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Abstract

Innovation is currently the most common word in scientific publications. The day life
lack of time is responsible for the need of quick and accurate methods to solve problems.
Three areas of interest arose: public health, related to waste water contaminants quick
detection is needed; plastic industry with the need of maximum plastic bottles quality and
its required accurate moisture quantifier to set if the Polyethylene Terephthalate (PET)
pellets need to be dried; medical instrumentation with the need to detect the presence of
Plasmodium Falciparum in blood samples to rapid diagnosis of malaria disease which had
an incidence estimated in 200 million cases in 2013.

The aim of this project is to develop a portable, easy to use and accurate system, that
presents also high sensibility to: waste-water contamination study; access the PET drying
necessity; hemozoin detection. This device must be relatively cheap and easily replicated.
To meet the above requirements, the method under study is based on Electrical Impedance
Spectroscopy (EIS).

During the last decade, investigation in these three areas promoted the creation of
innovative methods. The advantage of the device under study compared to the methods
currently used are the low price associated and the low level of skills required. This
properties makes it suitable to be used without place and price worries. EIS revealed to
be an accurate method in order to distinguish material composition for the cases under

study. Future work is expected to turn the device portable and autonomous.






Resumo

Nos dias de hoje, inovacao é a palavra mais comum em publicacgoes cientificas. A veloci-
dade de evolucao do mundo atual torna necesséario o desenvolvimento de métodos rapidos
e precisos para resolucao de varios problemas. Surgiram trés areas de interesse: saude
publica, onde surge a necessidade de um método rapido para detegao de contaminantes
em aguas residuais; industria de garrafas de plastico, onde é necesséario garantir a secagem
dos peletes de Polyethylene Terephthalate (PET) antes da sua intrusao; instrumentagao
médica onde surge a necessidade de um dispositivo que detete Plasmodium Falsiparum
em sangue infectado com maldria, doenca que afetou cerca de 200 milhoes de pessoas em
2013.

O objetivo deste projeto é desenvolver um sistema portatil, preciso e facil de usar e que
apresente também alta sensibilidade a: estudo de contaminacao de aguas residuais; deter-
minacao da necessidade de secagem do PET; detegao de malédria em sangue. Este sistema
deve ser barato e replicavel. Para isso o método em estudo é baseado em Espectroscopia
de Impedancia Elétrica (EIE).

Na tltima década foram investigados imensos métodos inovadores nestas areas. A
vantagem do dispositivo em estudo comparativamente com os métodos utilizados atual-
mente sao o baixo preco e baixas habilitacoes técnicas necesséarias ao utilizador. Estas
propriedades tornam-no apropriado para qualquer terreno a um preco acessivel. A EIE
revelou ser um método preciso para distinguir a composicao dos materiais em estudo. O

objetivo futuro é tornar este dispositivo portatil e autonomo.
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Chapter 1

Introduction

The purpose of this thesis and the main objective will be summarized in this section.
The motivation for this study will be presented here. With the project progresses the
interest in three topics arose. Thus an introduction on these topics will be presented
being them: water contamination; PET pellets moisture; and the malaria disease. After
this introduction, our experimental approach will be presented. Finally some system

requirements and constrains are revealed.

1.1 Motivation

In the everyday life, innovation is one of the most common words in scientific publica-
tions. The soaring industrial development connected with the huge communication speed
are affecting the communities at socio-economic levels. The constant and fast changes
in the society, lead to the need of devices that support the lack of time and space which
evolution heightens constantly. Nowadays, everything is expected to be always available
no matter where or when. It has to answer all the requirements almost instantaneously.
Thus we study a traditional technique in order to solve problems from distinct scopes —
EIS.

The simplicity of the impedance study method and the fact of enable the use of a less
expensive device compared to the ones actually used, with possibility of an easy trans-
portation makes it able to be used anywhere turning it attractive for various applications.

Impedance measures are very sensitive to small electrochemical variations, what stim-



ulates us to take this study deeply, in order to find a solution to the problems encountered
in each of the areas this thesis will focus: public health — waste-water contaminants study;
plastics recycling industry — PET moisture; and medical instrumentation — malaria dis-

ease.

1.1.1 Water Contamination

Water is considered the most precious element of life. Primitive civilizations had no
hygiene and sewage cares and waste water was simply thrown out. The lack of treatment
promoted the creation of insects and rodents, proliferating diseases very easily.

Sewage Treatment Plants (STP) were created to collect population’s waste water and
to start the depollution of watercourses. This water gets into appropriate channels for
being transported to the treatment system. After passing by micro-organisms purification
systems with several steps (heating, hardness and corrosive agents correction, decantation,
filtration, chlorination), it is released to enter the water cycle and get back to public supply,
through a river, sea or lake. The schematic of a STP is presented in Figure 1.1. It shows
the primary, secondary and tertiary treatment processes. First of all the flow is controlled
and odours are pre-treated. Starting the primary treatment, solids in suspension and
organic compounds are filtered. The fluid is decanted and screened to separate liquid
from sediments which will also be processed before forwent. Then the fluid follows to
the secondary process for solute removal and disinfection. All the solids and organic
compounds in suspension which passed through primary treatment are now extracted by
activated sludge and sedimentation system. The tertiary treatment is the most advanced
neutralization system using biorreactors to remove undesirable ions and microorganisms.
After this treatments the fluid is almost potable water [1].

When water treatment is not efficient and contaminated water returns to the environ-
ment it may result in infectious intestinal diseases [1].

This evidences proves the importance of performing water tests in the STP way out
in order to ensure only harmless water is released to the environment [2].

Thus the STP effluent is analysed in order to quantify: Main elements (Ca, Mg, Na,
Fe IT and III, C1, SOy, SO3, carbonate and bicarbonate ions); Minor elements (compound

N, P and Si); Trace elements (B, Co, Cu, Fe, Mn, Mb, V, and Zn); Organic substances,

2
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Figure 1.1: During primary treatment waste water suffers physical care for solids removal.
Secondary treatment is biological in order to remove smaller organic compounds. Tertiary
treatment attacks the microorganisms and cleans the water almost till potable water state
by using reactors [1].

biochemical and chemical lack of oxygen; dissolved gases (Oy, Ny, COs, Hy and CHy);
pH, red-ox potential, conductivity, total acidity and C'O,, alkalinity. [2,3].
All methods developed for water ionic components determination in STP’s are based

on chemical reactions and with complex devices.

1.1.2 PET Moisture

Environmental concerns lead world’s population to be aware for recycling needs. With
scarcity of resources this practice is becoming increasingly common. Only China imports
around 7 million tonnes of polymeric pellets per year in order to create new products from
recycled Plastic Solid Waste (PSW). During the last 10 years, PET recycling increased
1200% [4]. Thus in addition to withstand temperature variations, recycled plastic must be
resistant to external forces and impacts as well as to microbial attack [5]. Nonetheless it
is intended that a recycled plastic keeps the physical /chemical and mechanical properties
and the expected quality of a virgin material. In actual industry the main interest is in
the abundant use of PET [4,6,7].

PET is a saturated polyester and represents a huge slice of the actual plastic industry

due to its thermoplastic and mechanical properties. Its low density combined with the



stiffness and high shock resistance turns it perfect for a wide spectrum of applications.
PET has several uses such as water bottles, textile fibres, bricolage utensils, hermetic
packaging, bottle stoppers, kitchenware, brooms and cleaning utensils, handbags among
others. PET has also low permeability for CO, and O, which protects its content from
oxidation reactions and deterioration.

Its molecular formula is C1gHsoN4O3, and it is represented in Figure 1.2. It has a
molecular weight of 342.39 g/mol. It is a polymeric polar resin which presents a dielectric
constant €, ranges between 2,5 and 3. This property brings the material storage capacity
of electric charges. It depends on the material composition and also on the frequency and

voltage applied.

Figure 1.2: Representation of the PET molecule in three dimensions. Each sphere repre-
sents an atom: red spheres for the Oxygen, grey spheres for the Carbon, blue spheres for
the Azote and light blue spheres for the Hydrogen [§].

After its life cycle, PET can pass through mechanical or feedstock recycling, inciner-
ation with energy recovery or land filling mentioned respectively in the likely order given
to the ecological and economic level of the material recovery processes. First of all the
collected plastic is clipped. Secondly, plastic is washed away to remove solid impurities
and then it is separated by its density. Thirdly it is milled together and compacted with
pieces of the same weight. Finally, it is then rewashed and sintered. At this stage the ma-
terial can be stored or it suffers extrusion and quenching with cold water to form granules
for commercialization [9,10]. The plastic is typically converted by mechanical moulding

methods such as extrusion, injection, blow, vacuum or inflation.
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PET Higroscopy

PET is an hygroscopic material like most of the thermoplastics. This characteristic reflects
the ease at which the material is able to adsorb and absorb the water present in the
surrounding environment [11].

The presence of water between the polymer molecules causes a molecular reaction -
hydrolysis - while the plastic pellets are melting. Hydrolysis interferes with the polymeric
structure by decreasing the chains size causing lower molecular weight.

This results in lower resistance and tensile strength which does not allow the final
quality required in the control. Most of hygroscopic plastics drying techniques are based
on a dried air stream at high temperatures. For acceptable results, the water content on

the plastics must be lower than 300 ppm (parts per million) [12,13].

1.1.3 Malaria Disease

Malaria is an endemic disease affecting more than 200 million people per year. Although
getting lower incidence, more than 400 000 deaths caused by malaria were registered in
2015, being 90 % of them in African region, according to World Health Organization
(WHO). It remains the major cause of death in tropical and subtropical children and
pregnant women [14].

Malaria is a disease caused by the infection of Plasmodium falciparum that gets in the
blood circulation after a mosquito bite. This parasite is responsible for the conversion of
hemoglobin of Red Blood Cells (RBC) in crystalline structures with different properties
— hemozoin [15-17].

The illness is expressed by high fever and other flu effects, culminating in confusion,
anaemia, breathing difficulties or even coma. When these effects occur and there is
suspicion of this disease, laboratory tests are performed to screen malaria. The use of
accurate Rapid Diagnostic Tests (RDT’s) is crucial to detect early stages and prevent
malaria’s evolution, decreasing the tremendous number of deaths [14].

The lack of a robust RDT represents a huge problem in underdeveloped countries and,
simultaneously, a research challenge [18,19].

This study aims to detect Malaria with a less invasive method. It starts with the



study of small blood samples aiming to achieve a non-invasive probe.

Blood analysis

The primary object of study for malaria case is the human blood. Blood contains various
figurative elements (erythrocytes, leukocytes and platelets), suspended in a serum which
comprises more than half of the total volume of blood - the plasma (composed by water,
proteins, nutrients, hormones and enzymes, as well as cellular metabolism products) [20].

Erythrocytes also known as RBC are the element present in greater amounts in the
blood. There are about 5 million RBC’s per cubic millimetre, in the blood of an adult
and healthy man. Erythrocytes are composed of hemoglobin, ions, water, glucose and
enzymes. Hemoglobin is the main component of erythrocytes. It has the function of
oxygen transportation to the different tissues of the human body. It also carries a small
amount of carbon dioxide [20].

When considering laboratory tests, blood is typically collected in small quantities and

these components are analysed.

Hemozoin Formation

All the parasite infection starts with a mosquito bite. The spread of the parasite cycle is
represented in Figure 1.3 and described below.

In the liver, plasmodium sporozoites develops in 3 states cycle. Firstly it forms the
ring-tropozoite (first 24 hours) with the first nuclear division: hemoglobin degradation
starts. The hemozoin is naturally synthesized within the digestive vacuoles of intraery-
throcytic parasites. The parasite attacks hemoglobin heme (Fe*T), releasing a ferrous
group, yielding Fe3" (protoporphyrin I1X). Secondly the first mitosis occurs (schizont for-
mation — between the 24" and the 30" hours) combined with the increase in hemoglobin
degradation — crystallization of heme. Thirdly successive nuclear divisions take place and
hemozoin, an insoluble crystal with paramagnetic properties, is obtained. It culminates
with erythrocyte membrane rupture (followed by schizont segmentation). After this cycle,
16-32 merozoites are free to invade more erythrocytes [16,22-24].

When another mosquito comes and gets both sexual forms of plasmodium - the game-

tocytes - that combined will form a new sporozoite.
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Figure 1.3: Lifecycle of malaria parasite: After mosquito bite, the sporozoites of plas-
modium gets in blood circulation till the liver where it starts schizogony. After that,
merozoites are released in blood circulation. They will attack erythrocytes and the cycle
is closed when a mosquito bites and gets both the gametocytes [21].

1.2 Approach

Following the above outlined needs for each case study, EIS technique emerges. The main
objective of this dissertation is to present the full potential associated with the use of
impedance spectroscopy, particularly in terms of detection of contaminants in the waters
at the exit of the treatment plant, in moisture detection in PET flakes right before the
melting and in malaria parasite uncovering in human blood.

This method distinguishes easily, and with relative good sensitivity, changes in physical
and chemical composition of fluids and materials under study, which makes it a potential
detection technique for specific changes in every case study presented. Since the water
study is the most cited case, all the methods started with water tests.

This device is simple to use on a bench and easy to adapt to the groundwork. It is rel-

atively cheap when compared with the currently performed tests for each case (especially
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when laboratory tests are discussed). It is a rapid technique (takes about 30 minutes)
and it is portable. It is robust and it deserves a thorough investigation of possible new

applications.

1.3 System Requirements and Constrains

The major request of actual industry is to find the easiest way to detect problems. When
easy and cheap must come together, other characteristics (such as material used and
its durability, the time of use, among others) must be suppressed despite being always
considered.

During the studies presented some requirements were considered in order to turn the
device cheaper and accurate at the same time. Respecting the final applications for each
case study, the most accurate and cheap electrodes were selected as presented ahead.

Although known, the requirements for electrode durability when exposed to such ag-
gressive environments, it has been taken into account whether the sample should be reused
or must be discarded after the test. All electrolyte physical and chemical changes brought
were studied and considered.

For the water contamination and malaria disease tests, stainless steel wires are used
to manufacture the electrodes, since this is the most resilient and cheap material. The
water and blood samples are used just once since the sample holder is disposable. The
sample holder volume was minimized in order to fit the device and the blood collection
requirements.

In the case of PET moisture stainless steel electrodes are also used. The electrodes
for PET must have a higher area in order to create a higher intensity of the electric flow.
The material was the most resistant to corrosion and erosion during testing. The PET
environment is less aggressive than the previous ones, thus some cleaning specifications
are required only. The shelf life of those is under study. These characteristics are still

being optimized.



Chapter 2

State of the Art

This chapter will present the latest works and most relevant research in the area of study
here investigated. For each case study, features and methods are presented for the existing
and currently most used devices. A common trait is transverse to the 3 case studies: with
the proper functioning of the device under study, the lack of portability, high price and

the difficulty of handling are overcame faults.

2.1 Case Study 1 - Water Contamination

A water treatment plant needs to ensure that no contaminants goes out the circuit and
gets into water cycle. For that, microbiological, physical and chemical tests must be
performed.

It is preferred to get analytical methods to distinguish multi-waste and not only metal
ions and antibiotics.

Thus the fluorescence spectroscopy is the gold standard to detect water contaminants.
This technique is based in excitation-emission matrices (EEM) and synchronous fluo-
rescent spectra (SFS) [25]. EEM works by fluorescence maps based on emission scans
acquisitions for a wavelength excitation range and SFS uses simultaneous scanning of the
excitation and emission for a fixed wavelength range. However, fluorescence spectroscopy
requires high performance equipment which turns the process highly expensive.

The presence of specific antibiotics and metal ions, which showed the most persistent

contaminants in the environment, is currently studied by ultra-high-performance liquid



chromatography (UHPLC) or tandem mass spectrometry [26].
The purpose of the device under study is to increase the range of contaminants covered
and to distinguish the various components making it easier to analyse, without requiring

laboratory tests, reducing costs in many ways.

2.2 Case Study 2 - PET Moisture

Once PSW production is growing every year during past decades, also recycling processes
optimization techniques were deeply studied [12]. One of the most problematic steps in
recycling PET is the moisture detection for dry process, before the moulding. Thus, this
will be the object of study hereafter.

One of the more often used hygrometer in industrial levels is the MEECO - an elec-
trolytic system connected to a heating system. Air enters in the system and runs through

a series of electrodes that lie inversely polarized as shown in Figure 2.1.

Figure 2.1: Representation of the electrolytic cell. When the air passes through the
electrodes, it electrolysis each water molecule receiving two more electrons in the cathode
[27].

Each molecule of water gives two electrons between the anode and the cathode, forming
a current electrolysis - that allows us to calculate the amount of water molecules entering
the cell.

This technique allows the calculation of the moisture concentration in the gas [27]. It
is used to extrapolate the air moisture. This is a conductance study technique as EIS.

Some other studies using EIS were performed lately. The use of conductance properties
is attractive due to its wide range of physical properties [28-30].

The device under study respects the EIS technique. However this study is based on

non-treated surface electrodes in order to get the lowest price.
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Following the information given by a highly regarded plastic containers producer (LO-
GOPLASTE), the most fast and cheap method of moisture detection in PET is the
accurate weighing of the provided sample and its density study in comparison with a dry
sample.

Duration of PET’s drying process is only optimized by varying driers area, temperature
and isolation, never taking into account how wet PET is. This study must find a better

way to quantify the moisture rate to optimize the time and temperature of drying.

2.3 Case Study 3 - Malaria Disease

Traditional malaria diagnosis techniques are based in laboratory and molecular analy-
sis. At the forefront of laboratory diagnostic tests are microscopy based techniques, like
Peripheral Blood Smear (PBS) or DNA inspection and RDT’s. Molecular tests are also
used. Polymerase Chain Reaction (PCR) and Microarrays techniques are the most used
and developed [19].

During the last decade, malaria diagnosis methods suffered a fast and positive devel-
opment. However, the high price associated and the high level of skills required to use the
most accurate diagnostic methods, make them not suitable to be used in underdeveloped
countries.

Previously, studies were performed to distinguish blood characteristics based on the
fluid conductance [22]. The method is different from the one presented in this thesis
since gold surface changed electrodes are used. The method uses low frequency to study
the cell circulant environment. The blood needs previous treatment in order to separate
erythrocytes. A Voltalab 80 PGZ 402 is used for data acquisition. Another method used
micro-flow cytometry combined with EIS analysis and it reveals cell impedance changes
when parasitized. [31]. In order to turn this test non-invasive, some studies in magneto-
optical properties are in progress [16, 32, 33].

Since EIS fits the requirements for malaria screening, the aim of this project is to
develop a portable, easy to use and accurate system, that presents also high sensibility
to hemozoin detection. The device under study during this thesis is relatively cheap and

easily replicated. It has been earlier studied by Paula [34] concluding the possibility of
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application of the EIS technique, although using different device components and mate-
rials. Paula’s device uses hardly portable and expensive electronic equipments and also

treated electrodes, which turns the method more expensive than ours.
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Chapter 3

Theoretical Background

In this chapter the main technique used is described. The screening and measurement of
contaminants in water, moisture in PET and malaria parasite in blood full-blown over
the current work is based on EIS. To this equipment, a magnetic field provided by an
Halbach cylinder, for malaria tests, will be attached. The theory behind the method is

slightly explained henceforth.

3.1 Electrical Impedance Spectroscopy

The impedance is the property that describes the opposition which a material offers to

the flow or an electric current with a given frequency, in a system [35,36].

Impedance is often simplified as a result of input voltage division (V-Volts) by input

current (I-Amperes) as:

7 (w) = ? sin(wt — £77) (3.1)

where w is the angular frequency, w = 27 f. The potential differences are responsible for
the current flow appearance and by the movement of the electric charges for the benefit
of the gradient. Current explains electrical charges flow per time [35]. EIS technique is
based in the excitation of a sample by an electric field with a varying frequency. The two
impedance important relations to refer are amplitude, |Z*|, and phase, £Z*. This last

translates the angular phase shift through which the current delays from the voltage.
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Amplitude is given by:

2| = V(Re{Z*})? + (Im{Z*})? (3.2)
and the phase is given by:
Im{ZzZ*
L7 = arctan % (3.3)

Impedance may be represented by two components: the real part of impedance,
Re{Z}, which is the resistance — dissipated energy — and the imaginary part, Im{Z},

which is the reactance — stored energy — and they are given by:

Re{Z*} = |Z*|cos £Z* (3.4)

Im{Z*} = |Z"|sin L Z* (3.5)

Direct Current (DC) measurements only provide the value of the total conductivity, and
do not return information about the different contributions of conduction mechanisms that
can occur in certain materials. Through EIS method it gets possible to obtain additional
information such as dielectric polarization and driving mechanisms. This information
would not be detected by simple measures of conductivity in DC since it can only have
the real component information.

EIS is nowadays used in a wide range of applications such as cellular measurements
(counter, hematocrit measurements, cell culture monitoring, among others), volume changes
measurements (in cardiography, plethismography and pneumography), body composition

(water, fat, among others), tissue classification among others [37, 38].

3.1.1 Measurement Principles

An 1V sine wave is introduced by the wave generator in impedance meter system. The test
object can be excited by a current (MI), when the sample is positioned in the operational
amplifier feedback path, or by a voltage (MV). The circuits for representation of these

two modes are presented in Figure 3.1.

An inverter configuration is used. Consequently for each current and voltage modes

14



Mi

MV

Figure 3.1: Excitation modes schematic: Here are represented the inverter simplified
circuits for current mode (MI) and voltage mode (MV).

and for inverter configuration, the signal expected to obtain is for current mode (MI):

Z
Vout = —Vin X E (36)
. .z
with gain 7 and for voltage mode (MV):
R
V;mt = —Vin X E (37)

ith gain al
w in —.
sz
In these equations, Z represents the object under study (load between the electrodes)

and the R represents the internal equivalent resistance. The - signal explains the inverter

input. In the oscilloscope two signals (input and output) have to be in phase opposition.

The frequencies were chosen in order to get an output signal:

0.2 < |Vow| <5 (3.8)

Output signal saturation occurs for |V,,| > 15V. Thus the calculus of the gain is

crucial in order to define which is the best resistive element.

In order to study the presence of conduction processes for simple tests, Cole-Cole plots

are drawn. In this plots resistance is in the x-axis and the symmetric of reactance (x — 1)
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in the y-axis. For more complex studies other important representations to use are |Z*|
Vs log(f) and £7* Vi log(f). The £Z* is the value of phase shift angle [39].
Taking into account moving charges present, four main physical processes may have

influence on data:

bulk resistive-capacitive and generation-recombination effects;

adsorption at the electrodes;

electrode material reactions;

diffusion.

It is important to take into account parasitic impedances which can defect the results.
These impedances are neglected when electrodes area is large (more than 1em?) and the

frequency ranges above 10kH z [39].

3.1.2 Equivalent Circuits

Some equivalent circuits are in consideration in order to develop the most accurate and
simple impedance meter. In the Table 3.1 some circuits and the characteristics that make
them considerable are listed. This circuits were used in previous studies in which the
importance of impedance data acquisition in several material properties interpretation
were demonstrated.

The impedance meters interpret RLC circuits. These circuits enable the absence of
reactance reference values, since this is readily calculated by knowing the excitation signal
frequency, current and voltage. It is noted that impedance meter bridges allows a versatile
design for various applications [40].

The first two are considered by Feucht [40] the core of the impedance measurement
circuits. The first one presents a load virtual ground as the one presented in 3"¢ and 4"
raw, which are the ones used in the present case studies, for MI and MV, respectively.

The second one has the Load Z, grounded.
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Table 3.1: Equivalent Circuits for inverter mode from literature [40].R, is the internal
resistance, ahead represented by R;,;. Vi, translates the amplified voltage and Vy; results

from the Vy; =14 x R,, with i as the source current.
1A

Load virtual ground

Vivx

Grounded 7Zx

Vix

Load virtual ground

SR S FAY) 4
IT OA
Zx
Rg
v g7
G) Load virtual ground
T —  Vix
OA

7x - virtual ground
Current feedback OpAmp (AD844)
Load virtual ground
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3.2 Halbach Magnetic Field

Magnetic fields are sourced mainly by the existence of permanent magnets in proximity.
Its field lines have specific properties. They are represented by force lines, which indicate
at each point the direction (tangent to the force lines) and direction of the magnetic field.
They leave the north pole and enter the south pole, continuing within the magnet in the

direction of north pole, forming closed lines as illustrated in Figure 3.2 [41].

Figure 3.2: Magnetic field force lines of an ideal parallelepiped magnet [42].

A magnetic field can also be created by the inductive movement of charges - electric
field. In this case force lines are circumferences, and the field strength depends on the
distance to the current. The direction of the magnetic field is thus given by the right
hand rule.

Ampere cited "The line integral of a magnetic field at any closed curve is proportional
to the amount of electric current in all the conductors which cross the inside of the curve”

translated in:

]{ Bd7 = 4k, I, (3.9)
C

where k,,, = ﬁ , Iins is the total current of all conductors and the p is the permeability,
a material dependent parameter. This equation allows us to calculate the magnetic field
value when generated by an almost infinite electrical string.

Once a continuous magnetic field is required for malaria detection tests, the magnetic
cylinder Halbach was resorted. Halbach exposed ideal models of continuous magnetiza-
tion, even being so hard to fabricate.

Some authors have studied the magnetic field changes by different configuration of
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2l Z2|n

Figure 3.4: Continuous magnetic field generated by Halbach 12 magnets as reported by
Vogel [43].

permanent magnets in order to get the best Halbach configuration [43-46].
This way a set of 12 magnets with horizontal polarization (as shown in Figure 3.3) are
disposed in a cylinder with 60 degrees rotation from each other getting a configuration as

presented by Vogel [43] in Figure 3.4.

3.2.1 Crystals Alignment

The Halbach cylinder will be used to magnetize hemozoin pigments in malaria diagno-
sis. Hemozoin is a changed hemoglobin which acquired ferromagnetic properties. It is a
pointed shape crystal as shown in Figure 3.5(c) which is capable of aligning itself in the
presence of a magnetic field [16]. As shown in Figure 3.5(b), hemozoin molecule has a
central magnetization axis containing ferritic ion. This molecule has an arrangement as

shown in Figure 3.5(a).
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Figure 3.5: Hemozoin structure which gives it ferromagnetic properties: (a) is represented
in its molecular structure; (b) is the atomic arrangement that evidences the axis of mag-
netization; (¢) the microscopic Capture of hemozoin highlighting its pointed shape [16].
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Chapter 4

Materials and Methods

The materials of study and the methods used to achieve the main goal will be summarized
in this section. Both the materials and the methods were defined having in mind the
achievement of accurate component distinction in the three cases. In the first section the
materials used will be minutely described, starting with the Hardware, then the Software
followed by the Tools and the Test Objects. The second section will contain the methods
developed. Since three cases are studied, a detailed description of each case will be

provided.

4.1 Materials

4.1.1 Hardware

The hardware, resumed in Figure 4.1, is composed by a power supply system,a wave
generator (Digilent®) which is controlled by M AT LAB®, a motor driver to control the
motor responsible for Halbach cylinder rotation, an impedance meter circuit, a ther-
mometer based in a thermal resistor (PT1000) and the electrodes which are embedded
in the sample holder. A buffer circuit is added for PET tests. For acquisitions in hostile

environments, the system is placed in a Faraday cage.
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Figure 4.1: Hardware Architecture resume.

Power supply

At the moment the system is powered by 220V AC. This voltage is converted to +12V
DC which will supply the 12V motor and its driver. These +12V are converted to 15V
DC and 45V DC in order to supply impedance meter amplifier and the thermometer
respectively. Internal components like LEDs and switches are fed by +5V DC.

Digilent® Analog Discovery

The Digilent® Analog Discovery system from Analog Devices Inc. is able to measure,
record, and generate analogue and digital signals. The device is represented in Figure 4.2
[47]. Tt is a multi-function device which replaces several electronic instruments simplifying

data acquisition. Its most important features for this study are:

e 2 simultaneous acquisition channels;
e Sampling up to 100 MS/s;
e 5VDC power supplies

e Easy interface with matlab - toolbox for Digilent.

In addition to these features, it is still small, lightweight, inexpensive and portable,
requiring a low power supply.
Motor driver

A stepper motor is used to rotate Halbach cylinder for precise angles. This motor type is

Y129 and it is able to rotate with high precision 200 steps of 1,8 degrees [48].
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Figure 4.2: Digilent® Analog Discovery system from Analog Devices Inc.

Impedance Meter

Once studying the impedance inherent in a circuit, it becomes necessary to use a reliable
and precise instrument for the impedance measurement. Thus one impedance meter based
on voltage and current deflection measures was built. This instrument is connected to
the Digilent® which allows to acquire the signal resulting from the excitation circuit by

a DC voltage of £15V. Its general circuit is represented in Figure 4.3.

+15
c74 o
TP1 3 :
Sln_1<<-——1D |
Swi1  E
5 [~L_| OPA627
R31 *u2 6 |
VI & - 2,
R32 C75 1
3 : | <00 o} SWo
R33 b
Sw3 15
R34 — l SV
s o §
R35 T i
| ——
i3 I]
R36 T
Electrodes

Figure 4.3: The impedance meter circuit is represented in order to understand the acqui-
sition mechanisms. It allows to switch channels in order to change the internal resistance

of the circuit and the excitation mode (current - I or voltage - V).

The internal circuit is organized in order to change 2 parameters through the deep

switches: internal equivalent resistance and voltage/current mode.
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(a) Up view (b) Up View (c) Up view circuit

Figure 4.4: The first version of the impedance meter in (a) was a simple circuit with an
interrupter and a mode switch button. There is a whole which allows internal resistance
change. The second impedance meter in (b) and (c) allows inverter and non-inverter mode
switch.

Various circuits have been used to study different possible ways to characterize these
materials and fluids. The first two impedance meter used are represented in Figure 4.4.
Once inverter and non-inverter configurations were studied, a second device was designed
to cover those needs. Thus impedance meter 2 was assembled as shown in Figure 4.4(c).
The second impedance meter allows to switch between inverter and non-inverter mode
and also between current and voltage modes. Such as the first device it has a whole to

allow internal resistance change.

It was found the inverter mode is the most reliable mode for the objects of study,
so the Impedance meter 2 was only for the first experiments. This system respects the
base circuit represented in Figure 4.3. This way, the most accurate printed circuit board
was designed and it is represented Figure 4.5. The board is ready to receive two distinct

systems. In this case, we will focus in impedance measurement system.

The PCB revealed to be more accurate and less sensitive to errors. This last device was
used to obtain the most accurate results for each case study. The 3D printed structure in
PLA is adaptable and changeable for each case - for PET analysis, a copper coil — buffer

circuit — is added and for malaria analysis an Halbach cylinder is attached.
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Figure 4.5: The third impedance meter was printed PCB with several deep switches which
allows to change parameters easily and with less human mistakes or verification needs.

Halbach cylinder

In order to generate a uniform magnetic field, important to ferromagnetic pigments de-
tection, we appealed to the Halbach configuration of magnets. In this configuration,
permanent magnets are used in the formation of a cylinder. This cylinder has an intense

magnetic field inside without magnetic field outside as represented in the Figure 4.6. The

Figure 4.6: The magnets configuration forms a nearly uniform magnetic field in the center
of the cylinder.

Halbach cylinder used is an assembly of twelve permanent magnets. The magnetic field
1
generated inside this cylinder has §T right in the centre of the whole. This component

will be used for malaria tests.
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Temperature Sensor

Due to the high influence of temperature in impedance results, a thermometer was tested
in order to be added to the system in the future allowing to normalize the impedance
measure taking into account its variation with the temperature. This thermometer has a
temperature sensitive resistance PT1000. Its circuit is represented in Figure 4.7. Some
tests were performed and presented in the Chapter 5 in order to ensure thermometer
linearity and sensitivity. PT1000 data-sheet information was used to extrapolate the

temperature value through V,,, values [49]. Resistance variation is obtained by:

‘/out
Ry = <y = (4.1)
1005 X (1+ R61><(R6622w0+1))
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Figure 4.7: PT1000 circuit. The thermal resistance is represented by RT.

Sample holders

The test object holders were composed by a cuvette of polystirene (PS) for the water and

blood studies. All the electrode support structures are 3D printed pieces of Polylactic acid
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(a) Cuvette 1 (b) Cuvette 2 (c) Cuvette 3 (d) Cuvette 4

Figure 4.8: The container 3 is an attempt to minimize the volume of tested material.
Some constraints with the fluid placement occurred. The cuvette 4 is the last version
used in water and blood samples.

(PLA). The electrodes used are made of stainless steel. The minimum volume is required
to blood sample tests since the intention is to use the least amount of blood as possible,
making the method less intrusive. The four containers used are represented in Figure 4.8.
The cuvette 1, Figure 4.8(a) was composed following the water tests results in a water
trough. In order to have a minimum volume sample, cuvette 2, Figure 4.8(b) was tested.
Its volume was five times smaller than the cuvette 1 volume. After realizing the electric
field was not aligned with the magnetic field, which was important for malaria detection
tests, the container was drastically changed to cuvette 3, Figure 4.8(c). This shape allows
low volume requirements. However the container is completely matted which does not
allow to view the contents of the cuvette, not allowing for checking of the existence of air
bubbles or other artefacts that may change the results. Thus cuvette 4, Figure 4.8(d),
was built to fill those gaps. The structure combines all previous requirements - we can
get a lower volume and it is possible to inspect cuvette interior during data acquisition.

The sample holder configuration is crucial to the proper placement of the sample.

The associated cost corresponds to the needs of a disposable container. The material
used is biocompatible which is indispensable specially to blood tests. The container was

optimized in order to achieve a suitable volume sample required.
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Electrodes

The electrodes used to study fluid and material characteristics were based in stainless
steel material. This material is cheap and allows the disposability of the container after
electrolyte study. The stainless steel used for first water tests was those presented below

and shown in Figure 4.9.

Figure 4.9: First electrodes used to water tests: YT 10,9, ZP 8,8, A4 80, A4 70, A2 70,
respectively.

The first two materials are zinced steel coated with a carbon alloy and zinc. The A4
and A2 are based in a Ni-Cr alloy with different proportions (10-14% Ni + 16-18.5% Cr
for the first case and 8-13% Ni + 17-20% Cr for the second case). A4 electrodes revealed
to be the most corrosion resistant as expected. The numbers after the type represents the
tensile strength divided by 10 (for example, A4 80 has a tensile strength of 800N/mm?).
The electrodes were partially isolated to maintain constant the contact area. Different
colours were used to facilitate material distinction.

Electrodes evolute to shorter forms in order to get smaller sample holders. This way,
for water and blood tests, stainless steel wire was used. The wire has a shorter area which
will increase impedance value — this is crucial since commercial waters and blood samples
are very ionic, having very low impedance, which saturates the system.

Specially for PET impedance measurement, electrodes evolutes from stainless steel
rods (radius = 0.4cm and length = 25¢m separated by 0.5¢m) to steel plates (width =
12¢m and length = 25cm separated by 0.7cm) as presented in Figures 4.10(a) and 4.10(b),

respectively.

Buffer Circuit

Since PET changes its behaviour with frequency changes, behaving as open loop for the
low frequencies and as a short circuit for high frequencies, it was introduced in the system

a circuit as presented in Figure 4.11(a) with a resistance in series and a coil in parallel
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(a) Rods 25¢cm

(b) Plate 25 x 12cm?

Figure 4.10: PET electrodes shapes. At first, stainless steel rods were used and finally it
was changed for stainless steel plates.

as represented in Figure 4.11(b). The resistance eliminates the short circuit and the coil

eliminates the infinite impedance which results in open loop.

(a) Buffer Circuit and (b) Buffer Schematic.
schematic.

Faraday Cage

A Faraday Cage is a shield formed from conductive materials. It is a wrapper normally
comprises a conductive loop connected to ground. This cage blocks static and non-static

fields, protecting the inside of electromagnetic interactions. It does so through channelling
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the power over and around, but not through the interior. The conductive material delivers

constant tension from all sides of the casing. The cage is represented in Figure 4.11.

Figure 4.11: Faraday Cage.

This cage is used for acquisitions in hostile environments to filter the interferences
from outside the system that affect the acquired signal and introduces noise in output

signal.

4.1.2 Software

The Digilent® requires a software development kit (SDK) previously installed in the
computer to permit data exchange. The SDK is available on the website [50].

The whole project was developed using M ATLAB® R2015b. There were developed
the data acquisition files to communicate with the device. The user can control the device
through an interface as represented in Figure 4.12. All the impedance parameters related
to wave generated parameters and to the impedance mode and magnetic fiend rotation
mode can be controlled through the black box. In the red box it is possible to shut on/off
the acquisition system, choose the direction of magnetic field rotation and it’s rotating
parameters. In the yellow box data type is set. For impedance case it is possible to choose
Impedance slot. For temperature tests it is the only check point required. In green box
internal resistors are chosen. Angle of rotation or number of steps can be selected in the
purple box. It is possible to choose the Single Frequency or Standard Sweep, with the
option of repeat the single, in the orange box. If repeat single slot is chosen, it is possible

to select time between repetitions and how many times to repeat in blue box. The colours
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Figure 4.12: MATLAB® interface.

presented are merely representative in order to explain where the parameters are selected

or changed.

4.1.3 Tools

Some tools have been used to measure external parameters namely:
e Thermometer (SIKA® and CATIM®);
e ATPK2 PEAK®(semiconductor component analyser);

o MATLAB® R2015b academic licence from The MathWorks, Inc.
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Table 4.1: Composition of the waters under study

Penacova Vitalis Luso <:H._m:.o Fastio <:.bw:.o Caramulo Evian
Lisa Original
pH 5,3 (0,4) 4,7 5,8 (0,2) 5,88 (0,4)* 6 ** 7,3 (0,2)* 6,5 7,2
Total Mineralization 32 (2) 26 48 (7) 48(5) - 1035(30) 86 -
Total Hardness - - 8,8 (0,7) - - - - -
Dried Residue - - 42 (4) - 34 (4) - - 309
SiO2 8,9 (0,4) 10 13 (2) 0,6(0,1) 9,6 (2) 13,1(0,6) 28 -
Anions
Cl- 9,9 (0,4) 7,2 9,1 (0,5) 10(1) 4,2 (0,4) 198(16) 5,2 6,8
HCO3- 2,3 (0,5) <0,3 12 (4) 16,8(0,5) 8(0,8) 448(5) 26,6 360
SO4 2- 1,3(02) - 15(02) - 1(02) - - 12,6
F- - - - <0,1 - 0,29(0,01) - -
NO3 - 1,9 (0,2) 1,3 1,6 (0,2) - - - 1 3,7
Cations
Na + 53 (0,4) 42 71(L1)  95(2) 41(0,4) 139(14) 11,3 6,5
Mg2+ 1,1 (0,2) 0,7 1,7 (0,2) 1,4(0,5) - 30 (2) 1,7 26
Ca2+ 0,5 (0,1) 0,4 0,74 (0,12) 5(1) 1,3 (0,3) 119(9) 2,7 80

mg/ml *20° **18°
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4.1.4 Test Objects
Waters

Attending to our objectives of distinguish water components, several waters from different
sources were used. The labelled composition of them is represented in Table 4.1. Deionized

water and distilled water were also used to software calibration.

PET

The PET used to simulate the influence of environmental moisture came from two different
providers as shown in Figure 4.13. Therefore, it is considered important to ensure that
the shape of the pellets (Figures 4.13(a) as cylinders and 4.13(b) as spheres) will not affect

the results to the concentration of water and moisture.

Figure 4.13: The PET received presented two different shapes as shown above (4.13(a)
cylinders and 4.13(b) spheres).

Blood

In order to get closer to the circumstances of detecting malaria, two types of blood were
used. Firstly rabbit blood with synthetic hemozoin and then human blood. Rabbit
blood was provided by Probioldgica and it is preserved with the anticoagulant acetyl-CoA
carbozylase. 1t was diluted with Sigma PBS (Phosphate Buffered Saline) P4417 with
pH = 7,2 in the proportions described in Table 4.2 [51].

Human blood was 50% diluted with PBS with pH = 7 whose composition was: distilled
water (2[); potassium chloride (400mg); Sodium chloride (16mg); potassium dihydrogen
phosphate (400mg); sodium dihydrogen phosphate (2.3g); phosphoric acid 8.5%. This

33



Table 4.2: Dilutions of the blood used for the three tests with the containers Wire 1,2 and
3 and for excitation in MI and MV. The dilutions are presented in PBS:Blood proportion.
With Synthetic hemozoin (HzS) the dilution is related to HzS:(blood:PBS (1:1)).

MI MV
No HzS With HzS No HzS With HzS
1:1 1:1
. 1:2 1:2
Wire 1 1:4 1:4
1:8 1:8
. ) 10:1 _ 10:1
Wire 2 1:1 20:1 1:1 90:1
. 3:1 3:1
Wire 3 1:1 90:1 1:1 90:1

Table 4.3: Human blood samples were provided by the National Institute of Forensic
Medicine and Forensic Science (INML.CF), Delegation of Centre.

Sample Origin Age genre

1 Madeira 30 Male
2 Madeira 39 Male
3 Madeira 59 Male
4 Madeira 64  Female
5 Madeira 56  Female
6 Center 20 Male
7 Madeira 42 Male
8 Center 52  Female
9 Center 62 Male
10 Center 65 Male

blood was treated previously with a buffer of Potassium Fluoride (NayEDTA). The

samples used are described in Table 4.3.

Synthetic Hemozoin

Synthetic Hemozoin (HzS) was used to simulate the presence of malaria in blood samples.

HzS used was manufactured in laboratory.
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4.2 Methods

Two methodologies were in the base of this study. The Standard Sweep and the Single
Frequency tests. Both the methodologies are always tested in the voltage and current
modes, here referred as MV and MI respectively.

Deep switches are in the circuit in order to select internal equivalent resistance or
to select excitation mode (voltage or current mode) varying or not the frequency. Some
tests were performed to understand, if inverter or non-inverter mode was the better. The
device used presented an inverter configuration. It is expected to obtain, for each mode
MI and MV, a reverse result taking into account the charge flow between the electrodes
and the internal resistance in the system. The MI and MV results for inverter mode will
be presented hereafter.

All the studies start with a Standard Sweep in order to visualize which is the best
frequency to use in Single Frequency repetitions. After the circuit understanding it is
important to explain the main acquisition methods.

For each method three graphics are generated:
e |Z| (presented in Q);
e L7 (presented in degrees);

e (Cole-Cole diagram.

4.2.1 Standard Sweep

Sweep standard uses a frequency list (from 1Hz up to 1M Hz) and calculates impedance
modulus, phase and Cole-Cole Diagram for each frequency. Cole-Cole Diagram is used,

in this case, to understand the ability of the material to conduct electric current.

4.2.2 Single Frequency

The best frequency is selected by observing the output signal (output signal framed be-
tween a minimum measurable signal and a threshold before signal saturation). This is ob-

served by performing a sweep study. This test allows us to study variation of conductance
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with time, keeping constant the external parameters which influence the measurement (eg.

temperature).

Case Study 1 - Water Contamination

Water impedance spectrum is studied in this case. The special attention is given to

resistance and reactance variations in Cole-Cole plots.

Case Study 2 - PET Water Ratio

The study of water content in PET uses a narrower range of frequencies from 30kHz up
to 200kHz. The buffer circuit was introduced to improve the output data straightness.
It is so performed a standard sweep for those frequencies and the resonance point is

studied in changing frequencies.

Case Study 3 - Malaria Disease

In malaria case both the methods are used. The sweep is started in order to choose
the best frequency to start a Single Frequency repeat acquisition. The results for Single
Frequency varying the electrical-magnetic field angle are studied.

It is important to note that every acquisition was made outside and inside a magnetic
field in eight orientations: 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°.

These orientations are relative to the electric field. Considering a current is generated
between the two electrodes, the magnetic field starts parallel to this current (0°) and then
it rotates 45 by 45 degrees till it completes 360 degrees rotation.

The results are dependent on the temperature, so this parameter was frequently mea-

sured to filter any artefact. The results obtained are shown hereafter in this dissertation.
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Chapter 5

Results and Discussion

The results obtained, following the methods described above, will be presented in this
chapter. The results are divided by the case study which it refers to. First, temperature
sensor calibration tests are presented. Second, the results for Water Contamination will

be presented followed by the results for PET /water ratio and Malaria.

5.1 Temperature Sensor

Due to the high influence of temperature in impedance results, a thermal sensor was
tested in order to be added to the system in the future allowing the normalization of the
impedance measurement.

In order to obtain temperature values through output voltage, an extrapolation was
made using PT1000 data sheet [49]. This relation is represented in the graphic of Figure
5.1. Thus, the temperature can be calculated by 7' = 0,0039 x V,,; + 1,0003.

After that the room temperature was measured with a laboratory thermometer and
compared with the PT1000 results. The linearity of the resistance with temperature
was also studied. The results are presented in Figure 5.2 which confirms this linearity
with enough accuracy. The relation between room temperature and the temperature
obtained by PT1000 is given by Tprig00 = 1,0513 X T}.00m + 15, 8302. Linear regression was
performed using an in-house program (available in the web page of the Physics Department

of UC www.fis.uc.pt) for higher precision.
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Figure 5.1: PT1000 temperature rate - linearity of resistance variation with temperature
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b = 1.0513440794517266 +- 0.10254411334944404

cov_ab =-0.19665887925241535 ; corr_ab = -0.2985256003688316

Figure 5.2: PT1000 linearity: Representation of PT1000 results according to the room
temperature measured by a bench thermometer. The points are represented by red circles
(colour changes to yellow when overlapping).
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5.1.1 Discussion

With the tests described above it is possible to ensure PT1000 is a fundamental piece for
data processing of the temperature.

The results shown, confirm the linearity of the PT1000 resistance, revealing however
a difference of about 16 from room temperature. Once this difference is always present,

it is therefore considered a systematic error, easy to overcome.

5.2 Case Study 1 - Water Contamination

In this section it is shown that, according to the EIS approach earlier studied, applying the
standard sweep to distinguish their constituents, it is sufficient to know for each frequency
the values of impedance and phase shift angle [1].

Water-tests were used initially for instrument calibration, being however found a po-
tential application for the detection of contaminants in waste water or household water.
Thus the tests proceeded and its results are presented hereafter.

The first results obtained to water, for the first electrode configuration used (A4 80
steel screws), are represented in Figure 5.3. In the first column, MI acquisitions are pre-
sented and in second column MV is shown. These results were obtained with impedance
meter 1.

Figures 5.3(a) and 5.3(b) represent the impedance modulus for each mode. This
modulus is higher as lower is the ionic concentration in water as presented in Table 4.1.
Data is consistent for each MI and MV.

In Figures 5.3(c) and 5.3(d) the £Z is represented. It is possible to observe a higher
phase variation for deionized water. For low and high frequencies, phase variation is more
evident.

In Figures 5.3(e) and 5.3(f) is the Cole-Cole diagram representing the resistance and
reactance relation of the fluid. It is possible to observe clearly one relaxation period
for deionized water (more visible in MI than in MV). The Impedance meter 1 has some
troubles in discern abrupt changes, easily introducing errors in the output voltage. Then,
it is observed the hook effect for low frequencies, expressed in an unexpected reduction in

resistance with increasing reactance followed by decrease of reactance as represented in
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both modes.

The high susceptibility to errors of the device 1, manifested in the 3/4 repetitions of
acquisitions, led to the need of producing a new impedance meter. After practical tests
dictate the uselessness to the case, the use of a non-inverting mode, a new impedance
meter based on the inverter mode have been printed on PCB, which resulted in much
more accurate and reliable data, once with less noise and welding points.

The most accurate and conclusive tests performed with water using stainless steel wire
as electrode are represented in Figure 5.4 for current mode. In this test four commercial
waters were used: Fastio, Evian, distilled and deionized water. In the first instance it
is possible to observe the graphs of impedance module in Figure 5.4(a). Such as in the
last results, deionized water presents higher impedance modulus. All the water samples
present a decrease in the impedance value up to ~ 80H z, remaining constant thereafter
up to frequency values ~ 100kH z. In Figure 5.4(b) the £7 is represented. Big differences
in phase shift angle are observed for very low and very high frequencies. In Figure 5.4(c)
is the Cole-Cole diagram representing the resistance and reactance relation of the fluid. It
is possible to observe, as related in literature, the one relaxation semi-circle of deionized
water [35,37,52].

Some outliers occur in MV acquisitions. Nevertheless MI and MV are coherent
as shown in Figure 5.5. In this figure there are represented the impedance modulus,
impedance phase shift angle, and Cole-Cole diagram, for deionized water in both MI and
MV. It is possible to observe through the Cole-Cole diagram, the differences between the

modes occur mainly in resistance in a discrepancy of nearly 2k(2.

5.2.1 Discussion

Impedance values obtained are consistent with the ion variation presented in the waters
under study. With |Z| it is possible to discriminate with confidence different impedance
levels for each of the water. This impedance variation is related to the ionic composition
of water. The more ions are present in solution, the lower the impedance value due to
the increased conductivity. ITonic mobility has also high influence in current conductivity
(3,53, 54].

Mobility parameter is one that justifies the variation of impedance modulus. Varying
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Table 5.1: Water ionic mobility results based on [54].
u/(1073m2s~ 1V 1)

H* 36.23
Na* 5.19
K+ 7.62
Zn** 5.47
OH~ 20.64
Cl~ 7.91
Br~ 8.09
SO;~ 8.29

10°
10" 10’ 10° 10°

S (Hz)

Figure 5.6: Water impedance results from [52].It represents impedance modulus for 3
waters from different sources (ultra pure, distilled and city water) and for deuterium
oxide

the ionic concentration in the water, ohmic resistance increases or decreases in inverse

proportionality. Consulting the Table 5.1 it is possible to observe this information.

They are also consistent with previous results from Abe [52] shown in Figure 5.6. The
impedance modulus value is variable with the electrode shape and area [55]. This way
it is important to observe that both the method of Abe [52] and ours result in the same

impedance behaviour.

The last tests including waters were also consistent with the first ones and with the
ones in the literature. Evian type of water has a behaviour close to a short circuit, getting

close to a null impedance for higher frequencies.

For the Cole-Cole diagrams, it is possible to observe, as relater in literature, the one
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relaxation semi-circle of deionized water [35,37,52].

The greatest amount of information about the fluid lies in Cole-Cole diagrams, whereby
noticeable variation of the resistance to ionization - increased ionic concentration trans-
lates into greater variation of the resistance, each pair of ions introduces a discontinuity
in the growth of reactance for a particular frequency.

Regarding Figures 5.3 and 5.4, it is possible to notice that MI has close results. Thus
MYV will be skipped in upcoming tests.

5.3 Case Study 2 - PET Moisture

In this section it is shown that, according to the EIS approach, applying the standard
sweep with restrict frequencies (between 30kHz and 200 kHz) to determine the content of
water in the PET samples, it is sufficient to know the values of output voltage and study
its resonant frequency.

Once PET presents very low conductance which results in a very high impedance, it
became necessary to increase the electrode area, which varies with inverse proportionality
to the impedance module. Thus, first tests were performed with stainless steel rods,
presenting very high impedance values, and a second set of tests are using stainless steel
plates.

In the first instance it was considered important to assess the influence of the shape
of pellets in the impedance module. The results are shown in Figure 5.7. In a second
instance it was studied the variation of the resonance frequency with the ability to the
passage of electric current. For this, the output signal V,,; is rated to a narrower range
of frequencies (between 30k and 200k). Seventy seven frequencies are evaluated as well,
concluding a maximum voltage for the MI and a minimum for the MV. The MV has many
artefacts, so that for this assessment was considered unnecessary, given the good results
obtained in MI. The resonant frequency for PET is approximately 9 kHz higher than for
air as shown in the graphic of Figure 5.8. This difference has a significant importance since
there is a possibility to study resonance in order to distinguish material properties.uy

In order to study impedance variations with the water ratio in PET. It was wet up to

the saturation humidity (it did not absorb/adsorb more and released excess). Drying was
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Figure 5.9: Evolution of PET impedance as it dries from water-saturated (light blue) to
almost dry (red). The colours presented in the middle were randomly chosen and they
are time dependent and constant.

done at room temperature and the amount of water monitored by a scale. The impedance
measurements occur in parallel with the water weight loss measurement which allows us

to relate these values.

The measurements obtained are represented in Figure 5.9. Figure 5.9(a) presents
impedance module, Figure 5.9(b) presents the impedance phase shift angle and Figure
5.9(c) the Cole-Cole diagram. The different colours shows time evolution of drying process
from light blue to red, in the order presented. It is possible to observe an increasing of
Impedance modulus peak with the dry process. Impedance maximum is coincident with

the phase shift annulment, with a value around 85k H z.

47



5.3.1 Discussion

In the first instance it was considered important to assess the influence of the shape of
pellets in the impedance module. The results suggest that the shape of the pellets does
not significantly influence the ability of PET to halting the driving current.

Once considering the PET as a buffer resonant circuit, we tried to find the frequency
for which the impedance of the PET is cancelled. The results obtained in Figure 5.8
shows that there is a frequency maximum for resonance around 85kHz. Nevertheless,
impedance study will provide more information concerning the physical behaviour of the
material, so the study of the material water content distinction proceeds by this part. It
is possible to study the conversion of resistive behaviour to capacitive behaviour of PET.
The important frequency for that is resonance frequency around 85k H z.

Last tests included PET wetting until water saturation and to observe its behaviour
throughout its drying. Drying was done at room temperature and the amount of water
monitored by a scale. PET resistance evolves from short-circuit in the water saturation
(light-blue curve) to very high values in the dry PET (red curve) as shown in Figure 5.9.

Water absorption in 24 hours is 0.1% [56]. The drying process starts with adsorbed
water evaporation which is quicker than the absorbed water evaporation. Thus the water
weight loss is more rapid in first hours. It is possible to observe a constant relation between
resistance and reactance due to dry evolution. It is possible to find a relationship between
the resistance and the reactance, and thus determine the amount of water present in the

sample.

5.4 Case Study 3 - Malaria Disease

In this section it is shown that, according to the EIS approach, applying both the standard
sweep and the single frequency methods to detect the presence of hemozoin in blood, are
crucial to know the impedance of the fluid and to study the influence of the magnetic
field in the impedance, differentiating the presence of ferromagnetic material.

Rabbit blood was used to test the influence of fluid viscosity in impedance modulus
before the study with human blood. These tests were made in order to understand the

meaningful parameters to further speed up the processing of data to human samples.
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That said, the initial tests aimed to understanding what the best ratio of PBS-blood
to make possible to dilute the blood, and with it, spend a smaller blood amount. The

results are shown in Figures 5.10 and 5.11. The concentrations used are also referred in

Table 4.2.

The graphic is representing three states: magenta dots refers to acquisition without
magnetic field, red dots to 0 degree field and black dots to 90 degree field. It is presented
in the first raw the impedance modulus results, in the second raw the impedance phase

shift angle and as last the Cole-Cole diagram.

When more diluted than 1:1, impedance spectrum is closer to PBS (pure) spectrum
than to blood (pure) spectrum, which means that PBS characteristics override the resistive
properties of blood. Once selected the best concentration of the blood-PBS, in this case
1:1,the maximum acceptable, it began the introduction of synthetic hemozoin in blood
(1:1 PBS). It was also made a study of the minimum proportion required for HZS to be
detected by the method, and also what changes happen in their behaviour in the presence

of a magnetic field of about 1/3 T. The results are presented in Figures 5.12 and 5.13.

The graphic is representing three states: magenta dots refers to acquisition without
magnetic field, red dots to 0 degree field and black dots to 90 degree field. It is presented
in the first raw the impedance modulus results, in the second raw the impedance phase

shift angle and as last the Cole-Cole diagram.

After a quick analysis of these results it was decided to use the dilution of 1 : 1
of the blood with PBS. After that, human blood samples were studied. The last tests
were performed with INML support: 9 samples of human blood were manipulated in the
custody of INML CF central delegation, and this blood was unidentified, hemolysed and
treated with Potassium Fluoride and Nay EDTA. At first a comparison between the 9
blood impedance sweep for all the frequency range 1Hz-1MHz was made. The results are
presented in Figure 5.14. It is possible to observe that each blood sample has its identity,
getting different impedance values for low frequencies.

From this results, and supporting the previous ones with the rabbit blood, it was
considered important to test single frequencies around 100Hz. The main test consists
in laying the fluid in the Halbach and to acquire some points per minute to each angle.

When the acquisition finishes, Halbach is rotated to the initial position (zero degree) and
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it is rotated to the next angle after 5 minutes. Thus, the results for this experiment are
presented in Figures 5.15, 5.16 and 5.17. It is possible to observe the impedance modulus
and the phase shift angle for each of the 9 samples used diluted 1 : 1with PBS. It is also
remarkable the dependence of these parameters with the Halbach’s angle. Healthy blood
does not present a significant change while rotating Halbach cylinder.

Some tests were performed in order to understand hemozoin behaviour in relation with
the magnetic field’s rotation. The main test consists in lay the fluid in the Halbach and
acquire some points per minute to each angle. When the acquisition finish, Halbach is
rotated to initial position (0 degree) and rotated to next angle after 5 minutes.

The results for the HzS with the concentration of 1mg/ml are represented in Figure
5.18. It is possible to observe, in general, the time to reach equilibrium gets high as the

angle increases.

5.4.1 Discussion

Observing Figure 5.10 it is possible to understand, by the three colours almost always

overlying each other, that the magnetic field has no influence in rabbit blood samples
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without HzS. From the first study it was observed that for dilutions superiors to 1:1 with
PBS, the blood starts having less significance. Thus, it was considered the maximum
dilution, used for the following tests. The presence of HzS changes the impedance values
with the rotation of the magnetic field. This differences are more visible for low frequencies
as observed for maximum concentration 3:1 (blood:HzS) in Figure 5.12.

Then, human blood samples ceded by INML CF were studied. These samples were
initially placed under a standard sweep test to understand how to choose the best fre-
quency to single frequency tests with rotation of the magnetic field. From the obtained
results withdraws the information that every blood is a different case, with altogether
contrasting properties, so that, especially for low frequencies, has very distinct values.

Considering the low frequencies between 10 and 100 Hz and taking into account the
amplitude of the output signal or saturation thereof, frequency of 100 Hz was selected for
the following tests. This often ensures a certain distinction between bloods, as observed
in Figure 5.14.

Proceeding to single frequency, Figures 5.15, 5.16 and 5.17 results are quite consistent
with expectations: the impedance module is substantially constant over time and the
phase shift angle suffers small non-significant variations.

When studying pure HzS with concentration 1mg/ml, presented in Figure 5.18, it
reveals a transitional regime in first minutes. This transitional regime can be associated to
the rotation of the ferromagnetic rods. On the other hand, healthy blood does not present
a significant change while rotating Halbach cylinder. This results were expected since
hemoglobin does not have ferromagnetic properties as the parasitized cells - hemozoin.

It is important to note that the concentration of HzS under study (1mg/ml) is much
higher than the expected maximum concentration in blood. It was made a broadening of
the signal in order to understand their behaviour in the presence of a variable magnetic
field.

Through the literature, it is possible to expect an alignment of the rods with the
direction of the magnetic field, so that this change is related to the relaxation of the
impedance of the fluid stream. [16,23,33]. It is expected that the stream follows the
path of highest magnetic permeability, so that it arrives more intensely when the electric

field and the magnetic field are aligned. What is observed are certain adjustments in the
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rotation. The explanation proposed for this movement is a torque variation during the
rotation of the rods to align with the magnetic field.

Since the magnetic field starts the rotation from the 0 degree position, the impedance
variation is interpreted as an internal movement of fluid due to the rods alignment. This
movement manifested itself quite complex. Clearly it only shows the presence of ferro-

magnetic materials.
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Figure 5.16: Graphical representation of samples 4, 5 and 6 impedance results for current
mode with low volume sample holder and wire cuvette 4: the |Z| and the £Z for the
f=100Hz.
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Figure 5.17: Graphical representation of samples 7, 8 and 9 impedance results for current
mode with low volume sample holder and wire cuvette 4: the |Z| and the £Z for the
f=100Hz.
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Figure 5.18: HzS magnetic behaviour with the 1/3T Halbach: the impedance modulus
and impedance phase shift angle for HzS 1mg/ml.
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Chapter 6

Conclusions

The main advantages of the device developed and the EIS method are the simplicity
for the user, its inexpensiveness and its accuracy. It is able to give relatively quick and
accurate results in the cases studied. The device is robust and it deserves a more thorough
investigation. Thus the main conclusions for water contamination, PET moisture and
malaria disease are presented in this chapter. The key aspects in order to continue the

work carried out so far are finally referred.

The results are affected by the environmental temperature although it is possible
to compare, for the same temperature, the resistance and reactance of the fluids and

materials.

The study demonstrated the versatility of the apparatus and its possibility to adapt to
water environment. By changing circuit internal parameters it is possible to distinguish
with relatively good precision the commercial types of water. The conductance differences

exist due to water ionic composition.

This method also showed accurate results for PET moisture: it is able to detect water

presence in PET pellets since water alters material conductance.

EIS revealed to be a suitable method for detecting hemozoin pigments in small samples

of hemolyzed whole blood (without separation of components).
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6.1 Future Work

The tests performed during the master thesis were important in order to guide the future
work to achieve the goals established initially. All the tests developed and presented
above indicate that the final purpose can be achieved, considering the time necessary for
the device conception and optimization. It is expected that malaria detection technique
becomes a non-invasive method with this device which performs the uncovering of the
parasite through patient’s skin without the need of blood collections.

Some characteristics are important to determinate the relevance of the device to these

applications:

e Better autonomy: The impedance meter device should be fully portable and use

a battery as a power supply;

e Short analysis time: The analysis time in the final prototype should be shorter

than 5 minutes;

e Low cost of operation: The total process, including the device production and

maintenance and the disposable components, must be the least expensive;

e Low electric consumption Batteries lifetime must handle a large number of ac-

quisitions without shut down the system;

e Possibility of creation of a mobile interface: The portability of the device is
crucial to its applications. Thus the first tests are using Matlab although later an

independent format can be used;

e Versatile design: In order to apply this device to several cases, its design config-

uration and software must be modifiable keeping its accuracy;

e High robustness The device must be in a box and withstand a hostile environment

while maintaining their constant replies.

Thus some topics for future work are here proposed for hardware, software and future

tests.
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6.1.1 Hardware improvement

e The thermometer must be inserted in the system as a calibration instrument (the

impedance must be normalized according to temperature);

e The linear magnetic field must be improved in order to obtain a high magnetic

intensity in cylinder’s centre. An inductive system can be a possible future bet;

e The final circuit power supply must be optimized in order to use a battery getting
fully portable properties. It must be studied carefully in order to get high time

autonomy;

e A commercial device must be produced in order to replace the usage of the per-
sonal computer as the interface and go on to have a device with all the embedded

processing: development of an interface and independent controller;

e Input mode of the fluid in the container should be more practical and adapted to

the user’s needs - larger aperture above and adaptable to pipettes;

e cuvette fitting mode must be optimized to decrease user efforts.

6.1.2 Software

e (Cole-Cole diagram should suffer mathematical processing in order to study curve
magnitudes and distinguish components through mathematical approximation. The

relation resistance-reactance is considered crucial;

e Software must present only final aim to the user as the contaminated /non-contaminated
in water, moisture level in PET and infection/non-infection in malaria. It must be

user-friendly.

6.1.3 Future Tests

e Different contaminants must be introduced in water tests in order to outwit their

influence in fluid conductance;
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e PET moisture is fully related with the resistance of the material to current. Next
steps can study and quantify this relation varying surrounding parameters (air hu-

midity, temperature and pressure) in a controlled environment;

e Tests with infected blood must be performed to study EIS prototype’s sensitivity
and specificity.
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