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ABSTRACT

World population will grow to 9.6 billion by 2050 and global food production needs to be
increased by 70% to feed the increased population. Hence, better insight into plant physiology can
impart better quality in fruits, vegetables, and crops, and eventually contribute to food security and
sustainability. In this direction, this thesis utilizes electrical sensing technology, electrical
impedance spectroscopy (EIS) and tomography (EIT), for better understanding and
characterization of a number of physiological and structural aspects of the plant. It investigates the
dehydration process in onion and ripening process in avocado by EIS, and perform 3D structural

imaging of root by EIT.

The thesis tracks and analyzes the dynamics of natural dehydration in onion and also
assesses its moisture content using EIS. The work develops an equivalent electrical circuit that
simulates the response of the onion undergoing natural drying for a duration of three weeks. The
developed electrical model shows better congruence with the experimental data when compared
to other conventional models for plant tissue with a mean absolute error of 0.42% and root mean
squared error of 0.55%. Moreover, the study attempts to find a correlation between the measured
impedance data and the actual moisture content of the onions under test (measured by weighing)
and develops a simple mathematical model. This model provides an alternative tool for assessing
the moisture content of onion nondestructively. The model shows excellent correlation with the
ground truth data with a deterministic coefficient of 0.977, root mean square error of 0.030 and

sum of squared error of 0.013.

Next, the thesis presents an approach that will integrate EIS and machine learning
technique that allows us to monitor ripening degree of avocado. It is evident from this study that
the impedance absolute magnitude of avocado gradually decreases as the ripening stages (firm,
breaking, ripe and overripe) proceed at a particular frequency. In addition, Principal component
analysis shows that impedance magnitude (two principal components combined explain 99.95%
variation) has better discrimination capabilities for ripening degrees compared to impedance phase
angle, impedance real part, and impedance imaginary part. The developed classifier utilizes two

principal component features over 100 EIS responses and demonstrate classification over firm,
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breaking, ripe and overripe stages with an accuracy of 90%, precision of 93%, recall of 90%, f1-

score of 90% and an area under ROC curve (AUC) of 88%.

Later on, this thesis presents the design, development, and implementation of a low-cost
EIT system and analyzes root imaging as well. The designed prototype consists of an electrode
array system, an Impedance analyzer board, 2 multiplexer units, and an Arduino. The Eval-
Ad5933-EBZ is used for measuring the bio-impedance of the root, and two CD74HC4067
Multiplexers are used as electrode switching unit. Measuring and data collecting are controlled by
the Arduino, and data storage is performed in a PC. By performing Finite Element Analysis and
solving forward and inverse problem, the tomographic image of the root is reconstructed. The
system is able to localize and build 2D and 3D tomographic image of root in a liquid medium.
This proposed low-cost and easy-to-access system enables the users to capture the repetitive,
noninvasive and non-destructive image of a plant root. Furthermore, the study proposes a simple
mathematical model, based on ridge regression, which can predict root biomass from EIT data
nondestructively with an accuracy of more than 93%. Thus, this study offers plant scientists and
crop consultants the ability to better understand plant physiology nondestructively and

noninvasively.
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Chapter 1 — Introduction

1.1 Introduction

World population will grow to 9.6 billion by 2050, and global food production needs to be
increased by 70% to feed the increased population [1]. Hence, analyzing and understanding plant
tissue can contribute towards the superior quality of vegetables and fruits. Gaining an insight into
plant's health and root system can impart better crop performance and eventually contribute to food
security and sustainability. Therefore, plant tissue characterization is one of the major thrust of
today's engineering research. Numerous efforts have been made to devise an accurate and easily
accessible technique for investigating plant physiology. Conventional chemical and biochemical
analyses conducted to investigate plant physiology are limited by factors like processing time and
destructive nature [2]. These methods are often laborious, expensive and require access to the
laboratory facility. Moreover, these methods are infeasible for a repetitive inspection.
Nondestructive methods like Magnetic Resonance Imaging (MRI) and CT Scan are found to be
effective towards the understanding of fruits' and vegetables' quality and postharvest processing
[3, 4]. Both MRI and CT are limited by factors such as high cost and processing complexity.
Hyperspectral imaging can effectively assess various characteristics of plants [5] but it also suffers
from constraints like cost and processing. Therefore, it is essential to expand the technologies from

different viewpoints.

Developing a relationship between food qualities and engineering properties of food is the
main challenge of today's food engineering. The electrical properties of food are found to be
closely related to food quality. Moreover, electrical sensing is found to uncover the fundamental
attributes in plants and to follow physiological progressions due to environmental impacts [6].
Electrical Impedance Spectroscopy (EIS) is one of the methods of measuring electrical
characteristics with a small amplitude sine wave voltage (or current) [7]. Impedance spectrum can
be determined using a multi-frequency impedance analyzer by observing the electrical response of
tissues to the passage of the external power [7]. EIS can allow insight into the physiological and
pathological information on biological tissues and organs. Electrical Impedance Tomography is
another electrical sensing technology where electrical conductivity, permittivity, and impedance

of an object is measured by an array of electrodes around it and by utilizing the measured data at



domain boundary, a tomographic image of the object is reconstructed [8-10]. Both EIS [7] and

EIT [11, 12] modules are fast, low-cost, radiation-free, nondestructive and noninvasive.

EIS has demonstrated valuable impact on food quality and stability monitoring over the
last decades. It is found to offer a great insight into the physiology of fruits and vegetables
undergoing the natural drying process. Apples properties during 21 days of aging were monitored
using EIS to provide information about the physical properties of apple [13]. Two different
analytical techniques for assessment of the changes of apples' properties during the aging time
were proposed. The first one is a single measurement in the low frequency range (around 100Hz)
and the second one is a multi-frequency argand plot on a complex plane. The results propose that
alteration in observed EIS can be attributed to the changes in the relative moisture content of the
apple. Kertész, et al. [14] utilized EIS to measure the electrical response of carrot slice during
drying by HP 4284 A and 4285A precision LCR meters in the frequency range from 30Hz to IMHz
and from 75kHz to 30MHz, respectively, at a voltage of 1V. By measuring the weight of the
samples with a with a DenverSI-603 electronic analytical and precision balance, the moisture
content was calculated on a wet basis. Moisture content was found to decrease according to a
polynomial function and alteration of impedance during drying showed good correlation with
change in moisture content. Ando, et al. [15] investigated EIS to explore the changes in the cell
physiological status of potato tissues during hot air drying at 50-80°C. At the early drying stage,
from the initial moisture content to moisture content of 1.0 (dry basis), the modified Hayden model
was found to be useful to describe the impedance characteristics. Considering the benefits of EIS
as an easily accessible and nondestructive tool, this work proposes to use it to understand the
mechanisms of dehydration on onion and to assess its moisture content.

EIS technique is found to offer insight into the physiology of fruits undergoing the ripening
process. In order to assess the freshness of banana, EIS investigation was performed during
different ripening state [16]. By attaching Ag/AgCl electrode and injecting a small amount of
current, impedance responses are measured by the 4294A Impedance Analyzer over a frequency
range of 50Hz to IMHz. The impedance magnitude, phase angle, real and imaginary part varied
markedly with the alteration of ripening state. Authors [17] designed a nondestructive device to
obtain the impedance spectrum of the whole strawberry fruit and later on performed classification
by utilizing corresponding equivalent circuit parameters (Constant Phase Element, CPE-P, and

Rinfinity). The study showed that the strawberries at the highest stage of ripeness had significantly
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lower constant phase element and Ro (extra-cellular resistance) values compared to other
strawberries. Neto, et al. [18] utilized the EIS technique for the determination of the maturation
degree of mangoes based on the variation of bulk resistance dependence with the maturation of
fruits. The authors in the article came up with this strategy to normalize bulk resistance by diameter
to compensate the size variations of samples. The work demonstrated good agreement between the
variation of electrical response and mechanical response of fruit. Montoya, et al. [19] investigated
that electrical conductivity could be a suitable factor for assessment of quality during ripening and
cold storage. The found some resemblance between electrical conductivity response and ethylene
productions curve. They defined a threshold of conductivity (0.24 S/m) that indicates the limiting
value for fruit stored at non-injurious temperatures and subsequently transferred to 20°C for
marketing. Chowdhury, et al. [20] carried out EIS study on mandarin orange fruit during ripening
in a spectrum between SO0Hz to IMHz. They observed significant variation of the impedance, phase
angle, real and imaginary part of the impedance with the different state of orange ripening. The
study also demonstrated the loss of weight of corresponding samples with the progression of
ripening states. This study exploits EIS to understand mechanisms of ripening on avocado and to
assess its ripening degree.

EIT is a fast, low cost, noninvasive, non-ionizing, radiation-free and portable imaging
modality. Due to its unique advantages, EIT has obtained enormous attention and interest in
diversified fields such as medical imaging, material engineering, Nanotechnology and MEMS,
civil engineering, chemical engineering, biotechnology, and other fields of engineering,
technology, and applied sciences [11, 12]. In medical imaging, EIT has been extensively used for
imaging of lung [21, 22], studying the regional ventilation distribution in neonatal and pediatric
lung disease [23], imaging of breast [24] and brain [12]. EIT has been utilized in material
engineering and the manufacturing technology such as studying the semiconductor manufacturing
and estimating conductivity distribution of polysilicon thin film [25]. In nanotechnology, EIT has
been studied for imaging of Carbon Nanotube (CNT) composite thin films [26, 27]. In several
civil engineering applications, and a number of research works on EIT have been reported such as
imaging leaks from buried pipes [28], brick walls imaging [29]. In biotechnology, EIT has been
studied by several research groups for Cell culture imaging by such as [30, 31].

Although not much works are found in the literature on the application of EIT on plant

root, Weigand and Kemna [32] conducted a study on structural and functional imaging of crop



root by EIT. They designed and conducted a controlled experiment in which the root systems of
oilseed plants were monitored in a 2-D, water-filled rhizotron container with an array of 38
electrodes. The EIT imaging revealed low-frequency polarization response which attributed to
crop root since the polarization response of water medium is insignificant. Based on a pixel-based
Debye decomposition analysis of the spectral imaging results, the work found a mean relaxation
time of the root system's polarization signature in a frequency of 15Hz. For functional imaging,
Weigand and Kemna applied nutrition stress over 3-day period and observed a gradual decrease
of polarization response from the root system. Thus they investigated the capability of EIT for
imaging of root physiological process (stress). This study proposes the design and development of
a low-cost EIT system from readily available off-the-shelf equipment and test the validity of the

system for imaging of plant root in hydroponics.

1.2 Objective of the Thesis

The research objective of this work was to investigate and analyze the physiological,
functional and structural aspects of plant by utilizing EIS and EIT method. To achieve this

objective, the following endeavors were pursued:

e Investigating the prospect electrical impedance spectroscopy for nondestructive
monitoring of the physiological status of onion undergoing dehydration. Then utilizing the
equivalent circuit model of EIS for tracking the dehydration process.

e Exploring the feasibility of electrical impedance spectroscopy technique as an alternative
tool for estimation of moisture content on the onion.

e Exploring the feasibility of electrical impedance spectroscopy for nondestructive and
noninvasive monitoring of ripening process of avocado. Then assessing the ripening
degrees of avocado by EIS and machine learning approach.

e Developing a low-cost, low power, portable, lightweight and automated electrical
impedance tomography data acquisition system (including hardware and software) from
the commercial off-the-shelf components.

e Investigating the feasibility of utilizing the EIT technique to detect plant root in
hydroponics and reconstruct the 3D images.

e Exploring the prospect of EIT system to assess root biomass nondestructively.



1.3  Organization of the Thesis

A brief overview of the organization of the rest of the thesis is presented in this section. In
Chapter 2, background study on the theory of EIS and EIT is presented. A case study on the
application of EIS on onion is presented in Chapter 3. The feasibility of EIS on modeling the
dehydration process of onion during storage is explored. Additionally, a mathematical model for
nondestructive assessment of onion moisture content is presented. In Chapter 4, a study on the
application of EIS and machine learning for assessment of ripening degree on avocado is
presented. In Chapter 5, the design and development of a low-cost EIT system is presented and its
application for root imaging is explored. Utilization of the system for nondestructive assessment
of biomass is also investigated. Finally, conclusion and direction for future research are given in

Chapter 6.
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Chapter 2 — Background

2.1 Theory of Bioimpedance and Electrical Impedance Spectroscopy

The plant body is a complex biological structure composed of tissues which are developed
with cells suspended in extracellular fluids (ECF) [1]. Cells are composed of intracellular fluids
(ICF), cell membrane (CM) and cell wall (CW). ECF, ICF and CM are developed with different
materials and so exhibit distinguishable electrical attributes. The ECF and ICF act as electrolytes
and provide a conducting path to applied alternating current [2]. The CM is a protein-lipid-protein
(P-L-P) structure and exhibits capacitance to the current. Consequently, the overall response of the

biological tissues to an alternating electrical signal generates a complex bioelectrical impedance.

Mathematically, the impedance ZZ(8)is calculated by dividing the voltage (¥ £(6,)) measured
by applied current (/£(6,)) as shown in equation (2.1)

VZ(6)

240=770)

2.1)

Bioimpedance is a complex quantity which varies with tissue composition and frequency
of the applied signal. Therefore, the frequency dependent bioimpedance can be represented as

shown in equation (2.2)
Z,(0) =Re(Z(w)) - j Im(Z(w)) = R, (@) - jX,(0) (2.2)

where, Re(Z(w))= R, (@) and Im(Z(w))= X,(®) represent the magnitude of the real part of the

complex Z,(®) and the magnitude of the imaginary part of the complex Z, (@) , respectively.

Bioimpedance is sensitive to the physiological status of plant tissue. Again, as the response
of bioimpedance changes with frequency, a multi-frequency impedance analysis can offer better
insight into plant physiology and better understanding to plant tissue status. Electrical impedance
spectroscopy (EIS) is a multi-frequency analysis for studying complex electrical impedance, Z ()
and its phase angle, () at different frequency points, @.(®@, : @, ®,, ®;,...,»,) . EIS is performed

by measuring the surface potentials, ¥ (w)occurring from a constant current injection, 7(w) at



the boundary through a linear array of the surface electrodes attached to the sample-under-test
(SUT) [3].

Bioimpedance of a sample can be measured using a two-electrode or four-electrode
method. As the name implies, the two-electrode method (shown in Figure 2.1a) uses only two
electrodes in series for impedance measurement. As a result, the current signal injection and
voltage measurement are conducted with the same electrodes. This method suffers from electrode
polarization impedance (EPI) which occurs at the electrode-tissue contact interface while the
electrode is polarizable. To resolve this issue, the inter-electrode distances (IED) method was
proposed [4]. Besides, electrode polarization impedance (EPI) can be minimized by introducing
sufficiently high frequency at S00Hz [5]. In the four-electrode method (shown in Figure 2.1b), two
separate electrode pairs are used for current injection and voltage measurements. As a result, it
utilizes a linear array of four electrodes attached to the SUT. This method injects a constant
amplitude current signal to the SUT through the driving (or forcing) electrodes and the frequency

dependent voltage signals are measured through sensing electrodes.

2.2 Theory of Electrical Impedance Tomography

Electrical Impedance Tomography (EIT) [6-8] is a noninvasive imaging technique where
the electrical conductivity, permittivity and impedance of an object is measured by an array of
electrodes around it and by utilizing the measured data at domain boundary, a tomographic image

of the object is reconstructed. In EIT, the electrical impedance of the object under test is

Current Source Current Source
—(O— CO—
Voltmeter Voltmeter

Biological Tissue Sample

(a)

| — ]
Biological Tissue Sample
(b)

Figure 2.1 Measurement of Electrical Impedance: (a) impedance measurement using the two-
electrode technique, (b) impedance measurement using the four-electrode technique
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reconstructed from a set of impedance data measured at the boundary by injecting a constant
voltage signal or current signal using a constant voltage source [9] or constant current source [10]
using the surface electrodes [11]. The surface electrodes are attached to the boundary of the domain
under test and also connected to the EIT data acquisition system (Figure 2.2). The injected signal
may be of single or multiple frequencies depending on whether it is a single frequency or multi-

frequency EIT system [12, 13].

Constant current injector is
developed with a signal generator
and voltage to current converter

CONSTANT CURRENT INJECTOR

Signal
Seleaiid |:> DATA ANALYSIS AND
o IMAGE RECONSTRUCTION
PC controls the y
Patient with Electrodes electrode switching, i
attached to the chest at currentinjectionand | 2
the plane of interest voltage data collection g
Control Bus E
Switching of a
Current
Electrodes ' ‘
And Voltage Data
Voltage Measurement
Electrodes and Transfer
To the PC for
Storage
Multiplexer Board High Speed DAQ

Figure 2.2 EIT data acquisition System [33]

The working principle of EIT is based on the assumption that each material possesses
unique electrical properties. Exploiting this, an inhomogeneity within a homogeneous medium can
be detected by using their electrical impedance. Thereby resulting electrical field (by injecting
current at domain boundary) can be characterized by the distribution of material within the domain.
Measured electrical potentials are fed to a nonlinear inverse algorithm to attain the unknown
conductivity (resistivity) distribution. From a mathematical standpoint, the EIT problem can be

divided in two categories. In a forward problem (Figure 2.3), using an initial estimation of the
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Known Forward Problem Resulting
potential
distribution

conductivity
(resistivity)

Measured

Calculated

conductivity electrical
(resistivity) Inverse Problem potential
distribution

Figure 2.3 EIT forward and inverse problem

conductivity (resistivity) distribution, the electrical potentials in the boundary is calculated; while
the inverse problem reconstructs the conductivity (resistivity) distribution based on the electrical
potentials measured in the boundary (Figure 2.3), through the use of a mathematical procedure

such as the Gauss-Newton Method.

2.3 Equivalent Circuit modeling in EIS

The EIS method provides a qualitative and quantitative analysis of the components of
internal composition and microstructure of the biological material under test. It generally utilizes
the electrical equivalent circuits of materials to characterize the experimental frequency response
of bioimpedance. The physiological and pathological status of the biological tissues and organs
can be determined by monitoring the changes in the parameters of this equivalent circuit. The

resistance R and reactance X are calculated from equation (2.3) and (2.4):
R=Z|cos@ (2.3)
X =| Z|sin6 (2.4)

The relationship between R and X of a complex impedance can be presented using a Nyquist plot.
Figure 2.4 shows four conventional equivalent circuit models for biological tissues.
Hayden model in Figure 2.4(a), was proposed by Hayden and his co-workers [14]. It demonstrates

a circuit where Re represents the extracellular resistance, Rm represents the resistance of all

12



membranes of all actual cells, Ri represents the intracellular resistance, and Cm represents the
capacitance of all membranes of actual cells. The Hayden model has been extensively used for EIS
analysis of plant and it is found to offer valuable insight into plant statuses such as ripening [15],
cold injury [16] and heat injury [17]. By ignoring the cell membrane resistance, a simplified model
was derived which is called simplified Hayden model [18, 19] presented in Figure 2.4(b). In order
to generate better semi-eclipse response, a constant phase element (CPE) has been introduced
(Figure 2.4(c)) in place of cell membrane capacitance of simplified Hayden model and it has been
utilized in numerous studies [20-22] because it offers the ability to more accurate model fitting.
Double-shell model (Figure 2.4(d)) is constructed with cell wall resistance (R1), cytoplasm
resistance (R2), vacuole resistance (R3), plasma membrane capacitance (C1), and tonoplast
capacitance (C2). In several plant investigations, the double-shell model was found useful, such as

the impedance measurements conducted on nectarine fruit [23], persimmon fruit [24] and kiwifruit

[25].
(d)

CPE
LWL
r

Ri
Re

Ri

Re
Ri
Re

R

H

(a) (b) (c) d

Figure 2.4 Existing equivalent circuit models for general plant tissue: (a) Hayden model [14],
(b) Simplified Hayden model [18], (¢) CPE-modified model [20] and (d) Double shell model
[23]
2.4 Image Reconstruction in EIT: Gauss—Newton Approach

Electrical impedance imaging is a profoundly nonlinear and ill-posed inverse problem [26-
28]. A minimization algorithm is used to obtain the approximate solution of an inverse problem.

Minimization algorithms minimizes an objective function taking the distinction between the
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experimental measurement data and the computationally anticipated data. For the most part, in
inverse problems, a Gauss—Newton method based numerical approximation algorithm, called the
inverse solver, looks for a least square solution [27, 28] of a minimized objective function [29,

30]. If y is the measured voltage matrix and f as a function mapping an E-dimensional (E is the

number of element in FEM mesh) impedance distribution into a set of M (number of the measured
data available) approximate measured voltage, then the Gauss—Newton algorithm [28-30] tries to

find a least square solution of the minimized object function s(o) defined as :

s(a>=%||V,,,—f||2=§<Vm—f>T(Vm—f) (2.5)

Differentiating equation (2.5) w.r.t. o, it reduces to:

sS'=LfT 1V, ~fll==T" ¥, /) (2.6)
where the term J = " is known as the Jacobian matrix of dimension g x h and which is defined
by [31]:

o,
J=[f"1, =—% 2.7
[f ]gh ao_h ( )

where g=1, 2, ..., E [E = number of elements in the FEM mesh], h=1, 2, ..., M [M = (number

of data measured per current projections (d)) x (number of current projections (p))].

Differentiating equation (2.6) w.r.t. o, it reduces to:

82
o’c

s" = &=L T, ~f (2.8)
By the inherent ill-posed nature of EIT, [ #7]7 matrix in equation (2.8) is always ill conditioned,

and hence small measurement errors will have large impacts on the solution of equation (2.8). A
regularization method is incorporated to make the inverse problem well-posed by reforming the

equation as:

14



1 1
SFEIIVm—fIIzJrEﬂLIIGGH2 29

where, s, is the constrained least-square error of the reconstructions, Gis the regularization

operator and 1 is a positive scalar called the regularization coefficient. Equation (2.9) can be

rewritten as:
s, =%(Vm -, —f)+%/1(Ga)T(Ga) (2.10)

By Gauss—Newton (GN) method, the conductivity update vector reduces to:

_s (N ,-N-MG) (Go)
st (U=, -H+AUG)' G

(2.11)

Neglecting higher order terms and replacing G”G by [ (Identity matrix) equation 2.11 reduces

to:
Ac=J"T+A) "' J"V, - f)-Alo) (2.12)

In general, after the kth iteration (k is a positive integer), the conductivity vector can be represented

as:
Ok = Oy +([Jk]T[Jk]+/’i’k1)71([Jk]T(V:n _f)k _//Lklo-k) (2-13)

where, s, (v, — ), and 4, are the Jacobian, the voltage difference matrix, and the regularization

parameter at the k™ iteration respectively.

The EIT reconstruction algorithm starts with an initial (guessed according to the prior
knowledge of the background conductivity) conductivity, o,, and the potentials are calculated at

the electrode positions. Calculated potentials are compared with the measured potential data and

the J matrix is formed. The conductivity update vector, oA is calculated using equation 2.12, and

a new conductivity matrix o, is formed using equation 2.13. The conductivity o, is modified to
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0,,, =0, + oA for a number of iterations using the Modified Newton—Raphson method [32]. The

iteration process is continued until we obtain a specified error limit, & , which is a function of AV
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Chapter 3 — Model of Dehydration and Assessment of Moisture
Content on Onion Using EIS

The content of this chapter comes from an original manuscript titled M. Islam, K. Wahid,
A. Dinh and P. Bhowmik, “Model of Dehydration and Assessment of Moisture Content on Onion
Using EIS,” accepted and to appear in Journal of Food Science and Technology. The manuscript
is modified and reorganized according to the writing style of this thesis. The manuscript is written
by me (M. Islam) under the supervision of K. Wahid, A. Dinh and P. Bhowmik. Reviewing the
literature, designing and performing the experiment and analysis of result were done by me (M.

Islam) under the supervision of K. Wahid, A. Dinh and P. Bhowmik.

In this chapter, a nondestructive electrical impedance spectroscopy technique is used to
monitor the physiological status of onion undergoing dehydration. An equivalent circuit model is
proposed to track the physiological changes nondestructively and noninvasively. The model shows
a good agreement with experimental ground-truth data. In addition, the prospect of electrical
impedance spectroscopy is explored to offer nondestructive alternative for assessing moisture
content. The proposed approach can serve as an easily accessible alternative tool for storage period

quality assessment of onion.
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Abstract

Onion is perishable and thereby subject to drying during unrefrigerated storage. Its
moisture content is important to ensure optimum quality in storage. To track and analyze the
dynamics of natural dehydration in onion and also to assess its moisture content, noninvasive and
nondestructive methods are preferred. One of them is known as Electrical Impedance Spectroscopy
(or EIS in short). In the first phase of our experiment, we have used EIS, where we apply
alternating current with multiple frequency to the object (onion in this case) and generate
impedance spectrum which is used to characterize the object. We then develop an equivalent
electrical circuit representing onion characteristics using a computer assisted optimization
technique that allows us to monitor the response of onion undergoing natural drying for a duration
of three weeks. The developed electrical model shows better congruence with the impedance data
measured experimentally when compared to other conventional models for plant tissue with a
mean absolute error of 0.42% and root mean squared error of 0.55%. In the second phase of our
experiment, we attempted to find a correlation between the previous impedance data and the actual
moisture content of the onions under test (measured by weighing) and developed a mathematical
model. This model will provide an alternative tool for assessing the moisture content of onion
nondestructively. Our model shows excellent correlation with the ground truth data with a
deterministic coefficient of 0.977, root mean square error of 0.030 and sum of squared error of
0.013. Therefore, our two models will offer plant scientists the ability to study the physiological

status of onion both qualitatively and quantitatively.
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3.1 Introduction

Onion represents the third largest fresh vegetable industry after potato and tomato, and is
one of the highly consumed vegetable in the world [1]. Onion, being perishable, is subject to
deterioration and post-harvest loss during storage. This storage loss results in a substantial drop of
market value and food quality of onion. Quality standard organizations such as, Agriculture and
Agri-Food Canada and Canadian Food Inspection Agency demand proper control and maintenance
of food quality during storage. Therefore, quality maintenance during storage of onion is a major
thrust area of food processing and preservation for a long time. The storage loss of onion is mainly
caused by rotting, sprouting and physiological weight loss. During unrefrigerated storage at
ambient temperature, onion loses moisture content which leads to loss of weight. Therefore,
understanding of the dynamics of onion drying and the assessment of its moisture content is critical
to ensuring optimum quality to onion storage. Currently used conventional evaporation methods
(forced draft oven, vacuum oven, and microwave oven) for moisture content determination are
often destructive, time consuming, and may cause unwanted chemical decomposition of the
samples. Microwave heating , which is comparatively faster than conventional and vacuum oven
drying methods, is expensive and destructive in nature [2]. Nondestructive methods like Magnetic
Resonance Imaging (MRI) [3] is ideal for assessing water distribution through food products. This
method requires separation of signal of water proton from that of fat proton which is still a
challenging task. And MRI is limited by the factors such as high cost and processing complexity.
Hyperspectral imaging can effectively assess moisture content but it also suffers from constrains
like cost and processing [4]. Therefore, it is essential to expand current technologies from different

viewpoints.

Developing a relation between food qualities and engineering properties of food is the main
challenge of today’s food engineering. The electrical properties of food are found to be related to
the food quality and can be utilized to reveal the physiological properties [5]. Electrical sensing
technology is found to uncover the fundamental attributes in plants and vegetables and to follow

physiological progressions due to environmental impacts. Electrical Impedance Spectroscopy
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(EIS) is one of the methods of measuring electrical characteristics with a small amplitude sine
wave voltage (or current). Impedance Spectrum can be determined using a multi-frequency
impedance analyzer by observing the electrical response of tissues to the passage of the external
power [6]. EIS can allow insight into the physiological and pathological information on biological
tissues and organs [5]. Moreover, it is found to provide comprehensive qualitative and quantitative
analyses of the inner components of the composition and microstructure of the subject under test.

Considering the benefits of EIS as an accessible and nondestructive tool, in this paper, we
propose to use it to understand the mechanisms of dehydration and to assess moisture content of
onion. This work mainly focuses on two aspects: first to generate an equivalent electrical circuit
to simulate the electrical characteristics of onion during natural dehydration process. Secondly, to
develop a mathematical model to assess the moisture content of onion nondestructively. The paper
is organized as follows: related past works on the application of EIS is presented in Section 3.2.
Experimental methods and materials are illustrated in section 3.3. The results are presented and

discussed in Section 3.4. Finally the study is concluded in section 3.5.

3.2 Literature Review

Impedance sensing technology, especially EIS, has been shown useful in food quality and
stability monitoring over the last decades. In order to assess the freshness of banana, EIS
investigation was performed during different ripening state [7]. By attaching Ag/AgCl electrode
and injecting a small amount of current, impedance responses are measured by an Impedance
Analyzer over a frequency range of 50Hz to 1MHz. The impedance magnitude, phase angle, real
and imaginary part varied markedly with the alteration of ripening state. Apples properties during
21 days of aging were monitored using EIS to provide information about the physical properties
of apple [8]. Two different analytical techniques for assessment of the changes of apples’
properties during aging time were proposed. The first one is a single measurement in the low
frequency range (around 100Hz) and the second one is multi-frequency argand plot on a complex
plane. The results propose that alteration in observed EIS can be attributed to the changes in the
relative moisture content of the apple. In order to evaluate the nitrate level in lettuce, Mufioz-
Huerta, et al. [9] executed bio-impedance measurements over 30 lettuce plants, treated with
different nutrient solutions. Experimental results led to the conclusion that impedance increase

proportionally with nitrogen content. These results support the hypothesis that EIS technique can
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be an effective tool to monitor nitrogen and other ions in plant tissue. Some major factors that
influence dielectric properties of agricultural and biological materials are salt content, moisture
content, and the state of moisture (frozen, free or bound). Many studies on dielectric properties of
vegetables and fruits have been reported for different frequency ranges, temperatures, and moisture
contents. The experimental results of the moisture content of material undergoing microwave
drying were in congruence with the predictions of the proposed model [10]. Kertész, et al. [11]
utilized EIS to measure electrical response of carrot slice during drying by HP 4284 A and 4285A
precision LCR meters in the frequency range from 30Hz to 1IMHz and from 75kHz to 30MHz,
respectively, at a voltage of 1V. By measuring the weight of the samples with a with a DenverSI-
603 electronic analytical and precision balance, the moisture content was calculated on wet basis.
Moisture content was found to decrease according to a polynomial function and alteration of
impedance during drying showed good correlation with change in moisture content. Ando, et al.
[12] investigated EIS to explore the changes in the cell physiological status of potato tissues during
hot air drying at 50-80°C. At early drying stage, from the initial moisture content to moisture
content of 1.0 (dry basis), the modified Hayden model was found to be useful to describe the
impedance characteristics. Thus, EIS technique was found to offer a great insight into physiology

of fruits and vegetables undergoing natural drying process.

3.3 Materials and Methods

Our experiment is divided into several steps. First of all, we measured the actual moisture
content of onion by weighing it for a duration of three weeks. At the same time, we use EIS tool
to measure the electrical response of the onion sample. Then, we generate an equivalent circuit
model using the impedance-frequency response. In the last stage, the impedance responses are

correlated with their corresponding moisture contents.

3.3.1 Sample Preparation

In our experiment, we used yellow onion (Allium cepa) that were collected randomly from
a local supermarket ‘Sobeys’ in Saskatoon, Canada. A total number of 10 onion samples with
varying size and weight (ranging from 75 to 96 gram) were chosen. During the three weeks period,
these samples were kept in room temperature (roughly around 20°C) with a relative humidity of

40%.
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3.3.2 Measurement of Moisture Content

During storage, onion is subject to deterioration as it loses its weight due to natural drying

[13]. This weight loss is measured and recorded daily during the period of experiment. A high

precision milligram balances with 0.001g accuracy (Intelligent-Lab PMW-320) was used. The

moisture content relative to solid content, M, in onion is calculated from equation (3.1)
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Figure 3.1 (a) Schematic illustration for the EIS measurement system of onion, (b)
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Experimental device for electrical impedance spectroscopy measurement of onion, (c) 4-wire

Kelvin clips for impedance measurement.
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where, 5, is the initial weight of the sample, s is the initial percentage of solid content in the sample

(which is assumed to be 13% [14]), m, is the weight of the sample at time, .

3.3.3 Measurement of EIS

Impedance measurement on onion samples was carried out with a high precision LCR
meter (GWINSTEK LCR-817). The LCR device has a built-in signal generator and works in the
frequency range from 12 Hz to 10 kHz with 489 steps and 0.05% accuracy. Due to its high accuracy
and versatility, the device is suitable for material and bio-impedance measurements. For
impedance measurements in our experiment, we used a 1V p-p generator voltage and scanned 27
spot frequencies with frequency intervals between 0.5 KHz to 10 KHz. The experimental setup for
EIS measurement is shown in Figure 3.1a. Figure 3.1b shows the experimental device for our
impedance measurement system where Kelvin method was used. In regular “alligator” style clips,
both halves of the jaw are joined at the hinge point and electrically common to each other. In
Kelvin method, a single clip (LCR-06A) is used that contains a sense-force electrode pair isolated

at hinge point as shown in Figure 3.1c.

3.3.4 Equivalent Circuit Modeling

The EIS method provides a qualitative and quantitative analysis of the components of
internal composition and microstructure of the biological material under test. It generally utilizes
the electrical equivalent circuits of materials to characterize the experimental frequency response
of bioimpedance. The physiological and pathological status of the biological tissues and organs
can be determined by monitoring the changes in parameters of this equivalent circuit. The

resistance R and reactance X are calculated from equation (3.2) and (3.3):
R=|Z|cosO (3.2)
X = Z|sin@ (3.3)
The relationship between R and X of a complex impedance can be presented using a Nyquist plot.
Figure 3.2 shows four conventional equivalent circuit models for biological tissues. Hayden model

in Figure 3.2a, was proposed by Hayden and his co-workers [15]. It demonstrates a circuit where

Re represents the extracellular resistance, Rm represents the resistance of all membranes of all
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actual cells, Ri represents the intracellular resistance, and Cm represents the capacitance of all
membranes of actual cells. The Hayden model has been extensively used for EIS analysis of plant
and it is found to offer valuable insight into plant status such as ripening [16], cold injury [17] and
heat injury [18]. By ignoring the cell membrane resistance, a simplified model was derived which
is called simplified Hayden model [19, 20] presented in Figure 3.2b. In order to generate better
semi-eclipse response, a constant phase element (CPE) has been introduced (Figure 3.2¢) in place
of cell membrane capacitance of simplified Hayden model and it has been utilized in numerous
studies [21-23] because it offers the ability to more accurate model fitting. Double-shell model
(Figure 3.2d) is constructed with cell wall resistance (R1), cytoplasm resistance (R2), vacuole
resistance (R3), plasma membrane capacitance (C1), and tonoplast capacitance (C2). In several
plant investigations, the double-shell model was found useful, such as the impedance

measurements conducted on nectarine fruit [24], persimmon fruit [25] and kiwifruit [26].
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Figure 3.2 Existing equivalent circuit models for general plant tissue: (a) Hayden model [15],
(b) Simplified Hayden model [19], (c) CPE-modified model [21], (d) Double shell model
[24], and (e) Our proposed model for onion dehydration.
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To visualize the dehydration of onion over a period of 21 days, our work has proposed an
electrical model that showed excellent agreement with the experimental data. Based on this model,
physiological change of onion during drying by means of electrical response can be demonstrated.
The optimization of circuit parameters of this equivalent circuit model has been achieved by
‘Nelder Mead Simplex’ curve fitting algorithm in ‘EIS Spectrum Analyzer’ software. The model

is later illustrated and compared with the conventional ones in the following section.

3.4 Result and Discussion

3.4.1 Dependence of Bioimpedance on Frequency and Dehydration

As water plays a vital role in all processes in biomaterials [27], it is expected that significant
change will occur in impedance with the dehydration process in onions. The EIS studies conducted
for different onion samples for three weeks showed that at a particular frequency, the onion
impedance gradually increases throughout the experiment as drying time proceeds (Figure 3.3a).
Moreover, for a particular day, impedance decreased significantly from low to high frequency and
this phenomenon is termed as dispersion. Figure 3.3b shows that the phase angle of onion
impedance varies with frequency throughout the drying period. In similar fashion with impedance
magnitude, the real part of the onion impedance increases with dehydration period at a particular
frequency (Figure 3.3c). However, at a particular day, the real part of the onion impedance
decreases from low to high frequency regions (Figure 3.3c). Figure 3.3d shows that the imaginary
part of onion impedance varies significantly as the drying period proceeds. This phenomenon

happens due to the variations in reactive part in the onion impedance during dehydration.

At lower frequency, the electrical current flows only through extracellular fluids which act
as electrolytes and have relatively high resistance. The cell membrane exert extreme high
capacitance at low frequency and that is why electrical current cannot pass through and only flows
through the extracellular fluid. At high frequency, cell membrane capacitance reduces significantly
and current flows through intracellular fluid, which has relatively low resistance. This is how
impedance magnitude declines markedly from low to high frequency area of impedance spectra.
This phenomenon resulting from cell structures in biological tissue is known as B dispersion [28].
Again, to maintain the structural and functional integrity of biological membranes, water content

plays a vital role [29]. The movement of the ions during drying causes the changes in cell
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Figure 3.3 Impedance response of onion during dehydration: (a) Impedance vs. Frequency
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Imaginary part of impedance vs. Frequency plot (¢) Reactance vs. Resistance plot (Nyquist
plot), and (f) Experimental fit and simulated fit of all models at day 18.
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membrane capacitance. As shown in Figure 3.3a, at a particular frequency, impedance of onion
increased gradually with drying. So it can be concluded that the disruption of cell membrane of
onion with drying process leads to increase of cell membrane capacitance which results in an
increase of overall impedance of onion. and current flows through intracellular fluid, which has
relatively low resistance. This is how impedance magnitude declines markedly from low to high
frequency area of impedance spectra. This phenomenon resulting from cell structures in biological
tissue is known as B dispersion [28]. Again, to maintain the structural and functional integrity of
biological membranes, water content plays a vital role [29]. The movement of the ions during
drying causes the changes in cell membrane capacitance. As shown in Figure 3.3a, at a particular
frequency, impedance of onion increased gradually with drying. So it can be concluded that the
disruption of cell membrane of onion with drying process leads to increase of cell membrane

capacitance which results in an increase of overall impedance of onion.

Furthermore, the experimental results over 3 weeks were modeled with the help of
equivalent circuit method to describe onion tissue features using electrical circuit scheme. The
circuit element and connections are dependent on experimental data and their curve fittings. In this
concern, Nyquist plots, representing real part of impedance, R versus imaginary part of impedance,
X dependences, were constructed at first. Nyquist plots for an onion undergoing drying are
presented in Figure 3.3e. For quantifying the changes of impedance characteristics, EIS data were
analyzed in term of equivalent model. The equivalent electrical circuit of onion during dehydration

is shown in Figure 3.2e.

To extract the parameters that cause best agreement between model spectrum and measured
spectrum, ‘Nelder Mead Simplex’ algorithm was used. The equivalent circuit modeling and curve
fitting were performed in ‘EIS Spectrum Analyzer’ software. Starting from the given initial
estimates, the algorithm makes changes in the parameters and evaluates the resulting fits. Iterations
continue until the goodness of fit exceeds a predefined acceptance criterion. The equivalent
electrical circuit parameters (R for resistance, C for Capacitance, and P for pre-exponential factor
of constant phase element, CPE and n for CPE exponent) of onion during dehydration are obtained
from non-linear curve fitting. As our experiment was performed on yellow onion (Allium cepa),
the proposed model of onion may change from variety to variety and so impedance studies on the

other onion variety could be conducted in future studies.
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To assess the goodness of curve fitting, it is a common practice to measure mean absolute
percentage error and root mean squared percentage error. So to evaluate the performance of our
analytical model, the aforementioned indices of goodness of fit were calculated. It becomes evident
from Table 3.1 that the proposed model outperforms the other conventional models in terms of
performance parameters. The mean absolute percentage error is as low as 0.42% for real part and
0.48% for imaginary part and root mean squared percentage error is 0.55% for real part and 0.58%
for imaginary part. Figure 3.3f also demonstrates that the proposed model is in better congruence

with experimental data compared to the conventional ones.

3.4.2 Estimation of Moisture content Using Bioimpedance

The moisture content variation for different storage times during drying is shown in Figure
3.4a. During the entire experimental period, the moisture content decreases as drying time
proceeds and it creates alteration in electrical conductivity and bioimpedance in onion. Comparing
the results from Figure 3.3a and Figure 3.4a, it can be assumed that moisture content and
bioimpedance can be connected and variation of impedance could be attributed to the decrease of

moisture content.

The dependencies between impedance magnitude and relative moisture content on onion
are disclosed in Figure 3.4b, 3.4c, 3.4d and 3.4e. All of the sample onions show the same
phenomenon that the impedance magnitude at a particular frequency increase over drying period
as moisture content decreases. The correlation between impedance and moisture content is found
to be relatively high at higher frequencies and it is possibly due to the fact that alternating current
can penetrate the sample more deeply only at high frequency. The current can flow through
intercellular fluid if frequencies at B-dispersion region are chosen. If frequencies lower than B-

dispersion region are selected, the current can only flow through the extracellular space [30].

Degree one polynomial equations for determination of moisture content in onion at various
frequencies are shown in Table 3.2. By reviewing the deterministic coefficients (R?), Root Mean
Square Error (RMSE) and Sum of Squared Error (SSE), those equations are found to offer fairly
good estimations. The lowest correlation occurred at a frequency of 0.5 kHz and the highest
correlation occurred at a frequency of 10 KHz. According to the values of deterministic coefficient,

root mean square error and sum of squared error, the best correlation was found at a frequency of
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Figure 3.4 Moisture content variations: (a) at different time of drying period, (b) Correlation
with impedance at 0.5 KHz, (c) Correlation with impedance at 1.1 KHz, (d) Correlation with
impedance at 5 KHz, (e) Correlation with impedance at 10 KHz, and (f) Estimation of
relative moisture content using imnedance per unit weight.
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10 KHz which is characterized by the highest deterministic coefficient (R? = 0.994) , lowest Root
Mean Square Error (RMSE = 0.016) and lowest Sum of Squared Error (SSE = 0.001).

Moreover, to compensate the variation of size and weight for different onion samples, we
expressed the impedance (at 10 KHz) in per unit weight and investigated the correlation with
corresponding moisture content as shown in Figure 3.4f. The model (at 10 KHz) derived from

degree two polynomial curve fitting is shown in equation (3.4).
M(Zpu) = -0.0002442Zpu’ + 0.03636Zpu + 5.346 (3.4)

where, M(Zpu)is relative moisture content in g/g and Zpuis impedance per unit weight in

Ohm/Kg. The proposed model shows fairly good estimates with a deterministic coefficient of

0.977, root mean square error of 0.030 and sum of squared error of 0.013.

So the performance parameters of the corresponding model proves that electrical
impedance has really high potential for estimating moisture content of onion. This model can be
used as a reference model for assessing moisture of onion during post-harvest storage. Due to its
easily accessible and nondestructive nature, it can be used as an alternative to existing tools to

estimate the relative moisture content value of onion undergoing natural drying.

Table 3.1 Comparison of fitting performance of different models

Mean absolute error (%) Root mean squared error
(Y0)
Model Real Part Imaginary Real Part Imaginary
of Z Part of Z of Z Part of Z
Hayden 4.52 14.23 5.14 21.77
[15]
Simplified Hayden 5.81 14.46 6.57 18.89
[19]
Double-Shell [21] 1.16 2.55 1.63 3.17
CPE-modified 1.13 1.34 1.30 2.85
[24]
Proposed 0.42 0.48 0.55 0.58

In future studies, low cost impedance sensor such as AD5933 is to be integrated to the
system to replace comparatively expensive LCR meter used in this study. Future works also

include the development of an automated moisture content monitoring system based on EIS by
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combining environment controller, wireless communication module and portable monitoring

device.

Table 3.2 Estimation of relative moisture content and corresponding performance indices

Frequency (kHz) Model SSE R-Square RMSE

0.5 M = pl*Z(w) + p2 0.010 0.935 0.051
pl = -0.0001792,
p2=7.352

1.1 M = pl*Z(w) + p2 0.007 0.959 0.041
pl = -0.0002046 ,
p2 =7.355

5 M = pl*Z(w) + p2 0.001 0.990 0.020
pl = -0.0002528,
p2=17.187

10 M = pl*Z(w) + p2 0.001 0.994 0.016
pl = -0.0003032,
p2=7.119

3.5 Conclusion

In this paper, electrical impedance spectroscopy, a nondestructive technique, has been
utilized to monitor the physiological status of onion undergoing dehydration. Electrical impedance
parameters are found to be sensitive to the alteration of water content in onion. Moreover, to track
the physiological changes nondestructively and noninvasively, an equivalent circuit model has
been proposed that show good agreement with experimental results. In addition, the prospect of
electrical impedance spectroscopy to offer nondestructive alternative for assessing moisture
content on onion has been explored. Proposed approach can serve as an easily accessible

alternative tool for storage period quality assessment of onion.
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Chapter 4 — Assessment of Ripening Degree of Avocado by
Electrical Impedance Spectroscopy and Support Vector Machine

Published as M. Islam, K. Wahid and A. Dinh, “Assessment of Ripening Degree of Avocado by
Electrical Impedance Spectroscopy and Support Vector Machine,” Journal of Food Quality, 2018.
Volume 2018, Article ID 4706147, https://doi.org/10.1155/2018/4706147. The manuscript is

modified and reorganized according to the writing style of this thesis. The manuscript is written
by me (M. Islam) under the supervision of K. Wahid, A. Dinh. Reviewing the literature, designing
and performing the experiment and analysis of result were done by me (M. Islam) under the

supervision of K. Wahid and A. Dinh.

In this chapter, the feasibility of electrical impedance spectroscopy, a nondestructive
technique is explored to assess the ripening degree of avocado. The electrical impedance parameter
especially impedance absolute magnitude is found to be most sensitive to ripening progression on
avocado. In addition, the hypothesis of distinguishing ripening states based on EIS is confirmed
by principal component analysis over frequency dependent electrical response. A classifier, based
on multiclass Support Vector machines, is designed and it shows excellent discriminant
capabilities of EIS technique to track and analyze 4 ripening stages (firm, breaking, ripe and

overripe) of avocado.
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Abstract

Avocado, a climacteric fruit, exerts high rate of respiration and ethylene production and
thereby subject to ripening during storage. Therefore, its ripening is a significant factor to impart
optimum quality in post-harvest storage. To understand the dynamics of ripening and to assess the
degree of ripening in avocado, electrical sensing technique is utilized in this study. In particular,
Electrical Impedance Spectroscopy (EIS) is found to uncover the physiological and structural
characteristics in plants and vegetables and to follow physiological progressions due to
environmental impacts. In this work, we present an approach that will integrate EIS and machine
learning technique that allows us to monitor ripening degree of avocado. It is evident from our
study that the impedance absolute magnitude of avocado gradually decrease as the ripening stages
(firm, breaking, ripe and overripe) proceed at a particular frequency. In addition, Principal
component analysis shows that impedance magnitude (two principal components combined
explain 99.95 % variation ) has better discrimination capabilities for ripening degrees compared
to impedance phase angle, impedance real part and impedance imaginary part. Our classifier
utilizes two principal component features over 100 EIS responses and demonstrate classification
over firm, breaking, ripe and overripe stages with an accuracy of 90%, precision of 93%, recall of
90%, fl-score of 90% and auc of 88%. The study offers plant scientists a low cost and
nondestructive approach to monitor post-harvest ripening process for quality control during

storage.

4.1 Introduction

Avocados receive an increasing attention for extending nutritional food choice and
agribusiness in United States [1]. According to a recent report from National Agricultural Statistics
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Service of United States Department of Agriculture, the value of U.S. avocado production
measured $316 million in 2016-17 [2] and U.S. consumption of avocados increased significantly
from 1.1 pounds per capita in 1989 to a record 7.1 pounds per capita in 2016. Avocado, being a
climacteric fruit, has a high rate of post-harvest respiration. Consequently, it is one of the most
perishable fruits and has very limited shelf life. It is prone to biochemical and physiological
deterioration during post-harvest ripening accompanied by degradation of visual appearance. This
post-harvest loss poses the risk of loss of market value of avocado. In addition, from the point of
view of consumer industry, only optimum ripening state attributes to the most nutritional value
and best taste of a fruit. Hence, a better understanding of ripening dynamics of avocado can play
a vital role to the development of appropriate tool for better packaging, storage and transportation

process and consequently meet the demand of both agribusiness and consumer industry.

Conventional chemical and biochemical analyses conducted to investigate the fruit
ripening are limited by factors like processing time and destructive nature [3]. These methods are
often laborious, expensive and requires access to laboratory facility. Hence, these methods proves
to be infeasible for a repetitive inspection. Therefore, it is essential to expand current technologies
from different viewpoints. A nondestructive, low cost and easily accessible solution to this issue

needs to be devised.

Nondestructive methods like Magnetic Resonance Imaging (MRI) and CT Scan are found
to be effective towards understanding of ripening, internal fruit quality and postharvest processing
[4, 5]. MRI method requires separation of signal of water proton from that of fat proton which is
still a challenging task. And both MRI and CT are limited by the factors such as high cost and
processing complexity. Hyperspectral imaging can effectively assess ripening degrees [6] but it
also suffers from constrains like cost and processing. Therefore, it is essential to expand current
technologies from different viewpoints. On the contrary, Electrical Impedance Spectroscopy (EIS)
is a fast, low cost and nondestructive method which is found to offer insight into plant physiology
and physiological dynamics due to environmental impacts. In this direction, the EIS studies have
been conducted as a nondestructive evaluation method to the investigate impedance spectrum

variations and to determine the ripening degree in avocado.

To develop an easily accessible and non-destructive method to understand mechanisms of

ripening and to assess ripening degree of avocado, the prospect of EIS technique is explored in
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this paper. This work on avocado mainly focuses on the investigation of feasibility of EIS for
assessment of ripening degree nondestructively. The rest of the paper is organized as follows:
related past works on application of EIS technique is reviewed in Literature Review section. Next
Section introduces the theory of bio-impedance and Electrical Impedance Spectroscopy. Later on,
experimental methods and materials are illustrated. After that the experimental and simulated
results are presented and discussed and finally paper is concluded including some future

exploration directions.

4.2 Literature Review

Impedance sensing technology especially EIS has emerged a new era into food quality and
stability over the last decades. It has been extensively used in the field of plant physiology,
agriculture and food engineering for quality control and assessment of fruits and vegetables such
as Banana [7], Garut citrus [8] , kiwi [9], Lettuce [10], Nectarine [11], Strawberry [12]. In order
to assess the freshness of banana, EIS investigation was performed during different ripening state
[7]. By attaching Ag/AgCl electrode and injecting a small amount of current, impedance responses
are measured by the 4294A Impedance Analyzer over a frequency range of S0Hz to IMHz. The
impedance magnitude, phase angle, real and imaginary part varied markedly with the alteration of

ripening state.

Authors in [13] designed a nondestructive device to obtain the impedance spectrum of the
whole strawberry fruit and later on performed classification by utilizing corresponding equivalent
circuit parameters (Constant Phase Element, CPE-P and Rinfinity). The study showed that the
strawberries at the highest stage of ripeness had significantly lower constant phase element and Ro

(related to extra-cellular) values compared to other strawberries.

Neto, et al. [14] utilized EIS technique for the determination of the maturation degree of
mangoes based on variation of bulk resistance dependence with maturation of fruits. They came
up with this strategy to normalize bulk resistance by diameter to compensate the size variations of
samples. They demonstrated good agreement between variation of electrical response and

mechanical response of fruit.
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Montoya, et al. [15] investigated that electrical conductivity could be a suitable factor for
assessment of quality during ripening and cold storage. The found some resemblance between
electrical conductivity response and ethylene productions curve. They defined a threshold of
conductivity (0.24 S/m) that indicates the limiting value for fruit stored at non-injurious
temperatures and subsequently transferred to 20°C for marketing.

Chowdhury, et al. [16] carried out EIS study on mandarin orange fruit during ripening in a
spectrum between 50 Hz to 1 MHz. They observed significant variation of the impedance, phase
angle, real and imaginary part of the impedance with different state of orange ripening. The study
also demonstrated loss of weight of corresponding samples with the progression of ripening states.
Thus, electrical sensing specially EIS technique was found to offer insight into physiology of fruits

and vegetables undergoing the ripening process.

4.3 Materials and methods

4.3.1 EIS Measurement

Impedance measurement on avocado was carried out with the EVAL-AD5933 Evaluation
Board, a high precision impedance converter system. The device integrates an on-board frequency
generator, a 12-bit 1 MSPS analog-to-digital converter (ADC), and an internal temperature sensor.
Both the excitation signal and response signal are sampled by ADC and Fourier transformed by
on-board DSP engine in order to obtain complex impedance spectrum. The frequency range of
AD5933 is from 5 kHz up to 100 kHz without external components and lower frequencies than 5
KHz are achievable using an external divider. The device has a master clock of 16.77 MHz and
supply voltage requirement of 2.7 V to 5.5 V. The device comes in a 16-SSOP package that has a
temperature range of -40°C to +125°C. The device offers high accuracy and versatility that make
it suitable for electrochemical analysis, corrosion monitoring, automotive sensors, proximity

sensing and bio-impedance measurements.

The experimental setup of EIS data acquisition system is presented in Figure 4.1a. The
graphical user interface of the supporting software is presented in Figure 4.1b. The electrode holder
platform has a height of 10 centimeter and the holder is horizontally movable and vertically
rotatable. A noninvasive two-electrode measurement system was employed in our experiment

where ‘alligator’ type Ag electrode clips were connected with circular electrode plates from ECG
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Figure 4.1: Hardware and software utilized for data acquisition: (a) AD5933 evaluation board

and (b) snapshot of the supporting software’s graphic user interface.
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electrode and finally ‘alligator’ clips were tied with the electrode holders. Similar separations of
4.4 centimeter between two electrodes were maintained for all measurement. To compensate the
contact resistance, a layer of electrode gel (‘Spectra 360’ salt-free electrode gel) was placed
between ECG electrode plate and test subject (avocado fruits). For impedance spectroscopy
measurements in this study, we used a 1V p-p generator voltage and scanned 101 spot frequencies
(frequency intervals) between 5 KHz to 15 KHz. The AC signal injected into the sample was

generated by the built-in function generator of the evaluation board.

The avocado fruits for our experiment were collected from a local supermarket. During the
period of experiment, avocados were kept in the lab environment. The temperature in the lab was
20 degree Celsius and relative humidity was 40%. Further experiment can be conducted with

freshly harvested avocados and stored in different controlled temperatures in future studies.

4.3.2 Feature Extraction by Principal Component Analysis

Principal Component Analysis (PCA) is mathematically defined as an orthogonal linear
transformation that converts a set of data (possibly correlated) into a new set of linearly
uncorrelated data called principal components. The first principal component contains the largest
percentage of data variance and the variance decreases in the following principal components. In
this study, PCAs were carried out with data obtained from the samples in order to assess the
feasibility of the EIS technique to discriminate among different ripening stages of avocado. PCA
served the purpose of dimensionality reduction and feature extraction on EIS data. PCA was
performed over impedance magnitude, impedance phase angle, impedance real part and impedance

imaginary part over the predefined frequency range where the device shows maximum sensitivity.

4.3.3 Classification by Multiclass Support Vector Machine (SVM)

Support Vector Machines (SVMs) are supervised learning models which construct an
optimal hyperplane to classify data into different classes. And lines drawn parallel to this
separating line are the supporting hyperplanes and the distance between them is called the decision

margin. Width of the margin is constrained by support vectors which are the data points that are
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closest to the separating hyperplane. Since, the optimal hyperplane is the one that separates the
high probability density areas of the classes with maximum possible margin between them, the
goal is to determine the direction that provides the maximum margin. It needs the solution of

following optimization problem in Equation (4.1) for a given training set of instance label pairs

(X)), 1=1,2,....,i where X, € R"and ¥, € {l,-1}'.

runel? u u+CZ§, 4.1

subjected to ¥, = §(x)+e)>1-& & 20

For quantitate analysis of discrimination of ripening degrees based on EIS data, a
multiclass support vector machine was modeled. The ground truths for all the samples were
generated by subjective testing. In this direction, ripening chart and ripening information of
avocado were utilized. The ripening chart of avocado used in this experiment is presented in

Figure 4.2.

Fipe [N O<rripe

Mot Ripe Almost Ripe Ready to Eat Past Ripe

Days to Ripe: 4-5 Days to Ripe: 1-2 Days to Ripe: 0 Days to Ripe: past due

Figure 4.2 Ripening chart of Avocado [18]

4.4 Result and Discussion

Ripening is the process by which fruits attain their desirable color, flavor, palatable nature
and other textural properties that make the fruit acceptable for consumption. Ripening is associated

with change in biochemical composition that is conversion of starch to sugar. Avocado, being a
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climacteric fruit, continue to ripen after harvest. During the ripening process, it emits ethylene
along with increased rate of respiration.

The EIS study on avocado was undertaken with an attempt to better understand and identify
the ripening stages of avocado in term of electrical Bio-impedance. The EIS studies conducted for
avocado sample show that at a particular frequency (especially for less than 10 KHz), the avocado
impedance magnitude gradually decreases as ripening stages (firm, breaking, ripe and overripe)
proceed (Figure 4.3a). And for a particular maturity degree, impedance magnitude decreased
significantly from low to high frequency especially for firm, breaking and ripe stages. At lower
frequency, the electrical current flows only through extracellular fluids which acts as electrolytes
and have relatively high resistance. The cell membrane exert extreme high capacitance at low
frequency and that’s why electrical current can’t pass through intracellular fluid and only flows
through the extracellular fluid. At high frequency, cell membrane capacitance reduces significantly
and current flows through intracellular fluid, which has relatively low resistance. This is how
impedance decline markedly from low to high frequency area of impedance spectra. This
phenomenon resulting from cell structures in biological tissue is known as £ dispersion. Figure
4.3b shows that the phase angle of avocado impedance varies with frequency throughout the

ripening stages. At a particular frequency, the avocado impedance phase angle gradually increases

‘g ' B Fim 10
'F,.'_ O Breaking
"r,.- B Ripe 20k
25 -1 B Over-ripe g Firm
O Breaking
a0t B Ripe
B Over-ripe

407

Impedance Magnitude in ohm

Megative Phase Angle in Degree

0.5 1 15
Frequency in Hz w104 Frequency in Hz w104

(a) (b)

Figure 4.3 EIS response of Avocado during ripening: (a) Impedance Magnitude vs. Frequency
(b) Negative Phase Angle vs. Frequency
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as ripening stages (firm, breaking, ripe and overripe) proceed (Figure 4.3b). And especially on
high frequency range of the spectrum (10 KHz to 15 KHz), for a particular maturity degree,
impedance phase angle rises as the frequency increases.

EIS study on avocado was extended to multiple samples to uncover the dynamics of
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Figure 4.4 EIS response of all experimental Avocado samples during ripening: (a) Impedance
Magnitude vs. Frequency (b) Negative Phase Angle vs. Frequency (c) Real part of impedance
vs. Frequency and (d) Imaginary part of Impedance vs. Frequency

ripening with respect to impedance-frequency response. One hundred different EIS responses
belonging to different ripening degrees were recorded and presented in Figure 4.4. It can be

intuitively concluded that impedance magnitude best reflects the ripening degrees.
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Now to better visualize and analyze the large data obtained from all EIS responses,
principal component analysis (PCA) was carried out over impedance magnitude, impedance phase
angle, impedance real part and impedance imaginary part. Furthermore, PCA was used to obtain a
reduced number of uncorrelated variables, which are the principal components (PCs). PCA was
able to reduce the initial 101 variables (for every impedance parameter) to 2 PCs which combined

explained a significant percentage of the total variance. The first principal component and second
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Figure 4.5 Principal Component Analysis (PCA2 Vs. PCAL1) over EIS responses: (a)
Impedance Magnitude (b) Negative Phase Angle (c¢) Real part of impedance and (d)

Imaginary part of Impedance.
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principal component over Impedance magnitude explained respectively 98.67% and 1.28% of total
variance in the data. PCA over impedance magnitude, impedance phase angle, impedance real part
and impedance imaginary part are demonstrated respectively in Figure 4.5a, 4.5b, 4.5¢ and 4.5d.
Especially in the PCA2-PCA1 score plot of Impedance Magnitude (Figure 4.5a), it is apparent
that the data for every ripening degrees tend to cluster and in general and four different zone can
be separated. It is evident that PCA feature from impedance magnitude has better discrimination
capabilities for ripening degrees compared to impedance phase angle and impedance real part and

impedance imaginary part.

In addition, for quantitate investigation of the prospect of EIS parameters towards
discrimination of ripening degrees; a supervised classifier model was developed. Our experimental
dataset is composed of 100 EIS responses containing 19 responses from firm class, 26 from
breaking class, 26 from ripe class and 29 from overripe class. During experiment, the database was
divided into two sets: the training set containing 60 responses and the testing set containing 40
responses. For feature extraction from EIS data, PCA was carried out over impedance magnitude,
impedance phase angle, impedance real part and impedance imaginary part. Analyzing
discrimination capabilities of different Impedance parameters, only PCA1 and PCA2 over
impedance magnitude were selected to feed to our classifier. For classification purpose, a
multiclass support vector machine with ‘linear’ Kernel was utilized. For performance evaluation
of the classification model, performance parameters such as accuracy, precision, recall, and F1-
score were calculated. Accuracy, most intuitive performance measure, is simply a ratio of correctly
predicted observation to the total observations. Precision is the ratio of correctly predicted positive
observations to the total predicted positive observations. The recall is intuitively the ability of the
classifier to find all the positive samples. The F-beta score can be interpreted as a weighted
harmonic mean of the precision and recall. At the 60%-40% train-test split, testing accuracy of the

classification was 90%. The other performance measures are illustrated in Table 4.1.

To assess the accuracy of a classification, it is common practice to create a confusion matrix
where classification results are compared to additional ground truth information. Figure 4.6 shows
the graphical representation of the confusion matrix containing test data for firm (class 0), breaking

(class 1), ripe (class 2) and overripe (class 3).
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A receiver operating characteristic (ROC) curve is created by plotting the true positive
rate (TPR) against the false positive rate (FPR) at various threshold settings. It illustrates the
diagnostic ability of a classifier system and the area under ROC curve, called AUC, is an effective
summarize of its performance. Figure 4.7 shows that the average area under the ROC curve is 88%

that indicates excellent discrimination capabilities of our classifier.

Table 4.1 Performance Scores of proposed algorithm

Class Performance Scores
Precision Recall F1-score
0: Firm 1.00 1.00 1.00
1: Breaking 1.00 0.80 0.89
2: Ripe 0.71 1.00 0.83
3: Overripe 1.00 0.83 0.91
Average / 0.93 0.90 0.90
Total
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Figure 4.6 Plot of Confusion Matrix for test data
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In 2011, a study was performed by authors [17] to investigate the ripening process of
mango utilizing Electrical Impedance Spectroscopy technique. To discriminate raw and ripe
mango fruits, they measured bulk impedance by LCR meter and expressed in terms of effective
resistance and effective capacitance in the frequency range of 1 to 200 KHz. They came up with a
ratio of effective resistance of ripe to raw fruit that is significant enough at 1 KHz to characterize
raw and ripe state. They also found the ratio of effective capacitance of raw and ripe mango and
concluded that the ratio of effective resistance show better discrimination capabilities at 1-6 KHz

compared to effective capacitance. In our study, we differentiated among four ripening states of

Some extension of receiver operating characteristic to multiclass
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Figure 4.7 ROC analysis of ripening stage classification
avocado utilizing impedance spectra at 5 KHz to 15 KHz utilizing Ad5933 evaluation board. This
impedance converter board is low cost compared to the LCR-800 GW Instek in their study. Also
it supports automated frequency sweep which their LCR meter lacks. The feature extraction by
principal component analysis over Impedance magnitude directly (instead of effective resistance
or capacitance) was enough for our support vector machine classifier. Whereas their study only
differentiated binary classes (raw and ripe), we performed multiclass classification among firm,
breaking, ripe and overripe avocado. The study offers plant scientists a low cost and nondestructive

approach to monitor post-harvest ripening process of avocado for quality control during storage.
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4.5 Conclusion

The feasibility of electrical impedance spectroscopy, a nondestructive technique, to assess
the ripening degree of avocado has been explored in this study. A low cost, easily accessible and
nondestructive system based on ad5933 impedance analyzer has been investigated in this work.
The electrical impedance parameter especially impedance absolute magnitude is found to be most
sensitive to ripening progression on avocado. In addition, principal component analysis over
frequency dependent electrical response corroborates the hypothesis of distinguishing ripening
states based on EIS. Our classifier based on multiclass Support Vector machines shows excellent
discriminant capabilities of EIS technique to track and analyze 4 ripening stages (firm, breaking,
ripe and overripe) of avocado. This approach can be a potential alternative to conventional
chemical analysis techniques with offering of better time and cost saving and less processing
complexity. Proposed system can be extended and tested to other fruits for analyzing their ripening

dynamics nondestructively and to be addressed in future studies.

Conflicts of Interest

The authors declare that there is no conflict of interest regarding the publication of this paper.

52



References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

M. Wien, E. Haddad, K. Oda, and J. Sabaté, "A randomized 3x3 crossover study to evaluate
the effect of Hass avocado intake on post-ingestive satiety, glucose and insulin levels, and
subsequent energy intake in overweight adults," Nutrition journal, vol. 12, p. 155, 2013.
National Agricultural Statistics Service: United States Department of Agriculture,
"Noncitrus  Fruits and Nuts 2016 Summary," June 2017. Available:
https://www.nass.usda.gov/Publications/Todays Reports/reports/ncit0617.pdf.[ Accessed:
Dec. 17, 2018].

K. Miloski, K. Wallace, A. Fenger, E. Schneider, and K. Bendinskas, "Comparison of
biochemical and chemical digestion and detection methods for carbohydrates," American
Journal of Undergraduate Research, vol. 7, pp. 48-52, 2008.

M. K. Abera, S. W. Fanta, P. Verboven, Q. T. Ho, J. Carmeliet, and B. M. Nicolai, "Virtual
fruit tissue generation based on cell growth modelling," Food and Bioprocess Technology,
vol. 6, pp. 859-869, 2013.

L. Zhang and M. J. McCarthy, "Measurement and evaluation of tomato maturity using
magnetic resonance imaging," Postharvest Biology and Technology, vol. 67, pp. 37-43,
2012.

R. Khodabakhshian and B. Emadi, "Application of Vis/SNIR hyperspectral imaging in
ripeness classification of pear," International Journal of Food Properties, vol. 20, pp.
S3149-S3163, 2017.

A. Chowdhury, T. Bera, D. Ghoshal, and B. Chakraborty, "Studying the electrical
impedance variations in banana ripening using electrical impedance spectroscopy (EIS),"
in Computer, Communication, Control and Information Technology (C3IT), 2015 Third
International Conference on, 2015, pp. 1-4.

J. Juansah, I. W. Budiastra, K. Dahlan, and K. B. Seminar, "The prospect of electrical
impedance spectroscopy as non-destructive evaluation of citrus fruits acidity," Int. J.
Emerg. Technol. Adv. Eng, vol. 2, pp. 58-64, 2012.

Y. Tang, G. Du, and J. Zhang, "Change of electric parameters and physiological parameters
of kiwi of storage period," Nongye Jixie Xuebao(Transactions of the Chinese Society of
Agricultural Machinery), vol. 43, pp. 127-133, 2012.

R. F. Muioz-Huerta, A. d. J. Ortiz-Melendez, R. G. Guevara-Gonzalez, I. Torres-Pacheco,
G. Herrera-Ruiz, L. M. Contreras-Medina, et al., "An analysis of electrical impedance
measurements applied for plant N status estimation in lettuce (Lactuca sativa)," Sensors,
vol. 14, pp. 11492-11503, 2014.

M. D. O'Toole, L. A. Marsh, J. L. Davidson, Y. M. Tan, D. W. Armitage, and A. J. Peyton,
"Non-contact multi-frequency magnetic induction spectroscopy system for industrial-scale
bio-impedance measurement," Measurement Science and Technology, vol. 26, p. 035102,
2015.

53



[12]

[13]

[14]

[15]

[16]

[17]

[18]

J. R. GONZALEZ ARAIZA, "Impedancia Bio-Electrica Como Técnica No-Destructiva
para Medir la Firmeza de la Fresa (Fragaria x Ananassa Duch) y su Relacion Con Técnicas
Convencionales," 2014.

J. R. Gonzalez-Araiza, M. C. Ortiz-Sanchez, F. M. Vargas-Luna, and J. M. Cabrera-Sixto,
"Application of electrical bio-impedance for the evaluation of strawberry ripeness,"
International Journal of Food Properties, vol. 20, pp. 1044-1050, 2017.

A. F. Neto, N. C. Olivier, E. R. Cordeiro, and H. P. de Oliveira, "Determination of mango
ripening degree by electrical impedance spectroscopy,”" Computers and Electronics in
Agriculture, vol. 143, pp. 222-226, 2017.

M. Montoya, J. De La Plaza, and V. Lopez-Rodriguez, "Electrical conductivity of avocado
fruits during cold storage and ripening," LWT-Food Science and Technology, vol. 27, pp.
34-38, 1994.

A. Chowdhury, P. Singh, T. K. Bera, D. Ghoshal, and B. Chakraborty, "Electrical
impedance spectroscopic study of mandarin orange during ripening," Journal of Food
Measurement and Characterization, vol. 11, pp. 1654-1664, 2017.

M. Rehman, B. A. Abu Izneid, M. Z. Abdullah, and M. R. Arshad, "Assessment of quality
of fruits using impedance spectroscopy," International journal of food science &
technology, vol. 46, pp. 1303-1309, 2011.

Love One Today, "How to Pick & Buy Fresh Avocados," [online]. Available:
https://loveonetoday.com/how-to/pick-buy-fresh-avocados/. [Accessed: Dec. 17, 2018].

54



Chapter 5 — Design of a low Cost EIT System and Application on
Root Imaging

Manuscript prepared as M. Islam, K. Wahid and A. Dinh, “Design of a low cost EIT system

b

and application on root imaging,” to submit to Sensors. The manuscript is modified and
reorganized according to the writing style of this thesis. The manuscript is written by me (M.
Islam) under the supervision of K. Wahid and A. Dinh. Reviewing the literature, designing and
performing the experiment and analysis of result were done by me (M. Islam) under the supervision

of K. Wahid and A. Dinh.

The chapter presents the development of a low cost, low power, semi-automated,
lightweight and small form factor electrical impedance tomography data acquisition system. The
system is capable of performing both single and multi-frequency EIT in both 2D and 3D domain.
It also offers the ability of imaging living and nonliving subject. The reconstructed results allows
to determine the size, shape, and location of the subject under test. The prospect of the system for
nondestructive modeling of plant root in hydroponics is also explored. The system able to image
weed and carrot roots in 3D in the water medium. Furthermore, the prospect of determining root

biomass using raw EIT data is also explored in this chapter.
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Abstract

An insight into plant’s health especially root system can impart better crop performance
and eventually ensure food sustainability. In this study, we present a low cost root imaging device
based on Electrical Impedance Tomography. Electrical Impedance Tomography (EIT) is a
noninvasive and nondestructive imaging technique that exploits the electrical conductivity,
permittivity and impedance change by the array of electrodes around the test subject. Firstly, a
small alternating current is applied, the resulting potentials are recorded from the other electrodes
and repeating the process for all possible electrode-pair combination, a final tomographic image is
reconstructed. Hence, this work designed, developed and implemented a low cost EIT system and
analyzed root imaging as well. The prototype contains an electrode array system, an impedance
analyzer board, 2 multiplexer units, and an Arduino. The Eval-Ad5933-EBZ, a high precision
impedance converter and network analyzer system, is used for measuring the bioimpedance of the
root. The electrode array contains 8 electrodes in every layer surrounding the test subject. Two
CD74HC4067 16-to-1 multiplexers are used as electrode switching unit to select all injection-
sense electrode pairs, and both multiplexers and controlled by an Arduino. By performing Finite
Element Analysis and solving forward and inverse problems, the tomographic image of the root is
reconstructed. The system was able to localize and build 2D and 3D tomographic image of the root
in a liquid medium. This low-cost and easy-to-access system enables us to capture repetitive,
noninvasive and nondestructive image of living plant roots. Furthermore, a simple mathematical
model was proposed, based on ridge regression, to predict root biomass from EIT data
nondestructively with an accuracy of more than 93%. Thus, the device offers plant scientists and

crop consultants the ability to better understand root system without harming the plant.
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5.1 Introduction

Electrical Impedance Tomography (EIT) [1-3] is a noninvasive imaging technique where
the electrical conductivity, permittivity, and impedance of an object is measured by an array of
electrodes around it and by utilizing the measured data at domain boundary, a tomographic image
of the object is reconstructed. In EIT, a constant current signal is injected into the object and the
boundary potentials data are measured through the surface electrodes using an EIT instrumentation
[4-6]. Using the boundary voltage-current data for solving an inverse problem, a conductivity or

resistivity distribution of the domain is obtained and thus EIT reconstruction is performed [7].

EIT is a fast, low cost, noninvasive, non-ionizing, radiation-free and portable imaging
modality. Due to its unique advantages, EIT has obtained enormous attention and interest in
diversified fields such as medical imaging, material engineering, Nanotechnology and MEMS ,
civil engineering, chemical engineering, biotechnology, and other fields of engineering,
technology and applied sciences [8, 9]. In medical imaging, EIT has been extensively used for
imaging of the lung [10, 11], studying the regional ventilation distribution in neonatal and pediatric
lung disease [12], imaging of the breast [13] and brain [9]. EIT has been utilized in material
engineering and the manufacturing technology such as studying the semiconductor manufacturing
and estimating conductivity distribution of polysilicon thin film [14]. In nanotechnology, EIT has
been studied for imaging of Carbon Nanotube (CNT) composite thin films [15, 16]. In several
civil engineering applications and a number of research works on EIT have been reported such as
imaging leaks from buried pipes [17] and brick walls imaging [ 18]. In biotechnology, EIT has been

studied by several research groups for cell culture imaging by such as [19, 20].

Although not much works are found in the literature on the application of EIT on plant
root, Weigand and Kemna [21] conducted a study on structural and functional imaging of crop
root by EIT. The authors designed and conducted a controlled experiment in which the root
systems of oilseed plants were monitored in a 2-D, water-filled rhizotron container with an array
of 38 electrodes. The EIT imaging revealed low-frequency polarization response which attributes
to crop root since the polarization response of water medium is insignificant. Based on a pixel-
based Debye decomposition analysis of the spectral imaging results, the authors found a mean
relaxation time of the root system’s polarization signature in a frequency of 15Hz. For functional

imaging, they applied nutrition stress over 3 days period and observed a gradual decrease of
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polarization response from the root system. Thus they investigated the capability of EIT for

imaging of root physiological process (stress).

This work designs and develops a low-cost EIT system from readily available off-the-shelf
equipment and tests the validity of the system for imaging of plant root in hydroponics. The rest
of the paper is organized as follows. Experimental methods and materials are illustrated in section
5.2. The results are presented and discussed in Section 5.3. Finally, the study is concluded in

section 5.4.

5.2 Materials and Methods

The EIT system consists of five main units: a multi-electrode sensor, a switching unit, a
microcontroller, an impedance analyzer and a computer for reconstruction. Figure 5.1 shows the
flowchart of the architecture of our EIT system. A high precision impedance analyzer Eval-
AD5933 performs the measurement of complex electrical impedance. Between impedance
analyzer and the electrode arrays, there are switching units for selecting the desired electrode
patterns. A low-cost 16-to-1 multiplexer, CD74HC4067, is used as the switching unit. Both the
switching units and the impedance analyzer are controlled by an Arduino. The Arduino automates
the switching process by sending predefined ‘switch select’ signals to the multiplexers. Also, the

initialization and calibration of the impedance converter board are performed by Arduino.

Arduino Uno

EIT image
Reconstruction

Electrode Switching
Unit, Electrode Array

CD74HC4067 16-to-1 System
Multiplexer

Impedance
Analyzer Board,
Eval ad5933 EBZ

EIS Data storage

Figure 5.1: Architecture of our EIT system

Impedance measurement data from the Eval-AD5933 is transferred to Arduino by I2C protocol
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and later on, the data are stored in the PC via serial COM ports. The prototype of the EIT data

acquisition system is depicted in Figure 5. 2.

Arduino

/ Multiplexer

'h(
j

=

Connections
to electrodes
| 4

Impedance
Converter

Figure 5.2 Prototype of our EIT data acquisition system

5.2.1 Eval AD5933 Impedance Converter

Impedance measurement is carried out with the EVAL-AD5933 Evaluation Board (Figure 5.3a),
a high precision impedance converter system. The device integrates an on-board frequency

generator, a 12-bit 1 MSPS analog-to-digital converter (ADC), and an internal temperature sensor.
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Both the excitation signal and response signal are sampled by the ADC and Fourier transformed
by the on-board DSP engine in order to obtain complex impedance spectrum. The frequency range
of AD5933 is from SKHz up to 100KHz without external components and frequencies lower than
5KHz are achievable using an external clock. The device has a master clock of 16.77MHz and
supply voltage requirement of 2.7V to 5.5V. The device comes in a 16-SSOP package that has a
temperature range of -40°C to +125°C. The device offers high accuracy and versatility that make
it suitable for electrochemical analysis, corrosion monitoring, automotive sensors, proximity

sensing, and bio-impedance measurements.
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Figure 5.3 a) AD5933 evaluation board b) block diagram of the board
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5.2.2 Analog Multiplexers

The CD74HC4067 chip based 16-Channel Analog Multiplexer (Figure 5.4) was used in the
prototype. This multiplexer has 2V to 6V operational voltage and a wide operating temperature
range of -55C to 125C. This CD74HC4067 chip acts as a rotary switch that routes the common
pin to one of its 16 channel pins and vice versa. It works with both digital and analog signals (the
voltage can’t be higher than Vcc), and the connections function in either direction. By sending a
binary sequence to the four switch select pins, 16 different pins can be routed to the signal pin.
The internal switches are bidirectional, support voltages between ground and Vcc, have low “on”
resistance and low “off” leakage, and to prevent crosstalk, perform “break-before-make”
switching. The board also breaks out the chip’s “enable” pin, which when driven high, will
completely disconnect the common pin (all switches “off”). CD74HC4067 chip based 16-Channel

analog multiplexer was used in the prototype to automate the electrode switching process.

Figure 5.4 CD74HC4067 chip based 16-Channel Analog Multiplexer

5.2.3 Electrode Array System

Stainless steel paper clips are used as electrodes in our design. These electrodes are
resistant to corrosion and unwanted chemical reactions. At the same time, they are extremely cheap
and easy to install. A single layer of electrodes is used for 2D tomography and for 3D tomography,
two or more layers are used. Every layer consists of 8 electrodes in our design (Figure 5.5). These

paper clips are interfaced with the electrode switching unit via alligator clips and connecting wires.
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5.2.4 Arduino Uno

Arduino Uno (Figure 5.6) is one of the most popular tools for rapid prototyping. Arduino
Uno is a microcontroller board based on the ATmega328P. It has 14 digital input/output pins (of
which 6 can be used as PWM outputs), 6 analog inputs, a 16 MHz quartz crystal, a USB
connection, a power jack, an ICSP header, and a reset button. It has Flash Memory of 32 KB
(ATmega328P) of which 0.5 KB used by bootloader. It has SRAM of 2 KB and EEPROM of 1
KB. It contains everything needed to support the microcontroller; the users need to simply connect
it to a computer with a USB cable or power it with an AC-to-DC adapter or a battery to get started.
Some I/O pins have alternative functionalities analog/digital I/O such as SPI, external interrupts,

SCL and SDA. Thus Arduino supports SPI and 12C communication protocols.

In this work, Arduino Uno was used to control the impedance converter and the multiplexer
switching units. Arduino Uno also perform the initialization and calibration of the impedance
converter. Important setting-parameters of the converter such as frequency range for frequency-
sweep, reference clock frequency, output excitation range are set by Arduino Uno. Besides, during
electrode switching, Arduino Uno imposes time delay to ensure the stability of measurement. It

also sends the measured impedance parameters to a PC via serial COM port.
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Figure 5.5 Measurement setup containing a) 3 layer of electrodes b) 6 layer of
electrodes
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5.2.5 EIT reconstruction in EIDORS

Electrical Impedance and Diffuse Optical tomography Reconstruction Software (EIDORS)
is an open source publicly available software for image reconstruction of electrical or diffuse
optical data. It offers free software algorithms for forward and inverse modeling for Electrical
Impedance Tomography (EIT) and Diffusion-based Optical Tomography and allows to share data
and promote collaboration between groups working these fields. Such programming encourages
innovative work in these fields by giving a reference execution against which new advancements
can be looked at and by giving a working programming base, from which new ideas might be
manufactured and tested. The sequences of steps in EIDORS for EIT reconstruction is depicted in
Figure 5.7 EIDORS software consists of four primary objects such as forward model, data loading,
inverse model and inverse solve for image reconstruction. In the Forward problem a known or
assumed impedance distribution is used to calculate surface potentials from applied currents using
FEM (Finite Element Model). Data collected from the experiment are fed into EIDORS. In the
Inverse problem, the measured potentials and applied currents are used to solve for the unknown
conductivity/impedance distribution. The EIDORS image basically expresses the reconstructed or

simulated conductivity values.

Figure 5.6 Arduino Uno
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Create Model with electrode Inverse Solve
position and protocol

Display Reconstructed EIT
Solve Forward Problem

Load
Experimental
Data

Figure 5.7 Flowchart of EIDORS operation

5.3 Result and Discussion

The reconstruction of EIT is performed using EIDORS in Matlab. In EIDORS, the
difference imaging technique is utilized. We feed the impedance distribution for both
homogeneous (water) and inhomogeneous (water and object) medium. Exploiting their difference,

EIDORS reconstructs the tomographic image of the object placed in the homogeneous medium.

At first, the prototype was tested for 2D EIT imaging and later on, for 3D imaging. For
2D imaging, a cylindrical plastic object was placed at different positions in a cylindrical cup and
the corresponding impedance distributions were recorded. After removing the object, the
impedance distribution of the homogeneous water medium was captured. Then network mapping
was performed to get a sense of the relative position of the object. In the network map, the nodes
represent the corresponding positions of the electrodes and the straight lines (i.e. called weights)
between the nodes are the inter-electrode impedances. Then the map of homogeneous (water) state

was subtracted from inhomogeneous (water and object) state. The difference map offers us some

64



idea of the position of the object in water medium as observed in Figure 5.8(a, b and c). So this
graph mapping verified that the prototype was capturing meaningful data that can locate an object
based on their impedance distribution. Next, the reconstruction part of electrical impedance

tomography was performed.

For EIT reconstruction, firstly a simulated model was formed which was exactly as same
as our experimental setup in term of its shape, electrode positions and the number of electrodes as
depicted in Figure 5.8d. At the same time, the model inherited the proper stimulation and
measurement protocols same as our experiment. Then both of homogeneous and inhomogeneous
data were fed to an inverse solver and 2D EIT reconstruction was performed. Figure 5.8¢ shows
the 2D reconstruction of the object at different positions in water medium. The prototype was also
tested for imaging of biological tissue sample (carrot). Different placement of the object and their

corresponding tomographic reconstructions are depicted in Figure 5.9.

Next step, the feasibility of utilizing the EIT prototype to detect root in hydroponics and to
reconstruct the 3D images was investigated. Placing a weed root in water medium in a cylindrical
pot, EIT data were measured using 3 layers of electrodes where every layer contained 8 electrodes.
On reconstruction part, inverse solver with differential Gauss-Newton approximation and
Tikhonov prior were used. The same electrode was used for both stimulation and measurement,
and the injection current value was 1 mA. The hyper-parameter value of the inverse model was
chosen as 0.1. The experimental setup, the subject under test (carrot and weed root) and resulting
3D EIT image are depicted in Figure 5.10 and 5.11. The reconstructed results allowed us to
determine the size, shape, and location of carrot and weed root under test. Thus, the prospect of

the system for nondestructive modeling of plant root in hydroponics was also validated.
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Figure 5.9 Object placement: a) near electrode 8§ c) in between electrode 4 and 5 f) close to
electrode 3 and 4, and corresponding reconstructed EIT images: b), d) and ).
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bottom

Figure 5.10 a) Weed root b) root in water with top view c) root in water with front view d)
reconstructed 3D EIT image.
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Figure 5.11 a) Carrot in water (front view) b) Reconstructed EIT
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5.3.1 Ridge Regression for Biomass Assessment

A

In regression model, if y is the predicted value, then y(@,x) = @, + o,x, + @,x, +..+ ®,x,
where, @,is intercept and @ = (@,,®,...,,) are coefficients. Ridge regression addresses some of
the problems of Ordinary Least Squares by imposing a penalty on the size of coefficients. The

. . e . . : 2 2
ridge coefficients minimize a penalized residual sum of squares, min || Xo—y ||; +a || @|[; . Here,
[

a >=0 is a complexity parameter that controls the amount of shrinkage: the larger the value of «
, the greater the amount of shrinkage and thus the coefficients become more robust to collinearity.

In this work, an investigation was made to assess the biomass of carrot root based on their
impedance distribution captured from the EIT device. EIT measurement was performed on 3 carrot
samples of different weights which were collected from a local supermarket. After drying those
samples for 2 weeks in room temperature (roughly around 20°C) with a relative humidity of 40%,
the samples were weighted and those weights were denoted as their corresponding biomass.
Experimental carrot samples and their EIT reconstructions are depicted in figure 5.12 .Based on
the experimental raw EIT data, a simple mathematical model was formed that can predict the
biomass of carrot when corresponding EIT data is fed as input to the model. Proposed Ridge

Regression model for biomass prediction is described in equation (5.1).

W@, x) =@, + ox, + 0, %, +...+ Ox, (5.1
subject to rn(}n | Xo-yl; +0.5] o,

A

where, y = predicted biomass,

x, = median of impedance distribution of the top electrode layer,

x, =standard deviation of impedance distribution of the top electrode layer,

x, = median of impedance distribution of the middle electrode layer,

x, =standard deviation of impedance distribution of the middle electrode layer,

x, = median of impedance distribution of the bottom electrode layer, and
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x, =standard deviation of impedance distribution of the bottom electrode layer

()

Figure 5.12 Biomass measurement from EIT: a) experimental carrot samples, b) dried carrot
cut of the experimental region c¢) EIT reconstruction of a I, d) EIT reconstruction of a II and
e) EIT reconstruction of a III.
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After fitting this model with the experimental data, derived intercept and coefficients are
described in Table 5.1. Actual biomass and predicted biomass from our Ridge Regression model
are presented in Table 5.2

Table 5.1 Intercept and coefficients of the proposed biomass prediction model

w, w, w, W, w, ;s @

9.084 0.0882 0.0127 0.1536 -0.0045 0.0325 -0.0097

Table 5.2 Actual and predicted biomass

Actual Biomass in gram Predicted Biomass in gram Absolute Error, %
1.89 1.799 5.066
2.7 2.887 6.467
4.19 4.094 2.336

A study on structural and functional imaging of crop root by EIT was conducted by
Weigand and Kemna [21]. They were able to image oilseed root in 2D using water-filled rhizotron
container with an array of 38 electrodes, whereas, the system in this study is capable of imaging
root in 3D and it is really low cost as well. Moreover, this system offers the nondestructive

estimation of root biomass with a low percentage of error.

5.4 Conclusion

The work presents the development of a low-cost, low-power, semi-automated, lightweight
and small form factor electrical impedance tomography data acquisition system. The system is
capable of performing both single and multi-frequency EIT in both 2D and 3D domain. It also
offers the ability of imaging living and nonliving subject under test. The reconstructed results
allowed us to determine the size, shape, and location of the subject under test. The prospect of the
system for nondestructive modeling of plant root in hydroponics was also explored. It was able to
image a weed root in 3D in the water medium. Using only readily-available commercial off-the-
shelf components, this custom all-in-one system has an approximated module cost of only 120
CAD per unit. The combined performance and cost of this system validates its potential as an

effective and low-cost solution for a variety of new and existing applications.
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Chapter 6 — Conclusion and Future Work

6.1 Summary

The thesis offers nondestructive characterization of plant by electrical sensing technology.
It presents an overview of the theory of Bio-Impedance, electrical impedance spectroscopy (EIS)
and electrical impedance tomography (EIT) in chapter 2. EIS measures the variation of impedance
over a frequency spectrum by injecting an alternative current with varied frequency. The applied
current is small enough not to cause any harm to the sample under test. Measured impedance
spectrum can be expressed with an equivalent electrical circuit, and the equivalent circuit
represents an electrical model of the sample under test. This equivalent electrical circuit can be
exploited for characterization of that object. In EIT, the electrical response of an object is measured
from surface boundary from different projection by altering the measurement and stimulation
electrodes. Then analyzing those responses by finite element method and solving inverse problem,
an impedance distribution of the experimental domain can be achieved. The resulting impedance

distribution represents a tomographic image of the subject under test.

In chapter 3, the physiological status of onion undergoing dehydration was monitored
nondestructively by electrical impedance spectroscopy. Electrical impedance parameters are found
to be sensitive to the alteration of water content in onion. Moreover, to track the physiological
changes nondestructively and noninvasively, an equivalent circuit model was proposed that show
good agreement with experimental results. In addition, the prospect of electrical impedance
spectroscopy to offer nondestructive alternative for assessing moisture content on onion has been
explored. Proposed approach can serve as an easily accessible alternative tool for storage period

quality assessment of onion.

In chapter 4, the feasibility of electrical impedance spectroscopy to assess the ripening
degree of avocado has been explored. A low cost, easily accessible and nondestructive system
based on ADS5933 impedance analyzer has been investigated in this work. The electrical
impedance parameter especially impedance absolute magnitude is found to be most sensitive to
ripening progression on avocado. In addition, principal component analysis over frequency

dependent electrical response corroborates the hypothesis of distinguishing ripening states based
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on EIS. Our classifier based on multiclass Support Vector machines shows excellent discriminant
capabilities of EIS technique to track and analyze 4 ripening stages (firm, breaking, ripe and
overripe) of avocado. This approach can be a potential alternative to conventional chemical

analysis techniques with offering of better time and cost saving and less processing complexity.

Chapter 5 outlines the design and development of a low-cost, low-power, semi-automated,
lightweight and small form factor electrical impedance tomography data acquisition system and
its application on root imaging. The system is capable of performing both single and multi-
frequency EIT in both 2D and 3D. It also offers the ability of imaging living and nonliving subject
under test. The reconstructed results allowed to determine the size, shape, and location of the
subject under test. The prospect of the system for nondestructive modeling of plant root in
hydroponics was also explored. It was able to image a weed root in 3D in water medium. Moreover,
the feasibility of assessing biomass nondestructively using raw EIT data was explored. Using only
readily-available commercial off-the-shelf components, this custom all-in-one system has an
approximated module cost of only 120 CAD per unit. The combined performance and cost of this
system validates its potential as an effective and low-cost solution for a variety of new and existing

applications.

6.2 Conclusion

This thesis outlines a study on the application of electrical sensing technology, electrical
impedance spectroscopy (EIS) and tomography (EIT), for better understanding and
characterization of a number of physiological and structural aspects of plant. The thesis has
investigated the dehydration process on onion and ripening process on avocado by EIS and
performed 3D structural imaging of root by EIT. Equivalent circuit of EIS can simulate the natural
drying process of an onion. The proposed mathematical model can serve as an alternating tool to
assess moisture content on onion nondestructively. Moreover, EIS technique exhibits the
capability of predicting the ripening degree of avocado fruit when a classifier is trained with proper
EIS response. The 3D imaging of tap-root in hydroponics can be performed with multiple electrode
layer in EIT data acquisition system. Moreover, the dry biomass of root can be predicted with a
fairly good accuracy using the raw EIT data. Thus electrical sensing technologies offer the ability
to study quantitatively and qualitatively on plant physiology, and provide a promising step towards

food security and agricultural sustainability.
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6.3 Future work

Electrical sensing technologies, EIS and EIT, have shown their feasibility in exploring
plant physiological and structural traits such as natural dehydration, moisture content, ripening
degree and root structure. However, there are still lot of research opportunities on these fields.

Some of the crucial broad level future research direction includes —

e During unrefrigerated storage of onion, EIS was used to analyze dehydration process and
to assess moisture content nondestructively and noninvasively. This technique can be
extended for other perishable vegetables for storage period quality assessment. Future
works may also include the development of an automated moisture content monitoring
system for vegetables based on EIS by combining environment controller, wireless
communication module and portable monitoring device.

e Theripening degree of avocado was determined using EIS and machine learning technique.
Proposed system can be extended and tested to other fruits for analyzing their ripening
dynamics nondestructively by EIS. It should be addressed in future studies and a database
on fruit ripening can be established containing a large number of groups and samples and
their corresponding EIS parameters.

e The quality factors (ex. moisture content, ripening degree) of fruit and vegetables during
ripening and storage will be affected by temperature and humidity [1] . All the experiments
in this investigation were performed at room temperature. It is suggested that further
studies may include observation of fruits and vegetables quality with different temperature
and humidity variations.

e Proposed EIT system shows its merit in structural imaging of root. More studies need to
be conducted on EIT for investigation and determination of root’s other physiological,
functional and structural characteristics like root length and density, water stress, nutrient
intake, etc.

e The designed EIT system is fully automated for 2D imaging but it is semi-automated for
3D domain. By increasing the number of multiplexer switching units, it can be made fully
automated for 3D imaging as well. Moreover, better resolution on reconstruction part can

be achieved by increasing the number of electrodes per layer [2].
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The designed EIT system exhibits its capability of imaging the tap root in hydroponics.
Future efforts and studies are needed to offer imaging of fine roots. In low frequency,
electric polarization in root occurs due to the charge migration from root surface to
electrolytes. But at higher frequency, the polarization occurs due to root’s actual structure
[3]. Since the impedance converter board in this study operates in KHz range, the MHz or
GHz range responses were unexplored. Replacing the current impedance analyzer by a
high frequency one, the feasibility of imaging fine roots can be explored in future

endeavors.
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