+’ .

npy ’ ) ) :
36 pass
37 cont inue
38 r e s u l t s = {}
39 r e s u l t s = getFie ldSensorData ( sim , r e s u l t s , s ensor s ,

q u a n t i t i e s )
40 np . save ( os . path . j o i n ( exportpath , c o n f r o t f i l e n a m e+’ . npy ’ ) ,

r e s u l t s )
41 pr in t ( ’ Saved np : ’ , s t r ( os . path . j o i n ( exportpath ,

c o n f r o t f i l e n a m e+’ . npy ’ ) ) )
42 e l s e :
43 f o r c i in a l l c o n s :
44 pr in t ( ’ c i : ’ , c i )
45 con f f i l ename = ’ conf ’+c i [ ’name ’ ]
46 smashpath = sta r tpa th+con f f i l ename +" . smash "
47 openFi l e ( smashpath )
48 f o r sim in l i s t ( s4l_v1 . document . A l lS imu la t i ons ) [ 1 : ] :
49 pr in t ( ’ sim : ’ , sim .Name)
50 c o n f r o t f i l e n a m e = ’ conf ’ +c i [ ’name ’ ] + ’ − ro t R− ’ + sim .

Name [ sim .Name . f i n d ( ’R ’ ) +2: ]
51 r e s u l t s = {}
52 r e s u l t s = getFie ldSensorData ( sim , r e s u l t s , s ensor s ,

q u a n t i t i e s )
53 np . save ( os . path . j o i n ( exportpath , c o n f r o t f i l e n a m e+’ . npy ’ ) ,

r e s u l t s )
54 pr in t ( ’ Saved np : ’ , s t r ( os . path . j o i n ( exportpath ,

c o n f r o t f i l e n a m e+’ . npy ’ ) ) )
55 document . Save ( )
56

57 pr in t ( ’ Ready2 ’ )

B.2 Extract electric fields

1 rxcopath = r ’C: \ Users \ . . . \ duke\\ ’
2
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3 f i e l duppe rpa th = r ’D: \ u s e r s \ . . . \ \ ’
4 f i e l d p a t h = f i e l duppe rpa th + r ’ export s e \\ ’
5

6 dvalues = [2 , 4 , 6 , 8 , 1 0 , 14 , 20 , 30 , 50 , 80 ]
7 dvalues = [−d f o r d in dva lues ] + dvalues
8

9 nrzpo in t s = 41
10 nr the tapo in t s = 63
11

12

13 r e l oad = True
14 eonly = True
15

16 c01 = { ’name ’ : ’ c01 ’ }
17 c02 = { ’name ’ : ’ c02 ’ }
18 c03 = { ’name ’ : ’ c03 ’ }
19 c04 = { ’name ’ : ’ c04 ’ }
20 c05 = { ’name ’ : ’ c05 ’ }
21 c06 = { ’name ’ : ’ c06 ’ }
22 c07 = { ’name ’ : ’ c07 ’ }
23 c08 = { ’name ’ : ’ c08 ’ }
24 c09 = { ’name ’ : ’ c09 ’ }
25 c10 = { ’name ’ : ’ c10 ’ }
26 c11 = { ’name ’ : ’ c11 ’ }
27 rot1 = { ’name ’ : ’ a long X ’ }
28 rot2 = { ’name ’ : ’ a long Y ’ }
29 rot3 = { ’name ’ : ’ a long Z ’ }
30

31

32

33 x r o t v e c t o r s = [ −1 ,0 ,1 ]
34 y r o t v e c t o r s = [ −1 ,0 ,1 ]
35 z r o t v e c t o r s = [ −1 ,0 ,1 ]
36 a l l r o t v e c t o r s = [ [ xi , yi , z i ] f o r x i in x r o t v e c t o r s f o r y i in

y r o t v e c t o r s f o r z i in z r o t v e c t o r s i f x i + 10∗ y i + 100∗ z i >0]
37 a l l r o t v e c t o r s = [ [ 1 , 0 , 0 ] , [ 0 , 1 , 0 ] , [ 0 , 0 , 1 ] ] [ : ]
38

39 a l l r o t d i c t = {}
40 a l l ro tnames = [ ]
41

42 a l l r o t s = [ ]
43 f o r r i in a l l r o t v e c t o r s :
44 name = ’R−x ’ + s t r ( r i [ 0 ] ) + ’_y ’ + s t r ( r i [ 1 ] ) + ’_z ’ + s t r ( r i [ 2 ] )
45 a l l r o t s . append ({ ’name ’ : name , ’ vec to r ’ : r i })
46

47 v i r t u a l r a d i u s = 0.15
48

49 a l l c o n s = [ c01 , c02 , c03 , c04 , c05 , c06 , c07 , c08 , c09 , c10 , c11 ] [ : ]
50
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51 nrcons = len ( a l l c o n s )
52 nr r o t s = len ( a l l r o t s )
53 n o t f o u n d l i s t = [ ]
54

55 o f = ’ Overa l l F i e ld ’
56 e = ’EM E(x , y , z , f 0 ) ’
57 h = ’EM H(x , y , z , f 0 ) ’
58 s = ’S(x , y , z , f 0 ) ’
59

60 count = 0
61

62

63 f o r f i l e in os . l i s t d i r ( f i e l d p a t h ) [ : : 1 ] :
64 pr in t ( f i l e )
65 f o r t t in range (1 ) :
66

67 i f count <−1:
68 count +=1
69 cont inue
70

71 i f f i l e [ −4 : ] != ’ . npy ’ :
72 count+=1
73 cont inue
74 c o n f r o t f i l e n a m e = f i l e [ : −4 ]
75 c o n f r o t f i l e n a m e p i c k l e = c o n f r o t f i l e n a m e + ’ _pick le ’
76

77 p i c k l e p a t h t e s t = f i e l duppe rpa th + r ’ p i c k l e 2D f i e l d s \\ ’ + r ’d ’
+ s t r ( dva lues [ 0 ] ) +’ ’+’ { 0 : . 2 f } ’ . format (

78 v i r t u a l r a d i u s )+r ’ \\ ’
79 i f os . path . i s f i l e ( p i c k l e p a t h t e s t + c o n f r o t f i l e n a m e p i c k l e+’ . pkl

’ ) :
80 pr in t ( ’ sk ipped ’ )
81 cont inue
82

83 t ry :
84 pr in t ( f i e l d p a t h + c o n f r o t f i l e n a m e + ’ . npy ’ )
85 a l l d a t a = np . load ( f i e l d p a t h + c o n f r o t f i l e n a m e + ’ . npy ’ ,

a l l ow_pick l e=True ) . item ( )
86 except FileNotFoundError :
87 pr in t ( ’ F i e ld f i l e not found , skipped ’ )
88 pr in t ( ’ \ t ’ , f i e l d p a t h + c o n f r o t f i l e n a m e )
89 n o t f o u n d l i s t . append ( c o n f r o t f i l e n a m e )
90 count += 1
91 cont inue
92

93 pr in t ( ’ s top load ’ )
94

95 t ry :
96 E = a l l d a t a [ l i s t ( a l l d a t a . keys ( ) ) [ 0 ] ] [ o f ] [ ’E ’ ]
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97 except :
98 pr in t ( ’ J ’ )
99 r a i s e ( )

100

101 ex = E[ ’ x ’ ]
102 ey = E[ ’ y ’ ]
103 ez = E[ ’ z ’ ]
104 ee = E[ ’E ’ ]
105 ex , ey , ez = [ ( e i [ : −1 ] + e i [ 1 : ] ) /2 f o r e i in [ ex , ey , ez ] ]
106 i f not eonly :
107 hh = a l l d a t a [ l i s t ( a l l d a t a . keys ( ) ) [ 0 ] ] [ o f ] [ ’H ’ ] [ ’H ’ ]
108 s s = a l l d a t a [ l i s t ( a l l d a t a . keys ( ) ) [ 0 ] ] [ o f ] [ ’ S ’ ] [ ’ S ’ ]
109

110 i f np . max(np . i snan ( ee ) ) :
111 pr in t ( ’ nan value found in e f i e l d ’ )
112 pr in t ( f ’ f i l e : { f i l e } ’ )
113 r a i s e ( )
114

115 e3d = np . swapaxes ( ee . reshape ( ( l en ( ez ) , l en ( ey ) , l en ( ex ) , 3)
) , 0 , 2)

116 i f not eonly :
117 h3d = np . swapaxes (hh . reshape ( ( l en ( ez ) − 1 , l en ( ey ) − 1 ,

l en ( ex ) − 1 , 3) ) , 0 , 2)
118 s3d = np . swapaxes ( s s . reshape ( ( l en ( ez ) − 1 , l en ( ey ) − 1 ,

l en ( ex ) − 1 , 3) ) , 0 , 2)
119

120 f o r d i in dva lues :
121 s k i p f l a g = False
122 u c o f i l e = ’ skinco00_d ’ + s t r ( d i ) + ’ +.npy ’
123 pr in t ( u c o f i l e )
124

125 p i ck l epa th = f i e l duppe rpa th + r ’ p i c k l e 2D f i e l d s \\ ’ + r ’d
’ + s t r ( d i ) +’ ’+’ { 0 : . 2 f } ’ . format ( v i r t u a l r a d i u s ) \

126 +r ’ \\ ’
127 uco = np . load ( rxcopath + u c o f i l e )
128

129 n r o f c o l s = 13 i f not eonly e l s e 7
130 u c o i n d s f i e l d s a l l = np . z e r o s ( ( uco . shape [ 0 ] , n r o f c o l s ) ) .

astype ( complex )
131

132 f o r i , uco i in enumerate ( uco [ : ] ) :
133 xi , yi , z i = np . argmax ( ex > uco i [ 0 ] ) , np . argmax ( ey >

uco i [ 1 ] ) , np . argmax ( ez > uco i [ 2 ] )
134 i f ex [−1]< uco i [ 0 ] or ey [−1]< uco i [ 1 ] or ez [−1]< uco i

[ 2 ] :
135 x i = len ( ex ) −1 i f ex [−1]< uco i [ 0 ] e l s e x i
136 y i = len ( ey ) −1 i f ey [−1]< uco i [ 1 ] e l s e y i
137 z i = l en ( ez ) −1 i f ez [−1]< uco i [ 2 ] e l s e z i
138 i f not eonly :
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139 u c o i n d s f i e l d s a l l [ i ] = [ ex [ x i ] , ey [ y i ] , ez [ z i ] ,
uco i [ 3 ] ] + l i s t ( e3d [ xi , yi , z i ,

140 : ] )+ l i s t ( h3d [ xi , yi , z i , : ] )+ l i s t ( s3d [ xi , yi , z i
, : ] )

141 e l s e :
142 u c o i n d s f i e l d s a l l [ i ] = [ ex [ x i ] , ey [ y i ] , ez [ z i ] ,

uco i [ 3 ] ] + l i s t ( e3d [ xi , yi , z i , : ] )
143 i f s k i p f l a g :
144 pr in t ( ’d sk in ( not ) skipped , because at domain

boundary ; d = ’ , d i )
145 f i n t e r p o l a l l = NearestNDInterpolator ( l i s t ( z ip (

u c o i n d s f i e l d s a l l [ : , 2 ] , u c o i n d s f i e l d s a l l [ : ,
146 3 ]∗ v i r t u a l r a d i u s ) ) , u c o i n d s f i e l d s a l l [ : , 0 :

n r o f c o l s ] )
147 pr in t ( ’ i n t e r p o l done ’ )
148 znew = np . l i n s p a c e ( 0 . 9 5 , 1 . 3 , n r zpo in t s )
149 tnew = np . l i n s p a c e ( −3.1 , 3 . 1 , n r the tapo in t s ) ∗

v i r t u a l r a d i u s
150 tnew = np . l i n s p a c e ( −3.14 , 3 . 14 , n r the tapo in t s ) ∗

v i r t u a l r a d i u s
151

152 znewgrid , tnewgrid = np . meshgrid ( znew , tnew )
153 enewal l = f i n t e r p o l a l l ( znewgrid , tnewgrid )
154 i f np . max(np . i snan ( enewal l ) ) :
155 r a i s e ValueError ( ’ nan found in i n t e r p o l a t e d f i e l d s ’ )
156 enewa l l t ransp = np . moveaxis ( enewal l , 1 , 0 )
157

158 t_z_enewallt = ( tnew , znew , enewa l l t ransp )
159 i f not os . path . e x i s t s ( p i ck l epa th ) :
160 os . makedirs ( p i ck l epa th )
161 with open ( p i ck l epa th + c o n f r o t f i l e n a m e p i c k l e+’ . pkl ’ , ’wb ’

) as f i :
162 p i c k l e . dump( t_z_enewallt , f i )
163 count += 1
164

165 pr in t ( ’ Readyyyy ’ )
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