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ABSTRACT

A MULTI-FREQUENCY AND MULTI-PARAMETER ELECTROMAGNETIC NDE
FRAMEWORK FOR COMPLEX MATERIAL CHARACTERIZATION

By

Xiaodong Shi

Technological advances have been observed due to continuing discoveries and applications of

materials exhibiting novel or enhanced properties, which offer superior performance to conventional

products and processes. When these materials and parts are used in some critical applications and

directly impact the safety and success of a project, it is crucial to ensure their quality and reliability.

NDE technologies have rapidly evolved over the past years. The application of these technologies

has improved the quality and the reliability of components that are being used in various fields.

This work aims to develop a reliable NDE framework that can characterize the materials with

complex shapes and/or properties. The studies will mainly focus on the electromagnetic methods,

design/optimize the sensing system, and processing of the data to utilize information from multi

frequency and multi-parameter testing. Strain distribution is an essential indicator of stress

concentration, damage initiation, and evolution. Many dielectric materials sustain considerable

strain before failure. The first part of the research deals with designing a near-field microwave

high-resolution imaging (NMHI) system that is able to estimate very large deformation for dielectric

materials. The main contributions of this part of the research are the following: a) designing a rapid

imaging system that is able to provide high-resolution information of the OUT. b) a multi-modality

data fusion technique is applied to evaluate the strain of Polyamide 11 (PA-11) through simulations

and experiments. c) the relationship between near-field microwave signal measured from the sample

and the sample’s mechanical properties has been studied.

The second part of the research focuses on the design of a root phenotyping system. The

opaque surrounding environment of the roots and the complicated growth process make the in-situ

and non-destructive root phenotyping faces significant challenges, which also raises tremendous

research interest. Existing methods for root phenotyping are either unable to provide high-precision



and high accuracy in-situ detection or change the surrounding root environment and are destructive

to root growth and health. The contributions of this part of the research are the following: An

ultra-wideband microwave imaging system is designed and optimized for non-destructive root

phenotyping with the potential of in-situ monitoring. The system has been developed to estimate

the location and shape of the root with the soil’s background noise. The capability to provide

the size and localization information of single and multiple roots demonstrates the simulation

framework’s robustness. Precise results and high imaging quality of the reconstruction achieved

from the experiment studies validate the proposed microwave imaging method’s accuracy. The

non-iterative TR algorithm proposed for signal processing is computationally efficient, enabling

rapid roots localization. This work also shows its ability to real-time monitor the root system in

a natural soil environment. The advantage of its fast scanning ability and robustness enables the

microwave imaging technique to be deployed in fields for scanning a large volume of soil and

accessing the state of roots in a real-time manner.

The third part of the research deals with designing portable NDE sensors to meet different scanning

requirements. Many constraints need to be considered when designing the NDE sensing system

for the robot. The sensor’s footprint is limited by the design of the robotic system as well as the

complexity of testing structures. The allowable maximum power consumption of the entire system

is constrained by the available power supply unit on the robot. Many environmental conditions

could affect the NDE results obtained from the robotic actuating and sensing. Such would add

inevitable uncertainties to the acquired data or restrict actuation access, lowering the fidelity and

resolution of NDE data used for further damage assessment and analysis. To overcome these

aforementioned challenges and obtain optimized sensing outcomes, the proposed NDE sensors

were customized to fit in the robotic system and workspace environment for power plant boiler

inspection. These optimizations lead to a low-cost, lightweight, non-contact, and simplified NDE

setup.
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CHAPTER 1

INTRODUCTION

1.1 Introduction of NDE

The term "Non-destructive testing, evaluation, and inspection" (NDT/NDE/NDI) refers to a variety

of analysis techniques to determine the quality or structural integrity of a material or component

without influencing the serviceability of the object under test (OUT) [15]. Research in NDE

technologies has rapidly evolved over the past years. This is due to their essential role not only

in diagnostic maintenance but is also emphasized in other supplemental roles such as prognostic

maintenance, health monitoring, quality assessment, and manufacturing processes. The application

of these technologies has improved the quality and the reliability of the structures and systems that

are being used in various fields, such as aerospace, energy, automobile, and civil infrastructures.

Unlike the destructive methods that can be only performed on a limited number of samples and

cause damage to them, NDE methods are able to provide the information of the samples that are

actually being put into service[16].

The basic principle of NDE is applying energy that will interact with the OUT and not alter the

object’s function. A generic NDE system usually includes excitation source(s), transmitter/receiver,

and a data acquisition device. The transmitter will inject the energy generated by the excitation

source into the OUT. The signal captured by the receiver will be influenced by the interaction

between the energy and the testing sample. The response signal recorded by the data acquisition

device will contain information on potential defects (location, size, and shape) and/or the material’s

properties.

1.2 Motivation

A rapid pace of technological advances has been observed due to continuing discoveries and

applications of materials exhibiting novel or enhanced properties which offer superior performance
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to conventional products and processes. When these materials and parts are used in some critical

applications and directly impact safety and success, it is crucial to ensure their quality and reliability.

The following subsections discuss some of the emerging materials and fabrication methods.

1.2.1 Composite Material

The application of composite materials is rapidly increasing in a variety of industries ranging

from aerospace to civil, to fully or partially replacing metal parts in a variety of structures due

to their unique properties such as high strength/stiffness-to-weight ratio, high design flexibility,

lower material cost, and increased productivity. In spite of having better damage tolerance

and corrosion resistance than metals, the presence of defects in composites such as disbonds,

voids, or delaminations may significantly affect their strength and integrity, as shown in Fig 1.1.

Consolidation of the composite provides an increase in the strength-to-weight ratio. The performance

will be negatively affected by the presence of porosity, delaminations, cracks, or wrinkles. Among

other factors, the toughness of CFRP composites is influenced by the chemistry as well as the

porosity and the resin-to-fiber ratio. Therefore, it is necessary to employ non-destructive evaluation

(NDE) techniques in order to ensure the safety and performance of such materials.

Figure 1.1: Common defects in composite materials [2].

1.2.2 Additive Manufacturing Material

Additive Manufacturing (AM) is the process of building up parts directly from 3D model data

by joining materials one layer upon another layer [17]. As opposed to traditional subtractive

manufacturing methodologies, which use cutting tools to remove materials from a larger metal, AM
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prints the component by adding materials together. It allows AM to produce complex geometries and

internal features which cannot be manufactured using subtractive methods [18]. In addition, AM

uses a computerized 3D model, which allows design optimization and efficient use of raw materials.

By eliminating the production steps, AM can reduce material waste, energy, and time costs by up to

90% [19]. According to NASA, [20], AM can save more than eight months compared to traditional

manufacturing when building rocket injectors. It is also able to manufacture customized parts

according to different demands. The components can be produced directly from the designed 3D

model without the need for expensive and time-consuming part tooling and prototype fabrication

[21].

With fewer constraints on product design and more flexibility, AM makes it possible to produce

a single consolidated object instead of separated parts. Since the late 1980s, the AM has been

developed rapidly [22], and it also has been called Rapid Prototyping [23]. 3-Dimensional Printing,

Solid Freeform Fabrication, or Desktop Manufacturing [24], which express the characteristics of

this method from different aspects. It also uses a wide range of materials such as metals, polymers,

composites, and biological tissues.

Although AM is able to offer so many impressive benefits, there are still a lot of technical

barriers and challenges that need to be overcome. As a novel technology, it not only redefines

the way of manufacturing but also redefines the way of testing and evaluating products. When

additive-made parts are used in some critical applications and have a direct impact on the safety and

success of a project, it is crucial to ensure their quality and reliability. The Fig1.2 shows the three

Figure 1.2: Optical image of (a) porosities on the surface [3] (b) bonding between layers [4]
(c)Scanning Electron Microscope image of incomplete fusion [5].
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common defects of AM fabricated parts. However, the parts produced by AM are often complex in

shape and manufactured in one piece directly. These parts usually combine hundreds or thousands

of individual layers, which are melted by energy sources and deposited upon each other. Many of

the process variables such as printing speed, energy distribution, substrate, and atmosphere will

have a complex interaction and influence the parts’ quality. Therefore, it isn’t easy to test and

evaluate AM parts using conventional methods without affecting the part.

1.2.3 Phenotype of the Root in Soil

The phenotype of plants refers to some individual’s observable feature. It is dependent on two

factors; the genotype, i.e., the expression of the genome, and how it interacts with the environment.

Studying the phenotype of plants will provide a better understanding of the interaction between the

plants and different environmental factors and plant breeding. As one of the essential organs of the

plant, root architecture influences the uptake efficiency of nutrients and water. Improvements to

the architecture of roots promise to increase water and nutrient use efficiency but profiling the root

phenome (such as its structure and function) represents a significant bottleneck. The opaque nature

of soil makes phenotyping root systems in situ challenging compared to analyzing above-ground

Figure 1.3: Example of rhizotrons which have been used to assess root architecture and distribution
in the experimental setup[6].
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plant organs. Soil is a very complex medium in terms of energy-material interaction. The soil

properties are highly dependent on particle size, porosity, and moisture. The environment of the

roots and the complicated growth process make the in-situ and non-destructive root imaging face

great challenges, which also raises great research interest. As shown in Fig.1.3, a rhizobox(a box

containing the soil and root with an observation window that is transparent or removable for the root

inspection) is used to provide some inspection-ability to the root close to the transparent window.

However, this method cannot inspect the roots that are covered in the soil.

1.2.4 Complexity of NDE problem

As mentioned in the previous section, non-destructive inspection methods and techniques for

post-production quality assurance or in-service inspection are essential for any crucial application.

Figure 1.4: Complexity vs. Inspectability.

However, the inspector may deal with different complexity when performing the Non-destructive

evaluation. As complexity increases, it becomes more challenging to conduct an inspection. When

inspecting structures or components, geometric complexity is one of the primary factors influencing

the inspection ability to OUT. Large area coverage is required for the system with a good balance

of speed and sensitivity. Complex geometry introduces the need for an NDE system with higher
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flexibility. Contour following techniques and high-speed data acquisition is necessary to reduce the

scanning time for large and complex structures.

The challenges of NDE may also come from the environment, including extreme temperature,

visibility, and accessibility. Sub-sea infrastructures (such as communication cables, pipelines, and

offshore oil structures) are essential for modern civilization. A boiler that produces steam in the

thermal power station is critical for electricity generation. In the event that any of these systems fail

structurally, severe damage can be caused to people, the environment, and the economy. However,

the inspection of these structures faces difficulties due to the environment and requires the NDE

system to be designed and optimized to meet the requirements and constraints.

Some other factors of the NDE complexity include the complex property and complex numerical

model of the OUT. The desired property of the OUT may not be able to be obtained directly

when performing the NDE. The property of interest may be complex and related to multiple other

parameters. Numerical models are usually employed to provide a better understanding of materials’

properties and assist the design of the NDE system. In some applications, it also faces significant

challenges for accurately describing the NDE process in the numerical model.

1.3 Statement of Problem and Organization of the thesis

The objective of this work is to develop a reliable NDE framework that able to characterize

the materials with some of the aforementioned complexities. The studies will mainly focus on

the electromagnetic methods, design/optimize the sensing system, and processing of the data to

utilize information from multi-frequency and multi-parameter testing. Other NDE or destructive

evaluation methods will also be used to provide reference information. As shown in Fig.1.5, the

first step is to understand the mechanisms involved in the damage and failure of the material or

structure. With the information for the constraints and sample properties, the NDE system and the

sensor will be designed accordingly with the help of the numerical model. The experimental results

will be used to validate the simulation model and improve the design of the NDE system. Data

processing methods will be applied to reduce the noise and extract the demanding information.
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Figure 1.5: The flowchart of the NDE framework.

In this thesis proposal, the works will be discussed in the following chapters:

1.3.1 Multi-modality strain estimation using a rapid near-field microwave imaging system
for dielectric materials.

Strain distribution is an important indicator of stress concentration, damage initiation, and evolution.

Many dielectric materials sustain very large strain before failure. In Chapter 2, a near-field

microwave high-resolution imaging (NMHI) system is presented to estimate very large deformation.

The sensitivity of the microwave imaging system to the dielectric property and geometric changes

have been utilized in the present work. A multi-modality data fusion technique is applied to

experimentally evaluate the strain in the ASTM-D638 standard dog bone structure made of PA-11

material. Plastic strain in the range of 0.3-0.7 of the maximum strain has been successfully correlated

to the microwave probe response in PA-11 materials. The comparison of strain distribution obtained

from NMHI and digital image correlation (DIC) indicate the potential of NMHI as a fast, non-contact

method to estimate large mechanical strain.
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1.3.2 Root phenotyping using ultra-wideband microwave imaging system

The root is a vital organ for the plant’s growth and health. The opaque surrounding environment

of the roots and the complicated growth process make the in-situ, and non-destructive root

imaging faces great challenges, which also raise great research interest. Existing methods for

root imaging are either unable to provide high-precision and high accuracy in-situ detection or

change the surrounding root environment and are destructive to root growth and health. Thus,

an ultra-wideband microwave scanning method that uses time reversal is proposed in Chapter 3

and developed to achieve the in-situ root imaging nondestructively. An electromagnetic numerical

model that simulates the transmission signal of two ultra-wideband microwave antennas has been

studied to verify the method’s feasibility. The simulated signal of roots with different shapes shows

the proposed system’s capability to measure the root size in the soil. The reconstruction from both

simulations and experimental measurements provide an accurate size estimation of the carrot in the

soil, which indicates the system’s potential for root imaging.

1.3.3 NDE System Design for the Boiler Inspection Robot

Many constraints needed to be considered when designing the NDE sensing system for the robot.

The sensor’s footprint is limited by the design of the robotic system as well as the complexity of

testing structures. The allowable maximum power consumption of the entire system is constrained

by the available power supply unit on the robot. There are also many environmental conditions

that could affect the NDE results obtained from the robotic actuating and sensing. Such would add

inevitable uncertainties toward the acquired data or restrict actuation access, in turn, lowering the

fidelity and resolution of NDE data used for further damage assessment and analysis. In Chapter

5, NDE sensors were customized to fit the robotic system and workspace environment for power

plant boiler inspection to overcome these aforementioned challenges and obtain optimized sensing

outcomes. These optimizations lead to a low-cost, lightweight, non-contact, and simplified NDE

setup
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CHAPTER 2

MULTI-MODALITY STRAIN ESTIMATION USING A RAPID NEAR-FIELD
MICROWAVE IMAGING SYSTEM FOR DIELECTRIC MATERIALS

2.1 Introduction

Advances in material science and manufacturing have produced complex engineering structures

that can operate in fatigue and/or harsh environment. Infrastructure involving these structures is

growing quickly, for which rapid inspection techniques are needed for their periodic maintenance.

This is critical for ensuring the quality of service and reliability of structures in harsh environments.

Thus, rapid nondestructive evaluation (NDE) technologies that can detect and characterize damage

is of great interest at present [25]. Strain measurement is one of the essential elements in materials

or structural testing. Knowing the distribution of strain and its value at the critical zones of

the structure leads to important indicators for evaluating the strength and life of the structure [26].

Damage initiates in a structure by permanent deformation accompanied by elastic and plastic strains.

Plastic strain occurring in the structure indicates an alarming situation that cannot be neglected.

In this chapter, a detection of deformation involving residual elastic strain and plastic strains has

been studied. The scope of the work has been limited to a very large deformation occurring in the

dielectric materials. Some of the contents and results in this section have been presented in [27].

2.2 Prior work in Strain estimation

The current strain measurement methods for dielectric materials can be divided into contact types

and non-contact types[28]. The contact-based methods include the ultrasonic method is one

of the most mature and widely used technologies [29, 30]. However, its use is complicated

on the structure with special geometry, surface cleaning to ensure proper coupling between the

sensor and the OUT, and requires skilled personnel to perform the NDE. Also, contact-based

ultrasonic probes involve the application of gel and consume lots of time. The non-contact
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modes includes photoelastic method[31], Digital image correlation(DIC) [32, 33], X-ray[34, 35],

noncontact ultrasound [25], capacitive [36, 37] and microwave techniques [38]. The DIC technique

is a cost-effective and full-field optical measurement method, which obtains the strain data by

relating different digital images taken at various stages of the test and tracking blocks of pixels

in the images [39, 40]. Although DIC offers accurate strain information of the object-under-test

(OUT), it requires continuous data acquisition during the deformation. Thus it is limited to small

structures for real-time monitoring and is not applicable to NDE [41]. The X-Ray system is

hazardous, expensive, and not practical for field testing. Therefore, a strain estimation method of

dielectric material using the NMHI technique is investigated, followed by multi-modal correlation

analysis between DIC and NMHI data. The near-field microwave imaging method is a promising

nondestructive evaluation technique that can provide a quantitative measure of the surface and

sub-surface profile of lossless or low-loss dielectric materials [42, 43, 44, 45]. Unlike the far-field

technique [46], the resolution of the near-field measurement is not constrained by diffraction limits

since it is determined by the probe’s aperture size. Thus, it is capable of providing sub-wavelength

resolution. The sub-wavelength resolution microscope was first proposed by Synge in [47], with

experimental designs reported in [48]. Since then, a lot of research has been focused on improving

and developing various designs for a microscope scanning system. Cho et al. achieved millimeter

level resolution with frequencies around 1 GHz by using coaxial resonators [49]. Reducing the

aperture size by using a sharp, probing tip achieved a spatial resolution of 100 nm by Gao et al.

[50]. Bakli et al. presented a scanning system that combines a vector network analyzer and a high

precision interferometer which provides broadband capabilities, and high measurement accuracy

[51].

2.3 Nearfield Microwave Imaging

A near-field microwave imaging system consists of either a single transceiver [52], or multiple

arrays of probes [53], which illuminates the OUT and measures the localized response from the

material [54, 55]. The response varies with the electrical properties of the material. However, to
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(a) Probe (b) Reflection coefficients for the
coaxial probe with varying tip
extensions

(c) Reflection coefficients for the
coaxial probe in presence of
samples with different sizes

(d) Radiated near E field for the
probe

(e) Cross section of radiated near
E field

(f) Near E field radiation pattern
of the probe

Figure 2.1: NMHI Probes and Frequency response.

achieve high-resolution images, the separation between the tip of the near-field antenna and the

sample’s surface has to be small and stay constant. The precision of that distance will significantly

influence the accuracy of a near-field imaging system.

Some of the conventional probes used in NMHI are aperture in a waveguide, scanning tunneling

microscopy, atomic force microscopy, and open-ended transmission line [56, 57, 58, 59, 60].

Researchers have extensively studied these probes and used them in several industrial applications.

Experiments have been conducted using an open-ended coaxial probe with an extended copper tip,

operating at a narrow band frequency of around 7 GHz (𝜆= 42.8 mm). A standard RG58 coaxial

cable is used to fabricate the probe. The outer copper section, along with the dielectric enclosing,

is removed to create an extended copper tip, as shown in Fig. 2.1(a). Since the impedance of the
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coaxial probe is matched to 50Ω, no additional matching circuits are required. Electromagnetic

fields radiate out from the extended tip of the coaxial probe with monopole antenna-like radiation.

The resonant frequency of the probe is determined by the length of the extension, similar to a

quarter-wave monopole. Increasing the length of extension decreases the resonant frequency of the

probe, as shown in Fig. 2.1(b). The coaxial probe provides a wider band of operating frequencies

and eliminates the matching circuit requirement.The change in the reflection coefficients of the

coaxial probe varies due to perturbation in electromagnetic fields due to the presence of a target or

a defect inside a sample. A simulation is conducted with the coaxial probe placed 0.5 mm away

from a GFRP composite sample with a 2 mm circular hole defect. The effect of the defect on the

reflection coefficients is shown in Fig. 2.1(c).

The radial component near E-field of the monopole antenna can be expressed as [61]:

𝐸𝑟 = − 𝑗𝜂
(𝐼0𝑙𝑒− 𝑗 𝑘𝑟)
(2𝜋𝑘𝑟3)

𝑐𝑜𝑠𝜃, (2.1)

where 𝐼0 is the current, 𝑙 is the length of the antenna, 𝜂 is the intrinsic impedance of the medium, and

The wavenumber 𝑘 = 2𝜋/𝜆. The simulated far-field radiation pattern shows monopole-like radiation

with nulls at the center for 𝐸-plane and omnidirectional radiation in H-plane at 𝑓𝑟 = 6.5𝐺ℎ𝑧.

The field decays very fast (𝑂 (1/𝑟3) and is a function of the wavelength (𝜆 = 2𝜋/𝑘), antenna

length 𝑙 and 𝜂. Higher frequency provides finer resolution, however reducing the near field range

(𝑅 = 0.62
√︁
𝐷3/𝜆, 𝐷 is the maximum overall antenna dimension), thus requiring smaller lift-off

distances. The simulated E-field distribution around the probe, depicted in Fig. 2.1(d) at 𝑓𝑟 shows

fields spreading along the tip region and radiating from the tip edges. Fig. 2.1(e) presents the

magnitude of the simulated radiated electric fields in the E-plane at 𝑓𝑟 . As seen from Figs. 2.1(e,

f), the fields are maximum at the center but decay rapidly for increased lift-off distances (∼15

dB for 4 mm). This is because the lift-off distance due to surface variance significantly impacts

capacitive coupling between the probe and the sample. Thus, the choice of frequency is based on a

trade-off between resolution and lift-off distance. The near field radiation pattern for the probe was

computed using HFSS at different distances from the apex of the antenna and shown in Fig. 2.1 (f).
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In accordance with (1), it is observed from Fig. 2.1(f) that the field decays at a rate of (𝑂 (1/𝑟3)

where r is the distance away from the probe.

2.3.1 Background and Theory

The reflection coefficient of the microwave probe changes due to perturbation in fields in the object

under test. The presence of any anomaly (void or inclusion) and change in the geometry in the

sample has direct effects on the complex permittivity of the material. The complex permittivity

also changes with elastic and plastic strain [62, 63, 64]. This property can be used to measure the

strain in the structure made of dielectric materials. It is found to also change with the temperature,

frequency, and electric field [65, 66, 67]. So fluctuation of temperature and electric field has to

be minimized when performing the microwave’s nondestructive evaluation. The complex relative

permittivity changes the net coupling capacitance between the probe and the object, as shown in

Fig. 2.2.

Figure 2.2: Nearfield microwave probe model with interaction between the probe tip and the Object
Under Test.

The feed signal used for imaging is a continuous sinusoid wave with amplitude 𝐴1 as expressed

in Eq. 2.2.

𝑇𝑥 (𝑡) = 𝐴1cos(2𝜋 𝑓 𝑡) (2.2)

The simplified model assumes no reflections from the feed point and only considers the change

in capacitance due to material permittivity. Changes in tip capacitance introduce reflections at the

end of the transmission line. The reflection parameter can be represented using Eq. 2.3, and can

be considered as the reflections are only due to the change in impedance of the material.
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Γ =
𝑍𝑠𝑡 − 𝑍0
𝑍𝑠𝑡 + 𝑍0

(2.3)

where 𝑍0 ∼ 50 Ω and 𝑍𝑠𝑡 is the impedance of tip - sample interaction. The reflected signal is a

function of transmitted signal and reflection coefficients, shown in Eq. 2.4.

𝑅𝑥 (𝑡) = Γ𝑇𝑥 (𝑡) (2.4)

The reflected signal can be probed using a directional coupler having a coupling factor 𝛽, and

the probed signal can be mixed with the transmitted signal to get the net phase change. The phase

shift in the received signal 𝜙 is shown in Eq. 2.6.

𝑂 (𝑡) = 𝛼𝑇𝑥 (𝑡) 𝛽𝑅𝑥 (𝑡) (2.5)

𝑂 (𝑡) ≈ Γ 𝐴2
1 [cos (4𝜋 𝑓 𝑡 + 𝜙) + cos 𝜙] (2.6)

The frequency components are filtered out, and only DC components are measured. The output

is seen as a function of the change in material properties in the form of Γ and 𝜙.

𝑂𝐷𝐶 ≈ Γ 𝐴2
1 cos 𝜙 (2.7)

The near-field microwave imaging measures phase information at different points over the

material according to Eq. 2.7. The scanning controller moves the material holding platform in the

raster scanning mechanism and covers all the points in a predefined area.

2.3.2 NMHI Setup

The block diagram of implemented setup is shown in Fig.2.3 (a) with the developed RF circuit in

Fig. 3(b). A 7 GHz RF source generator is used to feed the near-field microwave probe. The low

output of the source is amplified to +24 dBm, and a 3 dB RF splitter is used to divide the amplified

signal into a feed and a reference signal. The directional coupler is connected to the feed signal
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coming from the splitter and is also used to probe the reflected power. The reflected signal is mixed

with the reference signal to get any changes in phase according to the changes in the properties of

the OUT.

Figure 2.3: Near-field microwave microscopic imaging system and block diagram.

The probe used for imaging is a coaxial cable with an open-ended copper tip due to its simple

design, easy availability, and wideband frequency response. The experiments are performed by

keeping the tip perpendicular to the object, where the fields are stronger and localized. The

minimum step size or the finest resolution of the scanner is 0.5 𝑚𝑚(0.01𝜆).

The object used to test the capabilities of NMHI is shown in Fig.2.4 (a) and Fig.2.4 (c). A

polyamide (PA-11) rectangular sheet and an aluminum calibration sample are used to test the

system’s capabilities. The PA-11 sample has 3.26𝜆 × 2.37𝜆 × 0.18𝜆 length, width and thickness

respectively. Two square defects are machined on one side of the sample with 0.89𝜆×0.89𝜆×0.13𝜆

and 1.18𝜆 × 1.18𝜆 × 0.13𝜆. The object is scanned from the opposite surface of the sample. The

aluminum calibration sample is of size 4.15𝜆 × 4.15𝜆 × 0.08𝜆, with different machined defects of

shape and size.

The predefined area of interest and the spatial resolution is used to initialize an empty image

matrix, and a raster scanning algorithm is set to fill the whole matrix. The measured response from

the PA-11 sample with sub-surface defects is shown in Fig.2.4(b). Both squares are detected with
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(a) Polyamide (PA-11)
sample with engraved
defects

(b) PA-11 NMHI raw data (c) Aluminum
Calibration Sample

(d) Aluminum
NMHI raw data

Figure 2.4: Nearfield microwave microsopic imaging of a plastic (Polyamide) sample with
sub-surface defects.

accurate size information. It shows the capability of the system to image subsurface defects. The

results of the scan of the Aluminum sample shown in Fig.2.4(d) show the millimeter resolution

capability by detecting all the small defects and the ability of the system to accurately image the

profiles (square, triangular and circular) of the defect.

2.4 Mechanical Properties Estimation Using Multi-modal Data Fusion

The tensile test-based studies were performed on a number of Polyamide 11 dog-bone samples by

employing an integrated experimental and numerical simulation. A numerical simulation model

is developed for strain estimation using COMSOL Multi-physics software. The material model for

the mechanical analysis was calibrated by utilizing the data obtained from the tensile test. The

shape of the specimens complies with the ASTM-D638 standards, as shown in the Fig.2.5. Using

the Universal Testing Machine and a high-resolution camera, the specimens are subjected to tensile

stresses to produce 30%, 50% and 70% of maximum tension before the specimens break. DIC

technique was used to obtain the local strain and displacement during the tensile testing, and the

results from the DIC analysis were compared with that from the numerical simulations.

The von Mises strain is a widely used criterion for studying the ductility, malleability, and

yielding of the material [68]. As the strain number obtained from the DIC method is a uniaxial

value, the von Mises strain allows the comparison between the 2D strain property of the OUT with
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Figure 2.5: The shape of specimen under the tensile test.

the NMHI data.

The Von Mises strain is given by

𝜀 =
1
3

√︃
2(𝜀𝑥𝑥−𝜀𝑦𝑦)2+𝜀2

𝑥𝑥+𝜀2
𝑦𝑦, (2.8)

where 𝜀𝑥𝑥 and 𝜀𝑦𝑦 are the local strains along x and y direction measured by DIC.

The elongation are performed at ASU PARA lab on specimens at at a speed of 0.2 in/minute,

with data acquisition frequency of 10 Hz. The local Von Mises strain for the 70% and 30%

elongated specimens are shown in the Fig. 2.6.

Figure 2.6: The Von Mises strain of the 70% (left) and 30% (right) elongated specimens obtained
by DIC (experiment data is collected by ASU PARA Lab ).

According to the dimensions mentioned in Table.1, the 2-D Von Mises strain is simulated

for specimen with 70% elongation. As the basis for the strength calculation, the stress-strain

relationship of the PA11 sample is obtained from experimental data. The test curve of the PA11

uniaxial tensile deformation is shown in Fig.2.7. It can be seen from the figure that when stress is
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less than or equal to 5 ksi (point a), the stress-strain relationship of PA11 conforms to linear change

and is in the elastic phase. When it is greater than 5 (ksi), it enters the yielding stage. When the

strain exceeds 0.1 (point b), PA11 enters the strengthening stage, and the PA11 material test piece

can produce large plastic deformation. When the strain reached 0.6, the deformation resistance

further increased until the d point. The material properties, such as Young’s modulus (Es = 147.79

ksi = 1019 Mpa) and Poisson’s ratio (Poisson ratio = 0.32), are assigned.

Figure 2.7: Strain-Stress Curve of PA-11 specimen (experiment data is collected by ASU PARA
Lab ).

The simulated result and the strain along the middle section line are shown in Fig.2.8. It can be

observed that strain is constant throughout the narrow section.

Figure 2.8: Von Mises strain simulation of the specimen with 70% elongation.

Contrary to the simulation results, the local strains along the x-direction of the specimen

increase from left to right. The difference between simulation results and experimental data may
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be due to the non-idealities of the specimens. In order to validate our hypothesis and have the

simulation results comparable to experimental data, the widths of both ends of the narrow section

are assigned with different dimensions in the simulations. The dimensions are estimated according

to the dimensions of specimens after the tensile tests. The original specimen width 𝑊𝑜 is found

using Eq.2.9

𝑊𝑜 =
𝑊𝑥(

1 − 𝜀𝑦𝑦 + 𝜇𝜀𝑡𝑥𝑥
) , (2.9)

where 𝑊𝑥 is the width of the specimen after stress unloading and 𝜇 is Poisson’s ratio. The axial

elastic strain 𝜀𝑡𝑥𝑥 is calculated as:

𝜀𝑡𝑥𝑥 =
𝑙𝑜 + 𝑙

′ − 𝑙𝑥

𝑙𝑜
, (2.10)

where 𝑙𝑜 is the initial length of the specimen before loading, 𝑙 ′ is the elongation, 𝑙𝑥 is the length

of the specimen after unloading stress. Based on the width variation of the narrow section of

the specimen, the simulation is updated. The comparison between the modified simulation and

experimental data from DIC is shown in Fig.2.9. It can be seen that the strain output from the

simulation and DIC experiment match closely. The Von Mises strain decreases along the specimen

length for both simulations and experiments. The improved ANSYS model provides a testbed for

optimization and data validation.

Figure 2.9: (a).Von Mises strain from simulation (b) Comparison between experimental results and
simulation.

A correlation between DIC and NMHI data is performed to demonstrate the capability of NMHI

for accurately estimating the mechanical properties. The comparison between the processed NMHI
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data and the measured strain for different elongations of the specimens is shown in Fig.2.10. Due to

the difference in acquisition units for both NMHI and DIC, the plots are normalized for comparison.

0 20 40 60 80

Distance(mm)

0

0.2

0.4

0.6

0.8

1

N
o
rm

a
liz

e
d
 D

a
ta

FS:70% elongation

NMMI

DIC

0 20 40 60 80

Distance(mm)

0

0.2

0.4

0.6

0.8

1

N
o
rm

a
liz

e
d
 D

a
ta

FS:50% elongation

NMMI

DIC

0 20 40 60 80

Distance(mm)

0

0.2

0.4

0.6

0.8

1

N
o
rm

a
liz

e
d
 D

a
ta

FS:30% elongation

NMMI

DIC

(a)

0 20 40 60 80 100

Distance(mm)

0

0.2

0.4

0.6

0.8

1

N
o
rm

a
liz

e
d
 D

a
ta

NS:70% elongation

NMMI

DIC

0 20 40 60 80 100

Distance(mm)

0

0.2

0.4

0.6

0.8

1

N
o
rm

a
liz

e
d
 D

a
ta

NS:50% elongation

NMMI

DIC

0 20 40 60 80 100

Distance(mm)

0

0.2

0.4

0.6

0.8

1

N
o
rm

a
liz

e
d
 D

a
ta

NS:30% elongation

NMMI

DIC

(b)

Figure 2.10: Comparison between the Von Mises strain and NMHI scanned data along the section
line for the (a) Full specimen and (b) Notched specimen with 70% 50% and 30% elongation.

As shown in the Fig. 2.10 (a), the curves which represent NMHI data measured from the

specimen decrease with the Von Mises strain. The best agreement is shown in the plot of 70%

elongation, whereas discrepancies between the two estimates are seen in 30% elongation. For

the 30% elongation, there is a significant deviation between the two approaches, but they exhibit

similar trends. It can be seen that NMHI data has better agreement with DIC under more significant

elongation or when the plastic strain is higher. This is reasonable since the NMHI data is acquired

after unloading the specimens. Von Mises strain is a total strain that is composed of elastic and

plastic parts. At 70% of elongation, the plastic strain dominates, which results in a permanent
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change in the dielectric properties. This is measured by the NMHI system with a small percentage

of elastic residual strain arising from local inhomogeneity. Whereas the DIC data captures both

elastic and plastic strain. The elastic strain recovered over the length of the specimen is constant at

large plastic strain resulting in a closer match at 50% and 70% elongation. At 30% elongation, the

elastic strain dominates, resulting in the discrepancy between the NMHI and DIC data. The DIC

data measures this dominating elastic strain as well as plastic strain. The initial 30% elongation

causes nonlinear plastic strain distribution in the sample from the fixed ends to the center of the

specimen. The DIC data measures the major elastic strain in a linear loaded condition. Whereas

the NMHI data is nonlinear, indicating the nonlinear variation of plastic deformation across the

specimen length. The data in Fig.2.10 (b) represents NMHI’s and DIC’s measured strain data for

NS. The NMHI data doesn’t follow a close trend with DIC’s data at the center due to an extra drilled

hole on the specimen. The drilled hole perturbs the fields of the NMHI probe and gets significantly

more responsive to the shape of physical structure than its dielectric properties. It can be seen that

NMHI data follows the stress at the edges as it is the scanning data away from the hole.

2.5 Discussion

The increase in the strain causes the electrical property, sample’s geometry (width and thickness)

and the microstructure to change. The NMHI scanning system will capture all these changes and

be reflected in the scanned data. In order to study the change of the material’s microstructure under

the different strain and how it will affect the material’s electromagnetic properties, multi-modality

simulations have been employed.

As shown in Fig.2.11, a coaxial antenna is simulated using a monopole antenna mode to obtain

the full field scanned result. The length of the antenna is 1/4 𝜆, and the radius is 1/40 𝜆 which are

same as the experiment. The antenna is fixed and points to the middle of the specimen. An air layer

with a radius of 203 mm and a height of 133 mm is introduced. First, the tensile test simulation

calculates the strain and displacement data. Then, according to the information obtained, the

electromagnetic simulation was run to estimate the near-field microwave scanning result. The plot
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Figure 2.11: Multi-modality simulation in COMSOL showing the specimen model, meshing &
Boundary Conditions.

of normalized probe response with the von Mises strain that only considers the effect of geometry

change (thickness and the width) is shown in Fig.2.12. The two ends of the curve meet due to the

normalization.

 Simulation Results

Figure 2.12: Comparison between the NMHI scanned data and simulation of sample only
considering the geometry change.

Some huge discrepancies can be observed between the simulated result and experimental

data, indicating the necessity of considering the material’s electromagnetic properties due to the

microstructure change.

As shown in Fig. 2.13, the permittivity is adjusted according to the strain using Eq. 2.11

𝑃𝑖 = 𝑃𝑂 − 𝑅𝑠 × 𝑃𝑂 × 𝑆𝑖

𝑆𝑚𝑎𝑥

, (2.11)

Where 𝑆𝑚𝑎𝑥 is the maximum strain and 𝑃𝑂 is the permittivity of the materiel. 𝑅𝑠 is the changing

ratio of the permittivity along with the strain. A much better fit is found in the simulated result than

in the model that only considers the geometry change.
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Figure 2.13: Comparison between the NMHI scanned data and simulation of sample with adjusting
the parameter according the strain.

In order to use the NMHI data to predict the strain, the relationship between the Von Mises strain

measured using DIC and dielectric changes measured using NMHI is illustrated by a normalized

comparison plot and displayed in Fig. 2.14. A piecewise regression of the data is done by the

Quasi-Newton Methods [69, 70], as shown in the Algorithm. 11.

Algorithm 2.1 Quasi-Newton Algorithm
1: Input: X, Y, target error 𝜀.
2: Set: y = 𝜑 (𝑋, 𝛽) + 𝐸

3: Init:𝛽0 = (𝛽1
(0)𝛽

2
(0) . . . . . . 𝛽

𝑝

(0))

4: Set 𝑘 := 0 𝐵0=𝐼 Set 𝑓 (𝛽) =
𝑛∑
𝑖=1

(𝑦𝑖−𝜑 (𝑋, 𝛽))
2

5: while 𝑔𝑘 >= 𝜀 do
6: 𝑔𝑘 = ∇ 𝑓 (𝛽𝑘 ),d𝑘 = −𝐵−1

𝑘
𝑔𝑘

7: 𝜆𝑘 = arg𝑚𝑖𝑛 𝑓 (𝛽𝑘 + 𝜆𝑑𝑘 )
8: S𝑘 = 𝜆𝑘𝑑𝑘 ,𝛽𝑘+1:=𝛽𝑘+𝑆𝑘 , 𝑧𝑘 = 𝑔𝑘+1 − 𝑔𝑘

9: B𝑘+1 = 𝐵𝑘 +
𝑧𝑘 𝑧

𝑇
𝑘

𝑧𝑇
𝑘
𝑆𝑘

− 𝐵𝑘𝑆𝑘𝑆
𝑇
𝑘
𝐵𝑘

𝑆𝑇
𝑘
𝐵𝑘𝑆𝑘

10: 𝑘 := 𝑘 + 1
11: end while

As shown in Fig.2.14 (a), when the normalized Von Mises strain value is less than 0.5, the slope

of the regression curve and NMHI-strain (DIC) curve is relatively small. This indicates that when

the strain is small, the deformation does not significantly affect dielectric properties since the elastic

strain is completely recovered. When the normalized Von Mises strain value is greater than 0.5,

the data of the NMHI and the DIC are consistent in trend (2.10) for which the NMHI-DIC curve

has a very good agreement with the regression curve. The regression curve has been evaluated by

the error histogram shown in Fig.2.14 (b). The data from 70% elongation has errors that are within
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5%. The regression errors for 30% elongation are larger as expected since the regression is not

good when the strain is relatively small. The measurement of material property change with the

applied elastic and plastic strain opens the options for several novel applications. These applications

are (1) the detection of permanent deformation in dielectric materials like polymers, composites,

and nano-composites for NDE applications, (2) detection of manufacturing defects and damages

in dielectric components for NDE applications, (3) mounting the probe permanently to detect the

material changes in-situ for structural health monitoring (SHM) of structures made of dielectric

material.
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Figure 2.14: The plot of (a) DIC strain against the NMHI data with double-fold regression (b) The
regression error for 70% 50% and 30% elongation.
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CHAPTER 3

ROOT PHENOTYPING USING ULTRA-WIDEBAND MICROWAVE SYSTEM

3.1 Introduction

As one of the plant’s three major organs, the root system provides functions central to plant fitness,

such as nutrient absorption, fixation, water transmission, synthesis, and storage [71]. The spatial

distribution of roots in the soil directly affects the growth and health of plants. In addition,

root systems transfer carbon, which is captured from the atmospheric CO2 by plants, to soil and

aid long-term soil carbon storage [72]. A better understanding of root phenotype in situ and

non-destructively is important for the research of soil and plant science, earth system science, and

others. Some of the contents and results in this section have been presented in [73].

Much research has been done on the plant’s aerial parts’ structure and function and has

made remarkable progress. However, because the root system generally grows in dense, opaque

soil, it is difficult to observe it visually or optically [74, 75, 76]. Since 1727, traditional

root phenotyping methods are usually destructive, time-consuming, and low-resolution, such as

excavation methods[77], pinboard method[78], and trench profile technique[79]. Root imaging

method became the main root phenotype method since the introduction of the glass pane method in

1873[80], which is achieved by observing and drawing the root color, size and shape by humans and

can’t phenotype the root growth accurately. Bates[81] updated the glass pane to glass tube method

to better apply it to in-situ root phenotyping. Neutron radiography was proposed and applied to

obtain the root growth image[82] in 1985. However, the long-term radiation effects on the plant

root growth and the complexity and inconvenience of the equipment make the neutron radiography

method inapplicable for in-situ root phenotyping. Since 2000, high-precision optical instruments

and digital imaging methods have greatly improved the accuracy of root imaging technology and

made non-destructive root phenotyping possible. X-ray computed tomography uses high-energy

photons to scan the root and reconstructs the root image using the decayed X-ray signals detected by
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the detector[83]. X-ray computed tomography method can achieve non-destructive, high resolution,

high accuracy and fast 3D root phenotyping[84, 85, 86]. However, the expensive and non-portable

nature of the X-ray makes this method ineffective for in-situ root phenotyping. In addition, the

X-ray computed tomography is limited in recording the root growth [87]. The Magnetic Resonance

(MR) method has similar advantages and disadvantages to the X-ray computed tomography method,

except for the lower resolution and shorter imaging time[88]. MR imaging is mainly dependent

on the water content of the root, so its accuracy may be influenced by the plant type and soil

moisture[89] in root imaging. Computed tomography (CT), and position emission tomography

(PET) have ionization radiation and can alter root development [90]. A laser root scanner can

provide precise 3D measurements non-destructively, but it is time-consuming and expensive[91].

According to the characteristics of the laser, it can only be used when the root is growing in a

transparent medium. The confocal laser scanning microscopy[92], cameras[93, 94], fluorescence

techniques[95, 96], and hyperspectral imaging method[79] are all limited to real soil as the laser

scanner do. The non-invasive and non-contact thermoacoustic sensing and characterization of the

plant is ongoing research, which is still limited by using the agarose[97]. The advantages and limits

of existing root phenotype methods are summarized in Table I.

Terahertz (THz) imaging is a powerful technique for subsurface imaging of objects and roots

in soil [98]. The applicability in the field is limited as its wireless band exceeds the 802.11b

protocol. Scattering, absorption, and lesser penetration depth are additional hurdles in the

implementation. The unavailability of sources, detectors, and modulators at affordable prices

cannot commercially make this technology available to the users. The microwave imaging method

is a promising nondestructive evaluation technique that can quantitatively measure the lossless or

low-loss dielectric materials profile. It has shown great promise in a wide range of applications,

including but not limited to imaging of composite structures [99] and low-dielectric-contrast media

[100]. The Microwave NDE method has been used for testing voids, delamination, porosity, etc., in

dielectric materials, including polymers, ceramics, plastics, and their composites [27]. Microwave

has also been used in determining soil moisture in rhizoboxes [101]. A microwave resonator system
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Method name Advantage Limit

Excavation methods[77],
pinboard method[78], trench
profile technique[79], glass
pane/tube method [80, 81]

Easy and cost effective
method

Destructive, time consuming,
may affect and limit the
growth of the root, low
accuracy and low-resolution

Neutron radiography[82] Provides root image Destructive, inapplicable for
in-situ root phenotype

X-ray computed
tomography[83, 84, 85,
86, 87]

Non-destructive, high
resolution, high accuracy, and
fast 3D root phenotype

Expensive, destructive,
non-portable, ineffective for
in-situ root phenotype

Magnetic resonance (MR)
method[88, 89]

Non-destructive, high
accuracy and 3D root
phenotype

Lower resolution and longer
imaging time compared to
the X-ray method. MR
dependents on the water
content of the root, so its
accuracy may be influenced
by the plant type and soil
moisture

Laser root
scanner[91]/confocal laser
scanning microscopy[92]

Provide precise
3D measurements
non-destructively

Destructive, can only be used
when the root is growing
in a transparent medium,
requires longer imaging
times, expensive

Cameras[93, 94] Provide precise images
non-destructively and fast

Can only be used when
the root is growing in a
transparent medium

Fluorescence techniques[95,
96]

Provide precise
measurements

Destructive, can only be used
when the root is growing in a
transparent medium

Hyperspectral imaging
method[79]

Discriminates between living,
senescent and dead roots, leaf
debris and soil

Can only be used when
the root is growing in a
transparent medium

THz imaging method [98] High resolution images,
detects and identifies roots
and objects buried in soil

Scattering, absorption
and radiation issues, and
unavailability of hardware for
commercialization

Table 3.1: Advantages and limits of existing root phenotype methods.
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is verified to have the ability to determine the plant biomass non-invasively [102], while it lacks the

ability of root phenotyping. Non-contact inspection and the ability to penetrate dielectric materials

are two of the most important microwave NDE attributes and make it suitable for the in-situ real-time

monitoring of plant roots. Therefore, a microwave scanning method that uses Time Reversal (TR)

is investigated for its potential application as a real-time and in-situ root reconstruction imaging

method. As a signal processing technique, Time reversal can be used to estimate the localization

and characterization of a source of wave propagation, as well as to calculate the focus wave energy

at selected points in space and time[103].

In this chapter, an Ultra-wide Band Microwave Imaging (UBMI) system has been proposed and

developed that offers low-cost, high-contrast, and fast NDE for plant root imaging. The system is

capable of creating a dielectric map of the scanning area by extracting the changes in both magnitude

and phase in the transmitted and reflected signal. The time-reversal method has been used to create

a 2D reconstruction image of the root, which can provide the size and position information of the

root.

Figure 3.1: Flow chart of root imaging technique using time reversal.

3.2 Imaging System

An ultra-wideband TR-based microwave imaging system has been developed that offers the plant

low-cost, high-contrast, and fast NDE techniques. The flow chart of the UBMI system is shown in
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Fig.3.1. A Vivaldi antenna array operating at ultra-wideband frequency from 3 GHz to 10 GHz and

providing high gain and symmetric beam patterns was designed in accordance with [104] to detect

the root buried in the soil in-situ, based on the properties of TR. An arch range was constructed for

fitting the antenna system, having a fixed position transmitter antenna and a receiver antenna that is

rotated around the scanned target with uniform angular steps to emulate an antenna array. A vector

network analyzer (Keysight E8363B) provides an excitation signal to the transmitting antenna that

is radiated and transmitted through the root buried in the soil and recorded by the receiving antenna.

The magnitude and phase measurements vary depending on the wave scattered by the soil and root

sections. The perturbation due to the roots are computed and processed using a TR algorithm to

image the root buried in the soil.

Time reversal imaging

The proposed TR algorithm offers a non-iterative processing framework for rapid root imaging.

Unlike regularization-based imaging techniques that rely on an iterative framework for inversion,

TR employs a physics-based direct back-propagation technique to perform imaging. The method

exploits the time-symmetric nature of the scalar electromagnetic wave equation, expressed as(
∇2 − 𝜇𝜀

𝜕2

𝜕𝑡2

)
𝜑(𝑟, 𝑡) = 0. (3.1)

where 𝑐 is the speed of light in free space and 𝜇, 𝜀 are the material permeability and permittivity,

respectively. The time-symmetric nature of the wave equation allowed for fields diverging away

to be reversed in time and converged back spatiotemporally to the scattering sources [105]. The

detailed theory, numerical implementation, and analysis of the TR algorithm have been performed

previously by the authors in [106]. As seen in [107], the TR algorithm can be implemented to

detect targets and other scattering sources. The time-integrated energy (Θ) of the time-reversed

wave can be utilized to obtain a focused Spatio-temporal image of the imaging domain, given by

Θ(𝑥, 𝑦) =
∫ 𝑇

0
ℎ2
𝑛 (𝑡) =

∫ 𝑇

0
|𝐸𝑧 (𝑥, 𝑦, 𝑡) |2𝑑𝑡, (3.2)
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where ℎ𝑛 (𝑡) and ℎ𝑛 (−𝑡) are the estimated forward and backward medium responses, and T is the

total time. Here 𝑇𝑀𝑧 polarization is assumed, with 𝐸𝑥 , 𝐸𝑦 and 𝐻𝑧 = 0.

(a) (b)

(c) (d)

(e) (f)

Figure 3.2: Time reversal simulation results for single and multiple root showing (a, b) model
schematic with permittivity distribution for single and two roots. (c, d) Forward scattered signals
for receiver 30 (highlighted with + in Fig. 3.2(a, b)) for single and two roots. (e, f) Time integrated
energy images detect the presence of roots for single and two root cases.

A 2-D numerical study is conducted to validate the feasibility of the TR algorithm for root

imaging applications. The electromagnetic wave equations are numerically modeled using a

finite-difference time-domain (FDTD) algorithm. The overall schematic of a single root section

and multiple root sections embedded in a soil region, along with a source antenna and a circular

receiver antenna array, is shown in Fig. 3.2(a, b). The soil region is assumed to comprise some

moisture content with dielectric constant (𝜀𝑟)=10 and conductivity (𝜎)=0.04 S/m at 6 GHz, while

the root section is assumed to be mostly dry with 𝜀𝑟=4 and 𝜎=0.008 S/m at 6 GHz. A modulated

Gaussian pulse with a width of 0.1 ns is used to excite the source antenna. The scattered fields
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Figure 3.3: Schematic of the HFSS simulation showing (a) side view of the container with soil and
carrot, and location of launcher and receiver antennas, (b) top view showing container with soil
and single carrot, and (c) top view showing container with soil and two carrots. The time-domain
results for the antennas at (d) 180◦ and (e) 270◦.

are computed for this model and an equivalent model without the presence of root to reduce the

soil scattering effects and obtain the root perturbations. The scattered field signals for Receiver

30, with and without the roots for single and multiple roots, are shown in Fig. 3.2(c, d). The

received signals for the root model consist of the front wall scattering of the soil region followed

by the root scattering, back-wall scattering of the soil region, followed by second-order scattered

fields. The scattering due to the root is absent for the equivalent model without the root. The root

perturbations for each receiver antenna are computed and numerically back-propagated using the

FDTD TR algorithm. As seen in Fig. 3.2(e, f), the computed time-integrated energy shows efficient

focusing around the root regions for both single and multiple roots. As can be seen in the case of

multiple roots, cross-coupling between the two roots leads to some additional artifacts around the

soil top and bottom interfaces in the energy images. The simulation results show that the proposed

TR algorithm can effectively image buried roots in a soil environment.
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HFSS Simulations

3D high-frequency structure simulation studies are conducted to analyze the sensitivity of the

antenna system towards root detection using a commercial electromagnetic field simulator Ansys

HFSS. An antipodal Vivaldi antenna is designed for ultra-wideband, high gain, and beam symmetry

to illuminate the root. The HFSS simulation model when the azimuth angle between Tx and Rx

is 180,◦ is shown in Fig.3.3(a) to (c) as an illustration. The Tx is fixed, and the Rx rotates around

the scanned target root with a uniform angular step of 10◦. The start and endpoint for Rx are at

an azimuth angle of 50◦ from Tx. The soil (Rs) radius is 50 mm, and the radius of the root(Rc)

is set to be 10 mm and 30 mm, respectively. The single carrot with different two radius sizes and

the combination of these two carrots are all simulated to analyze the performance of the designed

antenna fully, as shown in Fig.3.3(b) and (c).

The 𝑆12 magnitude and phase frequency domain data are converted to time domain data using

a standard inverse fast Fourier transform (IFFT) method. The envelopes of the pulses when the

angular steps theta are 180◦ and 270◦ are shown in Fig.3.3(d) and (e), respectively. The pulse

magnitudes have a significant difference between the different radius of the carrot in every angular

step. The larger the size of the root, the bigger the pulse magnitude. In addition, the pulse

magnitudes of two carrots are significantly different from that of a single carrot. The simulation

results show that the proposed ultra-wideband microwave imaging system can effectively identify

different sizes and numbers of carrots buried in the soil.

3.3 Experimental results

Experimental setup

The antennas are connected to a vector network analyzer for the experimental setup, which radiates

power to the transmitter antenna and reads the received power through the receiver Vivaldi.

The experimental setup is shown in Fig.3.4. Two carrots of varying sizes are considered samples

under test. The average diameter of the small carrot is 16 mm, while that of the bigger one is 25
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Figure 3.4: (a) Schematic of the experimental setup showing the scanning location points spaced
angularly at 10◦. Experimental setup showing (b) Vivaldi style patch antennas with centrally
located sample container containing soil and carrot, with a microwave absorber, (c) close view of
soil container and two antenna supports of which one is mounted on a rotating base and (d) RF
signal measurement equipment’s (VNA).

mm. The diameter of the soil container is 100 mm. Microwave pyramidal foam absorber materials

were placed in the surrounding of the setup to prevent spurious reflections from introducing the

error in the measurements.

Three sets of measurements (small carrot, large carrot, and two carrots together) are performed

to see the imaging capability of the system. The transmitter and receiver are placed at a distance of

16 cm and 14 cm from the center of the container, respectively. The starting position of the receiver

subtends an angle of 50◦ with the transmitter at the center of the container. A circumferential scan

of 260◦ (till the receiver is at 310◦) is performed at steps of 10◦.

Results

Fig.3.5 shows the 𝑆21 amplitude and phase for the small carrot, large carrot, and multiple carrots,

respectively. Position 1, 2, and 3 refers to the receiver’s position at 90◦, 180◦ and 270◦ respectively.

It is observed that the variations in magnitude are higher at 90◦, while the phase change is similar

at all three positions. However, the phase data for the three positions are more distinguishable than

the amplitude data. This is because even though the relative distance between the Tx and Rx does

not change to a large extent, the angular change has a greater effect on the phase of the received
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Figure 3.5: Insertion loss magnitude for (a) small carrot, (b) large carrot and (c) multiple carrots.
Insertion loss phase for (d) small carrot, (e) large carrot and (f) multiple carrots.

signals.

(a) (b) (c)

Figure 3.6: Time reversal imaging for (a) small carrot, (b) large carrot and (c) multiple carrots.

The frequency-domain data is converted to time-domain pulses and back propagated using an

FDTD model. The images obtained by TR imaging for the three sets of measurements as shown

in Fig.3.6(a) and (b) capture the change in sizes of the carrots. In the case of 3.6(c), we see two

distinct localized spots corresponding to the two carrots. Additional artifacts are noticed more in
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the multiple carrots case. This can be attributed to the increase in multiple scattering when the

waves encounter two roots instead of a single carrot.

Discussion on the error estimate

Fig.3.6(a) and (b) present the individual TR images obtained for the 16 mm and 25 mm carrot,

respectively. 3.6(a) produces a cleaner image due to weaker scattering by the 16 mm carrot as

compared to the 25 mm carrot. Estimation of the size of the target is done by applying image

processing techniques to the TR images. Explicitly, the TR images are converted to gray-scale

images and convolved with a Gaussian filter. Appropriate thresholding is further done to detect hot

spots in the images, corresponding to the targets (roots in our case). We define an error metric 𝜁 as:

𝜁 =
𝑦 − 𝑥

𝑦
(3.3)

Figure 3.7: Image processing steps for the detection of targets. Root size and shape estimation of
the large carrot.

Where y is the true size of the target and x is the estimated size of the target obtained from TR.

Figure 3.7(a) illustrates the image processing steps for the detection of the targets. This includes

two steps where the first step converts the RGB image to a greyscale image and applies Gaussian

filtering. The second step applies thresholding to detect the hotspot. The diameter of the targets

(value of 𝑥 in (1)) are estimated to be 5 mm and 7 mm, respectively. The shortest diameter of the

hotspot is reported as the estimated size to avoid smudging caused due to experimental inaccuracies.

The error metric 𝜁 is calculated to be 0.68 and 0.72, respectively, for 16 mm and 25 mm carrots.

The differences can be attributed to several factors. Mainly, the source and receivers for the TR

imaging are modeled in the FDTD code as point sources. However, in practice, they consist of

patch antennas of finite sizes, and this approximation can cause localization errors, which in turn
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will result in an erroneous image target size. Also, any deviations in the modeled permittivity

value of the soil (medium) from its actual value will cause an error in localization. Although the

exact localization spots do not correspond to their true sizes, it should be noted that the ratio of

their sizes is equivalent, i.e., the small to large image target size ratio is 0.71 while the true size

ratio is 0.64. Future work is being planned to involve machine learning on the signals or deep

learning on the images generated to correct such errors. The advantage of this method is the speed

of imaging, which can be in the order of a few seconds depending on the scanning speed. With

present-day robotics technology, the scanning speed can be quite sufficient to achieve real-time

imaging and evaluate the condition of roots in the field. The antenna parts can be made using

rugged materials like metals and Teflon, which are corrosion resistant and can withstand harsh

environmental conditions endured by plants like moisture and sunlight.

3.4 Conclusion

An ultra-wideband microwave imaging system is proposed for the in-situ nondestructive root

phenotyping. The system has been developed to estimate the location and shape of the root with the

soil’s background noise. The capability to provide the size and localization information of single

and multiple roots demonstrates the simulation framework’s robustness. Precise results and high

imaging quality of the reconstruction achieved from the experiment studies validate the proposed

microwave imaging method’s accuracy. The 2D imaging can be improved to 3D phenotyping

with the antenna array’s deployment both in the vertical and circumferential direction around the

root for field inplementation. The non-iterative TR algorithm proposed for signal processing is

computationally efficient that enables rapid localization of roots. This work also shows its ability

for the real-time monitoring of the root system in the real soil environment. The advantage of its

rapid scanning ability and robustness enables the microwave imaging technique to be deployed in

fields for scanning a large volume of soil and access the state of roots in a real-time manner.
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CHAPTER 4

NDE SYSTEM DESIGN FOR THE BOILER INSPECTION ROBOT

4.1 Introduction

The aim of this chapter is to design and optimize a portable NDE system for the intelligent

mobile robotic platform with capabilities for autonomous live inspection and repair. In many

industrial environments, such as the application of power plant boiler inspection, human inspectors

often have to perform hazardous and challenging tasks. There is a significant chance of injury,

considering the confined spaces and limited visibility of the inspection environment and hazards

such as pressurization and improper water levels. In order to provide a solution to eliminating

these dangers, the concept of a new robotic system was developed and prototyped that is capable

of autonomously sweeping the region to be inspected. The robot design contains systematic

integration of components from robotics, NDE, and artificial intelligence (AI).

This chapter studies a design of a portable NDE scanning system based on eddy current array

probes, which can be customized and installed on various mobile robot platforms. Machine

learning methods are applied for semantic segmentation that will simultaneously localize and

recognize defects without the need for human intervention. Experiments have been conducted that

show the NDE capabilities of the system. Improvements in human safety and structural damage

prevention and lower overall maintenance costs are possible by implementing this robotic NDE

system. Some of the contents and results in this section have been presented in [108].

The flow chart in Figure 4.1 gives a schematic illustration of the proposed robotic NDE and repair

system. A portable NDE system needs to be designed that has components to acquire received

physical signals back to the “Computational Space”. “NDE Space” refers to the functionalities

required to send and receive signals between the probe and material under test. In contrast,

“Computational Space” refers to the functionalities an embedded chip or computer will handle.

The main unit for the computational space is the control unit, which facilitates the overall system’s
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operations. For NDE purposes, there are two asynchronous processes handled by the control:

moving the end-effector to the material via optimal tool-path planning and conducting the NDE

measurements. The proposed system is a typical Cyber-Physical System (CPS) with unique

challenges for the NDE community.

Figure 4.1: Robotic NDE and Repair System Flowchart.

4.2 NDE Sensors

4.2.1 Eddy Current Sensors

Eddy current technique is based on electromagnetic induction. A time-varying electrical current

energizes a wounded coil (primary current). A magnetic flux is generated at the center of the

wounded coil as shown in Figure 4.2, which is adopted from [7] for illustration. Based on Faraday’s

induction theorem, the alternating flux generates electrical current in a conductor if it is placed

perpendicular to the flux direction. As a result, circulating electrical currents flow in the conductor

in the form of eddy waves, which are called eddy currents.

The circulating eddy currents generate their own magnetic field, which opposes the primary

magnetic field. The presence of the cracks in the test material disturbs the baths of the eddy
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Figure 4.2: Primary and secondary magnetic field. Eddy current on the test piece [7].

currents and the secondary magnetic field. Thus, changes in the secondary magnetic field are used

as indications of the presence of the crack. The following measurement techniques are used to

measure the magnetic field in the eddy current. Induction coils and semiconductor-based devices

such as Hall sensors, magneto-resistance, and measure are being widely used to measure the

magnetic field.

4.2.2 Near Field Microwave Sensor

A nearfield microwave imaging system consists of either a single transceiver or multiple arrays of

probes, which illuminates the OUT and measures the localized response from the material. The

response varies with the electrical properties of the material. However, to achieve high-resolution

images, the separation between the tip of the near-field antenna and the surface of the sample has to

be small and stay constant. The precision of that distance will significantly influence the accuracy

of a near-field imaging system.

The block diagram of implemented setup is shown in Figure 2.3. An 8 GHz RF source generator

is used to feed the near-field microwave probe. The low output of the source is amplified to +24

dBm, and a 3 dB RF splitter is used to divide the amplified signal into a feed and a reference signal.

The directional coupler is connected to the feed signal coming from the splitter and is also used to

probe the reflected power. The reflected signal is mixed with the reference signal to get any changes
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in phase according to the changes in the object’s properties.

The probe used for imaging is a coaxial cable with an open-ended copper tip due to its simple

design, easy availability, and wide band frequency response. The experiments are performed by

keeping the tip perpendicular to the object, where the fields are stronger and localized.

4.3 Preliminary Experimental Tests

The sample shown in Figure 4.3 is prepared with multiple defects for testing with different widths

and lengths. A total number of 12 defects are fabricated on the sample. Table ?? lists the length

and width of the samples staring from the most left defect on the sample appearing in Figure 4.3.

Figure 4.3: The sample under test. The cracks are with different width and length.

Crack 1 2 3 4 5 6 7 8 9 10 11 12
Length (mm) 60 60 60 60 40 20 40 20 40 20 40 20
Width (mm) 1 0.8 0.4 0.2 0.2 0.2 0.4 0.4 0.8 0.8 1 1

Table 4.1: Length and Width of Samples (starting from left-most defect).

The defects are fabricated in the physics workshop at Michigan State University. Due to

limitations in controlling the depth of the cracks, the depth is set to the sample thickness. For future

testing, samples will be prepared using advanced cutting technologies, and high-tech companies

will be consulted.
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4.3.1 Eddy Current Testing

The eddy current testing is done using a transmitter and receiver eddy current sensor. The setup

is depicted in Figure 4.4. The transmitter and receiver eddy current sensor has 400 turns in total,

200 turns for the transmitter, and 200 turns for the receive. The transmitter coil is excited with

time-varying sinusoidal input. Increasing the excitation frequency enhances the voltage of the

transmitter coil, which induces the eddy currents on the test sample; however, as the excitation

frequency is further increased, it has an inverse effect on the skin depth of the eddy currents on the

tested material. The following excitation frequencies are used 30 kHz and 50 kHz. The results are

presented for comparison as follows.

Figure 4.4: Eddy current TR sensor Experimental Setup.

In the results signal received by the receiver coil is passed to a lock-in amplifier. For detecting

the effect of crack on the eddy current are detected by monitoring voltage amplitude and phase

induced on the receiver coil. For testing the system, an area of 80 mm is inspected. The selected
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area encompasses the four-narrow crack in the sample.

Figure 4.5: 80 mm2 inspection area.

The following figures show the results of the eddy current inspection using different excitation

frequencies and different scanning speed.

Figure 4.6: Eddy current imaging using 30 KHz excitation and scanning speed of 10mm/s.
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Figure 4.7: Eddy current imaging using 30 KHz excitation and Scanning speed of 5mm/s.

Inspecting the sample with 30 kHz for 10mm/s and 5 mm/s are shown in Figure 4.6 and

Figure 4.7, respectively. The received signal is amplified using the lock-in amplifier. The real

and imaginary values are mapped to amplitude and phase to extract further information about

the scanning results. The four quantities are used to create images of the eddy current scanning.

Comparing the images of 30 kHz excitation frequency to 40 kHz in Figure 4.8 and Figure 4.9 for

10 mm/s and 5mm/s, respectively, the sensitivity to the crack position was enhanced.

In the experimental testing, an excitation frequency of 50 kHz showed better results for both

scanning speeds, as presented in Figure 4.10 and Figure 4.11 compared to the previous results.

Although reducing the speed from 10mm/s to 5mm/s did not show better contrast in the defect

region, it resulted in less variation in the defect-free region values.
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Figure 4.8: Eddy current imaging using 40 KHz excitation and scanning speed of 10mm/s.

In the results signal received by the receiver, the coil is passed to a lock-in amplifier. For

detecting the effect of crack on the eddy current is detected by monitoring voltage amplitude and

phase induced on the receiver coil. For testing the system, an area of 80 mm is inspected. The

selected area encompasses the four-narrow crack in the sample. The following figures show the

results of the eddy current inspection using different excitation frequencies and different scanning

speed.
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Figure 4.9: Eddy current imaging using 40 KHz excitation and scanning speed of 5mm/s.

Figure 4.10: Eddy current imaging using 50 KHz excitation and scanning speed of 10mm/s.
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Figure 4.11: Eddy current imaging using 50 KHz excitation and scanning speed of 5mm/s.

Figure 4.12: Eddy current TR sensor Experimental Setup.
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Figure 4.13: Eddy current imaging using 30 KHz excitation and scanning speed of 10mm/s.

Figure 4.14: Eddy current imaging using 30 KHz excitation and Scanning speed of 5mm/s.
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Figure 4.15: Eddy current imaging using 40 KHz excitation and scanning speed of 10mm/s.

Figure 4.16: Eddy current imaging using 40 KHz excitation and scanning speed of 5mm/s.
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Figure 4.17: Eddy current imaging using 50 KHz excitation and scanning speed of 10mm/s.

Figure 4.18: Eddy current imaging using 50 KHz excitation and scanning speed of 5mm/s.
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Inspecting the sample with 30 kHz for 10mm/s and 5 mm/s are shown in Figure 4.13 and

Figure 4.14, respectively. The received signal is amplified using the lock-in amplifier. The real

and imaginary values are mapped to amplitude and phase to extract further information about

the scanning results. The four quantities are used to create images of the eddy current scanning.

Comparing the images of 30 kHz excitation frequency to 40 kHz in Figure 4.15 and Figure 4.16

for 10 mm/s and 5mm/s, respectively, the sensitivity to the crack position was enhanced.

In the experimental testing, an excitation frequency of 50 kHz showed better results for both

scanning speeds, as presented in Figure 4.17 and Figure 4.18 compared to the previous results.

Although reducing the speed from 10mm/s to 5mm/s did not show better contrast in the defect

region, it resulted in less variation in the defect-free region values. Further investigation of the

effect of scanning speed is planned in our future work. The presented results show the raw data of

the experimental scanning. Postprocessing for image enhancement will be done in the next phase.

4.3.2 Near Field Microwave Sensing

Figure 4.19: Near Field sensing experimental Setup.

An area of 40mm X 20mm is inspected. The selected area contains the smallest crack in the
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current sample as shown in Figure 4.20.

Figure 4.20: 40 mm×20mm inspection area.

An 8.6 GHz, 16 dBm microwave signal excitation to coaxial open-ended antenna. The reflected

and through the antenna is mixed with a reference signal, and the DC part of the mixed signal is

measured by digital multimeter. The result of the coaxial cable anatta imaging is depicted in Figure

4.21.

Figure 4.21: 40 mm×20mm scanning Image.

4.4 Coil Array

Although the scanning results show the scanning system’s capability to detect the defects with 0.2

mm width, the long scanning time becomes one of the constraints that prevent applying these NDE

methods directly on the robot platform. In this case, a sensor array that is able to cover more area in
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the unit time has been studied through simulation and experiment. To better understand coil array

properties, a simulation has been performed.

Figure 4.22: Simulation model of coil array.

Figure 4.23: Coil arrays with different sizes of coils.

Figure 4.24: S11 simulation result of the coil.
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A 1-D scan cross the 2 or 3 cracks (width 0.2 mm) using coil #8∼#5 has been perform and each

of four coils covered different areas.

Figure 4.25: Scanning path of the coil array.

The scanning results have been shown below.
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Figure 4.26: Scanning result of each coil at 8 MHz.

As shown in Figure 4.26, all four coils detected the 0.2 mm width cracks in their own scanning

areas. This shows the capability of significantly reducing the scanning time using the array sensor.

4.5 Data Fusion

Recent studies have demonstrated that data fusion is effective in overcoming the limitations of

the single NDE method by integrating several methods, and a significant increase in reliability is

observed. On the other hand, data fusion offers a solid mathematical framework to enhance data

quality obtained across either one sensor of multiple channels/frequencies or multiple sensors of

completely different physics in terms of data process perspective. The fusion of multiple images

is necessary since target location and recognition could be enhanced via the extraction of valuable

information from all data sources. By combining images from multiple NDE systems with different

physical properties, pixel-level data fusion provides complementary or redundant information about
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the physical and mechanical properties of a material[109]. The data fusion technique applied here

has adopted wavelet decomposition of images at a certain level [110]. The decomposition result is a

vector consisting of horizontal/vertical/diagonal detail coefficients, and approximation coefficients.

Moreover, the output decomposition structure consists of the wavelet decomposition vector and the

bookkeeping matrix, which also contains the number of coefficients by level and orientation. By

calculating the average of approximation coefficients respectively in terms of every image, fused

images can be reconstructed by a single-level two-dimensional wavelet reconstruction with respect

to either a particular wavelet or particular wavelet reconstruction filters that have been specified. In

particular, the Haar wavelet has been used for both decomposition and reconstruction algorithms.

The Harr wavelet function 𝜓(𝑥) can be described as

𝜓(𝑥) =


1, 0 ≤ 𝑡 < 0.5

−1, 0.5 ≤ 𝑡 < 1

𝑥, otherwise

Its scaling function 𝜑(𝑥) can be expressed as:

𝜑(𝑥) =


1, 0 ≤ 𝑡 < 1

0, othersise

In this way, information has been extracted from data source identically which implies that

images with higher resolution are not given with a larger weight regarding fusion process.
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(a) Raw scanning data of GMR sensor at 30KHz

(b) Raw scanning data of GMR sensor at 60KHz

(c) Fused images based on 8 sources with 4 different frequencies for real and imaginary
component respectively

Figure 4.27: Raw scanned data and data fusion result.
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Each image is transformed prior to fusion using wavelet transformations with Matlab. The

major features from each image are kept during the fusion operation, but it was observed that an

improvement might result when the quality of the original images is poor, or there is a restriction on

the number of images to be fused. In comparison, the fusion of images with identical good qualities

may not result in an improvement since complementary information is not provided. As observed

from the fused image, local inhomogeneities in composites and defects are clearly shown across the

area of interest. It also gives the location and shape of defects. However, the ability of the fusion

technique is limited by data source due to the fact that registration or spatial alignment of multiple

images has been poorly performed. Thus, the integration or fusion of information extracted from

multiple images is reduced.

Through the combination of images from multiple sources with varying physical properties, the

goal of pixel-level data fusion is to study information that is complementary or redundant to the

physical and mechanical properties of a material. In order to improve the accuracy of detection, a

method that aims to extract all the perceptually important features from different original images

has been developed. This data fusion method combines the information to form a fused image in

such a way that all the key features from each input image are still perceivable.

Figure 4.28: Flowchart of data fusion method.

A flowchart of the data fusion method has been shown in Fig.4.28. After selecting the input
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data, discrete wavelet transform (DWT) will be employed to convert the raw data. DWT-based

image fusion consists of two steps: selecting the proper wavelet filters and level of decomposition

using formulated parameters and selecting the proper fusion criterion in the wavelet subband. It

means that fusion is operated on wavelet domain level via DWT of multiple sources combined

with fusion rule, and the fused image is reconstructed by inverse DWT (IDWT). This method fuse

images at different frequencies from the eddy current sensor.

𝐼 = 𝑊−1 [𝜑 {𝑊 (𝐼1) +𝑊 (𝐼2) +𝑊 (𝐼3) + · · · +𝑊 (𝐼𝑚)}]

where 𝐼1, 𝐼2, . . . , 𝐼𝑚 are the 𝑚 images to fuse, 𝜑 denotes the fusion rule, and 𝑊 and 𝑊−1 represent

DWT and IDWT respectively. In order to achieve higher quality, the wavelet filter, level of

decomposition, and corresponding fusion rule should be carefully selected.

An energy risk factor is adopted to select the appropriate filter. 𝐸min = min
𝑗

𝐸𝑎 ( 𝑗).𝐸𝑎 ( 𝑗) is the

energy of approximation coefficient at the 𝑗 th level of the selected wavelet filter. The wavelet energy

represents the percentage of energy corresponding to the approximation and the detail coefficients.

𝐸min denotes the minimum energy of the WAC, which indicate that low-frequency information is

removed after decomposition. It is used to filter out the noise and other low-frequency components.

Since useful information could be preserved in low frequencies mixed with noise, the maximized

energy within the WDCs is considered. The energy of the denoised image’s WDCs cannot be higher

than the original raw image. Although energy stored within the WDCs of the denoised image is

closer to the energy stored within the WDCs of the raw image, more importance should be given

to WDCs in higher frequencies.

The A108 Steel Boiler Sample has been scanned using different kinds of sensors at different

frequencies. The selected scanning area includes cracks with 200 μm and 400 μm width.
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Figure 4.29: The scanning area of the sample.

Figure 4.30: Eddy current imaging at 30 KHz.
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Figure 4.31: Eddy current imaging at 50 KHz.

Figure 4.32: GMR sensor imaging at 35 KHz.
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Figure 4.33: Data fusion result of scanning data at different frequencies.

Two 1D plots have been shown below to have a better comparison between raw data and data

fusion result. From the figure, the fusion results show that with proper selection of wavelet and

fusion procedure, reliability and SNR can be enhanced.

Figure 4.34: 1D plots that compare the raw data and data fusion result. The shading region indicates
the location of sub-mm cracks.
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4.6 Depth estimation

It is very important to know not only the location but also the size of the cracks. The NDE scanning

system on the robot will perform a 2D scanning of the sample. With proper data processing methods,

the defects’ length and width can be accurately detected. However, the depth of information on the

flaws is not that straightforward. In order to have a better depth estimation, both experimental tests

and numerical simulations have been studied. A numerical simulation model is developed using

Ansys to study the S-parameter change when the sample with different depths of cracks. The model

of a single coil is shown below.

Figure 4.35: Coil simulation model with adjustable parameter gap and width.

A 20 × 20 × 5 (Unit: mm) sample with different depth of the cracks has been place on the top

of the coil sensor as shown in Fig.4.28.

Figure 4.36: The steel samples with different depth of cracks on the top of sensor.
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Figure 4.37: S11 simulation results of cracks’ depth from 1 mm to 5 mm.

Figure 4.38: Sample design: A3(Q235) steel with 0.2 mm width at different depths.
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The sample shown in Fig.4.5 contains only through cracks. In order to study the actual

performance of the sensor at different depths, a new sample with different depths of cracks has been

fabricated. The material of the sample is Q235 steel. Three 0.2 mm width cracks with depths from

1 to 3 mm have been introduced to sample 1. The cracks on sample 2 are of the same width, but the

depths are 4, 4.5, and 5 mm, respectively. The samples have been scanned using an eddy current

coil array sensor with a 1 mm lift-off distance. The figure shows that the cracks with different

depths can be easily distinguished.

Figure 4.39: Experiment setup with eddy current array sensor.
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Figure 4.40: 2D and 1D plot of the scanning imaging.

Many constraints need to be considered when designing the NDE sensing system for the robot.

The sensor’s footprint is limited by the design of the robotic system and the complexity of testing

structures. The allowable maximum power consumption of the entire system is constrained by the

available power supply unit on the robot. Many environmental conditions could affect the NDE

results obtained from the robotic actuating and sensing. Such would add inevitable uncertainties

to the acquired data or restrict actuation access, lowering the fidelity and resolution of NDE data

used for further damage assessment and analysis. To overcome these aforementioned challenges

and obtain optimized sensing outcomes, the proposed NDE sensors were customized to fit the

robotic system and workspace environment for power plant boiler inspection. These optimizations

lead to a low-cost, lightweight, non-contact, and simplified NDE setup. To achieve the optimized

scanning performance, a parametric study of the coil design has been done using Ansys HFSS. The

simulation studies focus on the sensor’s sensitivity to the very narrow cracks (the width of the crack

is less than 0.2 mm) on the boiler wall as well as the sensor’s scanning area. A sensor with better
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sensitivity to the interested defect will provide a better signal-to-noise ratio, and a sensor with a

larger scanning area will reduce the scanning time. Two identical coils are simulated with steel

plates present on the top of the coil, as shown in Figure 4.41. The lift-off distance is 1 mm. A crack

(0.1 mm × 15 mm) has been introduced to one of the steel plates. The parametric sweep study

simulates different coil dimensions such as the line space, line width, and the number of turns.

Figure 4.41: The simulation geometry model. Two identical coils are simulated to study the
different signal respond from the healthy region and the defective region.

The sensor’s sensitivity can be depicted by resonating frequency’s magnitude difference when

comparing the healthy and defective regions’ scanning data, as shown in Fig.4.42 (a). A general

trend can be observed that as the number of turns increases, the sensitivity of the sensor decreases.

However, there is a trade-off between the scanning area and the sensor’s sensitivity, as shown in

Figure 4.42 (b). Therefore, a multi-channel eddy current array has been designed and employed,

which allows for surface and subsurface anomaly detection while meeting the optimization requirements.

As shown in Figure 4.43, a compact NDE system with a four-by-two sensor array has been fabricated.
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Figure 4.42: The simulation results of the different dimensions’ coils on the healthy and defective
samples. (a) The magnitudes change at the resonating frequency and (b) the Pareto front of
maximizing the scanning area and the sensitivity of the scanning system.

Figure 4.43: The compact NDE system to be mounted on the robot. The sensor array includes 4
by 2 18 turns coils with trace spacing as 0.4 mm and trace width as 0.15 mm.

In order to validate the performance of the proposed sensor, the same steel samples with EDM

cracks of various depths were placed side by side and scanned using the designed eddy current

coil array sensor with a well-maintained 1 mm lift-off distance. The line scan results for the two

samples are shown in Figure 4.44. All cracks have been successfully detected quantitatively, where

different shifts of eddy current sensor’s resonating frequencies correlate to different depths of the

narrow crack.
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Figure 4.44: The single channel line scan result of the two steel plates with cracks at different
depths.
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Figure 4.45: Normalized frequency shifts with different lift-off distance of the eddy current sensor.
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CHAPTER 5

CONCLUSION AND FUTURE PLAN

5.1 Conclusion

In this work, multiple electromagnetic NDE methods have been studied. The NDE system have

been developed, validated, and applied to these complex applications. The research has resulted in

the following contributions to the field of electromagnetic NDE.

1) The development and improvement of the Near-field microwave imaging system. The system

is able to obtain high-resolution (sub-wavelength) and sub-surface information of the OUT. The

strain of sample has been evaluated by a multi-modality data fusion technique through simulations

and experiments. The results show the great potential of the developed system as a tool for strain

estimation.

2) A root phenotyping system has been designed and optimized for non-destructive root

phenotyping with the potential of in-situ monitoring. The system employs an array of ultra-wideband

microwave antennas to perform low-cost and non-contact scanning. Based on the collected signal,

the system is able to determine the position and shape of the roots with the soil’s background noise.

A computationally efficient signal processing method based on the non-iterative TR algorithm

provides the capability of rapid root localization. Its fast scanning speed and high level of robustness

allow the microwave imaging technique to be deployed on the ground to scan large soil areas and

determine the health of roots in real-time.

3) A portable NDE sensing system has been designed to meet a variety of scanning requirements.

The proposed NDE sensors were customized to fit in the robotic system and workspace environment

for power plant boiler inspection. These optimizations lead to a low-cost, lightweight, non-contact,

and simplified NDE setup.
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5.2 Future Plan

In addition, the remaining work can be pursued in the coming years:

1). More experiments need to perform for the strain estimation with different materials

and conditions to provide comprehensive studies of the relation between NMHI data and strain

properties.

2). The design of the probe should be optimized to improve its performance for complex

geometry inspection.

3). More mechanical properties should be studied.

4). Although the proposed root phenotyping system has been studied numerically and validated

experimentally in the lab, it has not been tested on a natural plant in the field. The system needs to

be further developed and extensively tested.

5). Further improvement in sensitivity and signal-to-noise ratio also needs to be addressed.

6). The real-time monitoring of the plant’s roots growing in the soil would be an exciting topic.

Also, to better understand the phenotype of the plants, the study should be performed for multiple

generations of the plants.

7). A suitable mechanical structure needs to be developed to reduce the change of lift-off

distance during the scan to increase the signal-to-noise ratio.

8). The sensor parameters, including the diameter, number of turns, and array design, should

be optimized to provide better performance.

9). A post-processing algorithm for quantitative feature extraction for crack sizing(such as

depth and width) and localization information should be developed.
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APPENDIX

REVIEW OF THE NDE METHODS OF ADDITIVE MANUFACTURING

A.1 Background

Additive Manufacturing (AM) is the process of building up parts directly from 3D model data

by joining materials one layer upon another layer [17]. As opposed to traditional subtractive

manufacturing methodologies, which use cutting tools removing materials from a larger metal, AM

print the component by adding materials together. It allows AM to produce complex geometries and

internal features which cannot be manufactured using subtractive methods [18]. In addition, AM

using a computerized 3D model which allows design optimization and efficient use of raw materials.

By eliminating the production steps, AM can reduce material waste, energy and time costs by up to

90% [19]. According to NASA [20], AM can save more than eight months compared to traditional

manufacturing when building a rocket injectors. It also able to manufacture customized parts

according to different demands. The parts can be produced directly from the designed 3D model,

without the need for expensive and time-consuming part tooling and prototype fabrication [21].

With fewer constraints on product design and more flexibility, AM makes it possible to produce

single consolidated object instead of separated parts. Since the late 1980s, the AM has been

developed rapidly [22], and it also has been called as Rapid Prototyping [23]. 3-Dimensional

Printing, Solid Freeform Fabrication or Desktop Manufacturing [24], which express the characteristics

of this method from different aspects. It also uses a wide range of materials such as metals,

polymers, composites, and biological tissues. This review mainly focuses on the Metallic Additive

Manufacturing (MAM).

A.2 Metallic Additive Manufacturing

As an advanced and complicated technology, MAM is one of the most important Research

Directions. More and more researchers start to focus on manufacturing complex-shaped metal
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components due to the urgent demands from the automotive [111], aerospace [112, 113], and rapid

tooling industry [114, 115]. MAM can be categorized in terms of the Material Types, Material Feed

Methods, Energy Source, etc. [116, 117, 118, 119, 120, 121, 122]. Currently, most MAM methods

using titanium or nickel alloys as materials. As shown in fig.A.3, the material feed methods can

be mainly divided into three broad categories: (i) powder bed systems, (fig.A.1) (ii) powder feed

systems (fig.A.2), and (iii) wire feed systems [118].

The Energy Source of MAM usually includes electron beam, laser beam and arc. The main

applications of the arc are the efficient and rapid forming of the large size complex components.

The electron beam and laser beam mainly focusing on precise forming of small size components.

Figure A.1: Generic illustration of an (a) AM powder bed system (b) AM powder feed system (c)
AM wire feed system [8].

Depending on the methods of deposition, laser MAM technology can be divided into two major

categories: (1) put the metal powder into the heating pool before deposition such as Direct Metal

Laser-Sintering (DMLS) and Selective Laser Melting (SLM). The metal powder is preliminarily

spread in the deposition area, and the powder is melted layer by layer using a laser source which

moves according to the pre-planned scanning path and forms the parts directly. A schematic

example of the SLS system is shown in the fig.1.2 [9]; (2) the metal material is sent into the bath

in real time during the deposition, such as Laser Direct Metal Deposition (DMD) and Engineered

Net Shaping (LENS).

Selective Laser Sintering(SLS) is the fundamental method uses a low-power-density laser as

thermal energy to sinter powdered material in the selected areas. The laser beam aims at the

points predefined in in CAD model, processes the material to connect together and creates a solid
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structure. It was first purposed by Carl Deckard in 1987 [123]. As shown in the fig.A.2, the system

of SLS usually contains three main components: 1) laser source and scanning control; 2) powder

feed control; 3) atmosphere control systems;

Figure A.2: A typical SLS machine layout [9].

The metallic powder used in the SLS technology is a mixture of treated and low melting metal or

polymer materials, and the molten material with a low melting point during the processing process

but the high melting point metal powder is not melted. The use of molten material to achieve

bonding molding.

The SLM uses a comparable concept but with a higher power source to fully melt the material

instead of sinter. This allows SLM to manufacture parts with better density and strength.

A.3 Reason Need NDE

Although AM is able to offer so many impressive benefits, there are still a lot of technical barriers

and challenges that need to be overcome. As a novel technology, it not only redefines the way of

manufacturing but also redefines the way of testing and evaluating products. When additive-made

parts are used in some critical applications and have a direct impact on the safety and success of
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a project, it is crucial to ensure their quality and reliability. However, the parts produced by AM

are often complex in shape and manufactured in one piece directly. These parts usually combine

hundreds or thousands of individual layers which are melted by energy source and deposited upon

each other. Many of the process variables such as printing speed, energy distribution, substrate and

atmosphere will have a complex interaction and influence the parts quality. Therefore, it is difficult

to test and evaluate AM parts using conventional methods without affecting the part.

The performance of the AM parts is highly related to its microstructure and the presence of

defects [124]. Unexpected cracks, bonding between layers or undesired porosity will result in poor

building quality and have a negative influence on the performance. To improve and ensure the

quality of AM produced parts, a multi-disciplinary approach that includes knowledge from both

AM and NDE is required. The challenges related to the material properties and in-situ monitoring

are consistently considered as the most important task to improve the AM process. NDE methods

can be potential applications in both materials characterization and in-process monitoring. For

materials characterization, the NDE can be performed on the raw input materials such as the metal

powder or wire. Evgueni [125] presented the measurement of electromagnetic properties of the

AM powder and solid material using eddy current and studied the effect of the magnetic powder

properties of AM. For those parts used in the critical areas such aero-engines, the performance

must be evaluated before it comes into operation. The properties of AM produced parts can also

be evaluated by NDE, such as the dimensions and mechanical properties.

For the in-situ monitoring, NDE techniques have exciting potential to measure and monitor

in-processing parts. A significant enhancement of AM parts’ quality will be achieved with the

improvement of the in-process control. If the NDE sensors could be successfully applied to a

MAM system, then it will be able to measure the dimensions of each layer of the parts, right after it

is formed. The presence of defects during the process can be detected immediately, and the system

might be able to fix the defects with real-time adjustments when the part is still under processing.

Compared to post-process inspection, which will be only able to reject the completed flawed parts,

in-situ NDE monitoring shows its potential to have a significant impact on the AM industry. The
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Fig.A.3 shows the some of NDE methods that can be applied to AM quality control.

Figure A.3: Methods of NDE applicable for in-process monitoring and post-process
characterization.

A.3.1 Common defects in AM

MAM can generally be considered as a process of metal deposition. During the welding, it will

potentially introduce the defects that connected with a discontinuity, such porosity, cracks, bonding

between layers, balling and unfused powder. The fig.1.2 shown the three most common defects of

SLM fabricated parts.

The spherical pores are usually due to the entrapped gas in the material and the typical sizes

are between 5 − 20𝜇𝑚 [126, 127]. Lack of fusion will result in the bonding between layers which

usually between 50−500𝜇𝑚 [127, 128]. Cracks may occur when removing the component from the

platform or due to the residual stress within the component. Sometimes, the melted powder forms

a ball-shaped grain on the surface instead of forming a flat layer [129, 130, 131, 132, 133, 134].

The powder may not be fully melted so the printed part would also include unfused powder [134].
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To prevent these defects causing critical failures, people developed all kind of detecting methods

to evaluate the printed objects.

A.4 Visual measuring and Optical Scanning

Visual and measuring can be considered as the most commonly used inspection method and it is

usually the first step to evaluating the parts. With the help of measurement tools and accessories,

the information such as profile gauges can be obtained. Usually, only the surface information can be

evaluated when checking the non-transparent parts. However, for AM parts, the optical information

of each layer is obtainable by using remote visual systems. As shown in the fig.A.4, to obtain the

optical information of each layer, a system with a visual camera is proposed in [135].

Figure A.4: Schematic of an in-situ monitoring system with a visual camera [10].

Three light sources projecting the light on the powder bed and a high-resolution camera to

records the deposition of powder layers. This system aims to detect the defects in the manufacturing

at the earliest possible stage so corrective actions can be taken in time. Clĳsters et al. developed a

similar system that includes a high-speed CMOS camera which captures wavelength in the range

of 780 nm to 950 nm [10]. Lower thermal resistance will be represented by a dark zone in the

recorded data. The sample rate of the system is from 10 kHz to 20 kHz. The scanning results show
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the capability of this method that able to detect and identify large pores.

Although a lot of monitoring methods have been designed, only a few of studies employing

closed loop control to improve the quality of the AM parts. To solve the discontinuities caused by

over-melting, Mireles et al. [67]proposed an automated feedback control system which maintains

the build temperatures. Instead of simply recording and processing the images, this system able

to control the parameter of the printing machine and attempt to stable the temperature at a certain

range. However, the closed loop system still need to be improved. This will require more priori

knowledge of the material and build process.

A.5 X-Ray Computed Tomography Technique

Computed tomography (CT) is generally used NDE technique for AM parts inspection. It able to

inspect the entirety of the sample, regardless of the complexity of the geometry. It is also able

to detect embedded defects and interrogate inaccessible features which offers the information of

the internal structure. It has become the main detection method in NASA. Traditional detection

method such as ultrasonic, X ray, eddy current and penetration technology are only used as auxiliary

methods [136].

Figure A.5: CT scan result of a DLMS aluminum gauge sample.

As shown in the fig.A.5, an aluminum gauge sample printing using DLMS is showing in the

left image and the CT scanned result is shown in the right image. It shows a one-layer information

with very high contrast and good resolution of the sample.

However, there are still some limitations of CT. It is not very cost-effective especially for a large
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sample and it is also a time-consuming method. If the cracks are oriented perpendicular to the

beam, then the detecting results may not be accuracy. Also, the increasing of scanning depth will

result in the decreasing of the scanning resolution. Therefore, the small pores deeply embedded in

the sample may not be correctly detected. In addition, the size of the sample under evaluation are

limited by the CT system.
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