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Abstract

Electrochemical impedance spectroscopy (EIS) has been used in various ap-
plications, such as metal corrosion monitoring. However, many conventional
corrosion monitoring setups are bulky and inconvenient for in-situ testing.
Reducing the size of the whole corrosion monitoring system is one of the pur-
poses of this thesis. We utilized EIS to design an impedance measurement
system, capable of performing in-situ EIS analysis. Experiments verified the
sensor’s accuracy, and the results showed that the sensor performed similarly
to a bench-top EIS machine when we tested on circuit models. Furthermore,
we used the proposed system to monitor a metal corrosion experiment and
performed EIS. The result showed that the proposed system is able to ob-
tain the sample’s impedance spectroscopy, which could help researchers test
its corrosion severity on a metallic sample in-situ. Compared to other bulky
conventional setups, our device eliminates the design complexity while still
showing insights into the corrosion reaction.

Also, we briefly introduce the ongoing work: the impedance measurement
system for the COVID-19 project. The purpose of this work is to help with
the EIS analysis with the customized measurement system. Compared to the
corrosion one, the new system has several changes. We introduce these changes

and show the testing result.
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Stand up straight with your shoulders back.

— Jordan B. Peterson
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Chapter 1

Introduction

This chapter gives the readers the background information of this study. Firstly,
the metal corrosion phenomenon is illustrated. After that, we introduced one
of the methods of montoring metal corrosion in lab testing, EIS (Electrochem-
ical Impedance Spectroscopy) analysis. Then comes different kinds of portable
EIS devices that appeared in the reported literature. The outline of the whole

thesis locates at the end of this chapter.

1.1 Metal Corrosion Phenomenon

Metal materials are widely used in many industries. It is easy to find items
made of metal in our daily life. The reasons metal materials have been so ex-
tensively used are their abundant resources on earth and excellent performance
in various areas. However, most metal materials will encounter a problem, that
is, metal corrosion[1]-[3]. As a result of metal corrosion, the structure of the
metal material starts to degenerate. Phenomenon such as metal rusting occurs.
As a result of metal corrosion, the structure of the metal material starts to
degenerate. As the corrosion develops even further, the metal structure could
weaken, leading to economic losses and safety issues[4]. Also, the product of
some metal corrosion reaction causes serious pollution problems[5].

Metal corrosion often occurs when a piece of metal exposed to the elec-



trolyte solution[6]. For example, when immersed in NaCl solution or sea salt
acrosol, metal could occur at the surface of the metal sample[7], [8]. In this
process, atoms on the surface of the metal sample become metal ions by losing
electrons. That is to say, the metal has undergone an oxidation reaction [9],
[10].

Generally speaking, metal corrosion is generally divided into two mech-
anisms: chemical corrosion and electrochemical corrosion[11]. In the non-
electrolyte solution or dry gas, the metal material directly reacts with the
non-electrolyte solution. In this process, metal materials are consumed and
suffer certain damages. The reaction between active metals and strong acids
can be regarded as chemical corrosion of metals[11]. For example, the displace-
ment reaction between iron and hydrochloric acid[12], [13]. It is important that
no current is generated during the chemical corrosion process[14].

For the electrochemical corrosion of metals, first of all, this reaction occurs
between the metal and the electrolyte solution. This reaction can occur even
in electrolyte solution aerosols[7]. When the metal and the electrolyte solu-
tion come into contact, an electrochemical reaction will occur at the interface
between the two[15], [5]. In this case, the metal and electrolyte solution will
form a corrosive galvanic cell[16]. Corrosion current will be generated. The
electrochemical reaction here is a redox reaction, in which the more active
metal will lose electrons and form metal ions[9], [10]. As the reaction pro-
gresses, on a microscopic level, a large number of metal atoms become ions.
Macroscopically, the surface of the metal sample loses its luster, rusts, and
the structure is damaged.These two different reaction mechanisms may occur
simultaneously[17]. Besides, a series of factors such as humidity, temperature,
and oxygen concentration in the environment, etc., will become the reasons
that affect the corrosion reaction rate[l], [17]. Figurel.l shows an example of

the metal corrosion phenomenon on the chassis of a car. Metal rust appears
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on the chassis, which indicated that those metal parts had been corroded.

Figure 1.1: Example of metal corrosion pheonmenon on the chassis of a car

The economic loss caused by metal corrosion can be as significant as 2%-
4% of each country’s gross domestic product (GDP)[1]. Such a large loss will
make people alert. So people have found many ways to protect metal materials.
Among these methods, the cathodic protection method is more useful. This is
a measure of electrochemical protection of metals from corrosion. The metal
with strong reducibility is used as the protective electrode, and the protected
metal is connected to form a galvanic cell in the electrolyte solution. In a
galvanic battery, the metal with strong reducibility will be used as the negative
electrode to undergo oxidation reaction and be consumed in the reaction, and
the protected metal will not be corroded as the positive electrode[15], [18], [19].
Another method to be introduced is to add coating to the metal. Obviously,
by isolating metals and corrosive materials, the corrosion reaction will stop or
slow down.

Just as important as the anti-corrosion protection measures for metals is

the evaluation of the degree of metal corrosion and the surface protection
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coating function[17]. Obviously, in order to systematically understand the
phenomenon of metal corrosion, we need to conduct a quantitative analysis of

this phenomenon.

1.2 Introduction to Electrochemical Impedance
Spectroscopy (EIS) Analysis

In this section, Electrochemical Impedance Spectroscopy (EIS) will be intro-
duced from these three different aspects. Firstly, we illustrate what the pur-
pose, method and some application related to EIS. Next, we specifically focus
on how to monitor metal corrosion with EIS. Lastly, some instruments that
have been used to help perform EIS analysis, such as electrochemical station

and impedance analyzer, will be briefly introduced.

1.2.1 Basic principle of EIS

The core idea of EIS is pretty simple. First, we need to measure the com-
plex impedance spectra of the sample-under-test over a range of frequencies.
Secondly, we fit the impedance data to an equivalent circuit[20]. After data
fitting, the electrical behavior of the equivalent circuit is very close to the
electrical behavior of the sample under test. In this case, we can analyse a
particular property of the sample-under-test by analyzing a specific parameter

in the equivalent circuit.
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Figure 1.2: The process of EIS analysis.

We can elaborate on EIS analysis more straightforwardly. Figure 1.2 shows
the process of an EIS analysis. On the left-hand side of the picture, the sample-
under-test is regarded as a “Black Box,” which means that we do not know any
detail of it, and it is the object we want to study. On the top of the “Black
Box,” there is the input signal. The input signal can be a small-amplitude
(mV amplitide level) disturbance or perturbation signal. The output signal
from another end of the “Black Box” indicates the signal sensed at the output.
Since there are no other input signals applied to the “Black Box” directly, the
output signal is the response to the input signal. When the signal is going
through the “Black Box”, there always will be some loss of the signal due
to the impedance of the “Black Box.” Consequently, the output signal differs
from the input signal. The two different signals are the critical information for
us to conduct an EIS analysis, since we can compute the “Black Box” complex
impedance by using the two signals. We can compute the complex impedance

of the signal under the corresponding frequency for one pair of input and



output signals. Indeed, to get the impedance spectra, we need to perform
a series of impedance measurements over a range of frequencies. Eventually,
after completing many rounds of single-frequency impedance measurement, we

should get the complex impedance spectra of the sample-under-test.

A

Current

v

Voltage

/

Figure 1.3: Pseudo-linearity in EIS analysis.

There is another critical concern of the EIS analysis that we need to be
aware of. When we do EIS analysis on some given sample, the amplitude of
the signal directly applied on the sample-under-test should be small enough.
Figure 1.3 shows one possible I-V(Current-Voltage) relationship of a sample-
under-test. It is obvious that the system behaves with a non-linear I-V char-
acteristic. The analysis of a non-linear system is much more complex than
simply analyzing a linear system. Even though we must admit the fact that
the system is inherently linear no matter what kind of signal we use, we can
use this “pseudo-linear” region. By limiting the signal amplitude, the signal
operates in a tiny region as shown is the red box is figure 1.3. This approx-
imate significantly reduced the computation effort of the EIS analysis. As a

result, the analysis is easier for us[20].



However, this doesn’t necessarily mean that the testing signal should be
as small as possible. There are constraints when selecting the testing signal
for the EIS analysis. In reality, all testing equipment suffers from the noise
problem. The noise could be generated inside of the equipment or introduced
from an external source. Once the amplitude is way too small, the low signal-

to-noise ratio (SNR) will cause inaccuracy in the measurement result.

1.2.2 EIS in Corrosion Analysis

Electrochemical Impedance Spectroscopy (EIS) analysis is a very effective way
to monitor metal corrosion. In the EIS analysis, the magnitude and phase
of the sample’s impedance at different frequencies are accurately measured.
There are two main modes for monitoring the electro-chemical reactions of
through EIS, i.e. the galvanostatic mode and the potentiostatic mode. Gal-
vanostatic EIS analysis is mainly used in the development and research of large
power devices such as batteries, where a current is fed into the system and
the voltage signal was measured|[21], [22]. For monitoring metal corrosion, po-
tentiostatic EIS is the most commonly used method. At different frequencies
in potentiostatic EIS, the required DC voltage across the sample is relatively
stable. A small AC disturbance voltage signal is applied across the sample
under test. Once the AC current through it and the AC voltage across it are
known, the sample’s complex impedance can be calculated[20], [8].

The method of using EIS to monitor corrosion phenomenon was developed
in the late 20th century. In 1970, for the first time, Epelboin et al. interpred
the inductive impedance of the metal-electrolyte interface by describing the
phenomenon as a faradaic process|[23]. In 1971, Epelboin et al. studied the
corrosion of iron in the sulfuric aqueous medium, and they investigated the
influence of 2-butyne 1,4-diol in the reaction with the method of impedance

measurement and analysis[24]. One year later, in 1972, Epelboin et al. studied
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the formation of sulphuric aqueous media still by the analysis on the complex
impedance of the sample[25]. Most importantly, in [26], Epelboin et al. estab-
lished the approach to determine the instant rate of metal corrosion.

Other scientists also contributed to the method of using EIS analysis to
monitor metal corrosion. Mansfeld showed the EIS analysis as a new tool to
investigate corrosion protection with coating, oxide layer and cathodic protec-
tion[27]. Jittner, K presented the way to use EIS analysis to detect surface
inhomogeneities in [28]. In this work, the corrosion process was analyzed based
on the transfer function of the system. Also, the defects of the single and multi
coating was discussed. Makar and Kruger investigated the rapidly solidified
magnesium alloy corrosion phenomenon by measuring impedance and data fit-
ting to a Randles circuit[27]. Currently, using such a method is still a popular
way.

In order to measure impedance, we must first prepare impedance measure-
ment samples. In the corrosion experiment, the corrosion cell often plays an
important role in the experiment. For example, the EuroCell from GAMRY
(Warminster, PA, USA) was used in the metal corrosion study due to the
versatile experimental condition control[29], [30].

In order to simplify the corrosion cell model, we use a simple model to
illustrate the corrosion cell. When a metal sample immerses in the electrolyte
solution, reactions occur between the solution and the metal. Because of the
reaction, there will be charges accumulate on the surface of the metal. For
these accumulated charges, we can divide them into different layers. They
are the stern layer and the diffuse layer (or the double layer)[31], [32]. In
the EIS analysis, a small disturbance sine signal (input) is applied on the
double layer from one end of the sample, forcing the charges to move towards
or away from the metal. At another end, the response signal (output) is

collected. The input and output signal are slightly different from each other
8



due to the energy loss when the signal passes through the sample. Comparing
the input and the output sine waves, we can find information on the corrosion
process. Specifically, we can find the complex impedance of the sample[20].
Figure 1.4 shows the charging and discharging of the double layer caused by the
AC signal. To measure the sample’s impedance, a two-electrode potentiostatic
device is applied. A little disturbance signal is given to the sample, accounting
for the charging and discharging effects of the corroding metal double layer.
Of course, the instrument for EIS analysis of samples in a chemical laboratory
is not as simple as a figure 1.4. In real experiments, the corrosion cell can
help researchers better control the reaction conditions, so that the chemical
reaction can be carried out under the conditions the researchers hope. But
our interpretation makes the process in the corrosion cell more intuitive.

So far we have introduced the precautions for impedance measurement in
EIS analysis. Then we will introduce the equivalent circuit we will use. This
equivalent circuit allows us to better understand how the sample changes in the
corrosion.The equivalent circuit we use is called Randles cell circuits, widely
used in the EIS analysis[33]-[37]. We selected an equivalent circuit model as
shown in Figure 1.5[38]-[40] R1 represents the resistance of the electrolytic
solution[39] R2 and Q2 represent the electrochemical reaction layer, which Q2
is modeled using a constant phase model (CPE) and the paralleling resistance

(R2) represents the metal/solution interface.
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Charges movement due to
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Figure 1.4: Charging and discharging of the double layer caused by the AC
signal.

R1

Q2 R2

Figure 1.5: Randles cell circuit

10



1
4= Qlor .

Equation 1.1 is the impedance expression of Q2 or CPE. In the equation, Q

is the CPE value. CPE is an element that can model the behavior between a
pure capacitor and a pure resistor. « is the exponential value that determines
the CPE model’s characteristic and takes the value between 0 and 1. When
a=0, the CPE model is purely resistive. On the contrary, when a=1, it is
strictly capacitive. In reality, the surface of the metal is rough. The purpose
of using CPE is that we want to model the imperfection of the non-homogenous
surface of the metal sample[41]. Also, if the surface is considered smooth, we
can use a single capaitor to replace the CPE.

So far, we have introduced information about the use of EIS analysis for
corrosion monitoring. Next, we will introduce the equipment needed for EIS

analysis in the laboratory.

1.2.3 EIS Equipment Overview

When choosing impedance measurement equipment, there are several key fea-

tures that we should be aware of.

The working frequency range.

The impedance magnitude result range.

The accuracy of the equipment.

The operation condition of the equipment.

Since most of the Impedance Analyzer follows the same approach of mea-
surement: sending a sine signal and measure the response, the frequency of
the sine signal is the working frequency of the device. Generally speaking,

the equipment with wider frequency is better and more capable of a variety
11



of applications. The impedance magnitude range shows the capability of the
impedance analyzer to measure different values of sample-under-test. Obvi-
ously, equipment with a broader range of measurement results is always desir-
able. For accuracy, it should be discussed under two conditions: the working
frequency and the sample’s impedance. The complex is a frequency-dependent
parameter. That is to say, for the same sample-under-test, the impedance
measurement results may differ from each other. In this case, the accuracy
can be visualized to a 3-D graph. In the graph, one axis corresponds to the
impedance, and another corresponds to the working frequency. Any given
point in the graph maps to a certain accuracy calculation value corresponding
to a pair of specific impedance and frequency. In order to get this picture,
many measurements are necessary. Each measurement will get a point, and
the collection of these points constitutes this 3D-graph. This graph is very
important for us to choose an impedance analyzer. Because for a particular
sample-under-test, we will have an estimate of the impedance magnitude. We
need to choose an impedance analyzer with high accuracy within the estimated
range.

Impedance measurement equipment is essential in the EIS analysis. Since
there is much equipment available on the market that could conduct EIS anal-
ysis, it is impossible to introduce them all in this thesis. In this section intro-
duces two different sets of commercial impedance measurement systems that
could be used to conduct EIS analysis.

Firstly, we introduce the Impedance Analyzer from Zurich Imstrument.

12
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Figure 1.6: MFIA 500 kHz / 5 MHz Impedance Analyzer by Zurich Instrument

Figure 1.6 shows the device from Zurich Instrument. It is an Impedance
Analyzer as well as a precision LCR meter. The working frequency of the
instrument could be as high as 5MHz and as low as ImHz. The impedance
result range is 1 m{2 to 1 T(2. The device can a series of applications, including
EIS analysis [42] and characterizing the property of a supercapacitor[43]. For
accuracy, the equipment can reach 0.05% in a specific range of frequency and
impedance. For phase, the accuracy could be as low as 2 mdeg[44]. Also, the

equipment was used for semiconductor water evaluation|45].
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Figure 1.7: SP-200 Potentiostat by BioLogic

Figure 1.7 shows the SP-200 Potentiostat electrochemical workstation. The
working frequency of the SP-200 ranges from 10 pHz to 7 MHz. The spec-
ification of the impedance measurement range is given as input current and
current range. The input voltage range of the SP-200 is 10V and the input
current range is 500 mA to 1 pA.(Could be 10 nA with gain)[46].

For the application of the SP-200, it is capable of doing corrosion anal-

ysis. Jegdi¢ et al. investigated the pitting corrosion with a three-electrode
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electrochemical cell by using the SP-200[47]. One of the feature of the Sp-200
is that it is a potentiostat. A potentiostat is essential in the electrochemical

study|[48]-[50].

1.3 Related Work

The purpose of this work is to minimize the size of the impedance measurement
system. There has been a lot of work with the same aim. For these different
works, most of them a dedicated to a specific application. These works inspired
us to design the impedance measurement system for corrosion monitoring.
Yu et al. developed a n impedance detection circuit with a 3% error com-
paring to a LCR meter[51]. The device is designed to detect different bio-
molecules on a portable biosensor system. Jiang et al. have developed an
EIS system that can be used as a bio-detection system|[52]. The weight of the
device is only 450g and the cost is about $45. The performance of the device is
as follows. The frequency sweep is from 100 Hz to 500 kHz, the measurement
range is 10 Ohm-100 kOhm, and the phase accuracy reaches 0.936°. In their
experiment, the instrument carried out EIS analysis on eggs at different times
during the heating process. Grassini et al. designed a miniaturized EIS system
using Arduino, and the measured frequency range is 0.01 Hz to 100 kHz. It is
worth mentioning that the stimulus amplitude ranges from 10 mV - 2V. This
instrument performs EIS analysis on cultural relics exposed to the outdoors,
and the main component of relics is metal. Because the main components
of the entire system are two Arduino development boards, the entire system
is very light and portable. [38] Gerasta et al. developed a system based on
AD5933 and a capacitive sensor, which is also controlled by Arduino (a micro-
controller board). In the experiment, the capacitive sensor was placed in the
metal solution. As the concentration of the solution decreases, the measured

capacitance value increases at the same frequency[53].
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For the biological applications Jaime Punter-Villagrasa et al. developed
a complete set of a portable EIS device for hematocrit concentration blood
analysis. The operating frequency of this device is between 10 Hz and 100
kHz. The signal-to-noise ratio (SNR) rejection reached -40 dB[54]. Ferreira
designed a bio-impedance monitor system with a 4-electrode analog front-end
(AFE) for wearable plethysmography applications. The working frequency is
between 0-100 kHz, and the error is less than 1%[55]. The working frequency
range of the design is 10 Hz -10 MHz. In the actual measurements, magnitude
data can be obtained within the frequency range of 10 Hz - 3 MHz. Relatively

accurate phase measurements can be obtained at 10 Hz — 20 kHz.

1.4 Design Goal and Challenge

The overall purpose of this work is to reduce the size and complexity of the
impedance measurement system. The system should be able to perform an
in-situ EIS analysis of the sample. We list several specific goals for us to design

the system.

e The device is required to perform in-situ impedance measurement for

the given sample.

e The magnitude accuracy should reach within 3% when measuring a pure

resistor.

e The measurement should be comparable to the result of SP-200 in the

frequency range of the EIS analysis of the corrosion sample.

e The impedance measurement data could be used as a source of the EIS

analysis.

For this project, there are a lot of challenges to design the system.
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e Firstly, the challenge is to decrease the testing signal’s amplitude before

the sample-under-test and amplify the response signal.

e Then the data acquisition system should collect the response signal data

and send it to the PC for impedance calculation.

e Since sending the signal and receiving the signal are two different blocks,

the synchronization between the two blocks should be guaranteed.

1.5 Thesis Outline

This thesis consists of five chapters to demonstrate an impedance measurement
system dedicated to monitoring metal corrosion phenomenon. The thesis is
organized as follows.

Chapter 1 gives an introduction to the metal corrosion phenomenon. Also,
the basic idea of EIS analysis and its connection to metal corrosion is in-
troduced. Two different EIS analysis equipment were shown. Besides, we
reviewed some works that are similar or related to ours. The goals and chal-
lenges of the whole work are presented in Chapter 1.

In chapter 2, the purpose is to show the design of the impedance measure-
ment system. We will introduce the hardware and the software of the system
design of the system. For the hardware, the circuits in the system will be
described one-by-one. The software design includes the data processing and
impedance calculation methods.

The aim of chapter 3 is to test the performance of the impedance measure-
ment system. Firstly, the accuracy of the system will be shown with experi-
ments. Then, we use the system to perform a real EIS analysis on a corrosion
cell. In the EIS analysis, the system was able to help the EIS analysis as an
impedance measurement device. As a result, the system was able to reach the

goals of the design.
17



Chapter 4 introduces the ongoing work on the impedance measurement
system for the COVID-19 antibody test. And chapter 5 gives the conclusion

of the whole thesis.
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Chapter 2

Hardware and Software design
of the Impedance Measurement
System

In this chapter, we illustrate the software and hardware design of the impedance
measurement system. Firstly, we dig into each of the circuit blocks of these
systems. Then, we show the principle of measuring the impedance of our

system. Finally, we conclude this chapter.

2.1 The system design of the impedance mea-

Waveform Generation Peripheral Circuit

Arduino AD9834 +
33 BLE Driver

Switch to
Z or R¢

Data Acquisition

FPGA
v TIA+Driver

ADC

Figure 2.1: The block diagram of the Impedance Measurement System
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The impedance measurement system was implemented using both the hard-
ware and software. The hardware and the software of the system work together
to accomplish the impedance measurement. Each of the modules has their
own function. Some of the system blocks are commercially available product,
and others are customized design for the corrosion impedance measurement.
As shown in Figure 2.1, the design of our device consists of several mod-
ules. They are peripheral circuits, field-programmable gate array (FPGA)-
controlled analog-digital converter (ADC) to convert the signal from analog to

digital, and a personal computer (PC). The entire workflow is as follows.

e First, the Arduino sends control signals to AD9834 to generate a series

of sine signals, which are applied to the peripheral circuit.

e The signals pass through the filters and drives, and then signals were

applied to the load impedance (Z) or calibration resistor (R¢).

e The ADC then converts the voltage at the output of the trans-impedance

amplifier (TIA) to a digital signal.

e The FPGA sends the signals to the PC for signal processing and impedance

calculation.

After these steps, the impedance calculation result should appear on the
screen of the personal computer. In addition to visualization, these data can
also be stored as separate files and used to help EIS analysis. Next, we will
dig into each of the blocks of the hardware design. Every block of the circuit
will be introduced in detail. This will give us a better understanding of the

principles and working methods of the entire system.
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2.2 Hardware: Peripheral Circuit

In general, the purpose of the peripheral circuit in the impedance measurement

system is as follows:

1. Generate a sine wave and level down the amplitude of the signal to make

sure the proposed system is a potentiostat.

2. Filter out noises that could cause inaccuracy on the impedance measure-

ment result.
3. Switching the signal between Z and Rc.

4. Transform the current signal that yields during testing to a voltage sig-
nal. And then, amplify the voltage signal to a proper amplitude for ADC

sampling.

2.2.1 The Waveform Generation Circuit Design

An AD9834 20mW 75MHz DDS (Digital Direct Synthesis) controlled by an
Arduino 33 BLE micro-controller functioned as the signal generator of the
whole system. A series of sinusoidal signals were generated by AD9834. We
use the AD9834 as the signal generator of the whole system. The signal from
the AD9834 cannot be directly used on the sample-under-test because of the
signal amplitude and the potential noise from the AD9834. The peak-to-peak

value of the AD9834 output sine wave in the equation 2.1[56].

‘/;vneakftofpeak = Ifullscale * Routputftofground = SmA * QOOQ = 600mV (21)

The proper peak-to-peak value for our application should be around 50mV[8].
Such a 600mV is too big, and we need a driving circuit to level down the am-

plitude.
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Figure 2.3: AD9834 Functional Block Diagram [56]

Figure 2.2 shows the pinout diagram of the Arduino Nano 33 BLE. Figure

2.3 shows the functional block diagram of the AD9834 DDS. When the signal is

generated through the AD9834, the current signal comes out of the “IOUTB”

pin. The “IOUTB” connects one end to the analog ground through a 20052
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resistor and the next stage of the circuit. The voltage signal is detected since
the current signal is loaded on the resistor.

For every different sine wave sent out by the “IBOUT” pin of the AD9834,
there is always a corresponding control word loaded into the AD9834 “FS-
ELECT” pin. The frequency and phase control worlds can determine the
frequency and the phase of the sine wave. For our application, we need to
control the frequency of the different sine waves. The phase for every different
sine wave should remain the same. The reason is that we want to get the
complex impedance value over a range of frequencies. There is no need to
change of the phase of the testing signal.

There are four groups of signals in total as shown in Table 2.1, each cor-
responds to a specific ADC sampling frequency. The frequency range of the
testing signal is from 10Hz all the way to 1MHz.Although some of the cor-
rosion studies use sub-Hz waves to determine the corrosion reaction inside
the corrosion cell, we used relatively larger frequencies because we want to
achieve a quick measurement. The sub-Hz EIS is suitable for corrosion analy-
sis. However, it will take a long time to conduct the experiment[58], [59]. For
high-frequency signals, it takes less time to yield the same number of periods
of signals than a low-frequency signal. We want to reduce the time for the
experiment so that we increased the testing frequency. Also, a short testing
time is suitable for an in-situ system.

The selection of sampling frequencies is based on the signal frequency. Ac-
cording to the Nyquist law, if the sampling frequency is lower than twice the
signal frequency, aliasing occurs. Therefore, as a requirement of the measure-
ment, there is a minimum value of the sampling frequency. Table 1 shows that
from 10Hz to 200 kHz, the sampling frequency is at least 2.5 times higher than
signal frequency. 100 MHz is the sampling frequency for the last group of test-

ing signal, which ideally could handle frequencies up to 750 MHz. However,
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due to the parasitic capacitance and inductance in the system, we could only
obtain certain results under 1IMHz. For the last group, we used a higher speed
ADC than the other three groups. In the first three groups, we used a 12-
bit ADC with a highest sampling rate of 500 ksps (kilo samples per second).
The ADC used in the last group is 14-bit, and its highest sampling rate is
150 Msps (million samples per second). These two different ADCs are on the
commercial board P0435 (Terasic Technologies, Hsinchu, Taiwan). In Table

1, the sampling frequency is converted through the sampling rate.

Table 2.1: The signal frequency and the corresponding ADC sampling
frequency

Signal 10Hz- | 500Hz- | 50kHz- | 300kHz-
Frequency | 400Hz | 40kHz | 200kHz | 1MHz

Sampling | 4, | 100kH | 500kHz | 100MHz
Frequency

2.2.2 The Low Pass Filter Circuit Design

Before the signals are applied directly to the corrosion sample, a 6th-order
Butterworth low-pass filter is used to minimize the high-frequency noise that
may influence the measurement result. A low-pass filter is required before the
signal is applied to the sample-under-test. The purpose is to minimize the
influence of high-frequency noise[60].

Butterworth filter is a very commonly used filter. We selected the 6th order
because the result is optimal for our application. The design of the entire filter
is based on three operational amplifiers. Figure 2.4 shows the schematic of the
filter. The “Vin” pin is the input signal source. The output of the operational
amplifier(op-amp) is the output of the filter circuit. In figure 2.4 the “V2”
source provides the bias of the circuit. Figure 2.5 shows the transfer function
of the filter from 1-50MHz. The -3dB cutoff frequency is about at the 34MHz.

This design is enough for the impedance measurement system to reduce the
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impact of the high-frequency noise. We did not choose the Chebyshev filter,
although it has a better frequency response. The reason is that we don’t want
to increase the complexity of circuit design more. Increasing complexity will
increase the power consumption of the entire circuit and increase the difficulty
of debugging.

We use a low-pass filter to eliminate high frequency noise[52]. For example,
the frequency of the quantization noise from the digital-to-analog converter
(DAC) in the AD9834 DDS is higher than the signal frequency. Filter circuit
removes undesired noise, to obtain more accurate impedance measurement
results. Driver circuits are also used before the input and after the output
of the filter. The driving circuits are simply inverting op-amp circuits[61].
Generally speaking, for blocks with input and output signals, we intend to
increase the input resistance and decrease the output resistance to isolate
different stages of the system. In this way, the signal loss between each circuit
stage could be less. Also, the driving circuit at the front of the low-pass filter
leveled down the signal amplitude. Proper signal amplitude is required in EIS
analysis on the metal corrosion phenomenon. The desired input signal is with
around 50mV Vpp(peak-to-peak) amplitude[8]. Meanwhile, the driving circuit
can guarantee that the signal output is relatively stable so that the proposed

impedance measurement system can function as a potentiostat.
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Figure 2.5: The low-pass filter transfer function

2.2.3 The Switching Circuit Design

An analog switch 74AUP2G57GUX (Nexperia BV, Nijmegen, Netherlands)
controlled by the Arduino in the circuit can switch the signal between the cal-

ibration resistor and the corrosion sample. The analog switch is very situable
26



for the impedance measurement system due to its low-power consumption,
wide supply voltage range, high-frequency and high-noise immunity.Figure 2.6
shows how we calculate the sample impedance (Z) using a calibration resistor
(R.) The first step is to connect the test sample to be tested and measure the
current I,;. The second step is to apply a voltage to the calibration resistor to
get the current I,5. Impedance can be obtained by equation 2.2. As mentioned

above, the switching between Z and R, is obtained using an analog switch.

o Rc : Iw2
Z=== (2.2)
Calibration
Resistor
Z —\VVNV—
R,
I,
La AC ’ AC

A A
& )
Figure 2.6: Steps used to measure the impedance.

2.2.4 The Transimpedance-Amplifier(TIA) Design

The output from the sample or calibration resistor is a current signal. However,
a voltage signal is required for ADC to sample, and thus a trans-impedance
amplifier (TTA) is required. Figure 2.7 is a schematic of the TIA. Since the
signal to be amplified is very small(several tens of mV), four different stages of
the TTA are used to achieve a high gain. The first stage converts the current

to a voltage by feeding it to the R3 resistor. Because the sample’s impedance
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under test varies, the current feeds into the TIA are not constant. The output
at the first stage is a sine wave of several tens of millivolts peak-to-peak. The
following two stages are inverting an op-amp amplifier that can level up the
signal. These two stages form a non-inverting voltage amplifier. Equation 2.3
gives the estimated gain of stage 2 and stage 3.In amplifier design, more stages
can ensure a wider bandwidth while maintaining a certain gain. The purpose

of C1, C3, and C5 is to keep the feedback loop of the op-amps stable.

R7 R11
A, = (——— ——— ) =35 2.3
(ot (o) (2.9
C3 pF
i
_ R7=590 0
vDD VDO,

VDDE

. L
RI=10kQ 3 Re-l0k0 3
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R5=100Q Stage 2

R2=10kQ 2 R6=10k 0

C5=1 pF
¥ C7=0.1
VDD R1 1—_(3'..'941( Q vDD
VDD,
R8=10
kQ

R9= 1kQ

R10=10k Q

I—wA—

Figure 2.7: The TIA with driver used in the system.

The gain is about 35. Under this condition, amplifying a signal of several
tens of millivolts could yield an output signal with a peak-to-peak value below

3.5V. The ADC input range is 0-4.096V, which is high enough for a signal with
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a 3.5V peak-to-peak value so that the ADC can function properly. This is the
reason why we choose the gain of 35. A voltage follower as a driver circuit is
the stage 4 of the TIA.This stage serves as a driver.

Overall, the peripheral circuit’s function is to generate a sine disturbance
signal and feed it to a corrosion sample or a calibration resistor. Finally, by
increasing the signal amplitude, the ADC can sample the signal more accu-

rately.

2.2.5 ADC Sampling and Data Acquisition

Using the ADC, we converted the obtained analog signals into digital signals
and processed the digital signals using a commercial board P0435 (Terasic
Technologies, Hsinchu, Taiwan). On the P0435 board, there is an FPGA
that can control the on-board ADC. We also select this board because of its
portability and simlpicity of re-programming.The operating speed of this board
is enough to perform the data acquisition. The signals were then sent to the
PC for data processing. In this process, the synchronization between signal
generation and data acquisition is crucial. Since the Arduino and FPGA are
two different blocks, we set a 2-second time delay for each testing frequency
in the Arduino code and FPGA code separately. At a specific time interval,
the sine signal’s output frequency from the AD9834 corresponds to the ADC
sampling frequency. As a result, we can obtain the impedance result at a
particular frequency.

Table 2.1 shows four different sampling frequencies that correspond to each
group of sine testing signals. The ADC is controlled by a processor generated
through Nios IT App. The digital signal is transmitted to the PC and the
data was saved into four different files according to the different sampling
frequencies. After storing all the data into different txt files, we used them

one by one for impedance calculation. For each separate file, the data was read
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to a cell array first. We then calculated the frequency, magnitude, and phase
of the signal. By performing fast Fourier transform (FFT) ; we can obtain
the magnitude and phase of the signal as shown in Equations 2.4 and 2.5. In
Equation 2.4, I,» [k] and I,; [k] are the FF'T magnitude result of the current
through the calibration resistor and the sample under test, respectively. For
the phase in Equation 2.5, 6,5 and 6,; are the FFT phase result of the current

through the calibration resistor and the sample under test respectively.

Amplitude = Iﬂ[l;]*# (2.4)
xl
Phase = 0,0 — 0,4 (2.5)

Figure 2.8 shows the implemented impedance measurement system. Some

areas were colored with explanation, showing the position of different blocks.
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Figure 2.8: The proposed impedance measurement system

In addition to the circuit blocks introduced above, the figure also shows
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some parts that have not been introduced. These parts are very important to
our impedance measurement system. For example, the power supply interface
also has a USB interface to ensure communication with the computer. There
is also banana connector for test lead. The test lead is used to connect the
impedance measurement system and the corrosion cell. Through the test lead,
any sample-under-test is connected to the circuit and becomes a part of the
circuit.

Regarding the software design of the entire system, this part is in data
acquisition. Here we describe the working sequence of the software system.
First, Graphical-User-Interface (GUI) was created. After that, the Nios pro-
cessor will notify the ADC to prepare for sampling. Next is the impedance
calculation part. All collected data will be stored in a txt file, and the file will
be read into the cell array by the program. Through impedance calculation,
we receive three return values, namely frequency, phase, and amplitude. These

data are displayed on the graph.

2.3 Conclusion

In this chapter, we introduced the details of the impedance measurement sys-
tem design. Every part of the hardware is described in detail. We showed the
waveform generation circuit. The low-pass filter circuit was also described. In
order to perform an impedance measurement, the switching circuit was used.
Also, the data acquisition and the impedance calculation were illustrated. We
have paid attention to a lot of details in the design to ensure that the entire
system can complete the impedance measurement work.The system is ready

for the performance evaluation and real test of the EIS analysis.
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Chapter 3

System Evaluation and
Corrosion Experiment Process

The method of instrument evaluation used in [52] for instrument evaluation can
be used to analyze our experimental results. The entire instrument evaluation
process in this paper is divided into two stages: the first stage is precision
verification and the second stage is EIS analysis on a corrosion cell with metal

sample.

1. In the first stage (precision verification), we used our instrument to mea-
sure resistors. The resistance is known in advance We then calculate the
accuracy based on the measured values. Secondly, we measured a test
sample consisting of two resistors and a capacitor. Finally, we compared
the measurement results between the proposed impedance measurement

system and the bench-top SP-200 EIS instrument.

2. In the second stage (EIS analysis), we measured the EIS impedance
spectra of a corroded metal sample at different times, and then used the
equivalent circuit for parameter fitting. The results of the fitting can

explain the composition changes in the corrosion metal sample.

Besides the experiment, we will compare our system to the works that have

been previously reported.
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3.1 Precision Verification

This section contains two different parts. The first part shows the accuracy
of the system. We test the impedance measurement with our system firstly
on a pure resistor and then on a circuit model. Then we do the second part
that demonstrates the impedance measurement system’s ability to help EIS

analysis.

3.1.1 Test on a pure resistor

For the precision verification, a series of resistors ranging from 10 €2-150 €2 were
used as the testing samples. These resistance values were selected because the
impedance of the corrosion cell is within the range. The operating frequency
used is 10 Hz-200 kHz. The resistor used in the experiment is the RS-201
resistance substituter (IET LABS INC. Long Island, New York, USA) with an
accuracy of +(0.1%+0.025 §2). Since we are going to measure the magnitude
and the phase of the resistors, we will calculate the magnitude and the phase
error separately. Comparing with the Impedacne Measurement System results
to the values of the pre-set resistance substituter, the measurement magnitude
result error was calculated using equation (3.1) for each of the values of the
resistors under a certain signal frequency. As a result, we can get a series of cal-
culated errors for each resistor under a certain frequency. Taking the average

of all the error data we collected, we can get the magnitude error=0.028.

Zmeasuremen - Z
error = | ! | (3.1)

A
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Figure 3.1: The measured impedance magnitude results of the resistors.
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Figure 3.2: The measured impedance phase results of the resistors.

The ideal phase of the complex impedance of a pure resistor is 0, so we
regard the absolute value of the phase result as the phase error. Table 3.1
shows the results of the error calculations. The phase error of the device is
calculated by taking the average of all the calculated error results. In this

case, for the proposed Impedacne Measurement System, the phase error is
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1.051 degrees. Figure 3.1 shows the magnitude results of the resistors while
the Figure 3.2 visualizes the phase result. As observed from the Figure, the
measurement result remained relatively stable for each of the values of the
resistors. The inaccuracy could come from the limitation of the device, such
as the resolution of the DDS and ADC. Also, the parasitic capacitance in the
whole system contributes to the inaccuracy in the final measurement result.
Table 3.1: The impedance magnitude and phase measurement error

Magnitude Result Error
Frequency(Hz)\Resistance(2) | 10 20 50 100 | 150

10 0.088 | 0.043 | 0.002 | 0.001 | 0.011
100 0.064 | 0.022 | 0.008 | 0.016 | 0.024
1000 0.063 | 0.022 | 0.008 | 0.017 | 0.022
10k 0.063 | 0.022 | 0.008 | 0.018 | 0.020
100k 0.072 | 0.025 | 0.007 | 0.017 | 0.021
200k 0.089 | 0.030 | 0.006 | 0.018 | 0.021

Phase Result Error
Frequency(Hz)\Resistance(£2) | 10 20 50 100 | 150

10 0.448 | 0.297 | 0.102 | 0.200 | 0.233
100 0.020 | 0.017 | 0.064 | 0.160 | 0.076
1000 0.367 | 0.069 | 0.060 | 0.105 | 0.047
10k 0.001 | 2.980 | 2.101 | 1.496 | 1.311
100k 2.813 | 0.139 | 3.256 | 3.447 | 2.657
200k 1.104 | 3.073 | 0.590 | 2.669 | 1.621

The next step is to compare the proposed Impedacne Measurement System
and a bench-top commercial instrument, the SP-200 Potentiostat (Biologic,
France). This impedance meter is a single-channel transportable potentiostat
workstation. To compare the results, a sample is required. Figure 3.3 shows
the circuit model that was used as the sample for testing. The circuit model
can represent the electrochemical behavior of a homogenous metal solution
interface [39)].

The selection of parameters is based on the equivalent circuit parameter
fitting result from the EIS spectra of a corrosion cell.

Figure 3.4 and figure 3.5 show the comparison of the measurement magni-
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Figure 3.3: The circuit model as sample under test.

tudes and phases, where the starting frequency is 10 Hz, and the stop frequency
is 6kHz.

The results of the proposed Impedacne Measurement System showed the
same trends as the commercial SP-200. Our results are slightly lower than
those of the SP-200 within the whole testing frequency range. The inaccuracy
of the measurement result is likely due to the limited accuracy of the AD9834
DDS. At low frequencies, the result deviates from that of the SP-200. Replac-
ing the crystal oscillator (75 MHz) to a smaller value would improve the result.
However, in that case, the frequency range would be shorter after replacing
the crystal oscillator. The magnitude of the sample decreases over frequencies.
This is because the circuit contains a capacitor and two resistors. Equation
(3.2) shows the impedance of the circuit in Figure 3.3. R2 is connected in par-
allel with C1, and the whole is connected in series with R1. w is the angular
frequency of the signal passing through it.

Ry

Z(w) = L — 2
(w) R1+1+ij201 (32)
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Figure 3.5: Compare the phase result to SP-200

Because of only one capacitor in Figure 3.3, there is only one time constant
in the circuit. As the frequency increases, the magnitude gradually drops. At
low frequencies, the results about equal to R{+Rs. At 6 kHz, the results
approximately equal to the value of R1. Up to 6 kHz, the performance of

Impedacne Measurement System is good. For the phase results, the two sys-
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tems matched perfectly. In all, Impedacne Measurement System showed good
compatibility and accuracy, and thus we can use it for the EIS analysis for the

corrosion study.

3.1.2 EIS Analysis with a Corroded Metal Sample

Corrosion cells are often used to perform EIS analysis [8]. Consequently, a
simple and portable corrosion cell was prepared for the in situ experiments
[40], [62]. Figure 3.6 shows the corrosion cell that we used in our experiments.
The corrosion cell (model CM2) was manufactured by Fourien Inc. (Edmon-
ton, AB, Canada). During a corrosion experiment, a metal sample is fixed
vertically on the corrosion cell. One end is exposed to the air, and the other
end is exposed to the solution. The purpose of positioning the metal sample
in such a way is to build a direct connection between the corrosion cell and
the measurement system to minimizing any errors. There are inlet and outlet
tubes connecting the two ends of the corrosion cell. By circulating the elec-
trolyte solution (3.5% NaCl, about 2ml/s speed) in the corrosion cell rather
than rotating the metal sample in the solution as a conventional corrosion cell,
we get rid of a bulky motor and reduce the cost of the metal corrosion mon-
itoring setup. 3.5% NaCl solution is commonly used in the metal corrosion
experiment; for our experiment, we adopt this 3.5% NaCl solution [8]. Dur-
ing experiments, a peristaltic pump drives the solution to flow cyclically from
the inlet to the outlet. For different experiments, we can easily replace metal
samples. Table 3.2 shows the composition of the metal sample that we use for

the corrosion. The sample is categorized as low-carbon steel(LCS).
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Table 3.2: The composition of the low carbon steel sample
Material Composition
Carbon 0.13-0.20%

Manganese 0.30-0.90%

Phosphorus 0.04% Max
Silicon 0.15-0.30% Max

Sulfur 0.50% Max

Iron Balance

Outlet

The metal that fixed vertically.

The counter electrode that is placed
P (Working Electrode)

at the side of the corrosion cell.

Outlet

Figure 3.6: A 3-D diagram showing the dimensions of a corrosion cell. (Up)
A real corrosion cell. (Down)
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In the experiment, the peristaltic pump’s 3.5% NaCl solution was driven to
flow through the metal sample in the cavity evenly. We tested the impedance
of the sample every two hours and recorded the results. At the beginning of
the experiment, the liquid in the cavity was clear and transparent. However,
after 10 hours, some precipitations began to appear in the cavity because the
iron in the metal sample was oxidized and became rust. Figure 3.6 (right)
shows the color of the liquid in the cavity when precipitation occurred. In a
72-hour experiment from [8] of a single-layer coating system in the 3.5% NaCl
solution environment, the impedance changed significantly in the first 4 hours.
In the following hours, the impedance also changed at a relatively steady rate.
For our experiment, a time period of 10 hours is enough to observe our sam-
ple’s corrosion phenomenon. Also, in [8], at the beginning of the experiment,
a time interval of 2 hours was taken for monitoring, which is feasible for us
in our experiment. During the experiment, we collected a total of 6 groups
of data, and the corresponding time is 10 hours. The frequency range during
each data collection is 10 Hz — 5 kHz. In EIS analysis for metal corrosion,
the lowest frequency is essential due to the diffusion phenomenon that can be
detected [20]. In our experiment, the selection of the lowest signal frequency
is 10 Hz, which is a trade-off between the EIS analysis requirement and the
testing efficiency. The selection of the highest frequency of 5 kHz is based on
the result of the precision verification. In the precision verification that was
presented earlier, the highest frequency was 6 kHz. The selection of 5 kHz
can make sure that the proposed Impedacne Measurement System works in a
typical frequency region. All the impedance magnitudes were shown in Figure
3.7, we can see that the impedance magnitude decreases as testing time elapses
(2 hours, 4 hours, etc.). This confirms that most corroded surfaces are capac-
itive in nature. From Figure 3.9, we can see that at the same measurement

frequency (10 Hz, 100 Hz, 1 kHz, and 5 kHz), the impedance magnitude de-
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creases as time prolongs. There are two reasons that can explain the decrease
in impedance. The first reason is that the surface of the metal was corroded,

and the protective function of the surface gradually decreased.

The magnitude of the sample impedance
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Figure 3.7: The magnitude of the impedance of the sample.

Another reason is that the resistance of the solution decreased because of
the increased impurities in the circulating solution [8]. Based on the result of
the precision verification, we choose to do the EIS experiment in the frequency
range of 10 Hz to 5 kHz to obtain the best result. The detail of this behavior

is explained further in the following experiment.

CPE
124
Rs Al
—AAM— —
Rt
— WA —0—

Warburg
(Diffusion Impedance)

Figure 3.8: The equivalent circuit
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Magnitude under different frequencies
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Figure 3.9: The comparison of magnitude under different frequencies

The phase of the sample impedance
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Figure 3.10: The phase of impedance of the sample

Figure 3.10 shows the measured phase of the impedance of the sample. As
frequency increases, the value was closer to zero degree. With the magnitude
and phase data, we can use an EIS equivalent circuit (Figure 3.8) and data
fitting to understand what happened to the corrosion cell over time. According

to the characteristics of our model, we selected an equivalent circuit model as
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Table 3.3: The fitting result of EIS data

Time Rs CPE: Q CPE Rt | Warburg constant:
Q | F*s (a-1) a Q Q*s7(-0.5)
0 hour | 16.92 | 0.202e-3 | 0.7161 | 20.40 681.8
2 hours | 16.04 | 0.537e-3 | 0.6406 | 20.01 876.9
4 hours | 15.95 | 0.522e-3 | 0.6665 | 15.23 590.4
6 hours | 15.93 | 0.856e-3 | 0.6297 | 17.45 920.2
8 hours | 15.67 | 0.870e-3 | 0.6301 | 16.71 857.0
10 hours | 15.59 | 0.867e-3 | 0.6297 | 15.29 806.7

shown in Figure 3.8 [63]-[65]. The selection of Randles cell is based on the
corrosion cell’s capacitive nature and the fact that the corrosion reaction here
is mainly controlled by the mass (oxygen) transport stage that happens on the
surface of the metal sample [63].

For the EIS fitting software, we used EC-LAB (BioLogic Science Instru-
ments, Seyssinet-Pariset, Auvergne Rhone Alpes) software to fit the data. The
fitting methods were “Randomize and Simplex ”. In this method, the software
randomly selected parameters for fitting. The software searched for optimal
initial values. The next step was simplex minimization, which was often used
to minimize linear functions. Through the optimization of these two steps, we
could obtain relatively accurate equivalent circuit parameters [60]. The fitting
of each set of data has a total of 5000 iterations. Table 3.3 shows the result of
the data fitting, where we have listed the parameters of the equivalent circuit
at the different time points of measurements.

In the circuit, Rs represents the resistance of the electrolyte solution [39].
The value of Rs is closely related to the factors such as the concentration
of the solution and temperature. As the corrosion reaction progresses, the
composition of the electrolyte solution in the corrosion cell evolves over time,
and the conductivity of the solution changes; as shown in the Table 3.3, Rs
will also vary as the reaction progresses. For the constant phase element

(CPE), its impedance is given in the Equation (3.3). In the equation, @ is
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the CPE value. CPE is an element that can model the behavior between a
pure capacitor and a pure resistor. « is the exponential value that determines
the CPE model’s characteristic and takes the value between 0 and 1. When
a=0, the CPE model is purely resistive. On the contrary, when a=1, it is
strictly capacitive. The constant phase element is related to the double-layer
capacitance that represents the capacitance of the electrical double-layer that
sticks to the metal sample surface. CPE is used instead of an ideal capacitor
model because we want to obtain a more accurate fitting result [66]. The
value of « for which the value usually lies between 0.5 and 1 shown in the
table is related to the surface roughness [66]. During the experiment, the
exponential behaved in a trend of decreasing over time, indicating that the
surface roughness increased during the experiment [67].
1

7= QG .

The charge transfer resistance shows the difficulty of the charge to transfer

between substances during the corrosion reaction on the surface of the metal.
As shown in the Table 3.3, the value of Rt dropped as time prolong in the
experiment. The study finds that the decrease is related to the chloride ion
facilitate the corrosion on the carbon steel. FeCl; -4 H,O as a mid product for
the reaction that accelerates the reaction of the iron [68]. The mass transport
stage controls the corrosion reaction of the steel as one of the mass transport
stage mechanisms. The diffusion of oxygen plays an essential role in the reac-
tion. In the equivalent circuit, as shown in 3.8, a Warburg impedance element

is used.

Zy = o(w) (1 -3) (3-4)
Equation (3.4) shows the impedance of the Warburg element. It is no-

44



SULIOYTUOTN UO0110939(] SULIOYTUOTN

QOEOHHOQ ﬁﬁpwz wwﬁﬂowﬁoauoﬁm EOEOMMOO Mdpwz GMQEMSE QOE@OSQ@«Q
Sox ON SoX Sox  /jaejsonjuajod 91 ST
‘ aduey Aouenbaiq
(SIED)ZHY G-2H 0T *(103s1s94)2HY 0062H 01 ZHY 001 03 dn ZH 00T-2H 100 ZHIN L 03 zHH 01 ISV
oseyd ur 10119 ‘TOpNITUSRIIY/ Q" 9 oseqd 10§ > o en Ad2eInond
qd ur TG0 T'opnyt %8°CF BEF  opngrugepy 1of 0> %€0°0F \4
Jow s :%swao wm_a@.p% STd TONEISAIOA oo180(]
190999(] @ouepadur] poseq-oumpiry 002-dS

SOOIAQD I9Y0 0} WISAG JusmaInses]y sudepaduu] pesodoxd oty uostredwo)) ¢ o[qr],

45



ticeable that the absolute value of the real part and the imagined part of the
Warburg element are the same. In the Equation (3.4), o is the Warburg con-
stant. The value is related to the angular frequency and the constant. When
it comes to the corrosion reaction here, the Warburg constant reflects the dif-
fusion ability of the oxygen. The value of the Warburg constant didn’t change
rapidly with the accumulating rust layer. The behavior is interpreted as the
oxygen does not need to permeate the rust layer to participate in the reaction
[63].

Table 3.4 shows the comparison of the proposed Impedacne Measurement
System to the other 3 different devices. The commercial SP-200 workstation
listed in the table is a benchtop machine with outstanding performance. Com-
pared to the other two works in reported literature, the proposed Impedacne
Measurement System shows the good capability to conduct EIS analysis on

the metal corrosion sample.
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3.2 Conclusion

In this chapter, we performed a series of tests on the proposed impedance mea-
surement system. The tests showed the system’s accuracy when the performed
impedance measurement. In the precision verification stage, we measured the
impedance of a pure resistor and a circuit model. The system showed good
performance and the potential of conducting EIS analysis. After that, we per-
formed the EIS analysis on the corrosion cell. The system showed the ability

to conduct an EIS analysis so that the design goals are achieved.
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Chapter 4

Introdution to ongoing work:
Impedance-Based COVID-19
Antibody Detection System

COVID-19 (Coronavirus disease) is a global health crisis that started at the
end of 2019[69], [70]. Other than threatening lives and the public health sys-
tem, the impact of this pandemic is long-lasting and overwhelming in many dif-
ferent aspects of human life, such as mental health[71]-[73] and economics|74]-
[76]. According to data from Johns Hopkins University, as of May 31, 2021,
there have been 170 million positive cases, and more than 3 million people
have died of COVID-19 worldwide[77]. In Alberta, as of the end of May 2021,
there were more than 220 thousand identified positive cases, and more than
2,000 people died as a result of the COVID-19[78].

COVID-19 patients are infected with 2019-nCoV and develop symptoms
such as fever, cough, and shortness of breath[79]—[81]. In addition to the above
symptoms, low-grade fever and mild fatigue are very common symptoms for
patients with mild illness[82]-[84]. But for patients with more serious illness,
infection can lead to pneumonia, severe acute respiratory syndrome, organ
failure, and even death[85], [86].

In order to fight against this virus, the first thing to do when facing a
patient is to detect whether the patient carries the virus or antibody in their
body[87], [88]. In order to detect the virus, nucleic acid testing can effectively
detect whether the patient is currently infected by the virus[89]-[91]. The
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genetic material of this virus is RNA[92], [93]. If we detect the corresponding
genetic material in the patient’s body, then we can determine whether the
patient has been infected[94].

In addition to nucleic acid testing, we can also perform antibody testing
for COVID-19[95]. Antibodies are proteins produced by the human immune
system after a person is infected with a virus or vaccinated[96]. The purpose
of antibody testing is to determine whether the patient has ever been infected
with COVID-19[94].

EIS analysis has been used in many different areas. The reason for this
is that EIS analysis is very convenient. And EIS analysis can give us a lot
of information about the tested sample. From this information, we can learn
about the different reactions of the tested sample. As mentioned in the pre-
vious chapter, EIS can be used to detect metal corrosion. In this chapter, the
main application of EIS analysis we discussed is in virus antibody detection.

The purpose of this chapter is to give a brief introduction to the ongo-
ing work of the impedance measurement system dedicated to the COVID-19
antibody test in our research group. Compared to the original impedance
measurement system for corrosion monitoring, the new system has some im-
provements that target a more efficient impedance test that helps EIS analysis
on the given sample.

The organization of this chapter is as follows: Firstly, we do a brief liter-
ature review that can give some background information on why we need an
impedance measurement system for the COVID-19 antibody test. After that,
the COVID-19 impedance measurement system is based on the corrosion one;
we will introduce the system’s design and highlight what the improvement is
compared to the previous one. Because the author is responsible for the ana-
log front end (AFE) design of the system, the improvement of the AFE will
be explicitly addressed. The testing result for the system is given as well to
show the performance of the device. Finally, the conclusion summarises this

chapter.
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4.1 COVID-19 antibody lab-on-chip test with
electrochemical biosensors

Lab-on-chip technologies have been used for COVID-19 tests. Currently, there
are several commercial products available for rapid COVID-19 tests that are
on the market[97].

Sahar et al. reviewed the electrochemical biosensors that are designed for
the rapid diagnostics of SARS-CoV-2. The basic principle of the electrochem-
ical test relies on the binding between the target substance in the sample and
the immobilized substance on the surface of the electrode[98]. In other words,
the fact that virus antibodies or antigens exist is ultimately transformed into
a change in impedance. We can further infer whether there are antibodies or
antigens by measuring changes in impedance.

Jesus et al. developed a handheld point-of-care system to perform a nuclear
acid test for the SARS-CoV-2 within 20 minutes. The test sample passes
through the microfluidic device, and this step performs the amplification of the
viral genetic material. Finally, the tests are carried out. In a population of 183
with 127 positive samples, this instrument showed 91% sensitivity and 100%
specificity. This system is more than just a nucleic acid detection device. This
system can link nucleic acid test results with geographic information to form
epidemiological surveillance of infected persons[99]. Although this system does
not have an impedance detection device, it provides us with a new direction
for virus detection. That is to test samples, collect data, and finally perform
large-scale data analysis.

Rashed et al. successfully conducted SARS-CoV-2 antibodies rapid detec-
tion with impedance-based detector through EIS analysis. The SARS-CoV-2
antibodies at clinically relevant concentrations were used as samples on the
sensing electrodes in their study. The study shows the feasibility of using EIS
analysis to detect the SARS-CoV-2 antibodies with a commercially available
impedance analyzer [100].

Among these detection methods, impedance detection devices play a very

important role. The focus of our work here is to design a circuit system that
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can effectively help with detection.

4.2 The system design of the COVID-19 an-
tibody impedance measurement device

NIOS I

AVALON

FFT FPGA

RAM PLL

DAC

AFE PGA

FILTER

DUT/Rcal

Figure 4.1: The block diagram of the impedance system of the COVID-19
project

Compared with the system used for corrosion detection, this system has many
improvements. The main improvement is not only in the analog-front-end
(AFE), but also in the overall architecture. Fig 4.1 shows the new block dia-
gram of the new impedance measurement system. The corrosion one involves
Arduino and FPGA as the control units for different circuity blocks that work
separately. The original idea is to make a fast prototype of the whole system
by eliminating the design complexity on each side. This is time, in order to
seek a compact design, we only selected FPGA as the control unit.

In this section, we first introduce the analog-front-end(AFE) design and

then present the FPGA design as the control unit.
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Figure 4.2: The PCB design of the impedance board for COVID-19 project

Figure 4.2 shows the PCB design of the impedance board for the COVID-19
project. As said in the previous chapters, the target impedance and the work-
ing frequency range for any impedance measurement system are very impor-
tant parameters. Since the impedance measurement system for the COVID-19
system is supposed to work with the point-of-care system developed by other
members in our research group, the target impedance range and the frequency
range are set by them. The target impedance range of the new board is around
103-10° Ohm. The required frequency could be as low as 10 Hz and as high
as 10° Hz.

For the target impedance range, the main job is to set a proper amplitude
of signal across the sample under test. For the working frequency range, we
should select the devices with a high gain-bandwidth product and adjust the

gain on each level of the amplifier circuit.

4.2.1 AFE-Digital-Analog Converter(DAC)

In the corrosion one, we used an AD9834 DDS chip that has a DAC block

inside the chip already. This time, the DAC is an independent chip AD9742
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(Analog Device Inc.).
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Figure 4.4: The DAC driver circuit.

Figure 4.3 shows the DAC chip and the pin connection of the AD9742.

DBO0-DB11 corresponds to the general-purpose input and output(GPIO) to



the FPGA development board. We can control the signal frequency from
these ports. DCA-clk is the clock signal from the PLL on the FPGA board.
We left a test point for the “MODE” pin to test the input data format. It
could be either be binary or 2’s complement [101].

The "IOUTA” and "IOUTB” are the output of the DAC chip. The signals
from the two output pins are differential. We select a DAC driver as shown in
Figure 4.4. The purpose of this driver is to make a differential-to-single-ended
conversion of the output signal[101].As a result, the signal amplitude can be

around 1V at the output of the DAC driver.

4.2.2 The programmable gain amplifier (PGA)
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Figure 4.5: The programmable gain amplifier (PGA) circuit.
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For the COVID-19 project samely, to perform an EIS analysis, we need to
make sure that the signal applied across the device-under-test(DUT) or the
calibration resistor is small enough because we need to make sure that the
test is linear, causal, and stable[20]. Compared to corrosion one, in which the
input amplitude is fixed, the new one can change the amplitude of the testing
signal. We can change the testing frequency and the signal amplitude as well
for the COVID-19 impedance testing sample.

Figure 4.5 shows the schematic of the PGA. The idea of the PGA is pretty
straightforward. It is clear that we cascaded three simple op-amp feedback
circuits together. It is noticeable that we used several ADG812 analog switches
in the circuit. These analog switches aim to switch the resistors in the circuit
to change the gain on each stage. For each of stage, the gain could be 1, 0.5,
0.2, or 0.1. Also, from the schematic, there is a voltage follower at the end

of the PGA. The purpose is to make sure that the isolation between different

stages.
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Figure 4.6: The AC response of the PGA

Figure 4.6 shows the ac response of the PGA when the gain=0.001(-60dB),
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which means that the gain on each stage is 0.1(-20dB). From the simulation

result, the bandwidth reached 1.495MHz. We have to pay attention to the

bandwidth limit of each stage of the circuit because we want to have a rela-

tively high-frequency testing signal so that we should be able to collect more

information about the sample.

4.2.3 The low-pass-filter (LPF)
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DNI

The filter is a 6th order butterworth filter with sallen-key topology at each

stage. Figure 4.7 showed the schematic. The passband is up to 2MHz while

the stopband is set at around 4.29MHz. Figure 4.8 shows where the bound of

the passband and stopband are. The purpose of this filter is to filter unwanted

noise that could influence the measurement result.
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4.2.4 The transimpedance amplifier(TIA) and the pro-
grammable gain amplifier (PGA) combination
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Figure 4.9: The schematic of the TTA and the PGA
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As shown in the Figure 4.9, we have two sets of the TTA-PGA combination. We
have the calibration resistor, and the device-under-test(DUT) goes in different
paths. This time, we do not need to switch the signal between the calibration
resistor and the DUT. The analog-digital-converter(ADC) is dual-channel so
that we can collect the signals from different paths at the same time.

On each of the paths in the circuit, there are three stages. The first
stage is the trans-impedance amplifier(TIA). And the following stages are the
programable-gain-amplifiers.

We found that there is a factor that could lead to phase result inaccuracy
in the impedance measuring. That is the phase response of the TIA. The
function of the first step of the TTA is to convert a current signal to a voltage
signal. We did not implement a current source in the design. The current is
generated through the voltage applied over the sample test.

In Figure 4.9, DUT out pin corresponds to the signal from the device-
under-test, and the signal from the calibration resistor comes from the Cali_out
pin. The magnitude of the impedance ranges from 1 kOhm to 100 kOhm. In
order to couple with this value, we chose the value of R36 and R47 as 10
kOhm. C18 and C24 are the capacitor to extend the bandwidth.

Our aim is to maintain a phase accuracy within 1% at 1MHz testing fre-
quency. In another word, when we change the value of the sample under
test, the phase value should change inside 1%. In order to meet this demand,
we need a good amplifier. After finding a lot of amplifiers with high Gain-
Bandwidth, we chose LTC6253 amplifiers. The gain-bandwidth is 720MHz
and it is a Rail-to-Rail amplifier, which means the swing of the signal can
be higher. Compared to the ADA4807-4(GBW=180MHz) that were used in
other blocks in the impedance board, the new one is more feasible in the design
that requires a wide bandwidth. The result is that the phase response can be
smoother around the frequencies that we are interested in.

Figure 4.10, 4.11 and 4.12 shows the simulation result when the DUT or

calibration resistor’s resistance is 1 kOhm, 10 kOhm, or 100kOhm, respectively.
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Figure 4.10: The simulation result when the sample’s impedance or the cali-
bration resistor is 1000.
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Figure 4.11: The simulation result when the sample’s impedance or the cali-
bration resistor is 10000.
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Figure 4.12: The simulation result when the sample’s impedance or the cali-
bration resistor is 100000.
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4.2.5 The analog-digital converter (ADC) circuit
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Figure 4.13: The schematic of the analog-digital converter(ADC) in the system

Figure 4.13 shows the ADC circuit that is with the LTC2323(Analog Device
Inc.) ADC. This ADC is dual-channel to receive the signal from the calibration
resistor and the DUT at the same time. We designed the pin configuration
of the ADC by referring to the datasheet[102]. It is noticeable that the ADC
requires a differential signal input. In Figure, two LTC6421 amplifiers trans-
form the signal to a pair of differential signals so that the ADC can use them
as input.

Also, there are pins connected to the FPGA. The FPGA control unit can
send the control signal to the ADC and receive the digital signal from the
ADC.

4.2.6 FPGA control unit

The FPGA is the control unit of the system. There are four different purposes

for the FPGA control unit. Firstly, the FPGA needs to send control words
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from the Direct Digital Synthesis(DDS) to the DAC. Then the DAC sends
the sine signals to the rest of the analog front end(AFE). Also, the phase-
lock-loop(PLL) in the system can guarantee the clock signal for the ADC, and
the DDS are synchronized. Fast-Fourier-Transform(FFT) and the impedance
calculation need to be performed on the FPGA chip. Finally, the data should
be sent to a personal computer(PC) for display.

4.3 Testing result
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Figure 4.14: The testing result of the COVID-19 project impedance board

Figure 4.14 shows the comparison of the COVID-19 impedance board and
the SP-200 when measuring a chip holder with no sample loaded, which is
apparently a capacitive sample. The result shows a very good agreement
between the results from the SP-200 and the impedance measurement system

in the frequency range of sub-Hz to tens of kHz level.
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4.4 Conclusion

This chapter only gives a brief introduction to the ongoing work: the COIVD-
19 impedance measurement board. The author is responsible for the AFE
design so that the AFE is mainly discussed. The test result shows that the
system works well in a certain frequency range. Down the road, the impedance
board is supposed to be work with real COVID-19 testing samples and try to

help the diagnosis process.
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Chapter 5

Conclusion

In this thesis, two different but similar work about the impedance measure-
ment systems was introduced. For the corrosion impedance system, we intro-
duced the background of the metal corrosion and the EIS analysis. Then we
showed the hardware and software design of the corrosion impedance system.
The system evaluation and the real corrosion experiment were conducted to
show the system’s performance. The result shows that our device has a good
performance and can help to find insights into the corrosion phenomenon.

For the COVID-19 impedance measurement system, we introduced the
background of the COVID-19 testing and its relationship with EIS analysis.
Then we showed the design of the system and the testing result.

The thesis reflects the author’s contribution to the development of the

impedance measurement system.
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