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Detection of Superparamagnetic Iron 
Oxide Nanoparticles in Fluid Flow for 
Molecular Communication Applications: 
Analysis, Simulation, Experimentation 
and Design Guidelines

In this dissertation, based on the Molecular Communication (MC) system, a macroscale aque-

ous-based testbed is used to imitate the propagation of biocompatible drug-loaded Super-

paramagnetic Iron Oxide Nanoparticles (SPIONs) through a human vessel for drug delivery 

applications. In the testbed, particle suspension is pumped at different flow rates into a channel 

filled with water and detected by a susceptometer. All fundamentals required to understand 

the testbed’s physics are discussed. In a preliminary study, the testbed is simplified to a 2D 

rotationally symmetric model described mathematically, and its flow regime is analytically de-

rived. A full numerical study of the simplified model is carried out. To avoid the computational 

complexity of the 3D Multiphysics simulations, the magnetic and fluidic simulations are decou-

pled and simulated separately, from which the system response is efficiently estimated. Other 

detectors, including Helmholtz, Maxwell, and planar coils, are also considered. The detected 

signal of the coils is found to be directly proportional to the volume susceptibility and thus to 

the density of the particles in their detection regions. Changing the particle distribution inside 

the transmitter before being injected into the channel leads to various distributions inside the 

detector, significantly affecting the system response.
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Preface

This dissertation is based on scientific work accomplished under the supervi-

sionof Prof. Dr.-Ing. Georg Fischerat the Institute for Electronics Engineering

at the Friedrich-Alexander-University Erlangen-Nuremberg. The significant

parts of this thesis are written in sole monographic style. However, a portion

of this dissertation is already published in existing publications, as stated

below.

� Section 5.1.3 has some parts from [4], which is joint work with our col-

leagues from the Chair for Digital Transmission and Section for Exper-

imental Oncology and Nanomedicine. The author of this thesis has

mainly written the manuscript.

� Section 1.3 states some information from [3, 5], which have been mainly

written by the author of this thesis as a proof of concept to the idea given

in section 1.2.

� The testbed used in this dissertation was first introduced in [138].

� Also, the author has participated in other publications [20, 125, 136],

which belong to the same topic of the dissertation. However, none of

their results have been included in this manuscript.

� All other parts of the thesis are so far unpublished work.
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Abstract

Continuous monitoring of health status has become a demand to ensure

early detection, diagnosis, and disease treatment. Molecular Communication

(MC) system utilizes molecules or synthesized particles as information car-

riers, which can be considered an excellent alternative to the conventional

communication systems in aqueous media such as the human body.

In this dissertation, based on the MC system, a macroscale aqueous-based

testbed is used to imitate the propagation of biocompatible Superparamag-

netic Iron Oxide Nanoparticles (SPIONs) through a human vessel for drug

delivery applications, where the SPIONs are covered by drugs and released

into the bloodstream to reach any targeted cells such as cancerous tumors. In

the employed testbed, particle suspension stored in a syringe is pumped at dif-

ferent flow rates into a channel filled with water via one arm of a Y-connector.

A stationary background flowenters the channel via its second armand carries

the particles to the receiver, i.e., susceptometer. All fundamentals required

to understand the testbed’s physics, including fluidics and magnetism, are

discussed.

In a preliminary study, the testbed is simplified to a 2D rotationally symmetric

model described mathematically, and its flow regime is analytically derived. A

full numerical studyof the simplifiedmodel is carried out. Inorder toavoid the

computational complexity of themultiphysics simulations, a simple analytical

solution is also provided to efficiently estimate the system response directly

from theparticle density and themagnetic field strengthof thedetectorwithin

its detection region. This analytical solution is compared against simulation.

In another study, a 3D simulation-based model of the testbed is given, from

which the particle density during propagation is obtained and substituted

into the analytical solution together with the magnetic field of the detector to

estimate the system response, which is verified by the conducted experiments.

Other detectors, including Helmholtz, Maxwell, and planar coils, are also con-

sidered. All employed coils are analytically and numerically studied. Varied

positions, trajectories and distribution of particles are assumed inside their

detection regions to obtain and analyze the corresponding system responses.

Some results are concluded as follows. The detected signal of the coils is

directly proportional to the volume susceptibility and thus to the density of

the particles in their detection regions. Changing the particle distribution

inside the transmitter before being injected into the channel leads to various

distributions inside the detector, significantly affecting the system response.
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The best scenario is to inject the particles in the region between the tube center

and its inner boundary. Also, the injection is recommended to end before or

shortly after the particles enter the detector. The receiver should be longer

than or of comparable length to the transmitter. Otherwise, some information

will be lost. The sensitivity near the inner boundary of the cylindrical coils is

generally higher than that about the center axis. Hence, it is recommended to

be wrapped directly on the propagation tube. The signal is detected before

the particles enter the short coils because the field is not limited to their inner

cores. Directly after the Y-connector, the particles cover only one side of the

propagation tube. In addition, increasing the background flowrate pushes

the particles away from the tube center and reduces their density, weakening

the detected signal accordingly. With large pipes, the time delay and detected

pulse width increase. Also, turbulence should be taken into consideration. In

the planar coils, the signal decays very quickly when moving vertically above

their surfaces. The fields of the circular and square planar coils are rotationally

symmetrical and limited to the regions above their surfaces. Distributing

multiple numbers of planar coils around the tube can help strengthen the

detected signal.
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Kurzfassung

Eine kontinuierliche Gesundheitsüberwachung ist zu einer Voraussetzung 
geworden, um die Früherkennung, Diagnose und Behandlung von Krankheiten 
zu gewährleisten. Das MC System nutzt Moleküle oder synthetisierte Partikel 
als Informationsträger, die als hervorragende Alternative zu herkömmlichen 
Kommunikationssystemen in wässrigen Medien wie dem menschlichen Kör-
per angesehen werden können.

In dieser Dissertation, die auf dem MC-System basiert, wird ein makroskaliges 
wässriges Testbed verwendet, um die Ausbreitung von biokompatiblen super-
paramagnetischen Eisenoxid-Nanopartikeln (SPIONs) durch ein menschliches 
Gefäß für Drug Delivery-Anwendungen zu imitieren, wobei die SPIONs 
abgedeckt werden durch Medikamente und in den Blutkreislauf freigesetzt 
werden, um gezielte Zellen wie Krebstumore zu erreichen. Im eingesetz-
ten Testbed wird in einer Spritze gelagerte Partikelsuspension mit unter-
schiedlichen Flussraten über einen Arm eines Y-Verbinders in einen mit 
Wasser gefüllten Kanal gepumpt. Eine stationäre Hintergrundströmung 
tritt über seinen zweiten Arm in den Kanal ein und trägt die Partikel zum 
Empfänger, d. h. zum Suszeptometer. Alle Grundlagen, die zum Verständnis 
der Physik des Testbeds erforderlich sind, einschließlich Fluidik und Mag-

netismus, werden besprochen.

In einer Vorstudie wird das Testbed zu einem 2D- rotationssymmetrischen 
Modell vereinfacht, mathematisch beschrieben und dessen Strömungsregime 
analytisch abgeleitet. Eine vollständige numerische Studie des vereinfachten 
Modells wird durchgeführt. Um die Rechenkomplexität der Multiphysik-

Simulationen zu vermeiden, wird auch eine einfache analytische Lösung 
bereitgestellt, um die Systemantwort direkt aus der Partikeldichte und der 
magnetischen Feldstärke des Detektors innerhalb seines Detektionsbereichs 
abzuschätzen. Diese analytische Lösung wird mit Simulationen verglichen.

In einer anderen Studie wird ein 3D-simulationsbasiertes Modell des Testbeds 
angegeben, aus dem die Partikeldichte während der Ausbreitung gewonnen 
und in der analytischen Lösung zusammen mit dem Magnetfeld des Detektors 
zur Abschätzung der Systemantwort verwendet wird, die durch die durchge-
führten Experimente verifiziert wird. Andere Detektoren, einschließlich 
Helmholtz-, Maxwell- und Planarspulen, werden ebenfalls in Betracht gezo-
gen. Alle verwendeten Spulen werden analytisch und numerisch untersucht. 
Es werden unterschiedliche Positionen, Flugbahnen und Verteilungen von Par-
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tikeln innerhalb ihrer Detektionsbereiche angenommen, um die entsprechen-

den Systemantworten zu erhalten und zu analysieren.

Einige Ergebnisse werden wie folgt abgeleitet. Das detektierte Signal der

Spulen ist direkt proportional zur Volumensuszeptibilität und damit zur

Dichte der Partikel in ihren Detektionsbereichen. Eine Änderung der Par-

tikelverteilung im Sender vor der Injektion in den Kanal führt zu unter-

schiedlichen Verteilungen im Detektor, die die Systemantwort erheblich

beeinflussen. Das beste Szenario besteht darin, die Partikel in den Bereich

zwischen der Mitte der Röhre und ihrer inneren Begrenzung einzuspritzen.

Außerdem wird empfohlen, die Injektion vor oder kurz nach dem Eintritt

der Partikel in den Detektor zu beenden. Der Empfänger sollte länger oder

vergleichbar lang sein wie der Sender. Andernfalls gehen einige Informatio-

nen verloren. Die Empfindlichkeit nahe der Innengrenze der zylindrischen

Spulen ist im Allgemeinen höher als die um die Mittelachse. Daher wird

empfohlen, direkt auf das Ausbreitungsrohr gewickelt zu werden. Das Signal

wird erfasst, bevor die Partikel in die kurzen Spulen eintreten, da das Feld

nicht auf ihre inneren Kerne beschränkt ist. Direkt nach dem Y-Verbinder

bedecken die Partikel nur eine Seite des Ausbreitungsrohres. Darüber hin-

aus werden die Partikel durch eine Erhöhung der Hintergrundströmungsrate

von der Röhrchenmitte weggedrückt und ihre Dichte verringert, wodurch das

detektierte Signal entsprechend geschwächtwird. Bei großen Rohren erhöhen

sich die Zeitverzögerung und die erkannte Pulsbreite. Auch Turbulenzen sind

zu berücksichtigen. Bei den Planarspulen klingt das Signal sehr schnell ab,

wenn sie sich vertikal über deren Oberflächen bewegen. Die Felder der kreis-

förmigen und quadratischen Planarspulen sind rotationssymmetrisch und auf

die Bereiche oberhalb ihrer Oberflächen beschränkt. Das Verteilen mehrerer

Planarspulen um das Rohr herum kann das detektierte Signal verstärken.
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Figure 1: Different communication paradigms used in the BAN network.

1.1 Body Area Networks

Real-time monitoring and promotion of human health require full coverage

and control of the vital processes in the human body. Body Area Network

(BAN) [108] is a communication network that covers the human body, where

biosignals such as heart rate or glucose level are exchanged between sensors

placed in/on or at the proximity of the body. The communication in this

network can be subdivided into either intra-body communication between

small-scale devices placed in/on the body, which might also be able to com-

municate with the biological cells, or off-body communication between the

on-body devices and macroscale devices placed nearby and connected to the

internet. To communicate with biological cells, nanotechnology is integrated

with synthetic biology to create biocompatible nanoscale communication
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Figure 2: HBC galvanic coupling through a simulation-based model of the human arm.

devices. For instance, nanorobots are supposed to perform simple, valuable

tasks such as communication, information sharing, data storing, and/or com-

puting.

Different communication paradigms, seen in Fig. 1, can be used to estab-

lish a BAN network, namely acoustic wave transmission, Electromagnetic

(EM) waves paradigm, Human Body Communication (HBC), and Molecular

Communication (MC).

Acoustic waves at inaudible frequencies (ultrasound) experience low atten-

uation in water compared to EM waves. Therefore, they are currently used

for in-body communication [65, 86]. However, the human tissues absorb

the propagated wave, which accordingly heats them. For temperatures above

38.5 °C, adverse biological effects might occur [47].

In the EMwaves paradigm, antennas are typically used in the Radio Frequency

(RF) band for data transmission. However, the antenna size is inversely pro-

portional to the carrier frequency. Hence, to be able to communicate at the

nanoscale, newly developed nanomaterials are needed to design nanoscale

antennas that transmit data at extremely high frequencies. For instance, Car-

bonNanotubes (CNT)/graphene-based antennas [17, 59] work in the terahertz

band with a resonant frequency up to two orders of magnitude lower than the

noncarbon-based antennas. Nevertheless, such antennas are not practical for

in-body applications due to their bio-incompatibility. Also, EM waves highly

attenuate in aqueous media such as the human body, i.e., path loss exponent

up to 8 and higher [89]. Besides, high power consumption is required for

data transmission, which is not applicable within the body and might harm

the human tissues. Therefore, the EM paradigm would be more appropriate

for off-body applications that require a high data rate and consume a large

amount of power.
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1.2 Thesis Motivation

Antennas are replaced by electrodes in the HBC system, which exploits the

dielectric properties of the human body to send information through the

tissues at low frequencies, up to tens of megahertz [150]. This technique

promises less interference and low power consumption. There are mainly

two types of HBC [128], namely capacitive and galvanic coupling. Each of

which incorporates fourelectrodes, twoof which are placed at the transmitting

and receiving sides. Through the former method, only one electrode at both

sides of the communication link is placed on the body, while the other two

electrodes are float in the air. Therefore, part of the signal is transmitted

through the conductive body tissues, while a capacitive return path through

the surroundings represents the other part. This capacitive path may reduce

the system robustness such that any change in the surrounding environment

affects the received signal. In capacitive coupling, no direct contact with

the skin is needed. In contrast, in the galvanic coupling approach (Fig. 2),

all electrodes should be in direct contact with the body. An Alternating

Current (AC) that follows the human safety regulations is injected through

the transmitting electrodes into the human tissues. The injected current

causes a primary current flow between the two transmitting electrodes and a

small secondary current that propagates further into the conductive tissues in

the receiver’s direction, causing an alternating potential difference between

its electrodes, from which the required information is extracted. Galvanic

coupling does not depend on the surrounding environment and has less

interference because the signal is confined to the body.

MC system is inspired by nature, where biological cells communicate through

molecular signaling to achieve a particular task such as control of hormonal

activities or cell division [123]. MC incorporates molecules or synthesized par-

ticles as information carriers rather than electric, optical, or EMwaves used in

traditional communication systems. Hence, the MC system overcomes their

drawbacks for the in-body applications. In MC, a Transmitter (TX) releases

molecules into an aqueous or gaseous environment, which propagate until

being detected and decoded by a Receiver (RX). Nanomachine is the most

basic communication unit in the MC system, which is used to develop and

build more complex systems such as nanorobots. Each nanomachine is sup-

posed to havea set of instructions thatdescribe its task. Several nanomachines

will communicate inside the human body, forming a bio-nanonetwork [11].

1.2 Thesis Motivation

The interaction between the bio-nanonetworks, MC-based network, and the

already existing traditional communication networks is called the Internet of

3
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Bio-Nanothings (IoBNT) [9, 32]. IoBNT is going to provide real-time moni-

toring for healthcare applications. Data about the health status are collected

through an MC-based network (intra-body) and sent to an external device

or medical center (off-body) for being analyzed. However, the realization of

such networks faces many challenges, including the development of nanoma-

chines with nanoscale integrated batteries and transceivers, understanding

and engineering the newMC communication paradigm, mitigate interference

due to the tremendous biological processes in the body, ensure secure data

transmission, and building an interface between the in-body and off-body

devices (bio-cyber interface) to export the detected signals externally.

One solution to the bio-cyber interfaceproblem is tocouple bothMCandHBC

systems to externally obtain the detected signal from the body. For instance,

as seen in Fig. 3, for drug delivery applications, a repository of biocompatible

Superparamagnetic Iron Oxide Nanoparticles (SPIONs) that convey drugs

can be implanted inside the body or attached to a human vessel. If triggered,

it releases an appropriate volume of particle suspension, hence the drug, into

the bloodstream. Due to the magnetic properties of the nanoparticles, they

can be detected using a small-scale solenoid wrapped around the vessel. The

detected electrical signal, e.g., potential difference, can be further resent

via the galvanic coupling HBC (through the transmitting electrodes) to an

external device placed on the body, e.g., smartwatch embedded with the

receiving electrodes. In the case of superficial veins, a planar coil can be used

directly for particle detection. The particles can be externally controlled using

electromagnets, which will help protect the healthy cells from the side effects

of the drugs. Other sensors can also be distributed on the body to collect the

vital signs regularly. The collected data are sent to a medical center via RF

propagation techniques. For in-body communication, power can be harvested

directly from the body or wirelessly transmitted using interrogator (passive

responder) schemes.

1.3 Thesis Aims

This manuscript focuses only on the SPIONs-based MC system in fluids. A

platform (testbed) that imitates the particle propagation through the blood-

stream is employed, in which the SPIONs are detected using a susceptometer,

i.e., solenoid. The modeling of the fluidic channel and optimizing the detect-

ing coils are covered. Different FEM models are built to separately study each

part of the system, i.e., transmitter, channel, and receiver.
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1 Introduction

As a proof of concept, a brief study on the galvanic coupling HBC system is

provided in [3, 5]. An FEM model of the human arm is built in COMSOL

Multiphysics to study the transmission mechanism of the electrical signals

through the human tissues. The arm is approximated by a cylinder of 5

different layers (Fig. 2): skin, fat, muscle, cortical bone, and cancellous bone.

The dielectric properties of each tissue are derived from the summation of

4 Cole-Cole expressions that describe the complex relative permittivity of

the different tissues at different frequencies. In [3], the study is aimed to

investigate how changing the type and thickness of tissues, through which

the signal is transmitted, affects the received signal. Moreover, some bending

is introduced to the model to mimic the elbow. This model is extended in [5]

to include inter-body communication between two arms in touch, i.e., to

exchange information between different bodies. Several key parameters are

studied, including the applied frequency, contact area, and transmission

length.

1.4 Thesis Structure

This manuscript is organized as follows.

� Chapter 1 introduces the communication paradigms used in the BAN

networks. Also, it includes the motivation and aim of the dissertation.

� Chapter 2 describes the cell signaling between the biological cells. In

addition, it lists some of the biomedical applications of MC. Finally, it

surveys most of the theoretical and experimental studies conducted in

the literature, including the SPIONs-based testbed.

� In Chapter 3, the fundamentals related to the testbed are discussed,

including the fluid mechanics, magnetic properties of SPIONs, and

theoretical derivation of the magnetic fields of all employed detectors.

� In Chapter 4, the testbed is simplified to a 2D-rotationally symmetric

model described mathematically, and its essential equations, such as

the propagation profile of the SPIONs and estimated system response,

are analytically derived.

� Two types of coils are used for particle detection: cylindrical coils

wrapped around the vessel or planar coils placed on its outer surface.

Chapter 5 presents simulated models for the coils and analyzes their

magnetic fields within the detection region to study their detection

mechanism. Also, the system responses due to the movement of parti-
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cles through the detection region of each coil are obtained for different

applied scenarios.

� In addition to the measurements, three main computational schemes

can be utilized to estimate the system response, namely fully numerical,

fully analytical, and hybrid. The schemes are described and discussed

in detail in Chapter 6. Afterwards, the simulation is experimentally

validated.

� Chapter 7 sets the design guidelines and optimization strategy for the

transmitter, channel, and receiver.

� Finally, Chapter 8 concludes this work and proposes some ideas for

future work.
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2 Molecular Communication

2.1 Introduction

An organism contains many parts that make up that whole. The human body

is mainly composed of cells, which are independently functioning units that

use MC to communicate with each other through the release of molecules

or chemical compounds. To understand the communication mechanism of

biological cells, i.e., bio-nanomachines, the functionalities of their organelles

are investigated.

2.1.1 Biological Cells

An animal eukaryotic cell, shown in Fig. 4, mainly contains [123]:

� Cytosol: intracellular fluid in which the cell organelles are suspended.

The cytosol contains water and ions, in addition to high amounts of

charged molecules and proteins.

� Cytoplasm: it is thecell’s interior, including thecytosol andall organelles.

� Nucleus: it contains chromosomes that carry most of the genes in the

form of Deoxyribonucleic Acid (DNA).

� Endoplasmic Reticulum (ER): it is subdivided into rough and smooth

ER. Rough ER includes ribosomes that produce proteins based on
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Figure 4: Structures of an animal cell (left) with a detailed view of its membrane (right).
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the information from the DNA. Smooth ER is involved in different

metabolism processes, e.g., detoxification of drugs and poisons.

� Golgi Apparatus (GA): it is extensively found in cells specialized for

secretion to receive, modify, encode and send the products of the ER,

e.g., proteins, to another destination.

� Mitochondria: they are mainly responsible for the generation of Adeno-

sine Triphosphate (ATP) from sugars and fats with the help of oxygen,

i.e., cell respiration. ATP supports the cell with the energy required to

drive its processes.

� Plasma membrane: a selectively permeable membrane that surrounds

the cell to control which substances enter or leave its domain. It is com-

posed of phospholipid molecules, which are subdivided into hydrophilic

charged heads and hydrophobic uncharged tails. Diverse proteins are

embedded into themembrane or attached to its surface, such as channel

proteins that provide hydrophilic gated channels to allow only particular

solutes to pass through it. Also, carrier proteins change their shapes

using ATP energy to pump substances from one side to another side

of the membrane. Some membrane proteins are used to establish a

communication channel between different cells using various kinds of

junctions, e.g., gap junction. In addition, certain types of membrane

proteins have receptors that recognize only specific shapes of signal-

ing molecules, i.e., hormones. The distribution and concentration of

anions and cations differ on both sides of the membrane, resulting in

membrane potential, i.e., from −50 to −200mV.

� Cytoskeleton: it is a network of fibers that maintains the shape of the

cell. It extends throughout the cytoplasm to organize its activities,

location, and structure. It contains hollow rods (microtubules) made

up of tubulin proteins, on which some protein motors can walk across

the cell. Molecules secreted from the GA are encapsulated in transport

vesicles and carried by molecular motors, i.e., dynein, that move along

the microtubules until reaching the plasma membrane, with whom the

vesicles fuse to release their secretoryproteinsoutof the cell. Specialized

arrangements of microtubules give either flagella or cilia, which extend

from some cells and act as locomotors appendages.

2.1.2 Cell Signaling

Biological cells utilize MC to perform a particular task or function within the

human tissues. The cell signaling is mainly classified into five types (Fig. 5)
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based on the transmission distance between the sender and receiver [10, 12,

25]:

1. Intracrine (tens to hundreds of nm): the communication occurs within

the same cell. For instance, molecular motors use chemical reactions to

generate energy and allow directional transportation of data packets,

i.e., vesicles, along the microtubules.

2. Autocrine (tens to hundreds of nm): both sender and receiver belong

to the same cell, which secretes signaling molecules that bind to its

receptors, e.g., the autocrine secretion of the cancerous cells.

3. Juxtacrine (nm− µm): intercellular communication, where the sending

and receiving cells are in contact. One example of such MC systems

is the transmission of calcium signaling molecules (Ca2+) through the

gap junctions between adjacent cells.

4. Paracrine (µm − mm): the transmitter and receiver are close to each

other but not directly connected. For example, via a process called

conjugation, the DNA information, i.e., plasmids, are loaded onto bac-

terial motors that travel via another process called chemotaxis in the

receiver’s direction following its released molecules, i.e., chemoattrac-

tants. Another example of paracrine signaling is neurochemical trans-

mission, where neurotransmitters, i.e., small molecules, are released at

junctions (synapses) between two nerve cells to send an impulse.

5. Endocrine (mm−m): macroscale communication mechanism, which

is the focus of this dissertation, in which the transmitter and receiver

are relatively distant. For instance, dozen of endocrine glands and

tissues transmit different hormone molecules through the bloodstream

or extracellular fluids among the whole body to control muscle growth,

heart rate, and menstrual cycles. Another example is the transmission

of pheromones through the air to allow plants and many mammals to

communicate with members of the same species.

2.2 Biomedical Applications

MC systems are expected to enable new revolutionary applications in different

fields, namely environmental, industrial, military, and entertainment [111,

120, 144]. However, due to its biocompatibility and superiority over other

communication systems in aqueous mediums, e.g., the human body, the

importance of MC strongly appears in biomedical applications [22, 40, 44, 101,

109, 110], some of which are stated below.
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Figure 5: Different methods for cell signaling.

Replace organs and repair damaged tissues Synthetic bio-devices such as

micro and nanoscale robots are supposed to be manufactured and distributed

inside the body to repair organs or lost tissues (tissue engineering). A cen-

tral unit will detect any failure or injury in the tissues and accordingly send

instructions to the nanorobots to start the healing process. The deployed

nanorobots may also be able to sense and interact with the organs to fix any

failure in their communication.

Immune system support and health monitoring The immune system

is considered a bio-nanonetwork with several bio-nanomachines to identify

and control foreign objects. The existence of specific molecules within the

bloodstream can be biomarkers for a particular disease. Therefore, developed

nanomachines that use molecular communication can be implanted in the

body to regularly collect and transmit information about the status of the

bio-molecules to external devices for being analyzed.

Drug delivery systems As introduced in section 1.2, the MC system can

also be used to deliver drugs carried by SPIONs (or any other synthesized

molecules) to diseased tissues in the body. An electrical signal stimulates a

drug repository that releases some of its contents into the bloodstream. A

confirmation signal is received when the drug is delivered. The amount and

release rate of drug can be also wirelessly controlled and monitored via MC.

Localizationof infectedcellsBacteriacan localize sourcesof particular types

of molecules through the conjugation and chemotaxis processes (paracrine
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signaling). If the molecules were biomarkers released by cancerous cells,

they will be easily detected and localized by using bacteria or synthesized

nanosensors.

Modify the gene sequences of humans MC system will pave the way

for manipulating and modifying nanostructures such as the human gene

sequences to add or suppress some of its functionalities, providing notable

therapeutic advantages. For instance, bio-chips will be used to read the old

gene sequences, modify them and produce new genetically modified genes

with sophisticated functionalities, i.e., process (Lab)-on-a-chip.

2.3 Literature Review

Before realizing the applications of MC, it is essential to understand this new

communication paradigm. TheMC system is composed of three main compo-

nents shown in Fig. 6: a transmitter to release information molecules into the

environment, a receiver to decode the transmitted molecules, and a channel

where the information molecules propagate. However, each physical compo-

nent of the system is further subdivided into smaller modules or blocks; each

of which is responsible for a particular task. This section summarizes some of

the theoretical studies available in the literature for MC. Also, the simulation

tools developed for studying MC as well as the experimental platforms are

given, including on-chip and tabletop MC systems.

2.3.1 Theoretical Studies

The different blocks of the MC system, shown in Fig. 6, have been exten-

sively studied in the literature. This subsection briefly describes the basic

functionality of each block and surveys the relevant literature.
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Figure 6: Block diagram of a typical MC system.

13



2 Molecular Communication

In the MC system, a message that carries information such as sensed param-

eters, specific events, sets of instructions, and/or data storing commands

are transmitted through the channel. Each message should represent a pre-

defined structure at both transmitter and receiver. The message is carried

from the sender to the receiver by information molecules, which can be either

organic compounds, such as hormones, proteins and lipids, or synthetically

engineered materials, such as chemical compounds and nanoparticles made

of sophisticated materials, e.g., gold or magnetite. For biocompatibility, the

particles can be encapsulated in lipid vesicles to separate them from the

surrounding environment [39].

Unlike the EM waves, the signaling molecules are physical elements that

can be stored in a repository and placed at the transmitter. In open-loop

systems, the amount of signaling molecules will be limited; hence they should

be consumed efficiently and eliminated quickly from the systemwith no or

negligible side effects.

Some of the transmitted molecules that belong to previous time durations

may remain in the channel and affect the upcoming symbol durations, caus-

ing Inter-Symbol Interference (ISI). To ensure robust communications and

enhance the reliability of the transmitted data, additional information is

added before the data is sent, i.e., channel coding. This information is used

at the receiver to recover the transmitted bit sequence and correct any errors

introduced during transmission. Different error correction codes are consid-

ered in the literature [30, 92, 130]. Other studies propose using enzymes [112,

145] or photolysis reactions [28] to degrade the information molecules so that

they do not interfere with future transmissions.

The transmitted message is encoded (modulated) on the properties of the

information molecules, namely the type, quantity, and release time. The cor-

responding modulation schemes for these properties are respectively called

Molecule Shift Keying (MoSK) [79], Concentration Shift Keying (CSK) [79],

and Pulse Position Modulation (PPM) [6]. However, to achieve higher infor-

mation rates and mitigate the ISI, it is possible to encode the message on

any combination of these physical quantities [71, 107]. Advanced modulation

schemes are also developed for MC, in which the message is encoded on the

spatial index of the transmitters, i.e., Index Modulation (IM) [55, 63], the

permutation of multiple types of molecules [134], and the releasing order of

different molecules [13], e.g., bit ”0” is encoded by a molecule of type ”A” fol-

lowed by type ”B”, while reversing the order of the released molecules encodes

bit ”1”. A combination of IM and PPM modulation schemes is given in [56].
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However, the system complexity increases rapidly for high-order modulation

schemes, which might be challenging at the nanoscale.

In response to an external stimulus such as temperature, light, or electric

signal, the transmitter releases the information molecules, according to the

chosenmodulation scheme, into an aqueous or gaseous environment by either

unbinding them or opening a molecular gate that allows them to propagate.

During the propagation, the molecules might be affected by the velocity,

viscosity, temperature, pH level, and/or pressure of the flow introduced to the

environment. The signalingmolecules should be synthesized to be immune to

any changes, noise, or other matters in the system. The propagation through

the channel can be either passive or active.

Passivepropagation includesMolecularCommunicationviaDiffusion (MCvD),

where the information molecules diffuse randomly in all directions via Brow-

nian motion from regions of high concentrations to regions of low concen-

trations [66, 133, 140]. In macroscale MC that involves a large number of

informationmolecules, diffusion can be described by Fick’s second law. While

in microscale MC, where the number of released molecules is small, diffusion

can be accurately simulated using Monte Carlo simulation [39]. In MCvD,

no external power supplies are required because the signaling molecules use

the thermal energy in the surrounding environment to diffuse through the

channel. Hence, they may take a long time to reach the destination, resulting

in a low bit rate transmission.

In contrast to MCvD, active propagation requires energy suppliers to over-

come the thermal noise in the environment. It is subdivided into advection-

based (also called flow-based diffusion, or diffusionwith drift), bacteria-based

propagation [18, 53], and transport using molecular motors [61, 105]. In the

advection-based propagation, a flow is introduced to the environment, which

speeds up the propagation of molecules and ensures a transmission for long

distances with a relatively high bit rate. Also, because the propagation is

directed, fewer molecules are needed compared to the diffusion-based mech-

anism.

Different mechanisms are used to capture the information molecules from

the channel, including, but not limited to, the permeable absorbing receiver

that considers the number or concentration of the received molecules [146],

the reversible adsorbing receiver that binds to a specific type of information

molecules [124], and reversible adsorbing and desorbing receiver that adsorbs

specific molecules near its surface and desorbs previously adsorbed ones [29].

According to the chosen modulation scheme, the captured molecules or
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particles are decoded into an output signal, e.g., electric, electrochemical,

fluorescent light, or chemical reactions that may produce new molecules to

perform a particular task or to be further transmitted to another receiver.

Because of the tedious work of the experimental studies that may also be

expensive and time-consuming, different simulators are developed to model

large and complex MC systems. NeuroSim is a neuronal signaling simulator

used for nanoscale intrabody sensor networks [132]. Bacteria-based simulators

include NanoNs3 [68] and BNSim [141]. Diffusion-based propagation simu-

lators include distributed Molecular Communication Simulator (dMCS) [7],

N3sim [88] and MolecUlar CommunicatIoN (MUCIN) [147]. However, to

simulate the diffusion with drift inside the blood vessels, BINs2 simulators

are used [42, 43] as well as COMSOL Multiphysics simulation tool, which has

been chosen to run all the required simulations in this dissertation.

2.3.2 Experimental Studies

As mentioned before, MC has been extensively theoretically studied over the

past several years. However, most of this work has not been translated into

practical and experimental systems. This subsection summarizes most of the

experimental platforms available in the literature in either gaseous or aqueous

channels.

2.3.2.1 On-ChipMC Systems

The inherent advantages of miniaturization as well as the promising applica-

tions of on-chip MC systems have motivated researchers to conduct studies

in this field. Generally, on-chip MC can be classified into two main cate-

gories [37]: microfluidic devices and active transport schemes using molecular

motors [35].

A subcategory of the microfluidic on-chip MC systems includes those that

depend on the bacterial Quorum Sensing (QS) process, i.e., the production,

sensation, and detection of Autoinducers (AI) signaling molecules. In [8], syn-

thetically engineered E. coli bacteria confined in two separable compartments

are connected through a microfluidic channel. Upon stimulation, transmit-

ting bacteria release AI molecules through the channel to be detected by the

receiving bacteria that fluoresce once the molecules arrive with a specific con-

centration. Other QS-based microfluidic MC systems are considered in [15,

16, 77, 114].

Another subcategory of the microfluidic MC is the droplet microfluidics, in

which discrete volumes of fluids that carry the information are dispersed
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into a continuous stream of another immiscible fluid [60]. One of the first

practical studies of droplet-based communication is conducted in [58], where

an external pressure pump is used to inject colored drops of water into a

microfluidic channel of continuous oil flow. An optical microscope with an

integrated high-speed camera is used as a detector. This model is further

updated in [19, 45, 57]. Other detection schemes are also considered in the

literature, such as capacitance sensors [34, 64]. Nevertheless, the droplets

are replaced in [33] by Fluorescent Polystyrene (PS) micro-beads, which are

released into the channel via programmable syringe pumps and detected by

an inverted fluorescence microscope.

2.3.2.2 Gaseous-based Tabletop Platforms

MC system considers mainly two transmission ranges, i.e., channel length,

namely microscale (nm-mm) and macroscale (mm-km) communication. To

the best of the author’s knowledge, only macroscale gas-based platforms are

available in the literature.

One of the first works on engineering the macroscale experiments, which

mimics the insect infochemical communication system, is introduced in [41]

by N. Farsad et al. As shown in Fig. 7a, a message is entered using a micro-

controller that controls the release of alcohol molecules from an electronic

spray into a channel of maximum length 4m according to the On-Off Keying

(OOK) modulation scheme, i.e., presence or absence of signaling molecules to

decode bit ”1” or ”0”, respectively. A fan is placed behind the spray to introduce

a flow that speeds up the propagation of molecules (flow-based diffusion).

Three different sensors are used to detect the transmitted signal. The maxi-

mum data rate achieved is 0.3 bps. The testbed is extended in [76, 84, 85] to

include Multi-Input Multi-Output (MIMO) system for bit rate improvement.

However, due to the ISI and inter-link interference, the improvement is not

significant, i.e., ≈ 0.5 bps without drift and ≈ 0.7 bps with drift. A new detec-

tion mechanism, namely Increased Detection Algorithm (IDA), is introduced

in [149] to mitigate the impact of ISI for a channel of maximum length 80 cm

without drift. Another detection algorithm called Sampling-based Adaptive

ThresholdVariation (S-ATV) is given in [117], which shows better Bit ErrorRate

(BER) performance of shorter bit intervals compared to the IDA algorithm

applied in [149]. In another study [121], the performance of MC in complex

confined structural environments (metallic containers) is compared with EM

waves (Zigbee). The results show that MC offers a good alternative to the EM

system in such environments with a maximum bit rate of 0.1 bps. Another

comparison between EM and MC systems is conducted in [54], considering a
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Figure 7: Schematic diagram of macroscale gaseous-based testbeds with different channels.
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pipe channel, a knife-edge channel, and amesh channel. It concludes that, for

a lossy copper pipe, the attenuation per unit length is relatively low in the case

of MC compared to EM. Referring also to Farsad’s testbed, the effect of vertical

propagation for a relatively short channel of length 10 cm is studied in [90, 91].

Moreover, in [119], a movable transmitter mounted on an RF-remotely con-

trolled chassis is proposed to prove that bits disorder (transposition) occurs

in mobile MC systems due to the slow propagation rate relative to the speed

of the movable transceivers.

A refined version of Farsad’s testbed is introduced and developed in [72,

115, 129] (see Fig. 7b), where solvent vapors (isopropyl alcohol) are released

into a tubular channel of length 3.5m and detected by multiple numbers

of susceptible photoionization detectors. The injection of the vapor flow is

controlled by a solenoid valve and regulated by a variable-area flowmeter,

while the bulk airflow is controlled by a fan fixed at the transmitting end of

the tube. The environment is assumed to be turbulent. However, to create a

laminar flow, hundreds of straws (flow straighteners) are placed in front of

the fan. The maximum bit rate achieved is 20 bps at a transmission length

of 1.4m using the OOK modulation scheme and Karhunen-Loeve method

for decoding. This model is improved in [116] by using a different detection

scheme, doubling the bit rate, i.e., 40 bps.

Anothergaseous-basedMC testbed derived fromFarsad’s setup is given in [48],

where olfactory signals are transmitted from an odor emitter through a tubular

channel and received by amass spectrometerwith a quadrupolemass analyzer.

A rangeof volatileorganiccompoundsareconsidered atdifferent temperatures,

flow rates, and tube sizes for a transmission distance up to 3m. Two different

modulation schemes are employed, namely OOK and CSK. The fundamental

parameters of the system, such as the carrier flow rate and bit duration, are

studied in [96]. This system is further analyzed both experimentally and

theoretically in [97, 98], while the open-air transmission and noise analysis

are given in [95].

2.3.2.3 Aqueous-based Tabletop Platforms

Aqueous-based MC promises to replace the radio-based systems in regions

where EM waves are not visible or experience high losses, such as underwater,

in-body, or inside sewer pipelines. Driven by this, micro and macroscale

aqueous-based testbeds are proposed and investigated in the literature as

described below.
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Microscale Platforms One of the most promising testbeds that provides bit

rate up to 150 kbps is proposed in [80]. Based on Förster Resonance Energy

Transfer (FRET) mechanism, a nano-channel is established in an ethanol

solvent. Highly concentrated Fluorescein (Fl) and Rhodamine B (RhB) dye

molecules are employed as TXs and RXs, respectively. When the transmitting

molecules are exposed to an optical signal, they accordingly transmit the

information in the form of excitons, which are received by the RhB molecules,

whose fluorescence signals are decoded by a distant photodetector. Other

microscale aqueous-based platforms that, however, depend on the bacterial

QS process are given in [51, 52, 87].

MacroscalePlatformsTo imitate thebloodstream invessels, amulti-chemical

testbed (Fig. 8a) is proposed in [38], where peristaltic pumps are used to inject

different liquids, i.e., bases and acids, into a tube filled with a stationary water

flow. The information is encoded in the pH level of the received signal. This

testbed is extended in [62, 82, 83] to include the MIMO system. For mimick-

ing the water flow in sewer pipelines, as proposed in [73], hydrochloric acid

molecules are released into a large-scale semi-cylindrical channel of length

and radius 2m and 10 cm, respectively. In [139], saline molecules are used

as information carriers detected by an electrical conductivity reader. Other

macroscale aqueous-based testbeds are given in [1, 2, 14], where fluorescent

particles are used as information carriers detected by optical sensors.

None of the above mentioned testbeds is valid for targeted drug delivery appli-

cations. Motivated by this, a SPIONs-based testbed is introduced in [138],

which is dissertation’s focus. A schematic diagram of the testbed is shown in

Fig. 8b, in which three tubes are connected via a Y-connector, namely particle,

background, and propagation tubes. One peristaltic pump is used to main-

tain a stationary flow of water in the channel, mimicking the bloodstream

in a vessel. A second pump is responsible for the injection of SPIONs sus-

pension into the flow. The propagation tube goes through a susceptometer

that generates an electrical signal when the particles travel through its core.

After the detection of particles, they are removed from the environment and

collected in a waste bin. Other detection schemes for this testbed rather than

the susceptometer are proposed in [20, 21]. In the next chapter, the theoretical

fundamentals of this testbed, such as fluid mechanics and magnetism, are

given.
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3 Fundamentals

3.1 Fluid Mechanics

This sectionoutlines theparameters used todescribe thefluid properties. Also,

it describes the different flow regimes in pipes, i.e., circular tubes. Besides, it

introduces important dimensionless numbers used in fluid mechanics.

3.1.1 Fluid Properties

3.1.1.1 Density

Fluids can be either gases or liquids. A fluid is described as an incompressible

fluid if changes in its density during propagation are negligible [23]. In con-

trast to gases, the density of liquids is not highly dependent on pressure [31].

Therefore, all liquids are considered incompressible fluids, except at very high

pressures.

3.1.1.2 Viscosity

Viscosity describes the friction between the fluid’s different layers as well

as the friction with its surroundings. It also measures the fluid resistance

to deforming (flow) due to applied shear stress. If the relation between the

applied shear stress and rate of shearing strain (velocity gradient) is linear,

the fluid is called Newtonian fluid, e.g., water, air, and oil. Viscosity 𝜇f of a

fluid is related to its density 𝜌f through

𝜈f =
𝜇f

𝜌f
(1)

where 𝜈f is called the fluid kinematic viscosity. For water [142], 𝜈f = 1.01 ×

10−6m2/s at 1 atm and 20 °C.

3.1.2 Flow Regimes

There are typically three types of fluid flow regimes: laminar, transitional, and

turbulent (see Fig. 9).

Laminar flow (also called viscous flow) is usually observed at lowvelocities and

is characterized by smooth parallel streamlines with highly ordered motion

and small molecular diffusion [27]. Also, a solution to its velocity profile can

be analytically derived.
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On the other hand, turbulent flow is usually observed at relatively high veloci-

ties. Besides, it depends on the pipe roughness, width, and fluid viscosity. It is

characterized by mixed streamlines, velocity fluctuations in directions other

than the main flow direction, and highly disordered motion.

When the flow fluctuates between laminar and turbulent, it is then called

transitional.

3.1.3 Navier-Stokes Equation

Navier-Stokes equation is a second-order nonlinear partial differential equa-

tion that governs the motion of Newtonian-incompressible fluids (water) in

pipes, and it is given by [142]

𝜌f (
𝜕�

𝜕𝑡
+ (� ⋅ ∇�))

⏝⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⏝
Inertial force

= − ∇P⏝⎵⏟⎵⏝
Pressure force

+ 𝜌f g⏟
Gravity force

+ 𝜇f∇
2�⏝⎵⏟⎵⏝

Viscous force

+ Fext⏟
External force

(2)

In cylindrical coordinates (𝑟, 𝜑, 𝑧), it is defined by

𝜌f (
𝜕�

𝜕𝑡
+ (𝑢𝑟

𝜕�

𝜕𝑟
+
𝑢𝜑

𝑟

𝜕�

𝜕𝜑
+ 𝑢𝑧

𝜕�

𝜕𝑧
)) = −(

𝜕P

𝜕𝑟
+
1

𝑟

𝜕P

𝜕𝜑
+
𝜕P

𝜕𝑧
) + 𝜌f g

+ 𝜇f (
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕�

𝜕𝑟
) +

1

𝑟2
𝜕2�

𝜕𝜑2
+
𝜕2�

𝜕𝑧2
) + Fext (3)

with

� = e𝑟𝑢𝑟 + e𝜑𝑢𝜑 + e𝑧𝑢𝑧 and P = e𝑟𝑝𝑟 + e𝜑𝑝𝜑 + e𝑧𝑝𝑧 (4)

where� and P are the velocity and pressure of the fluid, respectively; while g

is the body accelerations acting on the continuum such as gravity, and Fext is

any other external force that influences the fluid. In order to find the velocity

profile of the flow in the propagation tube, the Navier-Stokes equation is

solved together with the incompressible continuity equation defined by [142]

∇ ⋅� =
1

𝑟

𝜕

𝜕𝑟
(𝑟𝑢𝑟) +

1

𝑟

𝜕

𝜕𝜑
(𝑢𝜑) +

𝜕

𝜕𝑧
(𝑢𝑧) = 0 (5)
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3.1 Fluid Mechanics

3.1.4 Characteristic Numbers in Fluid Mechanics

3.1.4.1 Knudsen Number

Navier-Stokes equation is valid only if the fluid is continuum, which can be

determined using the Knudsen number Kn [122]

Kn =
Mean free path length

Characteristic length
=

𝜆

𝐿Char
(6)

The mean free path length 𝜆 of the fluid molecules is the distance taken by

one molecule before encountering a collision event with a second molecule,

approximated for water by 𝜆 ≈ 0.31nm. The characteristic length 𝐿Char of

the tube equals its hydraulic diameterDh [148]

𝐿Char = 𝐷ℎ =
4𝐴Ch

𝑝w

Circular tubes
= 2𝑅Ch (7)

where𝐴Ch is the cross-sectional area of the propagation tube (channel), whose

radius and wetted perimeter are 𝑅Ch and 𝑝w, respectively.

Knudsen number is of particular interest to assess the boundary conditions

required to solve Eq. (2). For instance, for Kn < 0.001, the relative movement

between the tube wall and the fluid layer in its contact is zero, i.e., no-slip

boundary condition. For 0.001 < Kn < 0.1, slip boundary condition is

assumed. Otherwise, the Navier-Stokes equation is not valid.

3.1.4.2 Reynolds Number

Reynolds number Re is the primary parameter used to predict the transition

between the different flow regimes, which is defined by [142]

Re =
Inertial force

Viscous force
=
𝑢avg ⋅ 𝐿Char

𝜈f

(7)
=
𝑢avg ⋅ 2𝑅Ch

𝜈f
(8)

where 𝑢avg is the average velocity of the propagating flow.

Laminar TurbulentTransitional

Figure 9: Fluid velocity profile for different flow regimes in pipes.
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Under most practical conditions in circular tubes, laminar flow is obtained if

Re < 2300; fully turbulent flow is obtained if Re > 10000; while in between,

the flow is considered transitional. However, in some cases, the flow becomes

fully turbulent for Re > 4000 [148].

3.1.4.3 Péclet Number

The motion of particles in a fluid is governed by both advection and diffusion.

Advectionversusdiffusiondominancecanbedetermined by thePéclet number

Pe [122]

Pe =
Advection transport

Diffusion transport
=
Re ⋅ 𝜈f

𝒟

(8)
=
𝑢avg ⋅ 2𝑅Ch

𝒟
(9)

where 𝒟 is the diffusivity of the magnetic nanoparticles, which for the consid-

ered SPIONs has the value of less than 10−11m2/s.

For a channel of length 𝐿Ch, advection dominates if [118]

Pe ≫
𝐿Ch

2𝑅Ch
(10)

hence the particles travel with the flow faster than they spread out.

3.1.5 Laminar Flow in Tubes

As will be derived in Chapter 4, the propagation flow in the employed testbed

is laminar. However, the laminar velocity profile goes through various phases

until it is fully developed. In the following two subsections, a derivation

is given to find the fully developed velocity profile. Moreover, the distance

required by the flow to fully develop is specified.

3.1.5.1 Fully Developed Velocity Profile

The fully developed laminar velocity profile inside the propagation tube is

derived from the Navier-Stokes equation. First, two boundary conditions are

applied, namely a no-slip boundary condition and a rotationally symmetric

model, i.e.,
𝜕

𝜕𝜑
= 0. Second, five assumptions are made: sufficiently long

tube such that the flow is fully developed; the flow is steady, i.e.,
𝜕

𝜕𝑡
= 0;

in laminar flow, the velocity field lines are axially parallel, therefore 𝑢𝑟 = 0;

constant pressure gradient is assumed in the 𝑧-direction, i.e.,
𝑑𝑃

𝑑𝑧
= constant;

the gravitational force is neglected, and no external forces are applied.
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𝑢avg 𝑢avg𝑢avg𝑢avg𝑢avg

e𝑧

𝐿ℎ,Laminar Fully developed

velocity profileInlet

2
𝑅
C
h

0

e𝑟

Velocity field vectors

Figure 10: Schematic diagram of the different flow phases of laminar velocity profile inside the

tube until it is fully developed. Longer arrows denote higher flow rates.

Applying the assumptions and boundary conditions into Eq. (3), Eq. (4), and

Eq. (5) yields [148]
𝜇f

𝑟

𝑑

𝑑𝑟
(𝑟 ⋅

𝑑

𝑑𝑟
𝑢(𝑟)) =

𝑑𝑃

𝑑𝑧
(11)

After integrating Eq. (11) twice and applying the boundary conditions, the fully

developed velocity 𝑢(𝑟) of laminar flow is obtained from

𝑢(𝑟) =
𝑟2

4𝜇f
⋅
𝑑𝑃

𝑑𝑧
−
𝑅2Ch
4𝜇f

⋅
𝑑𝑃

𝑑𝑧
(12)

= −
𝑅2Ch
4𝜇f

⋅
𝑑𝑃

𝑑𝑧
⋅ (1 − (

𝑟

𝑅Ch
)

2

) (13)

= 𝑢max ⋅ (1 − (
𝑟

𝑅Ch
)

2

) (14)

where 𝑢max is the maximum velocity at the tube center, which is defined by

𝑢max = −
𝑅2Ch
4𝜇f

⋅
𝑑𝑃

𝑑𝑧
= 2 ⋅ 𝑢avg (15)

From this derivation, we see that the fully developed laminar velocity profile

in circular tubes is parabolic. In addition, pressure decreases in the direction

of the flow, i.e.,
𝑑𝑃

𝑑𝑧
is negative.
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3.1.5.2 Hydrodynamic Entry Length

Consider the fluid entering the propagation tube at a uniform velocity 𝑢avg,

as seen in Fig. 10. Due to the boundary conditions and friction between the

adjacent fluid layers, the flow passes through different phases until it is fully

developed. The distance taken by the flow to develop its velocity profile is

called hydrodynamic entry length 𝐿ℎ,Laminar, and it is defined by [148]

𝐿ℎ,Laminar ≈ 0.05Re ⋅ 2𝑅Ch (16)

3.2 Magnetization

This section explains the origin of magnetism in matter as well as the clas-

sifications of the magnetic materials and their properties, i.e., specifically

superparamagnetism. Also, it gives approximate analytical solutions and

analysis of the magnetic fields for different coils, i.e., cylindrical and planar.

3.2.1 Magnetism inMatter

In atoms, as shown in Fig. 11, the motion of electrons contributes to two

different types of magnetic moments: spin magnetic moment 𝜇
B
associated

with the spin of the electron around its axis, which can be in an ”up” or ”down”

direction [102] and orbital magnetic moment 𝜇
m
due to the orbital motion

about the nucleus [26]. The net atomic dipole moment 𝜇
atomic

is calculated

by the vector sum of the orbital and spin magnetic moments. Due to the

vector quantity of the magnetic moments, they may cancel each other such

as in nonmagnetic materials. MagnetizationM in [A/m] of a collection of

identical atoms is a vector quantity used to describe the net dipole moment

per unit volume [99]

M = 𝑛a𝜇atomic
(17)

where 𝑛a is the number of dipole moments (atoms) per unit volume. In

addition, M is an intrinsic material property that describes the magnetic

response of a material when exposed to an external magnetic field strengthH

in [A/m]

M = 𝜒mH (18)

where 𝜒m is the magnetic susceptibility of the material through which the

field lines go. The magnetic field in the presence of a magnetic material is

described by [93]

B = 𝜇0 (H+M) (19)
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3.2 Magnetization

where B in [T] (Tesla) is the magnetic flux density of the magnetic material

from both H andM, while 𝜇0 = 4𝜋 × 10
−7H/m is the permeability of free

space. From Eq. (19) and Eq. (18), the magnetic flux density is further defined

by

B = 𝜇0 (1 + 𝜒m)H = 𝜇0𝜇𝑟H = 𝜇H (20)

where 𝜇 is the permeability of thematerial and 𝜇𝑟 is its relative permeability. If

no magnetic materials exist, i.e., 𝜒m = 0, the magnetic field density becomes

B0
(20)
= 𝜇0H (21)

3.2.2 Classifications of Magnetic Materials

The classification of magnetic materials is determined through the way the

local atomic moments couple to each other and to an externally applied

magnetic field (see Fig. 12). Magnetic materials can be classified into three

main categories: diamagnetic, paramagnetic, and ferromagnetic materials.

The latter has two additional subclasses: antiferromagnetic and ferrimagnetic

from which superparamagnetic materials are obtained.

𝑒−

𝜇
m

𝜇
B

Magnetic material

U
n
it
vo
lu
m
e

𝑒−

𝑒−

𝑒−

𝑒−

𝑒−

Figure 11: Spinning and orbiting magnetic moments that exist in a unit volume of a magnetic

material, own presentation inspired by [113].
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𝐻

𝑀
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𝐻 = 0

(c)

(a)

(b)

(d)

+𝐻 −𝐻𝐻 = 0

𝑀r

0

Figure 12:𝑀-𝐻 curve that shows the different magnetization states for different materials: (a)

diamagnetic, (b) paramagnetic, (c) ferromagnetic, and (d) superparamagnetic materials.

3.2.2.1 Diamagnetic Materials

Diamagnetic materials have no permanent magnetic moments in the absence

of the field, as seen in Fig. 12a. However, when exposed to an external magnetic

field, they show very weak magnetization in the opposite direction to the

field, i.e., attracted towards the regions where the field is weak or repelled by

strong fields. Examples of diamagnetic materials are water, silver, copper, and

silicon [26]. Their magnetic susceptibility is in the range of 𝜒m ≈ −10
−5 [69].

3.2.2.2 Paramagnetic Materials

Paramagnetic materials have randomly oriented dipoles, partially aligning

with the applied magnetic field [67], as seen in Fig. 12b. However, when

the field is removed, the random arrangement of the magnetic moments is

retained without any remanence. Their magnetic susceptibility ranges from

𝜒𝑚 = 10
−5 to 10−3 [69].

3.2.2.3 Ferromagnetic Materials

Ferromagnetic materials have domains over which all moments are essentially

parallel, and in between some walls separate the domains. The direction

of the magnetization in each domain is different. As seen in Fig. 12c, when

a ferromagnetic sample is exposed to a magnetic field, the field introduces

motion to the walls to expand the domains of the largest component of 𝑀
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Figure 13: Variation of energy and coercive magnetic field for different particle sizes, own

presentation inspired by [67, 103, 113].

along 𝐻 [26, 113]. The saturation state is reached if the motion of domain

walls is completed and all magnetization vectors are rotated to be in the same

direction of the applied field, i.e., easy axis. The maximum induced magnetic

momentduring theexposure to thefield is called the saturationmagnetization

𝑀s, which is highly dependent on temperature. When the magnitude of the

applied field is reduced, most of the rotated magnetization vectors return to

their original directions. However, the wall motion is an irreversible and lossy

process that shows hysteresis. Therefore, a residual magnetization𝑀r remains

in the sample even when the applied field is removed. To restore the initial

state of the sample, an inverse coercive magnetic field 𝐻c should be applied.

Typical ferromagnetic materials at room temperature are iron, nickel, and

cobalt, whose magnetic susceptibility is in the range of 𝜒m ≈ 50−10000 [69].

Compositionsof ironoxides are called ferrimagneticmaterials (ferrite), includ-

ingmagnetite (Fe3O4) andmaghemite (γ − Fe2O3), whosemagneticmoments

are anti-parallel and have different values [78, 135]. However, when the mag-

netic moments are anti-parallel but equal in magnitude, the materials are

called antiferromagnetic, e.g., hematite (α − Fe2O3), which have poor mag-

netic properties and hence play a minor role in biomedical applications [36].

The magnetic properties of ferri- and ferromagnetic materials are retained

until an ordering temperature called the Curie temperature 𝑇C, above which

their magnetic behavior becomes paramagnetic [137]. The corresponding

value for the antiferromagnetic materials is called Néel temperature 𝑇N.
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3.2.2.4 Superparamagnetic Materials

Magnetite and maghemite can be used to synthesize magnetic nanoparticles

of significant magnetic properties based on their sizes [75].

As seen in Fig 13, in large size multi-domain ferromagnetic particles, the

anisotropic energy barrier (𝑊Bfm
= 𝐾a𝑉p sin

2
𝜃m) is higher than the thermal

energy (𝑊Th = 𝐾B𝑇), where 𝐾a is the anisotropy constant, 𝑉p is the volume of

the particle, 𝜃m is the angle between the easy axis and the particle’s magneti-

zation, 𝐾B is Boltzmann constant and 𝑇 is temperature. Therefore, residual

magnetization remains in the particles evenwhen the applied field is removed,

corresponding to hysteresis.

However, if the particle size is reduced to be below a critical value 𝑟c, it will

possess only a single domain with a noticeable decrease in 𝐻𝑐 until it becomes

zero at a radius 𝑟sp, where the particle behaves as a paramagnet with much

higher saturation magnetization because it is originated from the ferromag-

netic materials. This property is called superparamagnetism, e.g., SPIONs.

The decrease in 𝐻𝑐 is due to the absence of the domain walls, i.e., the rever-

sal of the magnetic moments is realized only by the spin rotation [143]. For

magnetite, 𝑟c is about 128 nm [104].

In contrast to the large particles made of ferromagnetics, the thermal fluctua-

tions in superparamagnetic nanoparticles, at temperatures above the so-called

blocking temperature 𝑇B, overcome the anisotropy energy barrier (𝑊Bspm
) and

easily reverse the direction of the spin magnetic moments [70, 103]. There

are two types of dipole relaxation: Brownian relaxation that takes place only

in liquids, where the entire particle rotates, and Néel relaxation, in which

only the magnetic moment vector aligns [137]. SPIONs are close in the mag-

netization properties to their large ferromagnetic counterparts but with no

coercivity [143]. Inaddition, theirmagneticmoments showastronger response

to the applied field and hence higher magnetic susceptibility compared to the

paramagnetic materials [75].

When the size of the single-domain particle is further reduced to be below

another critical value 𝑟0, the saturation magnetization is also reduced due

to the so-called spin canting effect, i.e., the surface spins are tilted about

their axis by certain angles instead of being parallel to each other [106, 126],

resulting in unstable SPIONs.
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3.2.3 Magnetic Fields Derivation

3.2.3.1 Biot-Savart Law

An electric current flow 𝐼 through a straight wire results in a magnetic flux

densityB around it. Thismagnetic field isdescribed using Biot-Savart law [127]

B =
𝜇0

4𝜋
∮
𝐼𝑑l𝑆 × v

|v|3
(22)

where 𝑑l𝑠 is a vector line segment of the wire and v is a position vector rep-

resenting the distance between an observation (field) point and the wire

segment (source).

3.2.3.2 Current Loop

Assume the wire is wrapped to form a circular loop of radius 𝑅Loop, placed

horizontally on the 𝑥𝑦-plane, as shown in Fig. 14. The position vector v𝐴 of

the field point 𝐴 is defined by

v𝐴 = e𝑟𝐴𝑟𝐴 + e𝑧𝑧𝐴 (23)

while the current segment 𝐼dl𝑆 of the loop is located at a source point 𝑆, whose

position vector v𝑆 is defined by

v𝑆 = e𝑟𝑆𝑟𝑆 + e𝑧𝑧𝑆 (24)

𝑆

e𝑧

𝐼

e𝑥

𝑟𝐴

𝑧𝐴

Field point

e𝑦

𝐴

Source point

𝑅Loop

v
𝐴

v
𝑆

𝜑𝑆

v

𝑑ls

𝜑𝐴

Figure 14: Schematic view of a current-carrying wire loop used to derive its magnetic field at an

observation point 𝐴.
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For a loop of a negligible thickness, 𝑟𝑆 can be replaced by 𝑅Loop. From Eq. (23)

and Eq. (24), the relative position vector v is found from

v = v𝐴 − v𝑆 = e𝑟𝐴𝑟𝐴 + e𝑧 (𝑧𝐴 − 𝑧𝑆) − e𝑟𝑆𝑅Loop (25)

whose magnitude is given by

|v| = √𝑟2𝐴 + 𝑅
2
Loop + (𝑧𝐴 − 𝑧𝑆)

2 − 2𝑟𝐴𝑅Loopcos (𝜑𝐴 − 𝜑𝑆) (26)

The loop-segment vector 𝑑l𝑆 is defined by

𝑑l𝑆 = e𝜑𝑆𝑅Loop 𝑑𝜑𝑆 (27)

Because of the rotational symmetry of the loop, its magnetic field has equal

values at any observation angle 𝜑𝐴, which for simplicity is chosen to be zero.

Hence, 𝜑𝑆 can be replaced by 𝜑 that changes from 0 to 2𝜋. Substituting

Eq. (25), Eq. (26) and Eq. (27) into the Biot-Savart law defined by Eq (22), the

magnetic field B(v𝐴) due to the current loop is calculated by

B (v𝐴) =
𝜇0

4𝜋
∫
2𝜋

0

𝐼𝑅Loop
[e𝑟𝑆 (𝑧𝐴 − 𝑧𝑆) + e𝑧 (𝑅Loop − 𝑟𝐴cos𝜑)] 𝑑𝜑

[𝑟2𝐴 + 𝑅
2
Loop + (𝑧𝐴 − 𝑧𝑆)

2
− 2𝑟𝐴𝑅Loopcos𝜑]

3

2

(28)

whose radial 𝐵𝑟 (v𝐴) and axial 𝐵𝑧 (v𝐴) components are derived respectively

from

𝐵𝑟 (v𝐴) = e𝑟𝐴 ⋅ B (v𝐴) (29)

=
𝜇0

4𝜋
∫
2𝜋

0

𝐼𝑅Loop
[(𝑧𝐴 − 𝑧𝑆) cos𝜑] 𝑑𝜑

[𝑟2𝐴 + 𝑅
2
Loop + (𝑧𝐴 − 𝑧𝑆)

2
− 2𝑟𝐴𝑅Loopcos𝜑]

3

2

(30)

𝐵𝑧 (v𝐴) = e𝑧 ⋅ B (v𝐴) (31)

=
𝜇0

4𝜋
∫
2𝜋

0

𝐼𝑅Loop
[𝑅Loop − 𝑟𝐴cos𝜑] 𝑑𝜑

[𝑟2𝐴 + 𝑅
2
Loop + (𝑧𝐴 − 𝑧𝑆)

2
− 2𝑟𝐴𝑅Loopcos𝜑]

3

2

(32)
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Consider the loop is placed at 𝑧𝑠 = 0 such that the coordinates 𝑧𝐴 and 𝑟𝐴 are

replaced directly by 𝑧 and 𝑟, respectively. Hence, the integrals in Eq. (30) and

Eq. (32) yield [131]

𝐵𝑟 (𝑟, 𝑧) =
𝜇0𝐼

2𝜋𝑟

𝑧

√(𝑅Loop + 𝑟)
2
+ 𝑧2

[−𝐾(𝑘) +
𝑅2Loop + 𝑟

2 + 𝑧2

(𝑅Loop − 𝑟)
2
+ 𝑧2

𝐸(𝑘)] (33)

𝐵𝑧 (𝑟, 𝑧) =
𝜇0𝐼

2𝜋

1

√(𝑅Loop + 𝑟)
2
+ 𝑧2

[+𝐾(𝑘) +
𝑅2Loop − 𝑟

2 − 𝑧2

(𝑅Loop − 𝑟)
2
+ 𝑧2

𝐸(𝑘)] (34)

where 𝐾(𝑘) and 𝐸(𝑘) are the elliptic integrals of the first and second kinds,

respectively, which are defined by

𝐾(𝑘) = ∫
𝜋/2

0

1

√1 − 𝑘2sin2𝛼
𝑑𝛼 (35)

𝐸(𝑘) = ∫
𝜋/2

0

√1 − 𝑘2sin2𝛼𝑑𝛼 (36)

while 𝑘 is given by

𝑘2 =
4𝑟𝑅Loop

(𝑅Loop + 𝑟)
2
+ 𝑧2

(37)

The total magnetic field (norm) is defined by

𝐵 (𝑟, 𝑧) = √𝐵2𝑟 (𝑟, 𝑧) + 𝐵2𝑧 (𝑟, 𝑧) (38)

Note that, volume integral should have been applied to Eq. (28). However,

for simplicity, the loop is assumed to be of a negligible thickness, and only a

line integral along its circumference is considered. Hence, this derivation and

all other related derivations are approximate solutions used to estimate the

magnetic fields of the corresponding sources.

3.2.3.3 Helmholtz Coil

Helmholtz coil is used to obtain a uniform magnetic field from two separated

current loops or, more precisely, two thin coils [50] (see Fig. 15). A typical

arrangement of a Helmholtz coil pair is shown in Fig. 15a. The coils are placed
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parallel to each other with a separate distance equal to their identical radius

𝑅Helmholtz. The superposition of the fields due to each separate coil gives the

total magnetic field of Helmholtz coil, whose radial 𝐵𝑟 (𝑟, 𝑧) and axial 𝐵𝑧 (𝑟, 𝑧)

components are respectively given by

𝐵𝑟 (𝑟, 𝑧) =
𝜇0𝐼

2𝜋𝑟
∑

𝑑h

𝑧 − 𝑑h

√(𝑅Helmholtz + 𝑟)
2
+ (𝑧 − 𝑑h)

2

⋅ [−𝐾(𝑘𝑑h) +
𝑅2Helmholtz + 𝑟

2 + (𝑧 − 𝑑h)
2

(𝑅Helmholtz − 𝑟)
2
+ (𝑧 − 𝑑h)

2𝐸(𝑘𝑑h)] (39)

𝐵𝑧 (𝑟, 𝑧) =
𝜇0𝐼

2𝜋
∑

𝑑h

1

√(𝑅Helmholtz + 𝑟)
2
+ (𝑧 − 𝑑h)

2

⋅ [+𝐾(𝑘𝑑h) +
𝑅2Helmholtz − 𝑟

2 − (𝑧 − 𝑑h)
2

(𝑅Helmholtz − 𝑟)
2
+ (𝑧 − 𝑑h)

2𝐸(𝑘𝑑h)] (40)

where

𝑑h ∈ {−𝑧h, 𝑧h}, 𝑧h =
𝑅Helmholtz

2
(41)
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(b) Total magnetic field at 𝑟 = 0mm. Shaded
area shows where the coil exists.

Figure 15: Helmholtz coil and its magnetic field for 𝑅Helmholtz = 5mm and 𝐼 = 1mA.
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and

𝑘2𝑑h =
4𝑟𝑅Helmholtz

(𝑅Helmholtz + 𝑟)
2
+ (𝑧 + 𝑑h)

2 (42)

The total magnetic field of theHelmholtz coil at 𝑟 = 0mm is shown in Fig. 15b.

Its length 𝑅Helmholtz = 5mm is chosen to be identical to the length of the

employed susceptometer. The green and red curves show the magnetic fields

produced by the two individual coils of Helmholtz. The black curve represents

the total field, which is uniform along the center axis between the individual

coils. However, the uniformity is lost and the field decays near the borders of

the shaded area.

3.2.3.4 Maxwell Coil

Maxwell tried to improve the uniformity of the field obtained fromHelmholtz

coil by adding a third coil [94] (see Fig. 16). A typical arrangement of Maxwell

coil is shown in Fig. 16a, which involves a large central coil of radius 𝑅Maxwell

carrying current 𝐼 and two relatively small side coils each of radius 𝑅m =

√
4

7
𝑅Maxwell carrying current 𝐼m =

49

64
𝐼 placed on either side of the main coil at

an axial distance 𝑧m = √
3

7
𝑅Maxwell. The superposition of the fields due to the

three coils gives the magnetic field of the Maxwell coil as follows

𝐵𝑟 (𝑟, 𝑧) =
𝜇0𝐼m

2𝜋𝑟
∑

𝑑m

𝑧 − 𝑑m

√(𝑅m + 𝑟)
2
+ (𝑧 − 𝑑m)

2

⋅ [−𝐾(𝑘𝑑m) +
𝑅2m + 𝑟

2 + (𝑧 − 𝑑m)
2

(𝑅m − 𝑟)
2
+ (𝑧 − 𝑑m)

2𝐸(𝑘𝑑m)]

+
𝜇0𝐼

2𝜋

𝑧

√(𝑅Maxwell + 𝑟)
2
+ 𝑧2

⋅ [−𝐾(𝑘) +
𝑅2Maxwell + 𝑟

2 + 𝑧2

(𝑅Maxwell − 𝑟)
2
+ 𝑧2

𝐸(𝑘)] (43)
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Figure 16: Maxwell coil and its magnetic field for 𝑅Maxwell =
5

2
√

7

3
mm and 𝐼 = 1mA.

𝐵𝑧 (𝑟, 𝑧) =
𝜇0𝐼m

2𝜋
∑

𝑑m

1

√(𝑅m + 𝑟)
2
+ (𝑧 − 𝑑m)

2

⋅ [+𝐾(𝑘𝑑m) +
𝑅2m − 𝑟

2 − (𝑧 − 𝑑m)
2

(𝑅m − 𝑟)
2
+ (𝑧 − 𝑑m)

2𝐸(𝑘𝑑m)]

+
𝜇0𝐼

2𝜋

1

√(𝑅Maxwell + 𝑟)
2
+ 𝑧2

⋅ [+𝐾(𝑘) +
𝑅2Maxwell − 𝑟

2 − 𝑧2

(𝑅Maxwell − 𝑟)
2
+ 𝑧2

𝐸(𝑘)] (44)

where

𝑑m ∈ {−𝑧m, 𝑧m} and 𝑘2𝑑m =
4𝑟𝑅m

(𝑅m + 𝑟)
2
+ (𝑧 + 𝑑m)

2 (45)

The total magnetic field at 𝑟 = 0mm is shown in Fig. 16b. In order to make a

fair comparison with the Helmholtz coil, the length is kept fixed, i.e., equal

to 5mm. For that reason, the main radius of Maxwell coil is chosen to be

𝑅Maxwell =
5

2
√

7

3
mm. The red, green, and purple curves show the magnetic

fields produced by the individual coils, whereas the black curve is the total field

from the three coils. As can be seen, along the center axis of the Maxwell coil,

the field is nearly uniform and decays outside its ends. However, comparing
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the fields from both Maxwell and Helmholtz coils shows that the decay in

Maxwell is faster, which demonstrates the improvement introduced to it.

More detailed field analysis for both coils will be given later based on the

numerical simulation.

3.2.3.5 Solenoids

A solenoid is a wire wrapped in the form of a helix of radius 𝑅Sol and length

𝐿Sol (see Fig. 17). Consider the wire is of a negligible thickness such that it

forms a thin solenoid of 𝑁𝑙 wire-turns. The numberof turns in an infinitesimal

length 𝑑𝑧𝑆 of the solenoid is (
𝑁𝑙

𝐿Sol
) 𝑑𝑧𝑆, which produces current

𝑑𝐼 = 𝐼 ⋅ (
𝑁𝑙

𝐿Sol
)𝑑𝑧S (46)
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2
𝑅
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o
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(a) A wire wounded tightly to form a solenoid.
Black arrows represent its magnetic field.
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(b) Magnetic field at different radial positions.
Shaded area shows where the coil exists.

Figure 17: A thin solenoid and its magnetic field for 𝐿Sol = 𝑅Sol = 5mm and 𝐼 = 1mA.
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Themagnetic field of this solenoid can be obtained when Eq. (28) is expanded

to integrate over the solenoid length. After substituting Eq. (46) into Eq. (28),

the total magnetic field is defined by

𝐵 (v𝐴) =
𝜇0

4𝜋

𝐼𝑁𝑙𝑅Sol

𝐿Sol
∫
𝐿Sol/2

−𝐿Sol/2

𝑑𝑧𝑆∫
2𝜋

0

[e𝑟𝑆 (𝑧𝐴 − 𝑧𝑆) + e𝑧 (𝑅Sol − 𝑟𝐴cos𝜑)] 𝑑𝜑

[𝑟2𝐴 + 𝑅
2
Sol + (𝑧𝐴 − 𝑧𝑆)

2
− 2𝑟𝐴𝑅Solcos𝜑]

3

2

(47)

Accordingly, both components of themagnetic field are obtained from Eq. (30)

and Eq. (32), respectively, when the axial and radial coordinates (𝑧𝐴, 𝑟𝐴) are

replaced by (𝑧, 𝑟)

𝐵𝑟 (𝑟, 𝑧) =
𝜇0

4𝜋

𝐼𝑁𝑙𝑅Sol

𝐿Sol
∫
𝐿Sol/2

−𝐿Sol/2

𝑑𝑧𝑆∫
2𝜋

0

[(𝑧 − 𝑧𝑆) cos𝜑] 𝑑𝜑

[𝑟2 + 𝑅2Sol + (𝑧 − 𝑧𝑆)
2
− 2𝑟𝑅Solcos𝜑]

3

2

(48)

𝐵𝑧 (𝑟, 𝑧) =
𝜇0

4𝜋

𝐼𝑁𝑙𝑅Sol

𝐿Sol
∫
𝐿Sol/2

−𝐿Sol/2

𝑑𝑧𝑆∫
2𝜋

0

[𝑅Sol − 𝑟 cos𝜑] 𝑑𝜑

[𝑟2 + 𝑅2Sol + (𝑧 − 𝑧𝑆)
2
− 2𝑟𝑅Solcos𝜑]

3

2

(49)

Elliptical integrals are used again to find themagnetic field of the thin solenoid

as follows [81]

𝐵𝑟 (𝑟, 𝑧) = −
𝜇0

𝜋

𝐼𝑁𝑙

𝐿Sol
√
𝑅Sol

𝑟

⋅ [
1

𝑘−
((1 −

𝑘2−

2
)𝐾(𝑘−) − 𝐸(𝑘−)) −

1

𝑘+
((1 −

𝑘2+

2
)𝐾(𝑘+) − 𝐸(𝑘+))] (50)

𝐵𝑧(𝑟, 𝑧) =
𝜇0

4𝜋

𝐼𝑁𝑙

𝐿Sol√𝑟𝑅Sol
⋅[ (𝑧 +

𝐿Sol

2
)𝑘+ ((

2𝑅Sol

𝑅Sol + 𝑟
− 1)Π(𝑡, 𝑘+) + 𝐾(𝑘+))

− (𝑧 −
𝐿Sol

2
)𝑘− ((

2𝑅Sol

𝑅Sol + 𝑟
− 1)Π(𝑡, 𝑘−) + 𝐾(𝑘−)) ] (51)

where the elliptic integral Π(𝑛, 𝑘) of the third kind is defined by

Π(𝑛, 𝑘) = ∫
𝜋/2

0

1

(1 − 𝑛 sin2𝛼)√1 − 𝑘2sin2𝛼
𝑑𝛼 (52)
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with the parameters

𝑛 =
4𝑟𝑅Sol

(𝑅Sol + 𝑟)
2 and 𝑘2± =

4𝑟𝑅Sol

(𝑅Sol + 𝑟)
2
+ (𝑧 ±

𝐿Sol

2
)
2 (53)

A geometrical representation of an arbitrary solenoid with its magnetic field

lines is depicted in Fig.17a. However, the total magnetic field of a thin solenoid,

whose length equals to its radius, i.e., 𝐿Sol = 𝑅Sol = 5mm, at different radial

positions is shown in Fig. 17b. At the center (𝑧 = 0), the field is maximum and

decays when deviating axially away from it. The decay is faster near the inner

boundary of the solenoid than along its center axis, where the amplitude is

also relatively low.

Now assume the solenoid has a thickness of Δ𝑅 due to 𝑁𝑡 layers of windings,

which is the real representation of the solenoid. To include this thickness into

the derivation so that the exact analytical solution of the field is obtained, the

segment vector defined by Eq. (27) should be modified

𝑑l𝑆 = e𝜑𝑆𝑟𝑆 𝑑𝜑𝑆 (54)

In addition, the infinitesimal length 𝑑𝑧𝑆 in Eq. (46) should be replaced by an

infinitesimal area 𝑑𝐴𝑆 = 𝑑𝑧𝑆 𝑑𝑟𝑆 from the thick solenoid, which produces

current

𝑑𝐼 = 𝐼 ⋅ (
𝑁𝑙

𝐿Sol

𝑁𝑡

Δ𝑅
)𝑑𝑧𝑆 𝑑𝑟𝑆 (55)

Therefore, a triple integral over 𝑑𝑟𝑆, 𝑑𝜑 and 𝑑𝑧𝑆 is needed to obtain the total

magnetic field

B (v𝐴) =
𝜇0

4𝜋

𝐼

𝐿Sol

𝑁

Δ𝑅

⋅ ∫
𝐿Sol/2

−𝐿Sol/2

𝑑𝑧𝑆∫
𝑅2

𝑅Sol

𝑟𝑆 𝑑𝑟𝑆∫
2𝜋

0

e𝑟𝑆 (𝑧𝐴 − 𝑧𝑆) + e𝑧 [𝑟𝑆 − 𝑟𝐴cos𝜑]

[𝑟2𝐴 + 𝑟
2
𝑆 + (𝑧𝐴 − 𝑧𝑆)

2
− 2𝑟𝐴𝑟𝑆cos𝜑]

3

2

𝑑𝜑 (56)

where

𝑅2 = 𝑅Sol + Δ𝑅 and 𝑁 = 𝑁𝑙𝑁𝑡 (57)

This integral is challenging to be analytically solved. Therefore, for thick

solenoids, numerical solutions (simulations) are usually employed, which are

given in Chapter 5. Nevertheless, approximated field components of any thick
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solenoid can be obtained with acceptable accuracy from graphs and equations

introduced in [24].

The magnetic field along the center axis of the thick solenoid is obtained from

B(𝑟𝐴 = 0, 𝑧) =
𝜇0

4𝜋

𝐼𝑁

𝐿SolΔ𝑅
∫
𝐿Sol/2

−𝐿Sol/2

𝑑𝑧𝑆∫
𝑅2

𝑅Sol

𝑑𝑟𝑆 𝑟𝑆∫
2𝜋

0

e𝑟𝑆(𝑧 − 𝑧𝑆) + e𝑧 𝑟𝑆

[𝑟𝑆
2 + (𝑧 − 𝑧𝑆)

2]
3

2

𝑑𝜑

(58)

=
𝜇0

2

𝐼𝑁

𝐿SolΔ𝑅
∫
𝐿Sol/2

−𝐿Sol/2

𝑑𝑧𝑆∫
𝑅2

𝑅Sol

𝑟𝑆
e𝑟𝑆(𝑧 − 𝑧𝑆) + e𝑧 𝑟𝑆

[𝑟𝑆
2 + (𝑧 − 𝑧𝑆)

2]
3

2

𝑑𝑟𝑆 (59)

from which the axial component is given by [74]

𝐵𝑧(𝑟𝐴 = 0, 𝑧) =
𝜇0

2

𝐼𝑁

𝐿SolΔ𝑅
∫
𝐿Sol/2

−𝐿Sol/2

𝑑𝑧𝑆∫
𝑅2

𝑅Sol

𝑑𝑟𝑆
𝑟𝑆
2

[𝑟𝑆
2 + (𝑧 − 𝑧𝑆)

2]
3

2

(60)

=
𝐼𝑁𝜇0

2𝐿Sol
⋅ {

𝐿Sol

2
− 𝑧

𝑅2 − 𝑅Sol
⋅ ln(

𝑅2 +√𝑅
2
2 + (

𝐿Sol

2
− 𝑧)

2

𝑅Sol +√𝑅
2
Sol + (

𝐿Sol

2
− 𝑧)

2
) (61)

+

𝐿Sol

2
+ 𝑧

𝑅2 − 𝑅Sol
⋅ ln(

𝑅2 +√𝑅
2
2 + (

𝐿Sol

2
+ 𝑧)

2

𝑅Sol +√𝑅
2
Sol + (

𝐿Sol

2
+ 𝑧)

2
)} (62)

=
𝐼𝑁𝜇0

2𝐿Sol
⋅ 𝑤B(𝑧) (63)

where 𝑤B(𝑧) is defined by

𝑤B(𝑧) =

𝐿Sol

2
− 𝑧

𝑅2 − 𝑅Sol
⋅ ln(

𝑅2 +√𝑅
2
2 + (

𝐿Sol

2
− 𝑧)

2

𝑅Sol +√𝑅
2
Sol + (

𝐿Sol

2
− 𝑧)

2
)

+

𝐿Sol

2
+ 𝑧

𝑅2 − 𝑅Sol
⋅ ln(

𝑅2 +√𝑅
2
2 + (

𝐿Sol

2
+ 𝑧)

2

𝑅Sol +√𝑅
2
Sol + (

𝐿Sol

2
+ 𝑧)

2
) (64)

This equation will be used later to analytically estimate the system response

due to the particle propagation through the susceptometer.
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Figure 18: Axial component of the magnetic field of a thick solenoid along its center-axis at

different thicknesses. Shaded area shows where the coil exists.

To demonstrate how the thickness of the solenoid affects its magnetic field,

the magnetic field along the center axis of the thick solenoid at different

thicknesses, Δ𝑅 ∈ {0.27, 0.54, ..., 1.35}mm, is depicted in Fig. 18.

Increasing the thickness of the solenoid reduces its magnetic field and slightly

slows down the decay outside its ends. This behavior negatively affects the

system response, as will be seen later.

3.2.3.6 Planar Coils

All previously mentioned coils are cylindrical coils wrapped around the tube.

However, consider a scenariowhere thedetector is embedded in a smart device

and placed directly on the skin. Planar coils (Fig. 19), including circular and

rectangular spirals, are well suited in such a case.

Circular planar coil is a flat spiral coil of 𝑁 wire-turns and main radius 𝑅𝑁 (see

Fig. 19a). Its magnetic field can be approximated by the superposition of the

magnetic fields due to 𝑁 circular loops placed horizontally on the 𝑥𝑦-plane

and symmetrically about the 𝑧-axis. Each loop is of radius 𝑅𝑖, where the index

𝑖 ∈ {1, 2, ..., 𝑁} refers to the loop number. From Eq. (33) and Eq. (34), the
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radial and axial field components of a circular spiral coil are approximated

respectively by

𝐵𝑟(𝑟, 𝑧) =
𝜇0𝐼

2𝜋𝑟

𝑁

∑

𝑖=1

𝑧

√(𝑅𝑖 + 𝑟)
2
+ 𝑧2

[−𝐾(𝑘) +
𝑅𝑖

2 + 𝑟2 + 𝑧2

(𝑅𝑖 − 𝑟)
2
+ 𝑧2

𝐸(𝑘)] (65)

𝐵𝑧(𝑟, 𝑧) =
𝜇0𝐼

2𝜋

𝑁

∑

𝑖=1

1

√(𝑅𝑖 + 𝑟)
2
+ 𝑧2

[+𝐾(𝑘) +
𝑅𝑖

2 − 𝑟2 − 𝑧2

(𝑅𝑖 − 𝑟)
2
+ 𝑧2

𝐸(𝑘)] (66)

The similar concept can be applied to a rectangular planar coil of 𝑁 wire-

turns, length 2𝑎R and width 2𝑏R, shown in Fig. 19b. Its magnetic field is the

superposition of the magnetic fields due to 𝑁 rectangular current loops. The

𝑥-, 𝑦- and 𝑧-components of the magnetic field due to a single rectangular

current loop are derived in [100] and given respectively by

𝐵𝑥 (𝑥, 𝑦, 𝑧) =
𝜇0𝐼

4𝜋

4

∑

𝑙R=1

(−1)
𝑙R 𝑋𝑙R𝑧 (67)

𝐵𝑦 (𝑥, 𝑦, 𝑧) =
𝜇0𝐼

4𝜋

4

∑

𝑙R=1

(−1) 𝑌𝑙R𝑧 (68)

e𝑦

e𝑧

e𝑥

𝑅𝑁

𝑅𝑖𝐼

(a) Circular

e𝑦

e𝑧

e𝑥

2𝑏R

2𝑎R

𝐼

𝑟1

𝑟2

𝑟3

𝑟4

A(𝑥, 𝑦, 𝑧)

(b) Rectangular

Figure 19: Superposition of 𝑁 current loops that compose two different spiral planar coils.
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Figure 20: Magnetic field at different axial positions above two different spiral planar coils for

2𝑅𝑁 = 2𝑎R = 2𝑏R = 5mm and 𝑁 = 15 wire-turns. Shaded area shows where the coils exist.

𝐵𝑧 (𝑥, 𝑦, 𝑧) =
𝜇0𝐼

4𝜋

4

∑

𝑙R=1

[𝑋𝑙R𝐶𝑙R + 𝑌𝑙R𝐷𝑙R] (69)

where

𝑋𝑙R =
(−1)

𝑟𝑙R [𝑟𝑙R + 𝐷𝑙R]
(70)

𝑌𝑙R =
(−1)

𝑙R

𝑟𝑙R [𝑟𝑙R + (−1)
𝑙R+1 𝐶𝑙R]

(71)

𝐶1 = −𝐶4 = 𝑎R + 𝑥, 𝐷1 = 𝐷2 = 𝑦 + 𝑏R

𝐶2 = −𝐶3 = 𝑎R − 𝑥, 𝐷3 = 𝐷4 = 𝑦 − 𝑏R

with 𝑟1, 𝑟2, 𝑟3, and 𝑟4 are distances from the field point A(𝑥, 𝑦, 𝑧) to the indi-

vidual vertices of a single rectangle

𝑟1 = √(𝑎R + 𝑥)
2
+ (𝑦 + 𝑏R)

2
+ 𝑧2, 𝑟2 = √(𝑎R − 𝑥)

2
+ (𝑦 + 𝑏R)

2
+ 𝑧2

𝑟3 = √(𝑎R − 𝑥)
2
+ (𝑦 − 𝑏R)

2
+ 𝑧2 𝑟4 = √(𝑎R + 𝑥)

2
+ (𝑦 − 𝑏R)

2
+ 𝑧2

Consider that the length and width of the rectangular coil are equal, such

that a square planar coil is obtained. The propagation tube is laid down
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3 Fundamentals

directly above the center of the spiral coils. Hence, the diameter and length

of the circular and square coils can be considered their detection lengths,

respectively. Fig. 20 shows the magnetic field along different horizontal lines

above the two spiral coils for a fixed detection length of 5mm and 𝑁 = 15

wire-turns.

In both coils, the field is symmetric about the 𝑧- axis. Most of the field

is confined to the region where the coils exist. However, the decay of the

fields is very prominent when moving vertically away from their surfaces, i.e.,

double distance reduces the field almost by half. This property limits the

coverage region of the detector. However, it reduces the interference due to

any magnetic materials that might exist nearby.
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4 Analysis of Fluid Dynamics and Particle

Detection

4.1 Simplified SPIONs-based Testbed

In this section, to reduce the computational complexity of the 3D simulation,

the SPIONs-based testbed shown in Fig. 8b is simplified to a 2D-rotationally

symmetric model. An analytical solution to this naive model is given to

estimate the propagation profile of the SPIONs inside the channel. Besides,

the essential time durations during the particle transmission are derived.

4.1.1 Mathematical Description

In thesimplifiedmodel, theY-connector is removed,while the injected particle

suspension is assumed to fully mix with the background flow within the

transmitter, as shown in Fig. 21a. The transmitter releases an injected volume

𝑉Inj of SPIONssuspensionatan injectionflowrateof𝑄Inj,0 into thepropagation

channel that has a stationary flow rate 𝑄BG of water. The time-dependent

injection flow rate 𝑄Inj(𝑡) is described by

𝑄Inj(𝑡) = 𝑄Inj,0 ⋅ 𝐻(𝑡) (72)

where 𝐻(𝑡) is a unit step function defined by

𝐻(𝑡) = {
1, if 𝑡 ≤ 𝑇Inj

0, otherwise
(73)

𝑇Inj is the time duration of the particle injection into the channel. It is calcu-

lated from

𝑇Inj =
𝑉Inj

𝑄Inj,0
(74)

The channel flow rate 𝑄Ch(𝑡) is the summation of both background and

injection flow rates

𝑄Ch(𝑡) = 𝑄Inj(𝑡) + 𝑄BG (75)

The average propagation velocity of the water flow is related to the channel

flow rate through

𝑢avg =
𝑄Ch

𝜋𝑅2Ch
(76)
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(a) Simplified geometry.
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(b) Theoretical representation.

Figure 21: A 2D-axisymmertic naive model of the SPIONs-based testbed shown in Fig. 8b.

At the receiver side, the SPIONs are detected using an MS2G Bartington®

susceptometer of length 𝐿Susc = 5mm and radius 𝑅Susc = 5mm, whose

inductance changes when the particles pass through its core and disturb its

magnetic field.

The minimum and maximum values of the injection flow rates in this testbed

are 1.4mL/min and 5.26mL/min, respectively. The corresponding values for

the background flow rates are 5.0mL/min and 20mL/min, respectively. Also,

the smallest and largest radii of the standard tubes used in the lab are 0.61mm
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4.1 Simplified SPIONs-based Testbed

Table 1: Extreme channel parameters considered in the testbed.

Flow rate
𝑄Inj,0 𝑄BG 𝑄Ch

Tube size
𝑅Ch 𝑢avg 𝑢avg ⋅ 2𝑅Ch

[mL/min] [mL/min] [mL/min] [mm] [mm/s] [mm2/s]

Min. 1.40 5.0 6.40
Min. 0.61 91.24 111.31

Max. 1.585 13.51 42.83

Max. 5.26 20 25.26
Min. 0.61 360.14 439.37

Max. 1.585 53.34 169.09

and 1.585mm, respectively. Table 1 illustrates the different flow velocities in

the channel when the extreme parameters are applied, which are used below

to derive the characteristics of the propagating flow.

To describe the propagating flow in the testbed, the different characteristic

numbers defined in section 3.1.4 are determinedwhen the extreme parameters

given in Table 1 are applied.

The largest Knudsen number Kn is given by

Kn =
0.31 nm

2 ⋅ 0.61mm
= 2.541 ⋅ 10−7 (77)

which ensures that Eq. (2) can be solved using a no-slip boundary condition.

In addition, the largest Reynolds number Re is determined by

Re =
439.37mm2/s

1.01 ⋅ 10−6m2/s
= 435.02 < 2300 (78)

that ensures laminar flow in the propagation tube.

The maximum channel length of the SPIONs-based testbed is assumed to

be 100mm. Therefore, the length of the propagation tube divided by its

diameter is
𝐿Ch

2𝑅Ch
=

100mm

2 ⋅ 0.61mm
= 81.96 (79)

while the minimum Péclet number is given by

Pe =
42.83mm2/s

10−11m2/s
= 42.83 ⋅ 105 ≫ 81.96 (80)

This value guarantees that the diffusion is negligible in the testbed.
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4 Analysis of Fluid Dynamics and Particle Detection

4.1.2 Analytical Derivation of the SPIONs Propagation Profile

The testbed can be described theoretically as shown in Fig. 21b. Assume the

particles have an initial volumedensity 𝜌0 inside the transmitter, whose length

and radius are 𝐿TX and 𝑅TX, respectively. As derived above, thediffusion in this

model can be neglected, and the flow is considered laminar with a parabolic

velocity profile described by

𝑢(𝑟, 𝑡) = 𝑢max(𝑡) ⋅ (1 − (
𝑟

𝑅Ch
)

2

) (81)

From Eq. (74) and Eq. (76), the length of the transmitter is defined by

𝐿TX = 𝑢avg ⋅ 𝑇Inj =
𝑉Inj

𝜋𝑅2Ch
⋅ (
𝑄BG

𝑄Inj,0
+ 1) (82)

The radial coordinate 𝑟(𝑧, 𝑡), as a function of the axial position 𝑧 and time 𝑡,

is derived from the velocity 𝑢(𝑟, 𝑡) as follows

𝑢(𝑟, 𝑡) =
𝑑𝑧

𝑑𝑡
(83)

𝑧 = ∫
𝑡

0

𝑢(𝑟, 𝑡)𝑑𝑡 + 𝑧0 (84)

= ∫
𝑇Inj

0

𝑢(𝑟, 𝑡)𝑑𝑡 + ∫
𝑡

𝑇Inj

𝑢(𝑟, 𝑡)𝑑𝑡 + 𝑧0 (85)

Using Eq. (72), Eq. (73), Eq. (75) and Eq. (81), 𝑟(𝑧, 𝑡) is described by

𝑟(𝑧, 𝑡) = 𝑅Ch√1 −
𝑧 − 𝑧0

𝑧max(𝑡)
(86)

where 𝑧max(𝑡) is defined by

𝑧max(𝑡) =
2

𝜋𝑅2Ch
⋅ {
(𝑄Inj,0 + 𝑄BG) 𝑡 if 𝑡 ≤ 𝑇Inj

𝑄Inj,0𝑇Inj + 𝑄BG𝑡 otherwise
(87)
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4.1 Simplified SPIONs-based Testbed

From Eq. (86) and Eq. (87), the outer 𝑟o(𝑧, 𝑡) and inner 𝑟i(𝑧, 𝑡) radii of the

parabolic velocity profile can be found when 𝑧0 = 0 and −𝐿TX, respectively

𝑟o(𝑧, 𝑡) = 𝑅Ch√1 −
𝑧 − 0

𝑧max(𝑡)

𝑟i(𝑧, 𝑡) = 𝑅Ch√1 −
𝑧 + 𝐿TX

𝑧max(𝑡)

(88)

During the propagation, the SPIONs are confined between those two radii, i.e.,

front and back sides shown in Fig. 21b. Due to the particle propagation and

mixing with the background flowwithin the channel, their volume density

changes to become

𝜌Ch = 𝜌0 (
𝑉Inj

𝜋𝑅2Ch𝐿TX
)
(82)
= 𝜌0 (

𝑄Inj,0

𝑄Inj,0 + 𝑄BG
) (89)

Hence, the time-dependent number of particles within the receiver, whose

length and radius are 𝐿RX and 𝑅RX respectively, can be obtained from

𝑁Par.(𝑡) = 𝜌Ch ⋅ ∫
𝐿RX/2

−𝐿RX/2

𝜋 [𝑟o(𝑧, 𝑡)
2 − 𝑟i(𝑧, 𝑡)

2] 𝑑𝑧 (90)

4.1.3 Time Durations

To determine the time delay 𝑇D between the transmitter and receiver, a new

term called threshold time 𝑇Th is defined, which is the time required by the

particles to reach the receiver if they are carried by both background and

injection flow rates

𝑇Th =
𝐿Ch

𝑢max(𝑇Inj)

(72),(73),(75)
=

𝐿Ch𝜋𝑅
2
Ch

2(𝑄inj,0 + 𝑄BG)
(91)

Hence, the time delay is calculated from

𝑇D = {
𝑇Inj + 𝑇BG if 𝑇Inj < 𝑇Th

𝑇Th otherwise
(92)
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4 Analysis of Fluid Dynamics and Particle Detection

where 𝑇BG is the time taken, after the injection ends, by the particles that

being carried only by the background flow rate to reach the receiver, and it is

defined by

𝑇BG =
𝜋𝑅2Ch𝐿Ch − 2𝑇Inj(𝑄Inj,0 + 𝑄BG)

2𝑄BG
(93)

The time delay is typically essential for the synchronization between the

transmitter and receiver. After the particle transmission, the receiver waits for

a time duration 𝑇D until it starts to detect particles and decodes them into

digital bits. Another critical time duration is 𝑇max, which is the time from the

start of the particle injection until reaching the peakmaximumof thedetected

signal. These durations will be used later to compare the performance of the

system response due to varied parameters.

4.2 Particle Distribution During Propagation

In order to ensure a uniform volume density of particles inside the transmitter

before the injection, their distribution is assumed to be directly proportional

to the radial coordinate 𝑟, such that the number of particles in a ring-cylinder

near the boundary of the transmitter is higher than the number of particles at

the center. However, this distribution changesduring thepropagation through

the channel. In this section, a 2D particle density matrix, obtained from the

simulation for a slice taken from the channel at a specific time instance after

or during the particle injection, is used to estimate the radial and angular

density vectors. Besides, the translation from the particle density into volume

susceptibility is explained.

4.2.1 Channel Segmentation to Predict Particle Density

To investigate the particle distribution inside a slice of the channel, its cross-

sectional area is subdivided into 𝑋 radial and 𝑌 angular sections, i.e., small

compartments, seen in Fig. 22. Assume an [𝑋 × 𝑌] volume density matrix

Ρ0(𝑟, 𝜑) of particles is obtained directly from the simulation at a specific time

instance

Ρ0(𝑟, 𝜑) = Ρ𝑟(𝑟) ⋅ Ρ𝜑(𝜑) (94)
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4.2 Particle Distribution During Propagation

where Ρ𝑟(𝑟) and Ρ𝜑(𝜑) are the exact (unknown) radial and angular particle

density vectors, respectively. From Ρ0(𝑟, 𝜑), approximated vectors of Ρ𝑟(𝑟)

and Ρ𝜑(𝜑) can be initially represented by

Ρ̃𝑟(𝑟) =
1

𝑌

𝑌

∑

𝑗=1

Ρ0(𝑟, 𝑗) (95)

Ρ̃𝜑(𝜑) =
1

𝑋

𝑋

∑

𝑖=1

Ρ0(𝑖, 𝜑) (96)

The estimated particle density matrix 𝜈(𝑟, 𝜑) is then defined by

𝜈(𝑟, 𝜑) = 𝑐0 ⋅ Ρ̃𝑟(𝑟) ⋅ Ρ̃𝜑(𝜑) (97)

where 𝑐0 is a constant to be optimized. The Mean Square Error (MSE) 𝑒Ρ
between the exact and estimated volume density matrices is calculated from

𝑒2Ρ =
1

𝑋𝑌

𝑋

∑

𝑖=1

𝑌

∑

𝑗=1

(Ρ0(𝑖, 𝑗) − 𝜈(𝑟, 𝜑))
2

(97)
=

1

𝑋𝑌

𝑋

∑

𝑖=1

𝑌

∑

𝑗=1

(Ρ0(𝑖, 𝑗) − 𝑐0 ⋅ Ρ̃𝑟(𝑖) Ρ̃𝜑(𝑗))
2

(98)

To find the optimized value of 𝑐0 from Eq. (98)

𝜕𝑒2Ρ

𝜕𝑐0

!
= 0

2

𝑋

∑

𝑖=1

𝑌

∑

𝑗=1

(Ρ0(𝑖, 𝑗) − 𝑐0 ⋅ Ρ̃𝑟(𝑖) Ρ̃𝜑(𝑗)) ⋅ (−Ρ̃𝑟(𝑖) Ρ̃𝜑(𝑗))
!
= 0

(99)

from which 𝑐0 is defined by

𝑐0 =
∑
𝑋
𝑖=1
∑
𝑌
𝑗=1 Ρ0(𝑖, 𝑗) Ρ̃𝑟(𝑖) Ρ̃𝜑(𝑗)

∑
𝑋
𝑖=1
∑
𝑌
𝑗=1 Ρ̃

2
𝑟 (𝑖) Ρ̃

2
𝜑(𝑗)

(100)

Redefine the estimated density matrix 𝜈(𝑟, 𝜑) as follows

𝜈(𝑟, 𝜑) = (√𝑐0 ⋅ Ρ̃𝑟(𝑟)) ⋅ (√𝑐0 ⋅ Ρ̃𝜑(𝜑))

= 𝑅(𝑟) ⋅ 𝐴(𝜑)
(101)
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Figure 22: Subdivision of the channel cross-sectional area into [𝑋 × 𝑌] small compartments.

where 𝑅(𝑟) and 𝐴(𝜑) are the estimated radial and angular density vectors,

respectively.

4.2.2 Particle Density to Volume Susceptibility

Before the injection, the initial volume density of particles inside the trans-

mitter in the simulation and measurement are 𝜌Sim0 and 𝜌Meas
0 Particles/µL,

respectively. While the initial volume susceptibility of particles in the mea-

surement is 𝜒Meas
m . Due to the propagation within the channel, the parti-

cle distribution and hence the volume density 𝜌SimCh (𝑖, 𝑗) and susceptibility

𝜒Simm (𝑖, 𝑗) in each 𝑖𝑗-indexed compartment, shown in Fig. 22, changewith time

according to

𝜒Simm (𝑖, 𝑗, 𝑡) =
𝜒Meas
m

𝜌Sim0
⋅ 𝜌SimCh (𝑖, 𝑗, 𝑡) (102)

The direct proportionality between the volume susceptibility and particle

density is explained in the next section.

4.3 General Concept of Detection

When magnetic materials, e.g., SPIONs suspension, disturb the field of a coil,

its inductance changes accordingly. In this section, the detection scheme

of all detecting coils is defined. In addition, the time-dependent relative

inductance due to the particle propagation through the air-core of a solenoid

is analytically derived.
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4.3 General Concept of Detection

4.3.1 Detection Scheme of All Coils

Generally, the system response 𝑠(𝑡) is calculated from

𝑠(𝑡) =
𝐿(𝑡) − 𝐿ref

𝐿ref
(103)

where 𝐿(𝑡) is the time-dependent coil inductance and 𝐿ref is a reference

inductance (will bedefined later). However, in thecaseof anair-cored coil, 𝐿ref
equals to the coil self-inductance 𝐿0, and its corresponding system response

𝑠0(𝑡) is defined by

𝑠0(𝑡) =
𝐿(𝑡) − 𝐿0

𝐿0
(104)

Note that the terms detected signal, relative inductance, volume susceptibility,

and system response are used interchangeably in this manuscript.

4.3.2 Detection Scheme of a Solenoid

4.3.2.1 Self-Inductance

Ampère’s circuital law is used toestimate the self-inductanceof a solenoid [127]

∮
𝑐𝑠

B0 ⋅ 𝑑l𝑠 = 𝜇0𝑁𝐼 (105)

∫
𝑙1

B0 ⋅ 𝑑l𝑠 +∫
𝑙2

B0 ⋅ 𝑑l𝑠 + ∫
𝑙3

B0 ⋅ 𝑑l𝑠
⏝⎵⎵⏟⎵⎵⏝

≈0

+∫
𝑙4

B0 ⋅ 𝑑l𝑠 = 𝜇0𝑁𝐼 (106)

1

𝑐L
𝐵0 𝐿Sol = 𝜇0𝑁𝐼 (107)

Therefore, we get

𝐵0 = 𝑐L 𝜇0
𝑁𝐼

𝐿Sol
(108)

where 𝑑l𝑠 is an infinitesimal element of the closed contour 𝑐𝑠 that encloses all

wire-turns of the solenoid, see Fig. 23. The contour has four sides of lengths 𝑙1,

𝑙2, 𝑙3, and 𝑙4. Themain field of the solenoid is assumed to exist inside its inner

core along 𝑙1, while the field along 𝑙3 is neglected. However, the influence

of the weak fields along the other two sides is taken through the use of an

adjustment factor 𝑐L.

For short solenoids, 𝐿Sol ≤ 2𝑅Sol, a prominent effect of non-homogeneous

fields at both ends of the solenoid appears, therefore to include this effect,
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the adjustment factor takes a value of 0.1 ≤ 𝑐L < 1 [49]. For long solenoids,

𝐿Sol > 2𝑅Sol, the non-homogeneous fields can be neglected relative to the

homogeneous field inside the coil, hence 𝑐L ≈ 1.

The magnetic flux of the field lines that pass through the solenoid’s cross-

sectional area 𝐴Sol is defined by

ΦB =∬
𝐴Sol

B ⋅ 𝑑A (109)

where 𝑑A is a vector area whose direction is perpendicular to 𝐴Sol. Assuming

a homogeneous field, the magnetic flux density will be approximated by

ΦB0
=∬

𝐴Sol

B0 ⋅ 𝑑A = 𝐵0 𝐴Sol (110)

which is used together with Eq. (108) to estimate the self-inductance of the

solenoid [49]

𝐿0 =
𝑁Φ𝐵0

𝐼
=
𝑁𝐵0 𝐴Sol

𝐼
= 𝑐L 𝜇0

𝑁2 𝐴Sol

𝐿Sol
(111)

4.3.2.2 Relative Inductance Derivation

In order to analytically derive the change of the solenoid inductance due to

the presence of the magnetic materials in its air core, assume its length is

subdivided into 𝑍 slices (see Fig. 23), each of width Δ𝑍𝑙 and has Δ𝑁𝑙 wind-

ings, where 𝑙 ∈ {1, 2, ..., 𝑍} is the slice number indicator. During the particle

propagation, the inductance can be calculated from

𝐿 =
ΦB

𝐼
=
1

𝐼

𝑍

∑

𝑙=1

Δ𝑁𝑙

∑

𝑘𝑙=1

𝜙B(𝑙, 𝑘𝑙) (112)

where 𝑘𝑙 ∈ {1, 2, ..., Δ𝑁𝑙} is an indicator to the wire-turn number in each slice

𝑙, which results in a magnetic flux density 𝜙B(𝑙, 𝑘𝑙). However, by assuming

uniformly distributed wire-turns, the magnetic flux can be approximated
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1 Δ𝑁𝑙

𝑙3

𝑙2

𝑙1

𝑙4

1 𝑍

𝑐𝑠

1 Δ𝑁𝑙

Δ𝑍𝑙

Figure 23: A closed contour 𝑐𝑠, which has four sides of lengths 𝑙1, 𝑙2, 𝑙3, and 𝑙4, is taken around

all wire-turns of the solenoid. Also, the solenoid is subdivided into 𝑍 slices, each is of length

Δ𝑍𝑙 and has Δ𝑁𝑙 wire-turns. The propagation tube with the propagating particles is placed

along the center-axis of the solenoid.

to be only due to each slice times the number of windings it contains, i.e.

𝜙B(𝑙, 𝑘𝑙) ≈ 𝜙B(𝑙)

𝐿 =
1

𝐼

𝑍

∑

𝑙=1

𝜙B(𝑙) ⋅

Δ𝑁𝑙

∑

𝑘𝑙=1

1 (113)

=
1

𝐼

𝑍

∑

𝑙=1

𝜙B(𝑙) ⋅ Δ𝑁𝑙 (114)

=
1

𝐼

𝑍

∑

𝑙=1

𝜙B(𝑙) ⋅
Δ𝑁𝑙

Δ𝑍𝑙
⋅ Δ𝑍𝑙 (115)

=
1

𝐼

𝑍

∑

𝑙=1

𝜙B(𝑙) ⋅ 𝑛𝑧(𝑙) ⋅ Δ𝑍𝑙 (116)

where 𝑛𝑧(𝑙) =
Δ𝑁𝑙

Δ𝑍𝑙
is the linear density of the wire-turns.
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For infinitesimally short slices, the summation operator in Eq. (116) can be

replaced by an integral

𝐿
(116)
=

1

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧)𝜙B(𝑧) 𝑑𝑧 (117)

(109)
=

1

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧) ⋅ [∬
𝐴Sol

B ⋅ 𝑑A] 𝑑𝑧 (118)

(20)
=
1

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧) ⋅ [∬
𝐴Sol

𝜇H ⋅ 𝑑A] 𝑑𝑧 (119)

(20)
=
1

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧) ⋅ [∬
𝐴Sol

𝜇0H ⋅ 𝑑A+∬
𝐴Sol

𝜇0𝜒mH ⋅ 𝑑A] 𝑑𝑧 (120)

(21)
=
1

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧) ⋅ [∬
𝐴Sol

B0 ⋅ 𝑑A+∬
𝐴Sol

𝜇0𝜒mH ⋅ 𝑑A] 𝑑𝑧 (121)

(110)
=

𝑁Φ𝐵0

𝐼
+
𝜇0

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧) ⋅ [∬
𝐴Sol

𝜒mH ⋅ 𝑑A] 𝑑𝑧 (122)

(111)
= 𝐿0 +

𝜇0

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧) ⋅ [∬
𝐴Sol

𝜒mH ⋅ 𝑑A] 𝑑𝑧 (123)

This area integral can be subdivided into two regions, namely inside the

propagation tube whose cross-sectional area is 𝐴Ch, i.e., through which the

SPIONs suspension propagates and contributes to the inductance change,

and outside the tube where the medium is air, 𝜒m = 0, and hence its integral

tends to zero. From this, Eq. (123) becomes

𝐿 = 𝐿0 +
𝜇0

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧) ⋅ [∬
𝐴Sol−𝐴Ch

𝜒m⏟
0

H ⋅ dA+∬
𝐴Ch

𝜒mH ⋅ dA]d𝑧

(124)

= 𝐿0 +
𝜇0

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧) ⋅ [∬
𝐴Ch

𝜒mH ⋅ dA]d𝑧 (125)

In order to relate the volume susceptibility of the SPIONs suspension to

its iron concentration, an experiment was conducted in the lab, where a

test tube was filled with SPIONS suspension of different concentrations and

placed inside the detection unit of the employed susceptometer to measure

the volume susceptibility of the suspension. Fig. 24 visualizes the relation

between the iron concentration of the SPIONS and their measured volume
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susceptibility. The results show that the magnetic volume susceptibility is

linearly proportional to the iron concentration of the SPIONs suspension and

hence the particle density [46]. H. Unterweger also approved this result in his

doctoral thesis [137].

In case of particle propagation through the channel, the volume density

becomes time- and space-dependent

𝜒m(x, 𝑡) ∝ 𝜌v(x, 𝑡) (126)

= 𝑘0 𝜌v(x, 𝑡) (127)

where 𝑘0 is a constant of proportionality and 𝜌v(x, 𝑡) is the numberof particles

per unit volume, i.e., volume particle density. By substituting Eq. (127) into

Eq. (125), the time-dependent inductance is estimated by

𝐿(𝑡) = 𝐿0 +
𝑘0 𝜇0

𝐼
∫
𝐿Sol/2

−𝐿Sol/2

𝑛𝑧(𝑧) ⋅ [∬
𝐴Ch

𝜌v(x, 𝑡)H ⋅ 𝑑A] 𝑑𝑧 (128)

Due to thedotproductwith thevectorarea, whosedirection is perpendicular to

the cross-sectional area of the solenoid, only the axial component𝐻𝑧(x) of the

magnetic field contributes to the magnetic flux. By assuming a uniform linear
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Figure 24: Relation between iron concentration of the SPIONs and their measured volume

susceptibility.
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density of windings, 𝑛𝑧(𝑧) can be replaced by
𝑁

𝐿Sol
. Hence, the inductance can

be further described by

𝐿(𝑡) = 𝐿0 +
𝑘0 𝜇0𝑁

𝐼𝐿Sol
∫
𝐿Sol/2

−𝐿Sol/2

[∬
𝐴Ch

𝜌v(x, 𝑡) 𝐻𝑧(x) 𝑑𝐴] 𝑑𝑧 (129)

If Eq. (129) is compared with Eq. (104), the system response of the solenoid

can be estimated analytically by

𝑠0(𝑡) =
𝑘0 𝜇0𝑁

𝐼𝐿0𝐿Sol
∫
𝐿Sol/2

−𝐿Sol/2

[∬
𝐴Ch

𝜌v(x, 𝑡) 𝐻𝑧(x) 𝑑𝐴] 𝑑𝑧 (130)

This equation provides an efficientway to estimate the system response, where

the Multiphysics simulation can be decoupled to two separate single domain

simulations. One simulation is used to get the magnetic field distribution of

the detector. The other simulation is used to get the particle density inside the

detector during the propagation. Then, substitute in Eq. (130) to analytically

estimate the system response.

If the field is uniformly distributed inside the propagation tube (no radial

dependency), 𝐻𝑧(x) in Eq. (130) can be replaced by 𝐻𝑧(𝑧)

𝑠0(𝑡) =
𝑘0𝜇0𝑁

𝐼𝐿0𝐿Sol
∫
𝐿Sol/2

−𝐿Sol/2

[∬
𝐴Ch

𝜌v(x, 𝑡) 𝐻𝑧(𝑧) 𝑑𝐴] 𝑑𝑧 (131)

=
𝑘0𝜇0𝑁

𝐼𝐿0𝐿Sol
∫
𝐿Sol/2

−𝐿Sol/2

𝐻𝑧(𝑧) ⋅ [∬
𝐴Ch

𝜌v(x, 𝑡) 𝑑𝐴] 𝑑𝑧 (132)

= 𝑘s ⋅ ∫
𝐿Sol/2

−𝐿Sol/2

𝐻𝑧(𝑧) 𝜌l(𝑧, 𝑡)𝑑𝑧 (133)

= ∫
𝐿Sol/2

−𝐿Sol/2

𝑤(𝑧) 𝜌l(𝑧, 𝑡)𝑑𝑧 (134)

where 𝜌l(𝑧, 𝑡) is the number of particles per unit length inside the detector

(linear particle density) and 𝑤(𝑧) is the sensitivity curve of the solenoid along

its axial direction, and it is defined by

𝑤(𝑧) = 𝑘s ⋅ 𝐻𝑧(𝑧) (135)

where 𝑘s is a scaling parameter that will be defined later. As 𝐻𝑧(𝑧) can be

analytically derived in case of a negligible radius dependency, only a single

domain fluidic simulation is needed. The sensitivity curve is also called
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4.3 General Concept of Detection

the weighting function, which describes how the particles contribute to the

generated signal based on their axial positions.

Note that Eq. (134) can be used to estimate the system response only in the

region where the magnetic field is considered homogeneous, and the radial

change is negligible. Otherwise, Eq. (130) should be used. However, both

equations estimate the system response when assuming an ideal detector, i.e.,

the field is confined to the inner core of the solenoid, and only the particles

that exist within its air core contribute to the detected signal.
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5 Coils Simulation and Detection

Mechanism

This chapter is subdivided into two main sections, namely cylindrical and

planar coils. Each type is studied separately using the simulation, which is

also used to analyze their corresponding magnetic fields and understanding

their detection mechanism.

In order to reduce the computational complexity in this chapter, the SPIONs

are assumed to be distributed in cylinders or ring cylinders that move in steps

through or parallel to the employed coils. The particle suspension is assumed

to have a volume susceptibility of 𝜒m = 0.0446 for SPIONs or 𝜒m = 99

for ferromagnetic particles. All coils are built using the Magnetic Fields

submodule from the AC/DC module in COMSOL Multiphysics simulation

software.

5.1 Cylindrical Coils

As stated in subsection 3.2.3.5, it is very challenging to analytically derive the

exactmagnetic field of a thick solenoid, which is also the basicunit for building

other cylindrical coils such as Helmholtz and Maxwell (see Fig. 25). This

section includes building FEM models of the employed coils and obtaining

the system response due to the propagation of particles through their cores.

Various distributions, positions, and trajectories of particles are applied to

study their effect on the detected signal.

(a) Susceptometer, 𝑅Susc (b) Helmholtz, 𝑅Susc (c) Maxwell, 𝑅m (d) Solenoid, 𝑅m

Figure 25: Different geometries of the cylindrical coils with the propagation tube passes their

cores.
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5.1.1 Simulation Setup

A similar solenoid to that being used in the susceptometer, i.e., reference

detector, is initially implemented (Fig. 25a). Then, Helmholtz coil that has

the same radius is built and compared with it (Fig. 25b). To keep a fixed

detection length of 𝐿Susc = 5mm, the radius of the side coils of the Maxwell

coil (Fig. 25c) has to be 𝑅m =
𝑅Susc

√3
, and to make a fair comparison with it,

another solenoid of the same radius 𝑅m is built ( Fig. 25d). All coils are made

of copper and have the same thickness Δ𝑅 = 0.5mm.

5.1.2 Magnetic Field Analysis

A detailed analysis of the magnetic field of the susceptometer in the radial

and axial directions is shown in Fig. 26.

Moving radially from the center axis towards the inner boundary at different

𝑧-positions is indicated by colored arrows in Fig. 26a, and the corresponding

values of the magnetic field strength 𝐻(𝑟, 𝑧) are shown in Fig. 26c. Inside

the solenoid, a minor change in its magnetic field strength is noticed about

the center axis, i.e., 𝑟 ≤ 1mm. In this region, the field can be considered

homogeneous (uniformly distributed). However, when moving towards the

inner boundary, the magnetic field increases in an exponential manner. This

behavior is explained by Ampere’s circuital law given by Eq. (105). The closed-

loop of the magnetic field that contains the solenoid’s wire-turns becomes

relatively small for a field point near the inner boundary than about the center

axis. Therefore, a relatively high magnetic field near the boundary is obtained

if the current and permeability do not change. This effect is prominent in

short solenoids, whose lengths are relatively shorter than their diameters. If

a tube of radius 𝑅Ch < 1mm is placed axially along the center-axis of the

susceptometer, where the field is considered homogeneous, any change in the

radial positions of the particles will not significantly affect the detected signal

and can be neglected.

On the other hand, the change of the solenoid’s magnetic field strength along

the 𝑧-axis at different radial positions ( Fig. 26b) is shown in Fig. 26d. The axial

magnetic field is symmetric about the center (𝑧 = 0), where the maximum is

located and decreases on either side. As known from the radial analysis, for

𝑟 ≤ 1mm, the field is considered homogeneous. Therefore, the discrepancy

between the first two curves, 𝑟 = 0 and 1mm, is not significant. However,

for 𝑟 > 1mm, the curves become narrower and tend to be flatter directly

at the inner boundary. This behavior agrees with the results obtained in
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Figure 26: Magnetic field of the simulated solenoid of the susceptometer.
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subsection 3.2.3.5, where the magnetic field of the thin solenoid is analytically

derived.

Fig. 27 shows the 3D- and 2D-view of the magnetic fields due to the different

cylindrical coils for a detection length of 𝐿Susc = 5mm. As shown in Fig. 27a,

the susceptometer is considered a short coil whose field is not entirely homo-

geneous, i.e., only about its center axis. Fig. 27b shows that the region of

homogeneity increases in the Helmholtz coil at the expense of the amplitude,

increasing the resilience to misalignment. However, the homogeneity is lost

near the inner boundary, which is also noticed in Fig. 27c for the Maxwell coil.

In order to improve the field uniformity, longer solenoids of small aspect ratio

(diameter/length) can be used, as demonstrated in Fig. 27d.

A detailed comparison between the magnetic field strengths at two different

radial positions is shown in Fig. 28. For a fixed length, when the radius of the

coil is reduced, a relatively strong magnetic field strength is detected, which

also decays faster outside the detection region. In addition, the obtained

magnetic fields from the solenoids are, in general, relatively strong compared

to their corresponding named coils. In Fig. 28a, as known, the fields due to the

Helmholtz and Maxwell coils are almost uniform along their axes, while those

from the solenoids look like a bell curve. These profiles mean that when the

particles pass through a solenoid, those that exist at its centerwill significantly

contribute to the detected signal than those exist at both ends. While in

Helmholtz and Maxwell coils, all particles will contribute almost equally to

the system response regardless of their axial positions within the detection

region. However, when leaving the region of uniformity in the Helmholtz

and Maxwell coils towards their inner boundaries, as shown in Fig. 28b, the

field fluctuates and loses its homogeneity due to the contributions from their

individual coils.

5.1.3 Different Studied Scenarios

In the following subsections, different scenarios are studied based on the

susceptometer. In addition, the system responses due to the other cylindrical

coils are obtained and compared with it. In all scenarios, the detected signal

is calculated from Eq. (103) except that the inductance here is a space- not a

time-dependent variable with 𝐿ref defined separately in each scenario. Some

of these studies were already published in [4].
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5 Coils Simulation and Detection Mechanism

5.1.3.1 Change of Axial Position

In this subsection, changing the axial position of the particles inside the

suseptometer is studied numerically and validated by experiments, as seen in

Fig. 29. Heuristically, a test tube filled with a uniformly distributed SPIONs

suspension is inserted into the susceptometer in steps of 1mm. The tube has

a length and diameter of 27mm and 6mm, respectively. In the FEM model,

shown in Fig. 29a, a cylinder of the exact dimensions and magnetic properties

is used. In the same step-wise manner, the cylinder is inserted axially into the

solenoid, starting from 12mm away from its center (reference setup) until it

is pulled out.

A comparison between the detected signal from simulation and measurement

is shown in Fig. 29b. The results show a good agreement between the sim-

ulation and measurement. Far from the coil, no magnetic field exists, and

hence no signal is detected. When the cylinder is moved axially towards the

solenoid, the detected signal slightly increases because the magnetic field is

not confined to its air-core. However, the signal gradually increases when the

tube enters the coil. The saturation occurs when the cylinder fills the coil-core,

and its front end begins to move outward.

5.1.3.2 Change of Radial Position

Here, the effect of changing the radial position of the magnetic material

inside the solenoid is studied, as seen in Fig. 30. A SPIONs-filled cylinder

(a) SPIONs-filled cylinder is inserted in
steps of 1mm into the solenoid.
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(b) Volume susceptibility obtained from simulation and
measurement. Shaded area represents where the coil
exists.

Figure 29: A study of the axial movement of a SPIONs-filled cylinder into the solenoid.
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5.1 Cylindrical Coils

(a) SPIONs-filled long cylinder is
moved radially inside the solenoid.
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(b) Relative inductance. Black curves for 𝜒m = 0.0446

and red curve for 𝜒m = 99.

Figure 30: A study of the radial movement of a SPIONs-filled cylinder inside the solenoid.

of length 50mm and variable radius 𝑅0 ∈ {0.5, 1, 2, 3}mm is placed axially

along the center axis of the solenoid (reference setup) and moved towards its

inner boundary (Fig. 30a), which imitates the radial movement of the tube

(or particles) inside the susceptometer.

The detected signal is depicted in Fig. 30b. As expected, when the smallest

cylinder, 𝑅0 = 0.5mm, is moved radially through the region where the mag-

netic field is considered homogeneous, a negligible change in the detected

signal is observed. However, a slight increase is shown during its movement

close to the inner boundary of the solenoid, where the magnetic field is rela-

tively high. Also, when the cylinder radius slightly increases, 𝑅0 = 1mm, an

inconsiderable change in the detected signal is observed unless it has a higher

susceptibility, 𝜒m = 99, which results in much higher relative inductance. For

larger radii with the same particle density, the detected signal considerably

increases. The increase seems to be directly proportional to themagnetic field

strength of the solenoid in the radial direction.

5.1.3.3 Additive Behavior in Axial Direction

In this subsection, a study is conducted to test whether changes in inductance

due to partial volumes are additive in the axial directions, see Fig. 31. First,

a SPIONs-filled cylinder of a fixed diameter of 8mm and a variable length
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5 Coils Simulation and Detection Mechanism

𝑙n ∈ {0.5, 1, ..., 25}mm is placed 12mm away from the coil center, such that

any increase in its length is in the directionwhere the coil exists. The air-cored

coil is assumed to be the reference setup, 𝐿ref = 𝐿0. For each length 𝑙n, the coil

inductance 𝐿1:n is obtained, which is also considered the inductance due to a

concatenation of 𝑛 discs each of thickness 0.5mm, shown in Fig.31a. Second,

a SPIONs-filled disc of the same diameter and initial position of the cylinder

but a thickness of 0.5mm ismoved axially into the coil-core in steps of 0.5mm

until being pulled out. The inductance 𝐿n of the coil due to different positions

of the disc is recorded during the simulation.

In Fig. 31b, the relative inductance due to the discs concatenation (cylinder)

is compared with the sum of the relative inductances due to the single disc

at different axial positions. Before entering the solenoid, both curves agree

well with each other; however, the discrepancy increases, and the curves

mismatch when moving further into it. This gives a nonlinear behavior of

inductance summation in theaxial direction, whichmeans that the inductance

change caused by a SPIONs-filled cylinder is not equivalent to that caused by

a summation of separate discs that form this cylinder.

5.1.3.4 Additive Behavior in Radial Direction

In this subsection, we test whether changes in inductance due to partial

volumes are additive in the radial direction, see Fig. 32. First, a SPIONs-filled

(a) A concatenation of SPIONs-filled discs
are added up in steps inside the coil.
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(b) Relative inductance due to the single-disc and discs
concatenation.

Figure 31: Investigated scenario to test for axial additive behavior.
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cylinder of length 25mm and variable radius 𝑅k ∈ {0.5, 1, ..., 4}mm is placed

axially along the centeraxis of the coil . The reference setup is consideredwhen

𝑅k = 0.5mm. For each radius, the coil inductance 𝐿1:k is detected, which is

also the inductance due to a concatenation of rings each of thickness 0.5mm,

seen in Fig. 32a. Second, a SPIONs-filled ring cylinder of the same length,

fixed thickness of 0.5mm and variable outer radius 𝑅k is placed axially along

the coil’s center axis. For each ring cylinder, the coil inductance 𝐿k is obtained.

In Fig.32b, the relative inductance due to the concatenation of rings (cylinder)

is compared to the sum of the relative inductances due to the single ring-

cylinder of each radius. Because the solenoid’s magnetic field is rotationally

symmetric, the change in inductance caused by a magnetic cylinder is equiva-

lent to that caused by a summation of separate ring cylinders that form this

cylinder, which gives a linear behavior of summation in the radial direction.

5.1.3.5 Concentric Increase of Particles

In this subsection, the effect of a concentric increase of particles inside the coil

is studied, as shown in Fig. 33. A cylinder of uniformly distributed particles

is placed axially along the center axis of the solenoid (reference setup). The

cylinder has a fixed length of 50mm, variable radius𝑅2, ref ∈ {1.5, 2.5, 3.5}mm

and volume 𝑉ref. The same particles are assumed to be distributed inside a

(a) A concatenation of SPIONs-filled ring
cylinders are added up in steps inside the
coil.
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(b) Relative signal due to the single-ring cylinder and rings
concatenation.

Figure 32: Investigated scenario to test for radial additive behavior.
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ring cylinder (Fig. 33a) that has the same volumewith variable inner and outer

radii 𝑅1 and 𝑅2, respectively. Hence, the radii are related to the volume of the

cylinder through

𝑉ref = 50mm ⋅ 𝜋(𝑅
2
2 − 𝑅

2
1) = 50mm ⋅ 𝜋𝑅

2
2, ref (136)

Therefore,

𝑅1 = √𝑅
2
2 − 𝑅

2
2, ref (137)

where the outer radius 𝑅2 takes the values from 𝑅2,ref until 𝑅Susc.

The results are demonstrated in Fig. 33b. When the particles are concentrated

along the center axis of the coil, where the magnetic field is relatively low, a

relatively weak signal is detected. On the contradict, when the same volume

anddensityof particles aredistributed near the innerboundaryof the solenoid,

its detected signal increases. As expected, the increase occurs in the same

exponential manner of the magnetic field density in the radial direction.

This result means that for a given volume and particle density, changing the

position of particles inside the solenoid can significantly affect its detected

signal. Also, the signal is directly proportional to the volume susceptibility

of particles that exist in the detection region, e.g., increment by a factor of

(a) SPIONs-filled ring cylinder of fixed
volume and length but different radii.
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(b) Relative inductance. Black curves for 𝜒m = 0.0446

and red curve for 𝜒m = 99.

Figure 33: Investigated scenario to test for the effect of a concentric increase of particles inside

the coil.
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Figure 34: Volume susceptibility of the SPIONs-filled cylinder versus its length.

ca. 200 when the volume susceptibility increases from 𝜒m = 0.0446 to 99 at

𝑅1 = 4mm and 𝑅2, ref = 1.5mm.

In all previously mentioned scenarios, the particles are assumed to be con-

tained within cylinders or ring cylinders that move inside the detector with

no particle deformation over distance or time. In the following scenarios,

including those for the planar coils, the SPIONs-filled cylinder is assumed to

be of a fixed radius, a variable length, and fastened at a certain distance away

from the detector. Its length increases in the direction where the detector

exists. When the cylinder length increases, its volume increases accordingly,

which reduces the particle density and hence the volume susceptibility, as

shown in Fig. 34. This structure imitates the release of the particles into the

propagation tube to be detected by the receiver. The air-cored solenoid is

assumed to be the reference setup.

5.1.3.6 Different Propagation Trajectories Inside the Solenoid

In this subsection, the effect of changing the particle trajectory inside the

solenoid is studied, see Fig. 35. The particles are distributed inside a cylinder

of radius 1mm and variable length 𝑙𝑛 ∈ {2, 3, ..., 60}mm fastened at a distance

of 15mm away from the solenoid center. Two different particle trajectories are

considered, namely along the center axis of the solenoid and directly next to

its inner boundary, as shown in Fig. 35a.

As illustrated in Fig. 35b, the system response obtained from the center trajec-

tory is weaker and broader than that obtained from the boundary trajectory,

where the field is relatively high and decays faster. The maximum value of
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5 Coils Simulation and Detection Mechanism

(a) Geometry description
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(b) System response.

Figure 35: Particle propagation along two different trajectories inside the susceptometer.

the signal obtained from the boundary trajectory is approximately 1.5 times

greater than that obtained from the center trajectory. Therefore, to avoid

the discrepancy arising from misalignment problems, a homogeneous mag-

netic field is required. Otherwise, an adaptive threshold might be needed for

decoding.

5.1.3.7 Comparision of System Responses by the Cylindrical Coils

In this subsection, only the central trajectory is considered to compare the

system response (Fig. 36) due to the different cylindrical coils shown in Fig. 25.

A cylinder of a variable length 𝑙𝑛 ∈ {3, 4, ..., 50}mm and a fixed radius of

2mm is fastened 15mm away from the center of the corresponding coil. As

described before, increasing the length of the cylinder decreases its volume

susceptibility.

The system responses from the susceptometer and Helmholtz coil are illus-

trated in Fig. 36a. Comparing themagnetic field profiles of both coils in Fig. 28

within the detection region explains the superiority of the susceptometer

(solenoid) over the Helmholtz coil. Because the magnetic field strength of the

susceptometer is relatively high, its corresponding detected signal is sharper.

The same effect is also noticed in Fig. 36b when comparing the Maxwell coil

with the solenoid of thecorresponding radius. Again the solenoid shows better

performance. The system response of each coil in both comparisons is directly

proportional to the density of its magnetic field in the propagation path of
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5.1 Cylindrical Coils

the particles. For instance, in Fig.28, the distance between the fields from

the susceptometer and Helmholtz coil is relatively small, which is translated

here into a relatively small difference between the system responses from both

coils. In contrast to the larger distance between the magnetic fields of the

small solenoid and Maxwell coil, which introduces a relatively large difference

between their corresponding curves. This result is confirmed by the analytical

solution derived in subsection 4.3.2.2, where the system response is estimated

directly from the integral of the particle density weighted by the magnetic

field strength within the detection region. As the particle density and volume

susceptibility are similar in all four scenarios, only the magnetic field strength

influences the detected signal.

5.1.3.8 Different Positions of the Solenoid

Here, changing the position of the susceptometer relative to the propagation

tube is studied. The particles are assumed to be uniformly distributed inside

a cylinder of radius 6mm and variable length 𝑙𝑛 ∈ {3, 4, ..., 60}mm placed

20mm away from the center of the coil in each corresponding position. The

same solenoid and the same SPIONs-filled cylinder are employed in all posi-

tions. Different trajectories of the cylinder are considered, as shown in Fig. 37.

In position 1 (Fig. 37a) and position 2 (Fig. 37b), the cylinder is placed outside

the solenoid parallel and perpendicular to its center axis, respectively. The

vertical distance between the cylinder and the outer surface of the solenoid is

set to 2mm. In position 3, the cylinder is placed axially along the center axis,

as shown in Fig. 37c.

As depicted in Fig. 37d, in positions 1 and 2, the cylinder is placed outside the

solenoid, where the field is relatively weak; hence, as expected, the detected

signals are weaker than that obtained from position 3. However, the signal

from position 2 is much stronger than that from position 1, where the field

is negligible, as shown in the 2D-view of the magnetic field in Fig. 27a. Also,

due to the large cross-sectional area of the solenoid relative to its length, the

pulse obtained from position 2 is comparatively wide, and its peak maximum

is slightly delayed; however, it is still detectable. Motivated by this scenario,

planar coils are proposed so that no need to wrap the coil around the tube.

One should notice that the pulse obtained from position 2 is relatively strong

and distinguishable because the susceptometer is considered a short coil of

notable stray fields at its ends. However, if a long solenoid is employed, such

as the one given in Fig. 25d, the detected signal will be comparatively weak.
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5.2 Planar Coils

(a) Position 1: Axially parallel. (b) Position 2: Perpendicular. (c) Position 3: Along the axial.
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(d) System response.

Figure 37: Different positions of the SPIONs-filled cylinders to the solenoid and their corre-

sponding system responses.

5.2 Planar Coils

Planar coils are applicable in regions where solenoids are difficult or inconve-

nient to be utilized. For instance, it is easier to embed a planar coil in a smart

device and place it on the skin rather than wrapping a solenoid around the

targeted vessel. Therefore, this section presents simulations of the different

planarcoils introduced in subsection 3.2.3.6. Also, in order tounderstand their

detection behavior, the system responses due to themovement of the SPIONs-

filled cylinders through their detection regions are obtained, compared and

briefly analyzed.
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5.2.1 Simulation Setup

As shown in Fig. 38, three different planar coils are built, namely square

(Fig. 38a), circular (Fig. 38b), and rectangular (Fig. 38c). All coils are com-

posed of 15 wire-turns with ≈ 0.1mm wire thickness made of copper. The

dimensions of the coils are chosen to be consistent with the employed suscep-

tometer such that the length, diameter, and width of the square, circular and

rectangular coils are identical and equal to the detection length 𝐿Susc = 5mm,

respectively. The length of the rectangular coil is two times itswidth. However,

two different geometries are considered for the circular coil, i.e., when the spi-

ral starts directly at the origin (Fig. 38b) or when it starts at a specific distance

about the origin, introducing a central aperture of radius 1.1mm (Fig. 38d).

(a) Square (b) Circular

(c) Rectangle (d) Circular-aperture

Figure 38: Simulated planar coils made of copper, each of which has a wire thickness of 0.1mm

and 15 wire-turns.

5.2.2 Magnetic Field Analysis

In Fig. 39, a comparison between the magnetic fields of the first three coils at

a vertical distance of 1mm above their surfaces is given. In Fig. 40, the field

is plotted at different 𝑧-positions to investigate how it decays in the vertical

direction.
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Figure 39: Comparison between the magnetic field strength in [A/m] from different planar

coils at distance 1mm above their surfaces. 3D-view of the fields exist on the left-side, while the

2D-view is shown on the right-side. Shaded blue and brown colors showwhere the propagation

tube and coil exist, respectively.
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(c) Rectangular, along the 𝑥−axis
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Figure 40: Magnetic field strength due to the different planar coils at different 𝑧-positions

above their surfaces. Shaded area shows where the coils exist.

For the square (Fig. 39a) and circular (Fig. 39b) coils, which are centered on

the 𝑥𝑦-plane, the magnetic field obtained is maximum directly along the

𝑧-axis. Although the geometry of the square coil is rotationally asymmetric,

its magnetic field is similar to the circular coil, whose field is symmetric

about the 𝑧-axis. The fields of the planar coils are mostly confined to the

regions directly above their surfaces, with non-significant stray fields outside

their borders. However, the field decays very fast (almost by half for double

distance) in the vertical direction, as shown in Figs.40a and 40b. These results

are consistent with the field analysis concluded from the analytical solution

in subsection 3.2.3.6. The rectangular planar coil is also studied, as shown in

Fig. 39c. Its field is maximum along the length of its (smallest) center loop.

The field strength is relatively low compared to the other two planar coils, as

seen Figs. 40c and 40d. However, it decays comparatively slow in the vertical

direction.
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5.2.3 Different Studied Scenarios

In this subsection, the system response for each planar coil is obtained sepa-

rately when the particles propagate horizontally parallel to its surface. In all

scenarios, the particles are assumed to be uniformly distributed inside a cylin-

der of a fixed radius of 1mmand a variable length of 𝑙𝑛 ∈ {3, 3.5, ..., 30}mm fas-

tened at a horizontal distance of 10mm away from the center of the employed

coil. As before, increasing the length of the cylinder decreases its volume

susceptibility. The vertical distance between the cylinder and all detectors

is set to 0.1mm, which describes the direct contact with the cylinder. The

detected signal is calculated according to Eq. (104).

5.2.3.1 Comparison of System Responses by the Different Coils

The system responses due to the different planar coils are obtained and

compared with that detected by a solenoid of the same detection length

𝐿Susc = 5mm, an inner radius of 1.1mm, a thickness of 0.1mm, and has

15wire-turns.

As shown in Fig. 41, the detected signal by the solenoid is almost five times

stronger than that is detected by the circular planar coil, which also shows

superiority over the other two coils. The signal from the rectangular pla-

nar coil appears to be the weakest. Although the signal detected by the

circular coil is relatively weak, it is distinguishable and can be amplified and

decoded correctly. Because the employed solenoid is considered long, the
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Figure 41: System responses due to the different coils.
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non-homogeneous field at its ends is negligible, and the field is assumed to be

confined to its inner domain. Therefore, no signal is expected to be detected

before the particles enter the solenoid, and its corresponding curve is detected

simultaneously with the curves from the planar coils.

(a) SPIONs-filled cylinder goes through a
double-sided planar coil
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(b) System response

Figure 42: Geometry and system response for a double-sided planar coil.

5.2.3.2 Double-sided Planar Coil

In Fig. 42, instead of using a single-sided coil, the circular planar coil is chosen

to be placed above and below the tube, as shown in Fig. 42a. Its detected

signal due to movement of particles is compared with the system response

from the single-sided circular coil, as shown in Fig. 42b.

Distributing multiple numbers of planar coils around the tube strengthens

the detected signal. However, the coils should be distributed such that their

magnetic fields are constructively added in the detection region. Also, instead

of using flat coils, the new technologies for coil manufacturing can be used to

build folding and bending coils, which are flexible and take the shape of the

surface on which they are placed.

5.2.3.3 Multi-layer Planar Coils

In Fig. 43, the system responses of the circular planar coils with and without

aperture are compared. In addition, the coil with aperture (Fig. 38d) is repli-

cated eight times within the detection region such that the distance between
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(a) Multi-layer planar coil. Black
arrows represent its magnetic field.
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Figure 43: System responses due to the movement of a SPIONs-filled cylinder through the

detection regions of different planar coils.

the first and last coil equals the detection length 𝐿Susc with an equal separate

distance between every two successive coils, see Fig. 43a. This structure imi-

tates a cylindrical coil made of planar coils, which can be easily embedded into

a Printed Circuit Board (PCB), i.e., sandwiched between the layers. However,

instead of the propagation parallel to the surface of the single-layer coil, in

the multi-layer structure, the tube passes through the aperture.

The results are depicted in Fig. 43b. As expected, the detected signal by the

multi-layer coil is stronger than that detected by the other two coils. The

performance of the single-layer coil with aperture is considered the worst.

Also, because the fields at both ends of themulti-layer coil are not limited to its

physical length 𝐿Susc, it has a longer virtual length, and it detects the particles

before they enter its borders. Hence, its corresponding curve precedes the

curves of the single-layer coils despite the channel length is equal in all three

scenarios, reducing the delay between the transmitter and receiver. However,

because the particles stay longer before they leave the magnetic field of the

multi-layer coil on the exit-side, its detected pulse is relatively wide, reducing

its aspect ratio (height/width). Therefore, the difference between the virtual

and physical length of the detector should be taken into consideration during

the design process of such systems.
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6.1 Overview of All Applied Analysis Methods

In this chapter, fivedifferentmethods, collected in Fig. 44, are used to estimate

the system response of the SPIONs-based testbed.

The first method is fully numeric, where an FEM model of the testbed is

entirely built in the COMSOL multiphysics simulator. The particles are

released into the channel and detected by the susceptometer (reference detec-

tor).

In contrast, the second method is purely analytic, in which the weighting

function derived in subsection 4.3.2.2 together with the analytical laminar

profile derived in subsection 4.1.2 are used to estimate the relative induc-

tance. However, as seen in Table 2, this method involves three assumptions: a

rotationally symmetric model, an ideal detector, and a negligible radial depen-

dency (𝑅Ch << 𝑅RX) to ensure that the tube is placed in a homogeneous

magnetic field.

In the third method, the particles are assumed to be uniformly distributed and

confined between the inner and outer radii of the parabolic laminar profile,

which is built in COMSOLMultiphysics as a solid geometryof a specificvolume

susceptibility, i.e., similar to the SPIONs-filled cylinders used in Chapter 5.

Then, this solid laminar profile is moved in time-steps into the susceptometer.

This method is valid only in the case of a rotationally symmetric model.

In the fourth method, the Muliphysics simulation between the fluidic and

magnetic domains is decoupled to two separate simulations. One is a single

domain model of the fluidic channel with its propagating particles simulated

to obtain their distribution within the detection region. In the thesis, this

model is used (similar to the second method) together with the sensitivity

curve of the susceptometer. Instead of exploiting the magnetic properties of

the particles, their distribution and density within the detector are employed

for estimating the system response. Two assumptions are taken: no radial

dependencyand an ideal detector. However, if the channel is placed in a region

where the field is non-homogeneous, another single domain simulation for

the detector is needed to export its magnetic field distribution to be used

togetherwith the particle density in Eq. (130) to efficiently estimate the system

response. In that case, only one assumption is taken, i.e., ideal detector.
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Table 2: Assumptions and solutions used in estimating the system response of the SPIONs-

based testbed.

Method Solution Assumptions Rotationally symmetric channel Effort

1. Fully numeric - Not mandatory ☹

2. Fully analytic 𝑅Ch << 𝑅RX, ideal detector Mandatory ☺

3. Hybrid - Mandatory 😐

4. Hybrid 𝑅Ch << 𝑅RX, ideal detector Not mandatory 😐

5. Fully experimental - Not mandatory n. d.

Finally, experimental studies are conducted in the fifth method to obtain the

volume susceptibility directly from the susceptometer.

In the following, for simplicity, the 2D rotationally symmetric SPIONs-based

testbed is initially employed to study the varied parameters of the system.

Then, the first four methods are compared. Finally, only the fourth method is

used with a 3D simulated-based model of the testbed to estimate its system

response, which is then compared with the conducted experiments.

6.1.1 Standard Setup

Many parameters, collected in Table 3, can affect the overall system response.

Due to the large parameter space, each parameter is studied separately, assum-

ing the other parameters are fixed. The standard setup parameters used

in this model are 𝑄inj,0 = 5.26mL/min, 𝑄BG = 5mL/min, 𝑉Inj = 14 µL,

𝐿Ch = 50mm, 𝑅Ch = 0.76mm, 𝐿RX = 5mm and 𝑅RX = 5mm, unless any

change is introduced in each of the following subsections.

6.1.2 PerformanceMetrics

Digital filters are used in conventional communication systems to shape the

transmitted pulses such that the ISI is reduced. However, this feature is not

yet applicable in the MC system and received pulses suffer from a relatively

high delay spread (long-tail). Hence, two performance metrics are used to

investigate and compare the system response due to the different parameters,

namely the Peak Maximum of the detected signal to its Full Duration at Half

Maximum (PMFDHM) and Delay to Peak Maximum (DPM). Having a large

PMFDHM gives a tall and narrow system response profile, reducing the ISI.

The DPM is the time from the start of the particle injection to the time where

the peak maximum is reached, 𝑇max, divided by the peak maximum. The
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Figure 44: Schematic view of the different methods that can be used to estimate the system

response of the SPIONs-based testbed.
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shorter this time delay, the faster the signal is detected and decoded. In

addition, some of the time durations defined in subsection 4.1.2 are employed.

6.2 Fully Numerical DetectionMethod

AnFEMmodel of the simplified SPIONs-based testbed is built in theCOMSOL

multiphysics simulation software. The testbed parameters defined in Table 3

are studied for the transmitter, channel, and receiver. The values of the

standard setup in the table are consistently applied, except for the parameters

to be studied.

6.2.1 Simulation Setup

As shown in Fig. 45, the model is built in a 2D axisymmetric domain due

to its rotational symmetry. Nanoparticles of diameter 𝑑P = 50nm, mass

𝑚P = 2.3258 × 10−21 kg and volume susceptibility 𝜒m = 7.28 × 10−3 are

injected into the propagation channel to be detected by the susceptometer.

In order to simulate the injection of particles into the water flow, Laminar

Flow and Particle Tracing for Fluid Flow modules are employed. For the

susceptometer, the Magnetic Fields submodule from the AC/DC Electric

Currents module is utilized.

According to the results from section 4.1.1, a No-slip boundary condition is

applied in the Laminar Flow module. Also, a sparse flow is considered, which

means that the particles have a negligible effect on the flow; only the flow

affects their propagation, i.e., unidirectional coupling. An Inlet with the

assigned flow rate is used to imitate the pump. An Outlet is placed at the

position where the flow is supposed to reach the waste bin.

In the Particle Tracing for Fluid Flow module, a Drag force based on Stokes’s

law is applied to the model. The channel wall is chosen to be Bounce, which is

typically used to trace microscopic particles in a fluid to conserve their kinetic

energy when reflected from the wall. A Release boundary condition is used

to inject the particles into the channel. The initial velocity and distribution

of particles are proportional to the fluid velocity and the radial coordinate

𝑟, respectively. A maximummesh element size of 0.05mm is considered. In

order to introduce themagnetic properties of the particles, the particle density

in each mesh element is obtained by an Accumulator and translated during

propagation into volume susceptibility according to Eq. (102). However, in

order to reduce thecomputational complexity, thenumberof particles injected

into the simulated channel is 105, which is much lower than that used in the

measurement, i.e., ≈ 6 × 1011 for 𝑉Inj = 14 µL.
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6 Modeling and Experimental Verification

The setup of the susceptometer is defined in subsection 5.1. However, to

calculate the system response, the time-dependent coil inductance 𝐿(𝑡) due

to the particle propagation is first calculated with a sampling rate of 100 Sa/s

for a time duration of 3 s. Then, the system response is calculated according

to Eq. (104).

6.2.2 Transmitter

In this subsection, only changing the initial position or distribution of the

particles inside the transmitter is studied. However, in the next section,

different injection volumes and flow rates are applied, from which the system

responsesdue to the fully numericand the fullyanalyticmethodsarecompared

and analyzed.

6.2.2.1 Changing Initial Particle Distribution

Instead of distributing the particles uniformly across thewhole cross-sectional

area of the transmitter, three different scenarios are considered, as shown

in Fig. 46. In the former scenario (Fig. 46a), the particles are assumed to

be injected from a cylinder of radius 0.57mm placed directly at the center

of the transmitter, i.e., imitating the injection using a needle fixed at the

tube center. This scenario is convergent with a case in which the particles are

distributed along the radial direction of the transmitter proportional to the

parabolic velocity profile, i.e., more particles exist at the center of the tube

𝐿TX 𝐿Ch

Susceptometer

Outlet

𝐿RX

𝑅
R
X

Direction of propagation

R
ad
iu
s

𝑅
C
h

Figure 45: A 2D axisymmetric FEM model of the testbed, in which the nanoparticles are

released from the transmitter into a laminar water flow and detected by the susceptometer.
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(a) Center.

0.
57
m
m

(b) Inner-ring.

0.
6
m
m

0.16mm

(c) Boundary-ring.

0.5mm

0.
76
m
m

Figure 46: Cross-sectional areaof the transmitter. Greycolor represents thedistributed SPIONs.

and fewer particles near the boundary. In the second scenario (Fig. 46b), the

position of injection is shifted in the radial direction such that the particles are

assumed to be confined inside an inner-ring cylinder, whose inner and outer

radii are 0.16mm and 0.6mm, respectively. In the latter scenario (Fig. 46c),

the particles are injected into the channel from a boundary-ring cylinder,

whose inner radius is 0.5mm and has the same outer radius as the standard

channel. This scenario is convergent with a case in which the particles are

distributed along the radial direction of the transmitter proportional to the

radial coordinate 𝑟, i.e., more particles exist near the inner boundaries of the

tube and fewer particles near the center. For a fixed transmitter length, the

radii are chosen such that the particles are confined inside the same volume.

The results are demonstrated in Fig. 47. The receiver curves are depicted in

Fig. 47a and performance metrics in Fig. 47b. When the particles are injected

directly at the tube center, where the flow velocity is maximum, the time delay

between the particle injection and detection becomes relatively short. Also,

the magnetic field in this region is relatively weak, which leads toweak system

response. Note that at high propagation velocities, a very high sampling rate

is required. Otherwise, the detector does not precisely detect the propagating

particles, negatively affecting the accuracy of the detected signal. However,

because the particles propagate with high velocities inside the channel, a

negligible tail is observed. On the contrary, the injection near the boundary,

where the flow velocity is either low or zero directly at the boundary, elongates

the curve due to the slow motion of particles within the detector. Also, it

introduces a longer time delay. A compromise choice between these two cases

is the inner-ring scenario, in which the particles propagate roughly at the

average velocity, improving the performance.
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Figure 47: Relative inductance and performance metrics due to different particle distribution

inside the transmitter.

6.2.3 Propagation Channel

In this subsection, only changing the length and width of the channel is

investigated. However, the effect of different propagation flow rates and

injected volume is studied in section 6.3 using the numerical and analytical

methods.

6.2.3.1 Propagation Lengths

From subsection 3.1.5.2, for the SPIONs-based testbed, the longest hydrody-

namic entry length required by the laminar flow to fully develop is 𝐿ℎ,Laminar ≈

26.5mm. Hence, in this study, longer transmission lengths are considered

𝐿Ch ∈ {50, 60, ..., 100}mm, as shown in Fig. 48.

The system response is depicted in Fig. 48a. As the transmission distance

increases, a considerable signal decay is observed. However, despite the trans-

mission length increases linearly, the PMFDHM decays exponentially, as

shown in Fig. 48b. As expected, decreasing the transmission length improves

the detected signal. The time delay 𝑇D and time required to reach the peak

maximum 𝑇max are linearly reduced (see Fig. 48c), achieving higher perfor-

mance metrics.

6.2.3.2 Channel Widths

Restricted by the dimensions of the standard tubes used in the experimental

study, a tube of variable radius 𝑅Ch ∈ {0.61, 0.875, 1.145, 1.38, 1.585}mm
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Figure 48: System response due to different channel lengths.
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is employed (see Fig. 49). According to Eq. (76), for larger tube radii, the

propagation velocity of the particles decreases. Hence, in this study, a longer

duration of 10 s is assigned to get the full system response and calculate the

corresponding performance metrics.

As shown in Fig. 49a, for the same injected particle suspension, increasing

the channel radius reduces the particle density inside the detector, which

accordingly should reduce its detected signal. However, because the particles

are shifted towards the inner boundary of the solenoid, where the magnetic

field strength is relatively high and compensates for this reduction in density,

the signal is slightly amplified. Although the curves have relatively large

heights, they suffer from a high delay spread due to the slow-motion of the

propagating particles, degrading the overall system performance, as depicted

in Fig. 49b. Increasing the channel radius significantly affects the time delay

𝑇D and 𝑇max that increase, as shown in Fig. 49c. In order to speed up the

system, higher background flow rates are recommended to compensate for

the lack of velocity due to the wide channels. However, turbulence should be

then taken into consideration.

Anotherstudy that involvesvaried injectionand backgroundflowrates through

channels of different widths is given in subsection 6.3.1.3.

6.2.4 Receiver

Detector optimization is a challenging process that aims to design a high-

sensitivity receiver to get the optimum system response. In this subsection,

we study how changing the coil geometry affects the system response when

the parameters of the transmitter and channel are kept fixed.

6.2.4.1 Detection Length

In Fig. 50, the detector length changes from 4mm to 24mm in steps of 4mm.

For the standard setup values given in Table 3, the length of the transmitter

can be calculated from Eq. (82), which gives 𝐿TX ≈ 15mm.

When the detector is relatively shorter than the transmitter, some particles

lie outside its detection region and hence do not contribute to the detected

signal, as shown Fig. 50a. Increasing the detector’s length helps capturing

more particles, improving the system response (Fig. 50b), until the whole

particles lie within the detection region. After that, any further increment in

its length does not significantly contribute to the signal amplitude. However,

when the detector length increases, its center of gravity, where the magnetic

field is maximum, is shifted in the direction away from TX, which leads
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Figure 49: System response due to different channel widths.
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Figure 50: System response due to different receiver lengths.
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Figure 51: System response due to different receiver widths.
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Figure 52: System response due to changing the thickness of the solenoid.
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to delaying the peak maximum of the detected pulse and slightly widens

it, increasing 𝑇max, as depicted in Fig. 50c. Wide pulses with almost fixed

amplitudes degrade the system response. As expected, for different detector

lengths, the time delay and injection duration remain constant.

6.2.4.2 Receiverwidth

In Fig. 51, changing the cross-sectional area of the coil is studied, which

significantly affects the system response, as seen in Fig. 51a. The radius of the

detector is changed from 1.0mm to 3.5mm in steps of 0.5mm.

Although the self-inductance of the solenoid is directly proportional to its

cross-sectional area as given in Eq. (111), the relative inductance is inversely

proportional to it. A concentric increase of a solenoid about a tube fixed along

its center axis degrades the system response, as seen in Fig. 51b. Therefore, it is

recommended to build a solenoid of a small cross-sectional area such that the

particles propagate directly next to its inner boundary. In all studied scenarios,

the position of the maximum peak does not change because the center of

gravity of the solenoid is fixed regardless of its diameter. As expected, all time

durations remain constant for the different detector radii (see Fig. 51c).

6.2.4.3 Detector Thickness

Here, the effect of changing the number of wire-turns (thickness) on the

system response is studied, and the results are depicted in Fig. 52. To keep the

detector’s lengthfixed, the incrementof thewire-turnsappears inaddingmore

wire layers; each layer is of thickness Δ𝑅 = 0.27mm and has approximately

18 wire-turns.

As derived in subsection 4.3.2.2, the detected signal is affected by the field

distribution within the detection region, which is influenced by changing

the thickness of the solenoid, as described in subsection 3.2.3.5. Adding

more layers to the solenoid leads to a large Δ𝑅 that accordingly enlarges the

average cross-sectional area of the solenoid and reduces its detected signal

(see Fig. 52a). Therefore, the performance metrics are inversely proportional

to the thickness of the solenoid, seen in Fig. 52b. As expected, changing the

number of wire-turns or the solenoid thickness has no effect on the time

durations, as demonstrated in Fig. 52c.

Keep in mind that, in this study, the wires are assumed to be uniformly dis-

tributed with a negligible separate distance between every two wires.
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6.3 Fully Analytical DetectionMethod

As mentioned in subsection 4.3.2.2, if the radial dependency is negligible, the

sensitivity curve of the susceptometer𝑤(𝑧) together with the particle density

in its detection region can be used to estimate the system response. However,

the particle density can be obtained either directly from the simulation or

derived analytically, as described in subsection 4.1.2. Hence, from Eq. (134),

Eq. (89), and Eq. (90), the fully analytic estimated system response for the 2D

rotationally symmetric model is given by

𝑠analytic(𝑡) = 𝜌Ch ⋅ ∫
𝐿Sol/2

−𝐿Sol/2

𝑤(𝑧) 𝜋 [𝑟o(𝑧, 𝑡)
2 − 𝑟i(𝑧, 𝑡)

2] 𝑑𝑧 (138)

The sensitivity curve of the susceptometer is directly proportional to its mag-

netic field along its center axis and it is defined by

𝑤(𝑧)
(135),(64)
= 𝑘w ⋅ 𝑤B(𝑧) (139)

where 𝑤B(𝑧) is defined by Eq. (64) and 𝑘w is a scaling factor that ensures a

minimumMSE between the system responses from the fully numeric and fully

analytic methods, its mean value is 7.05878 ⋅ 10−8 with a standard deviation

of 8.36237 ⋅ 10−10.
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Figure 53: Normalized sensitivity curve of the susceptometer. Shaded area represents where

the coil exists.
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6.3 Fully Analytical Detection Method

In Fig. 53, the normalized sensitivity curve of the susceptometer from both

the analytical solution and simulation are compared. A perfect agreement

between the curves is noticed. The maximum point is located directly at

the coil center point, where the contribution of the particles to the signal

should be high. Away from the center, the function decays; therefore, their

contribution becomes less, i.e., ≈ 80% at both ends of the coil.

6.3.1 Fully Analytical Versus Fully Numerical Solutions

In the previous section, most of the system parameters defined in Table 3 are

numerically studied. Here, the remaining parameters: the injection volume

and flow rates are studied. Both the analytical and numerical methods are

employed to obtain the system responses in a time duration of 2.5 s, from

which the scaling factor𝑘w given in Eq. (139) is determined. In a separate study,

varied flow rates are applied to a channel of different widths to compare the

system responses and determine MSE between the simulation and analytical

solution when the channel width is increased beyond the region where the

radial dependency is assumed negligible.

6.3.1.1 Variation of Injection Volumes

Changing the injected volume , 𝑉Inj ∈ {4.7, 7.0, ..., 18.7} µL, of the SPIONs

suspension at different injection and background flow rates are investigated

in Fig. 54.

As can be seen, there is a good agreement between the results from the analyti-

cal and numerical methods. Because the initial particle density is fixed, larger

volumes are translated into more SPIONs within the detection region, result-

ing in higher amplitudes. Also, according to Eq. (74), when large volumes of

the particle suspension are injected into the channel with relatively low injec-

tion flow rates, the injection duration increases, which reaches approximately

30% of the total detectionduration (shown in the last rowof Fig. 55) and hence

contributes to a relatively long delay of the peak maximum 𝑇max, as shown in

the corresponding row in Fig. 54. This delay can bemitigated by increasing the

injection flow rate, as shown in the first row of the same figures. During the

injection, the flow velocity inside the channel is the summation of both back-

ground and injection velocities. After that, only the background flow remains

that carries the particles to the receiver. This means that for large injection

volumes and hence long durations, the particles propagatewith high velocities

for a relatively long time that accordingly reduces the time delay 𝑇D between

TX and RX. However, if the particles reach the receiver during the injection,

i.e., 𝑇Inj > 𝑇th, this time delay remains constant regardless of the injected
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Figure 54: Relative inductance: variation of injection volumes at different flow rates. Back-

ground flow rate 𝑄BG and particle injection flow rate 𝑄Inj,0 are varied along rows and columns,

respectively. Solid and dashed lines are from the numeric and analytic solutions, respectively.
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Figure 54: Relative inductance: variation of injection volumes at different flow rates. Back-

ground flow rate 𝑄BG and particle injection flow rate 𝑄Inj,0 are varied along rows and columns,

respectively. Solid and dashed lines are from the numeric and analytic solutions, respectively

(cont.).
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Figure 56: Performance metrics due to different injection volumes at varied flow rates. Each

row represents the results at a different background flow rate 𝑄BG.
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volume. The system’s performance metrics are depicted in Fig. 56. Increasing

the injection volumeat relatively high flow rates improves the system response.

However, when the background flow rate, i.e., 𝑄BG ≥ 10.0mL/min, is much

higher than the injection flow rate, i.e., 𝑄Inj,0 = 1.40mL/min, increasing the

volume lengthens the transmitter according to Eq. (82), which may become

longer than the channel and/or the receiver, deforming the detected signal

and hence reduces the performance metrics.

6.3.1.2 Different Flow Rates

In Fig. 57, the effect of changing the injection flow rate, 𝑄Inj,0 ∈ { 1.40, 2.10,

..., 5.26 }mL/min, is studied at different background flow rates, 𝑄BG ∈ { 5.0,

7.50, ..., 15.0, 20.0 }mL/min, and a fixed injection volume of 𝑉Inj = 14 µL.

According to Eq. (82), increasing the injection flow rate shortens the trans-

mitter relative to the employed receiver, strengthening the detected signal

as mentioned in subsection 6.2.4.1. Also, it reduces the injection duration

and delay required by the pulse to reach its maximum value, as shown in

Fig. 58. Hence, the system response is improved, particularly at relatively high

background flow rates, i.e., 𝑄BG ≥ 10.0mL/min, as depicted in Fig. 59.

Fig. 60 shows the system response when the background flow rate changes at

different injection flow rates, while the corresponding essential timedurations

are depicted in Fig. 61. Signals with relatively low amplitudes are obtained

when the background flow rate increases. This result is consistent with the

findings in subsection 6.2.2.1 when the particles are injected at the tube cen-

ter, where the propagation velocity is maximum. In order to improve the

system response, the particles are recommended to propagate at medium

velocities. As mentioned before, very high background flow rates with very

low injection velocities give long transmitters compared to the employed

receiver, which reduces the detected signal and accordingly the performance

metrics as depicted in Fig. 62. Hence, the transmitter is recommended to

be of comparable length to the receiver. For high background velocities and

appropriate injection volumes, the particles are carried relatively fast to the

receiver, reducing the pulse width and both time delay 𝑇D and 𝑇max.

In conclusion, the injected volume, flow rate of SPIONs, and background

velocity in the channel are three interconnected parameters that should be

chosen in line with the other system parameters to improve the overall system

performance.
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Figure 59: Performance metrics due to different injection flow rates at varied background

velocities.
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Figure 62: Performance metrics due to different background flow rates at varied injection

velocities.
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6.4 Single Domain Magnetic SimulationWith Solid Laminar Profile

6.3.1.3 Channel Limit

In order to determine how precisely the analytical solution describes the

simulated (numerical) model when the channel width is increased beyond

the region in which a negligible radial dependency is assumed, varied flow

rates are applied to channels of different widths, 𝑅Ch ∈ { 0.61, 0.76, 0.875,

1.03, 1.145, 1.27, 1.38, 1.585, 2.0 }mm. For the latter width, the condition

of having laminar flow and negligible diffusion still holds. In this study, a

long time duration, 10 s, is needed to get the full system response (Figs. 63)

and to calculate the corresponding performance metrics (Fig. 64). If the

channel width is further increased, 𝑅Ch > 2mm, amuch longer time duration

is required to capture the full response, which is not included in this study.

For better visualization, some curves are discarded in Fig. 63. However, they

are included in calculating the performance metrics and MSE. Also, only a

duration of 3 s is shown when the background flow rate is 20mL/min.

As expected, a perfect agreement between the analytical and numerical solu-

tions is obtained at small channel widths, 𝑅Ch ≤ 1mm, because the tubes are

placed in the region where the radial dependency is considered negligible.

However, a distinguishable discrepancy is observed upon increasing the chan-

nel width, which is translated into higher MSE between the curves in Fig. 65.

Keep in mind that the maximum channel width considered in this study still

lies about the center axis of the solenoid and relatively far from its inner bound-

aries, where the discrepancy is supposed to be significant. The MSE depends

not only on the channel width but also on the other system parameters. For

instance, for the same channel radius and injection parameters, increasing the

background flow rate from 𝑄BG = 5mL/min to 𝑄BG = 20mL/min reduces

the error. Moreover, it improves the performance metrics for the large tubes.

6.4 Single DomainMagnetic SimulationWith Solid

Laminar Profile

In this method, the parabolic profile derived in subsection 4.1.2 is used to

represent the SPIONs. Uniformly distributed particles are assumed to be

confined between the inner and outer radii of the laminar profile, whose

shape changes with time to imitate the propagation of the SPIONs through

the solenoid. Because the system parameters are studied in the previous

sections, only the simulation setup is given in this section until a comparison

between all the analytical and numerical methods is conducted in section 6.6.

In COMSOL, due to the rotational symmetry of the model, a 2D axisymmetric

space dimension is chosen, as shown in Fig. 66. A single domain Magnetic
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Fields simulation is used to simulate the susceptometer. At the same time, two

similar parametric curves defined by Eq. (88) are used to build the front and

back sides of the laminar parabolic profile, which is then converted into solid

magnetic material, whose volume susceptibility is defined in Table 3. In order

to calculate the system response, the time-dependent coil inductance 𝐿(𝑡) is

first obtained with a sampling rate of 100 Sa/s. Then, the system response is

calculated according to Eq. (104).

6.5 Single Domain Fluidic SimulationWith

Weighting Function

This method is similar to the full analytical method given in section 6.3, since

they both do not consider the magnetic properties of the SPIONs. However,

theanalyticallyderivedparticledensity is replaced hereby thedensityobtained

directly from a single domain fluidic simulation. Again, in this section, no

studies are conducted; only the simulation setup is given.

The simulation setup is similar to the setup employed in the fully numerical

method given in section 6.2. However, only the Laminar Flow and Particle

Tracing for Fluid Flow are used, while the susceptometer is excluded, as seen

in Fig. 67. During the simulation, the positions of the particles that pass

through the detection region are exported to MATLAB2019a software in order

to calculate their densities weighted by the sensitivity curve of the detector.

The system response is estimated according to Eq. (134).

6.6 Comparison of System Responses of All

Computational Schemes

This section compares the system responses obtained from the analytical,

numerical, and hybrid methodswhen applying the standard parameters speci-

fied in Table 3. The comparison is shown in Fig. 68, which includes the system

responses in Fig. 68a and MSE in Fig. 68b. The fully numerical method is

considered as a reference.

As mentioned before, the first and third methods use the susceptometer for

detection. Therefore, their curves are perfectly matched. Also, due to the

stray fields at the solenoid’s ends, the signal is detected a bit earlier. On the

other hand, the other two methods consider only the sensitivity curve of the

susceptometer within its detection region, i.e., ideal detector. Therefore, the

peak maximum is slightly amplified.
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Figure 64: Performance metrics due the propagation of varied flow rates through channels of

different widths. Each row represents the results at a different background flow rate 𝑄BG.
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Figure 65: Mean square error between the analytical and numerical solutions when varied flow

rates are applied to channels of different widths, 𝑅RX = 𝐿RX = 5mm.
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SPIONs parabolic profile

Solenoid

Figure 66: 2D axisymmetric model of the SPIONs parabolic profile goes through the solenoid.

Channel

Transmitter

Detection Region

SPIONs

Figure 67: SPIONs are released into the channel and passed through the detection region,

where their densities are calculated and weighted by the sensitivity curve of the solenoid to

estimate the system response.
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Figure 68: Comparison between the different computational schemes when the standard setup

parameters defined in Table 3 are used.
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6.7 Experimental Study

In this section, experiments are conducted, and compared with simulation

based on method 4, i.e., the decoupling of the magnetic and fluidic domains.

6.7.1 Experimental Setup

As shown in Fig. 69 (schematic diagram of the testbed is already illustrated in

Fig. 8b), SPIONsaredispersed inanaqueous suspensionand stored inasyringe

connected to the particle tube whose inner radius is 0.4mm. The injection of

the particles into the tube is controlled by a peristaltic pump (Ismatec® Reglo

Digital, Germany), which provides pumping actions at different flow rates

𝑄Inj,0 and injection volumes 𝑉Inj. The stationary background water flow 𝑄BG
in the propagation tube is maintained by a second peristaltic pump (Ismatec®

IPC, Germany). Both propagation and background tubes have the same

inner radius of 0.76mm. As mentioned before, the tubes are connected via a

Y-connector, and MS2G Bartington® susceptometer coil is used for particle

detection.

6.7.2 Simulation Setup

When the Y-connector is added to the model, the rotationally symmetric

property is lost, and a 3D domain is required for simulation. However, to

reduce the computational complexity, instead of using the susceptometer for

particle detection and due to the negligible radial dependency, method 4 is

utilized, where the systemresponse is estimatedusing particledensity together

with the sensitivity curve of the susceptometer. The same fluidic simulation

setup given in subsection 6.5 is applied to obtain the particle density within

Figure 69: Experimental setup of the SPIONs-based testbed [138].
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Figure 70: Receiver curves obtained from measurement when the standard setup is applied.

the detection region. Generally, the standard setup given in Table 3 is used

unless other parameters are considered in the following subsections.

6.7.3 Agreement of Measurement and Simulation

In this subsection, the obtained system responses from both simulation and

measurement are compared for varied flow rates.

In order to obtain the receiver curves from measurement, 100 received pulses

are measured with each experiment. A representative plot of the measured

susceptibility when the standard setup parameters are applied is shown in

Fig. 70. Due to the different positions and distribution of particles within the

detector, the height of the detected signal varies. To obtain the average of the

pulses to be compared with simulation, a threshold value equals to 50% of

the strongest pulse is taken so that the pulses are separated and overlapped.

Then, the mean is taken, and its standard deviation is calculated.

The receiver curves from simulation and measurement are synchronized by

the use of an optimization strategy. The agreement between the curves is

maximized in terms of a least-squares fit 𝜒2(Δ𝑡, 𝑐m), where time-shift Δ𝑡 and

scaling factor 𝑐m are used as free parameters

𝜒2(Δ𝑡, 𝑐m) =
1

𝑁m

𝑁m

∑

𝑖=1

[𝑠meas(𝑡𝑖) − 𝑐m ⋅ 𝑠simul(𝑡𝑖 − Δ𝑡)]
2

(140)

where𝑁m denotes the number of measurement values. Time shift Δ𝑡 is varied

in 100 steps in such a way that the maximum of the optimized curve 𝑠simul

is shifted from the threshold-crossing of the rising to the falling edge of the

measurement curve.
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Figure 71: Relative inductance from measurement (solid black), its standard deviation (dashed

black), and 3D-simulation (red) at different flow rates.
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Figure 71: Relative inductance from measurement (solid black), its standard deviation (dashed

black), and 3D-simulation (red) at different flow rates (cont.).
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The measured susceptibility is compared with the curves of the simulated

models in two ways: morphology and performance metrics.

Regarding the morphology, Fig. 71 depicts the system responses from mea-

surement and simulation for varied flow rates. Background flow rate 𝑄BG and

particle injection flow rate 𝑄Inj,0 are varied along rows and columns, respec-

tively. The results agree with the findings obtained in subsection 6.3.1.2. It

can be seen that the amplitude of the receiver curve decreases with increasing

𝑄BG at low𝑄Inj,0. This means that, for the same number of particles, the speed

of the propagating flow influences the amplitude of the detected signal. Also,

the width of the system response is found to mainly depend on the flow in

the propagation channel and is minimized with maximum 𝑄BG and 𝑄Inj,0.

Narrow pulse width promises less ISI and provides a high transmission rate.

For very low 𝑄Inj,0, however, weaker pulses are obtained with relatively large

width nearly regardless of 𝑄BG. In the measurements, due to the multiple

actions of particle injection, some particles may remain in the channel and

contribute to upcoming received signals, i.e., channel with memory. Low flow

rates increase this effect and prevent the particles from being washed out,

adversely affecting both bit rate and bit error rate.

In Fig. 72, both PMFDHM and DPM of the simulated models are plotted

against their counterparts of the measurements for each experiment with

a linear regression representation (red line). There is a good correlation

between simulation and measurement regarding the PMFDHM, giving 𝑅2-

value of 0.77. Also, because of the applied synchronization strategy, a perfect

correlation between the measurement and simulation is shown regarding the

DPM, 𝑅2-value of 0.96.

The discrepancy between measurement and simulation can be due to the

following assumptions: straight and memoryless channel, homogeneous

magnetic field, and ideal detector; in addition to the pumps tolerances and

injection functions; aswell as the threshold taken toaverageover themeasured

pulses.

6.7.4 Particle Distribution Shortly After Y-connector

After the verification of the 3D-simulated model by experiments in the previ-

ous section, simulation is further employed in this subsection to obtain the

particle density at the beginning of the propagation channel, directly after

the Y-connector, which can be considered the distribution of particles being

injected into the channel. The simulation allows a complex distribution due

to the confluence of background and injection flows. The particle density is
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obtained at time 𝑡 = 0.1 s for a slice of thickness 3mm taken from the prop-

agation tube directly after the Y-connector. The cross-sectional area of the

channel is subdivided into 𝑋 = 30 radial and 𝑌 = 30 angular compartments

according to the description given in section 4.2.1.

As shown in Fig. 73, the particle distribution is examined by simulation

(Fig. 73a) and measurement (Fig. 73b) when the standard setup is applied,

while the cross-sectional particle density is depicted in Fig. 73c. Rather than

mixing, the background and injection flows stay separated from each other

and move parallel to one another. The lower side of the cross-section is empty

of particles, which are concentrated on the other side of the tube.

In order to investigate the particle distribution as a function of the tube

radius and azimuth, respectively, the estimated radial 𝑅(𝑟) and angular 𝐴(𝜑)

componentsof theparticledensityare smoothed inMATLAB2019aandplotted

in Fig. 74. The components are shown in Fig. 74a for a fixed injection flow rate

of 𝑄Inj,0 = 5.26mL/min with varied background flow rates, and in Fig. 74b

when the particles are injected with varied flow rates into a channel of a fixed

background flow rate of 𝑄BG = 20mL/min.

For all flowconfigurations, due to theY-connector, the particles aredistributed

only on one side of the tube in contact with its inner boundary, 0 ≤ 𝜑 ≤ 𝜋 rad,

where they are injected into the channel. The relatively large background

flow, i.e., 𝑄BG > 𝑄Inj,0, pushes the particles away from the center of the

tube, and hence it covers a larger part of the cross-section than the injected

particles. When the injection flow rate is reduced, the pushing becomes

more pronounced, and particle density significantly decreases, as depicted in

Fig. 74b. Pushing the particles towards the inner boundary of the tube, where

the velocity is considerably lower than at the tube center, leading to a long

transmission time. This explains the long tail introduced to the curves shown

in Fig. 71. Using the Y-connector is close to or imitates the scenario given in

section 6.2.2.1, where the particles are injected from the boundary-ring.

To validate the model given in section 4.2.1, the 2D estimated particle density

matrix 𝜈(𝑟, 𝜑) defined by Eq. (101) is obtained for all the trials considered in

Fig. 71 and compared with the actual density matrix Ρ0(𝑟, 𝜑) extracted directly

from the FEM simulated model. The corresponding values are plotted in

Fig. 75 with a linear regression representation (red line).

The results show a good correlation between both models with 𝑅2-value of

0.83, which ensures the validation of the model.
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Figure 74: Radial and angular components of the cross-sectional particle density 3mm after

the Y-connector at time 𝑡 = 0.1 s for varied background and injection flow rates.
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for a slice of thickness 3mm after the Y-connector at time 𝑡 = 0.1 s for all the trials given in

Fig. 71.
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This chapter summarizes most of the important findings from previous chap-

ters and provides a catalog of design guidelines that should be followed

at the transmitter, channel and receiver to optimize the system response.

The improvement or degradation stated below about the system response is

decided according to the performance metrics given in section 6.1.2.

7.1 Transmitter

� Changing the initial distribution and position of the injected particles

highly affects the system response. The injection directly at the tube

center weakens the detected signal but reduces the time delay. Whereas

the injection near its inner boundary elongates the system response and

hence degrades the performance metrics. A compromise choice is to

inject the particles at a region between the center of the tube and its

inner boundary, see section 6.2.2.1.

� The injection volume, flow rate, and background velocity are three

interconnected parameters that highly affect the system response. They

must be chosen in line with the other system parameters such that the

transmitter length becomes short relative to the lengths of both the

channel and receiver, see section 6.3.1.

� Increasing the injected volume of the SPIONs suspension at relatively

high background and injection flow rates improves the system response.

However, injecting a large volume of particle suspension with a very low

flow rate into a channel of a very high background flow rate significantly

degrade the performance metrics, see section 6.3.1.

� For a very long injection duration, the signal takes a relatively long time

to reach its maximum peak; hence, a wide pulse is detected that slows

down the system and may degrade the performance. It is recommended

that the injectionends beforeor, if notpossible, shortlyafter theparticles

enter the detector, see section 6.3.1.

� Due to the Y-connector, the background and injection flow rates do

not mix; instead, they move parallel to one another, and particles are

confined toone sideof thepropagation tube. Increasing the background

flow rate pushes the particles away from the tube center, particularly

when the injection flow rate is reduced, see section 6.7.4.
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� If the radial dependency is negligible, a single domain 3D-simulation-

based model of the testbed that employs the Y-connector can be used

together with the sensitivity curve of the susceptometer along its center

axis to estimate the system response, see section 6.5. Otherwise, the

3D distribution of solenoid’s field in its inner domain is needed, see

section 4.3.2.2.

7.2 Channel

� In small tubeswith relatively lowflowrates, Laminarflowwithaparabolic

velocity profile is considered, and particles’ diffusion can be neglected,

see section 4.1.1.

� When the particles are released into large channels of retaively low flow

rates, high signal amplitudes can beobtained if the strongmagnetic field

near the innerboundaryof thesolenoid compensates for the reduction in

theparticledensity. However, the timedelayand pulsewidthaccordingly

increase, degrading the overall system performance, see section 6.2.3.2.

� To speed up the system in case of wide tubes, high background flow

rates can be a reasonable solution. However, turbulence should be taken

into consideration, see section 6.3.1.3.

� As the transmission distance increases, considerable signal attenuation,

dispersion, and delay are observed, see section 6.2.3.1.

� When the particles are injected into a channel of a very high background

flow rate, they are distributed along large volume in the propagation

tube which reduces their density and weakens the detected signal, see

section 6.3.1.2.

7.3 Receiver

7.3.1 Cylindrical Coils

� Changing the particle distribution inside the inner domain of the coils

significantly affects the detected signal. However, if the size of a propa-

gation tube, placed axially along the center axis of the solenoid, is much

smaller than its cross-sectional area such that the field is considered

homogeneous, any change in the radial positions of particles will not

significantly contribute to the detected signal, see section 5.1.3.5.
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� The sensitivity near the inner boundary of all cylindrical coils is much

higher than that about the center axis. Any small movement of particles

near the coil’s inner boundaries significantly affect its detected signal.

Hence, adaptive threshold might be needed for decoding, especially for

short solenoids, see section 5.1.2.

� The radial movement of a SPIONs-filled cylinder of fixed density inside

the coil towards its inner boundary increases the detected signal in an

exponential manner, which is directly proportional to the field distribu-

tion in the same direction, see section 5.1.2.

� The detected signal of the coil is directly proportional to the volume

susceptibility (density) of the particle suspension in its detection region.

This finding can help adjusting the amount of drugs delivered to the

infected cells. For instance, when a large volume of particle suspension

(covered with drugs) is injected into the bloodstream, strong signal

should be detected, which is corresponding to an intensive dose of

drugs and vice versa, see section 4.3.2.2.

� Because themagnetic field of the coil is not limited to its physical length,

signals are detected before the particles enter its inner domain. This

phenomenamay cause interference if there are othermagneticmaterials

nearby. However, the non-homogeneous effect (stray fields) at both

ends of the coil is mitigated in long solenoids, see section 5.1.2.

� The stray fields at both ends of the coil is higher than those along its

outer boundary, where the field is relatively weak and can be neglected,

see section 5.1.2 and section 5.1.3.8.

� Due to the rotational symmetry, the change in inductance caused by a

SPIONs-filled cylinder placed inside the coil is equivalent to that caused

by a summation of ring-cylinders that form the cylinder. This means

that changes in inductance due to partial volumes are additive in radial

direction, which is not the case in the axial direction, see section 5.1.3.4

and section 5.1.3.3.

� To fully capture the transmitted data and improve the system response,

the receiver is recommended to be of comparable length to the transmit-

ter. Much longer or shorter receivers reduce the performance metrics.

Also, it is recommended to have a solenoid of small cross-sectional

area (fits perfectly to the tube) so that the particles propagate directly

next to its inner boundary, where the magnetic field is maximum, see

section 6.2.4.
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� In a multi-layer solenoid, adding more layers to the solenoid (that

increases its thickness) slightly enlarges its average cross-sectional area

and hence reduces the detected signal, see section 6.2.4.3.

� The system response can be mainly obtained either directly from the

detector (simulation ormeasurement) or estimated analytically using its

sensitivity curve when the particle distribution in the detection region

is known. However, the estimated system response is slightly narrower

than that obtained directly from the detector, see section 6.6.

� For the same length, the magnetic field of the Maxwell coil decays

outside the detection region faster than Helmholtz, see section 5.1.2.

� Despite of the large homogeneous regions that exist in Helmholtz and

Maxwell coils about their center axes, the homogeneity is entirely lost

near their inner boundaries and magnetic fields fluctuate due to the

contribution from their own individual coils, see section 5.1.2.

7.3.2 Planar Coils

� Moving vertically above the surface of a planar coil shows prominent

decay in the detected signal, i.e. double distance weakens the signal

almost by half, see section 5.2.2.

� Both square and circular planar coils which are centered on the 𝑥𝑦-

plane have symmetric magnetic field distribution about the 𝑧-axis, see

section 5.2.2.

� The fields of the planar coils are almost confined to a small region above

their surfaces, see section 5.2.2.

� The system response due to a rectangular planar coil is weaker and wider

than that obtained froma square coil whose side length equals thewidth

of the rectangle, see section 5.2.2.

� Introducing an inner aperture to the planar coil weakens its detected

signal, see section 5.2.3.3.

� Distributing planar coils around the propagation tube, rather than using

a single-sided coil, can help strengthen the detected signal, see sec-

tion 5.2.3.2.

� Circular planar coil shows superiority over the square and rectangu-

lar coils. However, its detected signal is still much weaker than that
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obtained from a solenoid of the same detection length and wire-turns,

see section 5.2.3.1.

� For On-chip MC applications using SPIONs, an array of planar coils

with apertures can be used, which imitates a cylindrical coil and hence

provides higher detected signal in comparison with a single planar coil.

The array of coils can be embedded into a PCB such that each coil is

integrated between two successive layers, while the propagation tube

passes through the aperture, see section 5.2.3.3.
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8.1 Conclusion

Molecular communication (MC) uses molecules or synthesized particles to

carry information from transmitter to receiver. Over the past years, MC system

has been extensively theoretically studied in the literature. Also, several exper-

imental platforms and simulators were lately proposed. Most of those studies

were surveyed in this manuscript. However, this work is based on a platform

that employs biocompatible Superparamagnetic Iron Oxide Nanoparticles

(SPIONs) as information carriers that propagate through a fluidic channel

and detected by a susceptometer, i.e., solenoid. The related magnetic and

fluidic fundamentals are discussed. In addition, an analytical solution is given

to estimate the system response due to the particle propagation inside the

inner domain of the susceptometer. The solution involves the volume or line

integral of the particle density weighted by the magnetic field strength inside

the detection region of the solenoid. This solution efficiently estimates the

detection regime of the susceptometer, which reduces the computationally

expensive simulations and tedious experiments. According to the best of the

author’s knowledge, this derivation has not been given in any publications

before. Other detectors, namely cylindrical and planar coils, are also analyti-

cally and numerically studied then compared with the solenoid. To gain an

insight into their detection mechanism, various distribution, positions, and

trajectories of particles within their detection regions are applied.

In general, the system response can be estimated either analytically as dis-

cussed above or directly from the detector using simulation and/or measure-

ments. In an entirely numeric study, the SPIONs-based platform is approxi-

mated by a 2D-axisymmetric model to investigate how changing its injection,

fluid flow, and geometrical parameters affect the system response. This model

is also used to verify the analytical solution. Another 3D simulation-based

model of the employed platform is built to export the time-dependent par-

ticle density inside the detector during propagation, to be substituted into

the analytical solution to estimate the system response. The simulations are

compared with the conducted experiments.

Some of the findings are concluded as follows. The receiver is preferred to

be of comparable length to the transmitter with its inner boundary in direct

contact with the propagation tube. Although the propagation through a wide

channel strengthens the detected signal because the propagating particles

are shifted towards the inner border of the coil, where the field is high, the
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average propagating velocity is reduced, which widens the pulse and reduces

the overall system performance. Also, the injection is recommended to end

before, or at most shortly after, the particles enter the detection region. Before

being injected into thechannel, theparticledistributionwithin the transmitter

highly affects the detected signal. Other design guidelines are collected in

Chapter 7.

8.2 Outlook

Molecular communication using SPIONs is still in its initial phase and deep

research is needed.

As a future work, we suggest the following

� Other pumps, e.g., micropumps, with different injection functions

should be employed and compared.

� Variation of fluids rather than water, such as oil or blood, is required to

study how the viscosity affects the system response.

� Check for turbulence when adding obstacles to the channel, which

imitate clots in the bloodstream, or when the tube is bent.

� Change the injection angle by building new pieces with different angles

rather than the standard Y-connector.

� Because of the nanoscale of the employed particles, the effect of gravity

is neglected in this manuscript. However, other particles with larger

diameters and masses are needed to be studies to check their impact on

the system response.

� Apply sufficiently long transmissiondistances and check how this affects

the particle diffusion.

� To steer the particles to a particular direction (or location) for targeted

drug delivery, electromagnets of high field gradient are needed to be

optimized.

� For industry applications, larger tubes with high flow rates can be

employed. However, turbulence should then be taken into considera-

tion.

� The extension of this Single-Input Single-Output (SISO) system into

MIMO to achieve high bit rate transmission.
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� Planar coils are promising alternatives to the solenoids if the detector is

placed on the body. Therefore, a deep study of theirworking mechanism

and design is recommended. One of the suggested designs is the folding

and bending planar coils that fit the shape of the surface on which they

are placed.

� In all of these studies, very low frequency is assumed, and hence only

Direct Current (DC) analysis is conducted. However, the models can be

extended to include the AC analysis.

� Finally, building an experimental platform that involves both HBC and

MC communication systems.
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Doaa Ahmed

Detection of Superparamagnetic Iron 
Oxide Nanoparticles in Fluid Flow for 
Molecular Communication Applications: 
Analysis, Simulation, Experimentation 
and Design Guidelines

In this dissertation, based on the Molecular Communication (MC) system, a macroscale aque-

ous-based testbed is used to imitate the propagation of biocompatible drug-loaded Super-

paramagnetic Iron Oxide Nanoparticles (SPIONs) through a human vessel for drug delivery 

applications. In the testbed, particle suspension is pumped at different flow rates into a channel 

filled with water and detected by a susceptometer. All fundamentals required to understand 

the testbed’s physics are discussed. In a preliminary study, the testbed is simplified to a 2D 

rotationally symmetric model described mathematically, and its flow regime is analytically de-

rived. A full numerical study of the simplified model is carried out. To avoid the computational 

complexity of the 3D Multiphysics simulations, the magnetic and fluidic simulations are decou-

pled and simulated separately, from which the system response is efficiently estimated. Other 

detectors, including Helmholtz, Maxwell, and planar coils, are also considered. The detected 

signal of the coils is found to be directly proportional to the volume susceptibility and thus to 

the density of the particles in their detection regions. Changing the particle distribution inside 

the transmitter before being injected into the channel leads to various distributions inside the 

detector, significantly affecting the system response.

FAU Forschungen, Reihe B, Medizin, Naturwissenschaft, Technik  39

 ISBN 978-3-96147-517-9


	Cover
	Title page
	Preface
	Acknowledgment
	Abstract
	Kurzfassung
	Contents
	List of Symbols and Abbreviations
	List of Figures
	List of Tables
	1 Introduction
	1.1 Body Area Networks
	1.2 Thesis Motivation
	1.3 Thesis Aims
	1.4 Thesis Structure

	2 Molecular Communication
	2.1 Introduction
	2.1.1 Biological Cells
	2.1.2 Cell Signaling

	2.2 Biomedical Applications
	2.3 Literature Review
	2.3.1 Theoretical Studies
	2.3.2 Experimental Studies
	2.3.2.1 On-Chip MC Systems
	2.3.2.2 Gaseous-based Tabletop Platforms
	2.3.2.3 Aqueous-based Tabletop Platforms



	3 Fundamentals
	3.1 Fluid Mechanics
	3.1.1 Fluid Properties
	3.1.1.1 Density
	3.1.1.2 Viscosity

	3.1.2 Flow Regimes
	3.1.3 Navier-Stokes Equation
	3.1.4 Characteristic Numbers in Fluid Mechanics
	3.1.4.1 Knudsen Number
	3.1.4.2 Reynolds Number
	3.1.4.3 Péclet Number

	3.1.5 Laminar Flow in Tubes
	3.1.5.1 Fully Developed Velocity Profile
	3.1.5.2 Hydrodynamic Entry Length


	3.2 Magnetization
	3.2.1 Magnetism in Matter
	3.2.2 Classifications of Magnetic Materials
	3.2.2.1 Diamagnetic Materials
	3.2.2.2 Paramagnetic Materials
	3.2.2.3 Ferromagnetic Materials
	3.2.2.4 Superparamagnetic Materials

	3.2.3 Magnetic Fields Derivation
	3.2.3.1 Biot-Savart Law
	3.2.3.2 Current Loop
	3.2.3.3 Helmholtz Coil
	3.2.3.4 Maxwell Coil
	3.2.3.5 Solenoids
	3.2.3.6 Planar Coils



	4 Analysis of Fluid Dynamics and Particle Detection
	4.1 Simplified SPIONs-based Testbed
	4.1.1 Mathematical Description
	4.1.2 Analytical Derivation of the SPIONs Propagation Profile
	4.1.3 Time Durations

	4.2 Particle Distribution During Propagation
	4.2.1 Channel Segmentation to Predict Particle Density
	4.2.2 Particle Density to Volume Susceptibility

	4.3 General Concept of Detection
	4.3.1 Detection Scheme of All Coils
	4.3.2 Detection Scheme of a Solenoid
	4.3.2.1 Self-Inductance
	4.3.2.2 Relative Inductance Derivation



	5 Coils Simulation and Detection Mechanism
	5.1 Cylindrical Coils
	5.1.1 Simulation Setup
	5.1.2 Magnetic Field Analysis
	5.1.3 Different Studied Scenarios
	5.1.3.1 Change of Axial Position
	5.1.3.2 Change of Radial Position
	5.1.3.3 Additive Behavior in Axial Direction
	5.1.3.4 Additive Behavior in Radial Direction
	5.1.3.5 Concentric Increase of Particles
	5.1.3.6 Different Propagation Trajectories Inside the Solenoid
	5.1.3.7 Comparision of System Responses by the Cylindrical Coils
	5.1.3.8 Different Positions of the Solenoid


	5.2 Planar Coils
	5.2.1 Simulation Setup
	5.2.2 Magnetic Field Analysis
	5.2.3 Different Studied Scenarios
	5.2.3.1 Comparison of System Responses by the Different Coils
	5.2.3.2 Double-sided Planar Coil
	5.2.3.3 Multi-layer Planar Coils



	6 Modeling and Experimental Verification
	6.1 Overview of All Applied Analysis Methods
	6.1.1 Standard Setup
	6.1.2 Performance Metrics

	6.2 Fully Numerical Detection Method
	6.2.1 Simulation Setup
	6.2.2 Transmitter
	6.2.2.1 Changing Initial Particle Distribution

	6.2.3 Propagation Channel
	6.2.3.1 Propagation Lengths
	6.2.3.2 Channel Widths

	6.2.4 Receiver
	6.2.4.1 Detection Length
	6.2.4.2 Receiver width
	6.2.4.3 Detector Thickness


	6.3 Fully Analytical Detection Method
	6.3.1 Fully Analytical Versus Fully Numerical Solutions
	6.3.1.1 Variation of Injection Volumes
	6.3.1.2 Different Flow Rates
	6.3.1.3 Channel Limit


	6.4 Single Domain Magnetic Simulation With Solid Laminar Profile
	6.5 Single Domain Fluidic Simulation With Weighting Function
	6.6 Comparison of System Responses of All Computational Schemes
	6.7 Experimental Study
	6.7.1 Experimental Setup
	6.7.2 Simulation Setup
	6.7.3 Agreement of Measurement and Simulation
	6.7.4 Particle Distribution Shortly After Y-connector


	7 Guidelines for System Design
	7.1 Transmitter
	7.2 Channel
	7.3 Receiver
	7.3.1 Cylindrical Coils
	7.3.2 Planar Coils


	8 Conclusion and Outlook
	8.1 Conclusion
	8.2 Outlook

	List of Published Work
	Bibliography



