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The performance of structural and human health systems deteriorates during their service
life. If left unaddressed, catastrophic failures can occur. As a result, the field of structural and
human health monitoring is seeking new sensing technologies for condition assessment. Most of
the sensors available for structural response measurements are point-sensors and not suitable for
spatial sensing. The complex geometries, complicated damage modes, and diverse operational

conditions of the structural systems make the damage identification process more challenging.
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Earlier works on materials-based sensing have demonstrated its potential to solve the
aforementioned challenges. However, time-, labor-, and cost-intensive materials fabrication
process, contact-based measurement strategies, and surface-level inspections, among others, limit

its practical applications.

This research aims to solve these engineering bottlenecks by integrating new generation
multifunctional materials with structural systems and combining them with advanced soft-field
tomographic imaging techniques. In particular, a piezoresistive multi-walled carbon nanotube
(MWCNT)-based nanocomposite was fabricated through a scalable, and low-cost spray
fabrication technique. This nanocomposite was used to engineer the cement-aggregate interface
for encoding self-sensing property in the cementitious composites. An electrical impedance
tomography (EIT) algorithm and measurement strategy were developed and implemented to
capture spatially distributed damage in the self-sensing concrete. Furthermore, distributed strain
filed monitoring was accomplished by combining an updated EIT algorithm with a highly

piezoresistive graphene-based sensing mesh.

This dissertation also explored a noncontact, radiation-free, electrical permittivity mapping
technique for osseointegrated prosthesis (OIP) monitoring. The design of the MWCNT-based thin
film was modified in such a way that their electrical permittivity is sensitive to external stimuli.
The imaging system was coupled with these nanocomposites for subcutaneous infection and strain
sensing at the tissue-OIP interface. The imaging system was also employed for prosthesis
loosening and bone-fracture monitoring. As a step forward, the geometry of the imaging system
was conformed into a planar array to use it as a scanning tool for rapid assessment of the subsurface

condition of composite structures. Unlike traditional sensors, the proposed sensing systems (i.e.,
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nanocomposite sensors coupled with tomographic imaging) can directly detect spatially distributed

damage in structural and human systems hence improving their safety and reliability.
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CHAPTER 1 INTRODUCTION

1.1 Damage in Structural Systems

“Structures” can be defined as any physical system with a purposely designed functionality
[1]. In essence, the human body is analogous to civil, mechanical, and aerospace structures.
Typically, structures are made of materials with particular shapes and geometries to bear loads and
operate safely over their expected life spans. Unfortunately, deterioration and damage can occur
to the structural systems due to their repeated exposure to operational load and harsh environment.
Damage in civil, mechanical, and aerospace structures and as well as in human systems, are

described in the following sections.

1.1.1 Damage in Civil, Mechanical, and Aerospace Structures

Normal wear and tear, fatigue, corrosions, as well as extreme events (e.g., earthquakes,
blasts, impact, to name a few) are some of the main reasons for structural damage. For example,
metal corrosion and fatigue with deferred maintenance caused a total failure of a 30-m-long section
of the northbound lanes of Mianus river bridge (Greenwich, CT, U.S.) resulting in three casualties
[2]. Milwaukee Hoan bridge [3] and Minneapolis 1-35 bridge collapse [4] are the two examples of
catastrophic structural failures evoked due to excessive loading. More recently, the collapse of the
Ponte Morandi motorway bridge in Genoa, Italy, engendered 43 casualties, raising concerns about
the aging infrastructures [5]. Furthermore, seismic events in recent past (e.g., Chile (2010), New
Zeland (2011), and Nepal (2016), among others) have also proved that advanced designing of

structures is still insufficient to avoid their damage and failure during natural disasters [6-8].



In addition to the socio-economic losses caused by such failures, millions of dollars are
invested each year for the repair and maintenance of the infrastructures. Between 2007 to 2019,
spending on operation and maintenance of the infrastructures in the U.S. jumped from $243.3
billion to $266.5 billion [9]. Besides, at least an additional $128 billion is required to upgrade
existing structures just to meet current standards [10]. Performance evaluation and health

monitoring of the infrastructural systems can significantly reduce this amount.

Similar damage events are observed in other fields of engineering (e.g., aerospace and
mechanical engineering). For instance, carbon fiber-reinforced polymer (CFRP) composites are
seeing increasing usage in the aerospace and automotive sectors, primarily due to their superior
strength-to-weight ratio and excellent corrosion resistance as compared to metals [11, 12]. Half of
the fuselage and the wings of Boeing 787 Dreamliner are made of CFRP composites. On the other
hand, Airbus 350 XBW utilizes 100% CFRP composites to fabricate its wings and fuselage [13].
However, CFRP’s complex internal structure and anisotropic nature cause them to suffer from

different damage modes (e.g., delamination).

Delamination can occur in service or during the manufacturing of CFRP. Low-velocity
impact and service loads (e.g., tool drop, debris impact, and hail storms, to name a few) can induce
such non-visible internal damage in CFRPs [14]. The result is a significant reduction in their
mechanical strength, reduced load-carrying capacity, and compromised safety [15]. Therefore,
routine maintenance and inspections are required to ensure structural integrity and safety. From
2002 through 2010, ~ $340.2 billion has been spent on an average for maintenance, repair, and
overhaul of the aircraft [16]. Like the civil infrastructure systems, this cost can also be significantly

reduced through regular structural inspection and maintenance.



1.1.2 Damage in Human Health Systems

The problems encountered in civil, mechanical, and aerospace structures are not unique;
similar problems are typically experienced in the medical domain, especially to the patients
suffering from limb loss. According to a report published in Archives of Physical Medicine and
Rehabilitation in 2008 [17], more than 2 million people in the U.S. have suffered from limb loss,
and approximately 185,000 amputations occur every year (in the U.S.) [18]. It has been estimated
that 54% of these amputations were necessary due to vascular diseases (such as diabetes and
peripheral arterial diseases), while 45% were due to trauma [17]. In 2010, more than 950 U.S.
soldiers lost their limbs due to combat-related amputations [19], and that number increased by
almost 26% in 2012 due to recent conflicts, as reported by Fischer et al. [20]. On the other hand,
children can be born with missing limbs, and many teenagers suffer from amputations due to
accidents [21]. Overall, hospital costs associated with amputations totaled to more than $8.3
billion, as was reported by the Agency for Healthcare Research and Quality [22]. Despite all of
this, amputations are performed because of medical necessity. The main concern thereafter is how

the patient can regain functionality after limb loss and to preserve their quality of life.

Recent advancements in medical devices have brought forth tremendous improvements in
prosthesis technologies and implants that can help patients resume their daily activities before limb
loss and enhance the quality of their lives. Osseointegrated prosthesis (OIP) is gaining popularity
since it eliminates the dermatological issues of socket-based systems. Osseointegration, whose
application is well-established in dentistry [23], involves anchoring a portion of the entire
prosthesis system to the human bone and consists of a percutaneous element that is attached to the
artificial limb. In this method, the structural connection between the metallic fixture and bone is

generally achieved either by screw fixation [24] or press-fit implantation [25]. Although OIPs
3



undoubtedly provide benefits by helping amputees improve their quality of life (e.g., hip motion
range, sitting comfort, the ability to walk [26], among others), amputees could suffer from various

issues at the tissue-prosthesis interface.

Acute infection, which generally occurs within the first three months post-surgery, is
frequently caused by a vitriolic bacterial attack by S. aureus. Infection due to less malicious
bacteria (e.g., P. acnes) causes serious issues after several months of osseointegration. Symptoms
of an infection are severe pain, swelling, and erythema at the skin-abutment interface with mild to
high fever, followed by prosthesis loosening and discharge with sinus tract formation. Purulent
discharging fistula can develop at the prosthesis interfaces with the formation of cellulitis or tissue
necrosis, which can impair mobility and prosthesis function [26]. Infection can also lead to gradual
loosening and implant malposition with dislocation instability [27]. Thus, monitoring signs of

infections and identifying regions of infection for early treatment is critical.

It should be mentioned that the osseointegration involves a two-stage surgical process, and
the patients need to undergo prolong rehabilitation after the final surgery [28]. The rehabilitation
program comprises of a combination of dynamic and static load-bearing exercises (LBE), where
it is hypothesized that the timely application of a suitable amount of strain on the implant would
help to stimulate bone formation around the prosthesis and prepare the implant to withstand
mechanical loading likely to occur during daily activities. In general, patients load the prosthesis
twice a day for ~ 30 min [29]. It was reported by several researchers that different mechanical
loads, rates of applied strain, strain distributions, and the number of strain cycles, to name a few,
are important to influence the rate of bone growth around the tissue-prosthesis interface [30, 31].
At the same time, while a minimum effective strain is required to activate the bone adaptation

process, overloading may place the bone-implant interface at risk [32]. Hence, the ability to
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accurately measure implant strains and stresses would help doctors, and clinicians better
understand the effects of different strain-states on bone-remodeling, ascertain the degree of
osseointegration, and design a more efficient rehabilitation process for the patient. The ability to
monitor strains also means that clinicians and patients can determine whether suitable amounts of
strains are applied to the implant during LBEs [31]. In addition to monitoring uniaxial strains on
the OIP, bending or flexural strains are also of interest. Excessive bending during extreme events
(e.g., a fall) would result in prosthesis loosening and bone fracture, especially during rehabilitation

[33].

Despite these aforementioned reasons, prosthesis loosening can occur due to excessive
motion and physical stress during rehabilitation or thereafter, increased shear force at the tissue-
prosthesis interface due to misalignment, stress-shielding-related peri-prosthetic bone loss,
mineralization defect, and infections, to name a few [34]. Failure of early assessment of prosthesis
loosening can result in further complications, such as complete disbonding and bone fracture,
which necessitates revision surgery and implant replacement. Hence, OIP monitoring is critical to

ensure the safety of the amputees.

1.2 Current-State-of-Practice of Structural Monitoring

1.2.1 Monitoring Civil, Mechanical, and Aerospace Structures

The monitoring of civil, mechanical, and aerospace structural systems heavily relies on
visual inspection. Bridges, buildings, railroads, aircraft, among others, are inspected by trained
technicians in a regular and timely manner [35]. While visual inspection is a proven technique for

damage detection in structures, innumerable disadvantages also exist:



e Visual inspection is qualitative. The method is also highly subjective as it relies on the
interpretation of the technicians.

e Only the accessible locations can be inspected through visual inspection.

e Most of the time, structural damage occur at a subsurface level, and visual inspection is
unable to detect such damage.

e Finally, being a time-, labor-, and cost-intensive method, the visual inspection cannot be

performed frequently on large structures.

Recent advancement in robotic systems has transformed the traditional labor-intensive
visual inspection into a fully autonomous process [36]. Critical locations of the structures, which
are inaccessible to the technicians for visual inspection, can now be monitored by the unmanned
robotic systems [37]. Additionally, being a fully autonomous method, the process is less expensive
and does not require much time to complete the inspection. However, as the damage is inferred
from the pictures taken by the robotic systems, the method is still limited to detect damage those

are visible from the surface of the structures [38].

In order to enhance the objectivity of the visual inspection, sensing technologies and
analytical methods are combined to facilitate structural health monitoring (SHM) [39]. Typically,
discrete point sensors (e.g., strain gages, accelerometer, linear voltage displacement transducers
(LVDT), among others), are installed at the critical locations of the structures where large
structural responses (e.g., strain, displacement, accelerations) are expected. These discrete sensors
are connected to a central data repository through coaxial cables for power supply and data storage
[40]. The measured structural responses are fed into the model updating algorithm where the

difference in measurements between the computationally obtained and the experimentally



measured responses is optimized while updating the structural parameters of a physics-based
model of the structure [41-44]. From this discussion, it is clear that the accuracy of the model
updating-based SHM technique can be significantly enhanced by deploying high-performance

sensors in a densely distributed arrangement for structural response measurements.

1.2.2 Monitoring OIPs

Like structural monitoring, OIP monitoring also relies on visual inspection. For example,
daily skin inspections can help to detect anomalies that suggest infection at the tissue-prosthesis
interface. However, like in the case of structural monitoring, the early subcutaneous sign of
infection at the tissue-OIP interface is often hard to detect by visual inspection. In critical
circumstances, a more detailed clinical assessment is required. Different types of biosensors are
used as a rapid and cost-effective method of bacterial infection detection [45, 46]. Biosensors-
based infection monitoring can be performed at the point of care without the need for an expert’s
clinical assessment [47]. Such sensors generally have a biorecognition element that is connected
to some transducer to convert specific bacterial analyte into a measurable quantity. Blood test [48],
histopathological examination of periprosthetic tissues [49], intraoperative microbiological testing
[50], synovial-fluid test [51] are some other most commonly used methods for infection detection

at the tissue-prosthesis interface.

Besides infection monitoring, the stress-strain response of OIP has been studied by various
researchers to explore the interaction of the prosthesis with the human body, especially during the
rehabilitation. Like the SHM system described in Section 1.1.2, discrete sensors (e.g., strain gage,
accelerometer, load cells, among others) are directly attached to the prosthesis for strain, vibration,

and load measurements [52]. Similar to the SHM of traditional structural systems, as the OIP



monitoring mostly performed through discrete sensor measurements, their objectivity also relies

on the accuracy and robustness of the sensors.

1.3 Fundamental Limitations of the Current-State-of-The-Art

As mentioned earlier, the current SHM techniques mostly rely on the structural response
measurements collected at discrete points. Hence, structural response measurements are only
possible at the point of the installations of discrete sensors. Densely distributed networks of point
sensors tethered with central data repository are required to achieve spatial sensing over a large
area. However, the installation and maintenance of the coaxial cables are expensive. Additionally,
direct damage detection is not possible from the sensor measurements. Measured sets of structural
responses need to be processed through some model updating algorithm to extract the damage
features. More research effort is required to achieve an accurate, robust, and computationally

efficient model updating algorithm.

In the case of infection sensing at the OIP-tissue interface, one of the major limitations of
the biosensors is their requirement for sample processing that increases the time and cost of these
tests. In the case of strain, vibration, and load monitoring at the tissue-OIP interface, the installation
of strain gages, accelerometers, and load cells on the OIP prosthesis is challenging. Sometimes,
the stiff sensors attached to the prosthesis cause discomfort to the patients [53]. Additionally, some
of the measured quantities (e.g., vibration response measured by accelerometer) do not provide
sufficient clinical information about prosthesis-residual limb interactions [54]. Strain gage-based
devices generally consume more power than an accelerometer. Hence, perpetual data collection

can only be performed when the devices are tethered to a power supply prohibiting their long-term



usage [55]. Poor resolution, crosstalk, and long-term fatigue of strain gages also limit their ability

to measure high-frequency events [52].

1.4 Emerging Technologies for Structural Monitoring

From the above discussion, it is clear that new sensors need to be developed to address the
limitations of the current-state-of-the-art. Researchers in the past three decades have proposed
different types of sensors for structural response measurements. For example, wireless sensors
have been developed and implemented as a cost-effective solution of SHM for both structural [56]
and human health systems [57]. A typical wireless sensor node comprises a microcontroller,
sensor, and radio [58]. Lynch and Loh [56] described wireless sensors as an interfacing point
between the traditional sensors (e.g., strain gages, accelerometers, to name a few), mobile
computing, and wireless communication elements. As the wireless sensors do not need to be
tethered with the central data repository, the cost involved in setting up the coaxial cable
connections can be eradicated. The densely distributed sensor network can be achieved by
installing a series of wireless sensors at the critical locations of the structures. Such a system can
provide more accurate and complete structural response measurements for damage detection
through model updating. For instance, a densely distributed wireless sensor network for SHM of
large structural systems was proposed by Kim et al. [59]. The designed system was implemented
on a 4200-ft-long main span and the south tower of the Golden Gate Bridge. It was shown that
ambient structural responses could be reliably measured without hindering the operation of the
bridge. Cho et al. [40] prosed a smart wireless platform for modal identification of structural
systems, which was implemented for the modal characteristic study of a balcony structure in a
historic theatre in metropolitan Detroit. The measured vibration response was processed through

the embedded algorithm to extract the modal features of the structure, and a good agreement was
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found with the traditional offline methods. Lynch et al. [60] installed a total of 14 high-resolution
wireless sensors in the concrete box girder of the Geumdang Bridge, Korea, to measure the
acceleration response of the structure subjected to forced vibrations by a calibrated truck. The
performance of the wireless system was found comparable with the traditional tethered SHM
systems. More applications of wireless sensors for structural health monitoring can be found in

[56, 61].

However, wireless sensors need to be powered through portable power supplies (e.g.,
batteries). As the batteries have a finite lifetime, they need to be replaced in a regular time interval.
Usage of batteries in large volume also pose a long-term environmental risk with their disposal
[62]. On-chip energy harvesting system has been reported as a potential solution to the power-
related issue of the wireless sensors [63]. Nonetheless, extensive research needs to be performed

to better understand its long-term behavior.

To overcome the power-related issues of the wireless sensors, radio frequency
identification (RFID) sensors are developed and implemented for structural sensing [64]. Unlike
traditional wireless sensors, RFID-based sensors do not need a constant power source. RFID
sensors generally comprise a portable RFID reader and an RFID tag. The RFID tag consumes
power from the reader through an inductive coupling action and stores the energy in its capacitive
component. Upon finishing the sensor’s interrogation, the remaining power is utilized to convert
the measurement into a radiofrequency signal and transmitted to the reader [65]. Some key

advantages of RFID-based sensors are listed below.

e RFID sensors do not require an active power source (e.g., battery).

e They are generally low-cost.
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e RFID sensors are lightweight and have a reduced form factor.

Significant research efforts have been conducted in the past on RFID sensors for structural
and human health monitoring. Yi et al. [66] developed an RFID-based sensor for strain and crack
sensing. When the RFID tag is subjected to strain and deformation, its shape changes, resulting in
a shift in the electromagnetic (EM) resonance frequency. They have demonstrated that such an
RFID sensor has a resolution of 20 pe and can operate over a large bandwidth (20 - 10,000 pe). A
high-gain reader was employed to achieve an interrogation distance of up to 2.1m. More
applications of RFID sensors for SHM can be found in [67-69]. Besides mechanical response
measurements, RFID sensors are also used for monitoring chemical actions (e.g., moisture [70,

71], gas [72, 73], temperature [74, 75], among others).

Apart from structural and chemical sensing, RFID sensors are also implemented for in vivo
strain monitoring in implants. For example, Burny et al. [76] proposed an RFID sensor for strain
sensing in implants. The device is capable of delivering energy and reading data from an implanted
sensor. A miniaturized RFID sensor was developed by Korduba et al. [77] that can be embedded
into a glass package for in vivo strain sensing in implants. More recently, an RFID-based passive
wireless strain-sensing system is proposed by Burton et al. [78] for measuring low-level bone
strain and high-level hoop strain associated with bone growth at the bone-OIP interface. The
system is validated for low-level strain measurement (within —3000 to 3000 pe) with a sensitivity
of 4.555 Hz/ue. More health-care-related applications of RFID-based sensing technology can be
found in the comprehensive review article [79]. Apart from their huge potential as a cheap and
reliable device for structural and human health monitoring, wireless and RFID sensors are discrete
point senor, and they cannot measure damage directly. Furthermore, the installation of such

sensors at the critical locations of the structures always remains challenging. RFID measurement
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is sensitive to ambient conditions and influenced by the presence of metals and liquids in its
vicinity. Additionally, the high market price of RFID reader prohibits their widespread

applications.

The location and severity of damage within structural components can be detected through
ultrasonic inspection. For example, guided wave-based damage detection is popular in the
aerospace industry as the process is suitable to be implemented in complex-shaped structural
components. Senyurek [80] utilized a lamb wave-based technique for damage detection in actual
wing slats of Boeing 737 aircraft. Four lead zirconate titanate (PZT) transducers were installed to
the slats to create surface waves and to monitor their propagation. The study indicated that the
defects of over 3-m-long slats could be detected if the traducers are accurately installed. An and
Shon [81] employed surface-mounted PZT-generated guided wave signals for detecting bolt
loosening, notch, and delamination in structures. The technique was found suitable for damage
detection in varying temperature conditions. More application of guided-wave technology for

damage detection in structural systems can be found in [82-85].

Apart from structural applications, the guided wave method is also explored for implant
monitoring. For instance, Vayron et al. [86] proposed the ultrasonic method for in vivo dental
implant monitoring. They have shown through extensive numerical simulation that ultrasonic
response changes significantly when a semi-solid to liquid layer is present at the tissue-implant
interface compared to the case of a fully boned implant. This finding suggests that the proposed
method can be used for monitoring the osseointegration process at the tissue-OIP interface. The
same group of researchers also investigated the ultrasound method to assess the amount of bone in
contact with implants [87]. Experimental results presented in this article demonstrate the potential

of the method for in vitro stability assessment of the implants. More recently, Wang and Lynch
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[88] implemented a guided wave to monitor prosthesis loosening and osseointegration.
Piezoelectric transducers were mounted on OIP surrogate to generate a guided wave that can
propagate along the length of OIP. It was hypothesized that protheses loosening or post-surgical
healing could influence the propagation of the guided wave, thereby facilitating OIP monitoring.
Through numerical modeling of guided wave propagation and corresponding experimental study,
it was validated that the energy of the longitudinal wave mode decreases during the healing of the
wound in a post-surgical state. On the contrary, it was also shown that wave energy increases
during prostheses loosening. Besides the vast potential of the guided wave method for structural
and human health monitoring applications, the linear assumption about the wave response and
damage indices diminish the sensitivity of the guided wave methods to identify smaller damage in
the structures hence limiting its applications as an early damage detection system [89].
Additionally, damage cannot be directly measured from the wave propagation model-based

damage identification techniques.

Rapid advances in fabrication technology have facilitated the development of a new class
of sensors called microelectromechanical (MEMS) sensors. MEMS devices can be found in a wide
range of applications from mechanical sensors to electronic particle detector that helps for nuclear,
biological, and chemical inspection, among others [90]. Their reduced size helps their installation,
especially within a small area in a densely-distributed arrangement. Their lightweight structure
facilitates densely distributed installation in aerospace systems (e.g., aircraft, space shuttles,

among others), causing a negligible increment to the total weight of the structures.

MEMS devices are manufactured using very large-scale integration (\VVLSI) technology and
can embody both mechanical and electrical functions. Bedon et al. [91] prototyped a MEMS-based

accelerometer and deployed for a cable-stayed bridge monitoring in Pietratagliata (Italy). The
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measured vibration responses were used for experimental modal analysis. It was shown that in situ
vibration response measurements can be reliably achieved by the developed MEMS
accelerometers, and the collected measurements were used for modal parameter identification.
MEMS sensors are also successfully used as strain gage [92], pressure [93], and corrosion sensors

[94], among others.

Besides structural response measurements, MEMS sensors are also extensively used for
prosthesis monitoring. For example, Weinberg et al. [95] proposed a MEMS-based gyroscope that
can be attached to the prosthesis devices for real-time tilt measurements. A polyimide-based
MEMS strain-sensing device has been proposed by Hasenkamp et al. [96] for monitoring strain-
states in artificial knee implants. They demonstrated the sensor is capable of measuring axial strain
caused by vertical loading with good sensitivity. More works related to MEMS sensors in the
biomedical domain can be found in [97]. However, MEMS sensors generally suffer from large
drift over temperature necessitating deployment of a sperate temperature compensation unit or
heating arrangements along with the sensor. In addition, MEMS sensors typically have lower

precision relative to other traditional sensors.

1.5 Need for New Sensing Technologies

From Section 1.4, it is clear that the SHM field is undergoing a paradigm shift with the
development of new sensing technologies (e.g., wireless sensors, guided wave method, MEMS,

among others). However, some limitations still exist.

e They are point sensors. As a result, hundreds of sensors are required to achieve spatial

sensing.
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e Damage can even occur between two sensing nodes. In such a case, damage localization is
challenging.

e Sophisticated fabrication process is required for sensor fabrication (e.g., MEMS).

e Damage cannot be directly inferred from the measurements. Recorded measurements need
to be processed through some model updating algorithms to extract damage features.

e The method like guided wave can perform spatial sensing; however, advanced signal
processing algorithms are required for data processing and subsequent reliable damage

detection.

This dissertation aims to take advantage of nanotechnology to develop new materials-based
sensor and coupled them with tomographic imaging to achieve distributed spatial sensing for

structural and human health monitoring.

1.6 Materials-Based Sensing

Recent advancements in nanotechnology have opened up a new horizon of research on the
development of advanced materials with enhanced engineering properties. Among a plethora of
nanomaterials, quantum dots, nanoparticles, fullerenes, nanotubes, and nanowires received
significant research attention because of their impressive material properties [98]. Nanotechnology
also offers new ways for isolating, controlling, and assembling nanomaterials for attaining high-
performance functional systems [99]. Nanotechnology-based state-of-the-art fabrication and
characterization tools can be leveraged to design a new class of materials-based sensors that can
potentially overcome the limitations of current sensors technology. For example, materials with

unique electromechanical properties, can be fabricated starting at a molecular-length scale and
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thereafter scaled up to macro-level with precise bulk sensing properties following the “bottom-up”

fabrication process.

Among various nanomaterials, carbon nanotube (CNT) and graphene have drawn
significant attention as sensing materials due to their superior electromechanical properties. Since
their discoveries, many researchers have used them as sensing elements. For instance, an attempt
was made to characterize the piezoresistive response of individual single-walled carbon nanotube
(SWCNT) under mechanical loading [100]. Individual SWCNT was subjected to a three-point
bending test while its electrical resistance was simultaneously measured. Force was applied by an
atomic force microscope (AFM) tip. This experiment revealed that conductance of the SWCNT is
sensitive to deformation, and it decreases by two orders of magnitude when subjected to
deformation confirming the superior electromechanical property. Similar research was performed
by Smith et al. [101] to characterize the piezoresistive response of graphene. In this study, the
graphene sheet was suspended over a cavity of a silicon wafer and subjected to pressure while its
electrical property was measured. It was found that the pressure sensitivity exhibited by graphene
was about 20 to 100 times higher than the other pressure sensors. However, more technological
development is required to transfer such impressive sensing properties of the nanomaterials from

the nanoscale to a tangible length scale for structural sensing.

As a solution, nanomaterials have been investigated for creating multifunctional coatings
or thin films that can be deposited onto the structural surface to achieve sensing. Nanomaterials
can be dispersed in a polymeric solution, and thereby, using a bottom-up fabrication technique,
they can be scaled up to a macro level for large-scale applications. Numerous thin film fabrication
techniques are available and have been employed for assembling nanomaterials within a polymer

matrix. For example, extensive work has been conducted to fabricate CNT-based “buckypaper”
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by vacuum filtering the polymeric solution of CNT [102]. Besides vacuum filtration, examples of
other fabrication methods include polymer casting [103], epoxy molding [104], spin coating [105],
layer-by-layer (LbL) [106], shear mixing [107], among many others [108]. Some advantages of

such materials-based sensors are listed below.

Materials have unprecedented functionalities. Multiple sensing properties can be encoded
in one material.

e Materials-based sensors are densely distributed by nature.

e The sensor fabrication procedures are scalable and low-cost.

e Such materials-based sensors can be easily integrated with the host structure or combined
with structural materials to achieve distributed sensing.

e Direct damage detection is possible from the measured electrical responses.

The idea of fabricating nanocomposite-based thin film sensors is not new. The First CNT-
based thin film for strain sensing was developed by Dharap et al. [109] through vacuum filtration.
It was demonstrated that voltage across the film linearly varies in tandem with the applied tensile
and compressive stresses. Shortly thereafter, Loh et al. [105] developed a multifunctional
SWCNT-based thin film with enhanced electromechanical properties by LbL fabrication process.
The superior mechanical property of the LbL thin film makes them appropriate for in situ
applications where extreme loading is expected. It has been shown that the desired sensing
property can be encoded in the LbL thin film by using a suitable polyelectrolyte (PE). First, a
piezoresistive thin film (strain sensitivity ~ 4.5) was fabricated by dispersing SWCNTSs in
poly(sodium 4-styrene-sulfonate) (PSS) and polyvinyl alcohol (PVA) solution. Second, an

SWCNT-PSS-polyaniline (PANI)-based thin film was fabricated by LbL method for pH sensing
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(pH sensitivity up to 20.66 kQ cm %/pH). As pH can be monitored as an indicator of corrosion in

structures, this thin film can be used for corrosion monitoring.

Instead of measuring the electrical response of the thin film at every point, an electrical
impedance tomography (EIT) algorithm and measurement strategy were implemented for the
spatial conductivity reconstruction of the entire thin film [110]. EIT is a soft-field imaging
technique where spatial conductivity distribution of a predefined region can be reconstructed from
boundary electrical measurements [111]. The location and severity of the damage induced by
excessive strain/ corrosion can be directly inferred from the reconstructed conductivity maps of
the thin films. Although such materials-based sensors have the potentials to solve some of the

present challenges in the SHM domain, some limitations still exist.

e LbL fabrication process is time- and labor-intensive. For example, it requires more than a
day to fabricate a 20 x 10 mm? thin film. Therefore, it may not be an economical solution
to manufacture thin films for large-area applications.

e As the thin film is integrated with the structure as a surface coating, structural responses
can only be measured at surface level. Hence, subsurface damage cannot be detected by
this method.

e EIT is unable to measure the induced strain in the different directions over a structural
surface.

e Spatial sensing was performed on small-sized thin film in the laboratory environment.
Large-scale in situ applications of the proposed technique remains unexplored.

e EIT still needs the instrumentation of a series of boundary electrodes for interrogation and

measurements. Hence, the process is contact-based.
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1.7 Research Objective and Dissertation Outline

This dissertation aims to solve these technology gaps by combining the new generation
nanomaterials-based thin film sensors with advanced soft-field tomographic imaging techniques,
which serve as the primary foundations for damage detection in structural and human health
systems. In particular, multi-walled carbon nanotubes (MWCNT) and graphene nanosheets (GNS)
were used to develop thin film sensors. These nanomaterials were self-assemble in polymeric
solutions to form homogeneous nanocomposites. The spray fabrication method is extensively used
as a scalable, low cost, and time-efficient process to fabricate the nanocomposite thin film sensors
for large-scale applications. Instead of using the nanocomposite as a structural coating, this
dissertation shows how these thin films can be integrated with structural materials to encode self-
sensing property and thereby interrogated with EIT for distributed sensing. In addition, this also
demonstrates how these nanocomposites can be combined with a noncontact tomographic mapping

algorithm and measurement strategy to achieve structural monitoring at a subsurface level.

Chapter 2 describes the mathematical formulation of EIT. In addition to EIT, electrical
capacitance tomography (ECT) is introduced as a noncontact, subsurface, radiation-free imaging
tool. Upon initial validation of the proposed algorithms, they were implemented in subsequent

chapters for structural and human health monitoring.

An MWCNT-PSS nanocomposite was designed in Chapter 3, whose electrical
conductivity is sensitive to strain and deformation. A scalable, efficient, and low-cost spray
fabrication technique was employed to deposit the nanocomposite thin film over large structural
areas. Instead of using the thin film as a structural coating, it was integrated with cementitious

composites so that the entire structure can serve as a sensor. This was achieved by nanoengineering
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the cement-aggregate interface prior to cementitious composite casting. As every point in the
cementitious composites became sensitive to damage, the EIT algorithm described in Chapter 2,
was employed to produce electrical maps that indicated the locations and severities of spatially
distributed damage in self-sensing cementitious composites. However, the main limitation of this
technique is the low strain sensitivity of the thin film as well as the inability of EIT to measure

induced strain in different directions.

These issues were addressed in Chapter 4 by patterning a highly piezoresistive graphene-
based thin in the form of a “sensing mesh.” GNS-PVA-based nanocomposite was fabricated and
deposited into a “mesh”-like pattern by spray fabrication. Each strut of the sensing mesh with a
high aspect ratio act as a linear strain sensor that is capable of measuring strain components along
their lengths. EIT algorithm was also updated to capture such uniaxial change in conductivity of
each strut in the sensing mesh. The estimated change in the conductivity at each strut was directly
correlated with the strain induced in along their axial length. The sensing mesh was also employed
to capture spatially distributed damage in a seven-story reinforced-concrete (RC) building
subjected to earthquake ground motion. However, the employment of sensing mesh on the
structural surface does not facilitate subsurface strain/ damage measurements. In addition, EIT
requires a series of boundary electrodes to be instrumented at the boundary of the sensing region,

which may not be a feasible option for human health monitoring (e.g., monitoring OIPs).

To overcome these issues, Chapter 5 implements ECT and stimuli-responsive
nanocomposites, particularly for monitoring OIPs. The design of the MWCNT-based thin film was
modified in such a way that their electrical permittivity is sensitive to various external stimuli (e.g.,
pH and strain). The developed nanocomposite thin films and the noncontact imaging technique

was implemented for infection and strain monitoring in OIPs. It is hypothesized that the
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nanocomposite thin film can be deposited onto prosthesis before surgery. As subcutaneous
infection causes a local pH change in the infected cells, the thin film would experience an electrical
permittivity change that can be captured through ECT in a noncontact fashion. Similarly, strain-
sensitive nanocomposite can be deposited on prothesis and interrogated by ECT to realize
noncontact strain monitoring. In addition to nanocomposite-enabled infection and strain
monitoring in OIPs, ECT, being a noncontact, radiation-free imaging tool, was applied for

prosthesis loosening and bone fracture monitoring.

Although ECT has the potential to be a subsurface damage identification tool, the circular
geometry of the ECT electrode array may not be suitable for the inspection of large composite
structures. In Chapter 6, the geometry of the traditional circular ECT electrode array was modified
into a planar system so that it can be used by the technicians as a handheld instrument to rapidly
assess the subsurface condition of the large composite structures. Computational and experimental
studies were performed to demonstrate the potential of the proposed system for subsurface damage
detection in composite structures. Finally, Chapter 7 summarizes the significant findings and

concludes the dissertation by identifying the potential future direction of the research.
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CHAPTER 2 SOFT-FIELD TOMOGRAPHIC IMAGE RECONSTRUCTION

2.1 Introduction

The primary objective of this chapter is to establish the mathematical foundations of the
tomographic imaging techniques, which will be used in conjunction with the nanocomposite thin
film sensors to achieve spatial sensing. As discussed in Chapter 1, every point on the
nanocomposite thin film sensors is sensitive to external stimuli. Hence, electrical measurements
can be taken at each point over the entire thin film’s surface to obtain the film’s electrical map. As
the electrical properties of the thin films are sensitive to external stimuli, the electrical maps
obtained from point measurements will represent the damage state of the entire structure. However,
point measurement is time-, labor-, and cost-intensive. The tomographic imaging techniques
proposed in this chapter can estimate the spatial distribution of electrical properties over a large

area from a limited number of electrical measurements obtained at the boundary.

In general, tomographic imaging is a method to generate cross-sectional images of an
object using non-ionizing radiation. In the case of hard-field imaging (e.g., X-ray), the radiation
wave is generated and allowed to propagate through the area to be imaged. The property of the
medium, which directly interacts with the propagating radiation beam, influences some
measurements. In that essence, such hard-field imaging techniques are known as “local imaging.”
However, at a lower frequency, a local change in material property affects all the measurements.
Due to such nonlocal effects, imaging of electrical parameters through low-frequency excitations
are difficult. To estimate the electrical property distributions within a specified domain, first, one
needs to derive a set of simultaneous equations correlating each measurement with every possible

point inside the interrogation region. Second, the electrical property of the interrogated region
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needs to reconstructed from the boundary measurements. In this chapter, the mathematical

formulations of two different tomographic imaging techniques are described in detail. They are:

e EIT

e ECT

In EIT, the spatial conductivity distribution of a predefined sensing domain is reconstructed
from the limited number of boundary voltage measurements [111]. EIT was successfully used in
biology and biomedical fields of study for obtaining electrical images and for revealing anomalies
inside the bodies of humans or animals. For example, the rate of gastric emptying was studied with
the aid of EIT by Barber [112], in which the spatial resistivity distribution of the stomach was
evaluated as a function of time so as to obtain an emptying curve. More applications of EIT on
gastric imaging can be found in Dijkstra et al. [113] and Smallwood et al. [114]. Other applications
of EIT include the assessment of pulmonary and cardiac parameters, [115-118] detection of
internal intraventricular hemorrhages in newborns [119], and the diagnosis of intrathoracic fluid

volume, [120] among others.

Although EIT has been successfully demonstrated in bio-related disciplines, its
applications for SHM remain fairly new and require further development. As mentioned in Chapter
1, early work by Hou et al. [110] showed that EIT could be coupled with LbL CNT-based thin
films for monitoring spatially distributed strain and corrosion monitoring. Zhang et al. [121]
demonstrated the SHM potential of EIT in glass fiber-reinforced polymer (GFRP) composites,
where glass fibers were laminated with an epoxy resin containing carbon black. This process
enhanced the electrical conductivity of GFRP, and the damage was detected within the composite

by calculating the in-plane and through-thickness conductivity changes with the aid of electrical
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resistance tomography. Tallman et al. [122] also showed that epoxy composites could be filled
with carbon nano-fibers (CNFs) for encoding self-sensing characteristics. Local changes in
conductivity due to damage in CNF-enhanced epoxy composites were also captured using EIT.
Instead of CNT- or CNF-based materials, Hallaji et al. [123] employed colloidal silver paints
applied directly onto concrete surfaces, and localized changes in electrical conductivity due to
cracking or surface damage were subsequently detected by EIT analysis. On the other hand, Hou
and Lynch [124] applied EIT for directly mapping the spatial conductivity distributions of
engineered cementitious composites and detected regions in which micro-cracking occurred
during load testing. Besides all these wide-spread applications of EIT, it should be mentioned that
a series of boundary electrodes needs to be attached at the boundary of the sensing region for EIT
interrogation and measurements. It could be difficult for some applications to achieve so many

electrical connections at the boundary.

On the other hand, ECT seeks electrical permittivity reconstruction from noncontact
boundary capacitance measurements [125]. A series of boundary electrodes are equidistantly
arranged in a circular array for electrical excitation and measurements. Each electrode is excited
with alternating current (AC) signal, and the resulting mutual capacitance between boundary
electrode pairs are measured. Spatial electrical permittivity distribution within the region
circumscribed by the electrode array is reconstructed from the boundary capacitance
measurements. In contrast to EIT, ECT does not require the electrodes to be physically attached to

the object to be imaged.

Since the development of ECT in the 1980s [126], it has mainly been used for flow
monitoring in applications such as gas separation [127]; pneumatic conveyors [128]; and, more

recently, fluidized bed dryers [129]. ECT has also been used for monitoring other industrial
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processes (e.g., visualization of flame during combustion [130], nylon-polymerization reaction
monitoring [131], and curing monitoring of epoxy resins [132], among others). In addition, ECT
was recently used as a nondestructive evaluation (NDE) tool to assess the subsurface condition of

structures [133, 134].

Apart from the above-mentioned industrial applications, ECT is also used in biomedical
imaging. A dual-modality imaging technique, using EIT and ECT, was proposed by Ren et al.
[135] to provide real-time 3D images to navigate surgery tools in the femoral bone during total hip
replacement. Taruno et al. [136] suggested a real-time, volumetric, capacitance-based imaging

technique for monitoring brain activities related to human motoric and lung functions.

In general, the mathematical formulation of tomographic imaging techniques can be
described into two parts: a. forward problem, and b. inverse problem. The forward problem aims
to predict the boundary electrical responses for an explicitly known electrical property distribution.
On the other hand, the inverse problem needs to be solved to reconstruct the distribution of
electrical properties from the measured set of boundary responses. In this chapter, forward
problems of EIT and ECT are presented. While the forward problem models of EIT and ECT are

different, the same inverse problem can be applied for both EIT and ECT image reconstruction.

2.2 Forward Problems

As mentioned earlier, the tomographic forward problem is a computational platform to
predict the electrical responses of the system, while the distributions of electrical properties are

known. EIT and ECT forward problems are discussed in the following sections.
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2.2.1 EIT Forward Problem

EIT forward problem estimates the boundary voltage measurements while the conductivity
distribution of a predefined area is known. In general, a series of boundary electrodes are
equidistantly arranged at the boundary of a conductive object. An electrical current is injected in
the conductive object through a specified pair of boundary electrodes. The resulting voltage
differences between the remaining adjacent pairs of boundary electrodes are measured. In this
study, “adjacent” and “across” injection patterns are used for EIT interrogation [137]. For adjacent
injection, the adjacent pairs of boundary electrodes are used at a time for current injection and
grounding purposes, and the resulting voltage differences are measured between the remaining
pairs of boundary electrodes. In the case of N electrode EIT system, a total N-(N-3) number of
voltage measurements can be obtained through the adjacent injection pattern. In the case of the
across injection, opposite electrode pairs are employed for electrical excitation and grounding
purpose. The resulting voltage differences between the remaining adjacent electrode pairs are
measured. In the case of across injection, a total N-(N-4) voltage measurements can be collected
and used for image reconstruction. The excitation and measurement procedures for adjacent and

across injection patterns are schematically shown in Figures 2.1a and 2.1b, respectively.

2.2.1.1 Physical Model

The first step of the EIT forward problem is to create a physical model that correlates the
input, output, and electrical conductivity. The physical model of EIT can be derived from

Maxwell’s equations:
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Figure 2.1 EIT (a) adjacent and (b) across injection patterns and measurement strategies are schematically shown.

vxE=-B 2.1)
ot
VxH=3+2 2.2)
ot

where E is the electric field, B is the magnetic induction, H is the magnetic field, D is the electric
displacement, and J is the electrical current density. In general, low-frequency alternating current
(AC) is used for EIT interrogation. In that case, E and B can be represented as a time-harmonic

function of the circular frequency (w) of excitation current:
E = Eel (2.3)

B=Be“ (2.4)
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where £ and B are the magnitudes of the oscillating electrical and magnetic induction,
respectively. For isotropic conductive materials, D, B, and J can be written in the forms shown in

equations 2.5t0 2.7:

D=¢E (2.5)
B=uH (2.6)
J=0oE (2.7

where &, u, and o are the electrical permittivity, magnetic permeability, and electrical conductivity,
respectively. Equations 2.3 and 2.4 can be expressed in the form of equations 2.8 and 2.9,

respectively, with the assumption of time-harmonic electrical excitation.

VxE =-iouH (2.8)

VxH =J+iwsE (2.9)

In EIT, J can be modeled as an integral of the source density (J°) and ohmic-current density (J°)

as shown in equation 2.10.

J=3°47° (2.10)

J° can be expressed as a product of ¢ and E, as shown in equation 2.11.

J°=cE (2.11)

Equation 2.9 can be written as equation 2.12 by replacing J in equation 2.9 with the expression

obtained from equations 2.10 and 2.11.
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VxH=(o+iwe)E+J° (2.12)

To further simplify equation 2.12, E can be expressed in the form of equation 2.13:

E-—wvu-2 (2.13)
ot

where u and A are the electric potentials and magnetic vector potential, respectively. For low-
frequency excitation, the effect of magnetic vector potential on E can be neglected, and the

equation 2.13 can be rewritten as equation 2.14.
E=-Vu (2.14)

In EIT, the capacitive effect (i.e., iweE) is often neglected. However, this assumption may not be

valid for high-frequency excitation and a lower value of ¢. This will be explained in Section 2.2.2.
With the above assumptions, equation 2.12 can be written in the form of equation 2.15.
VxH=cE+J° (2.15)

If we take divergence on both sides of equation 2.15, the governing equation for EIT inside a

conductive body is obtained:
V-(oVu)=0 (2.16)

Equation 2.16 is valid for the steady-state electrical condition when there is no accumulation of
electrical charge inside the conductive object (Q2). In order to achieve the most accurate solution

of equation 2.16, proper boundary conditions need to be implemented to obtain the most accurate
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solution of the EIT forward problem. The boundary conditions for EIT are discussed in Section

2.2.1.2.
2.2.1.2 Boundary Conditions

By applying the conservation of total electrical charge inside and outside of the Q, the

expression for current density at the boundary can be obtained:

Ga—u:—Js'nEJs-nEj (2.17)
on

where n is the unit outward normal on the boundary of Q at the point of current injection, and j is

the negative normal component of J°.

In the theoretical formulation of the EIT forward problem, applied electrical current and
boundary voltage distributions are taken into account as continuous functions along the entire
boundary. Previous research showed that the representation of boundary excitations and voltage
measurements in a continuum sense overestimates the resistivity [138]. In this study, discrete
boundary electrodes are employed and distributed throughout the entire boundary (7") of Q, and
electrical current injection and voltage measurements are only considered at these electrodes.
Typically, the “complete electrode model” (CEM) (equations 2.18 and 2.19) is used as the
boundary conditions in EIT forward model [111, 125] CEM allows to model the shunting effect
and contact impedance between the electrode and the body without any overestimation.

GVU'n=|| onli (218)
I

g

ovu-n=0 on /> (2.19)
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Here, e is the area of I electrode, and |, is the current in the I" electrode on the surface as defined
by a normal vector, n, perpendicular to that surface. 71 is the region of the boundary associated
with all the electrodes, and 77 is the remainder of the boundary. Contact impedance between
electrodes and the body is taken into account in equation 2.20, which is used to calculate the

boundary electrode voltages.
u+zovVu-n=V, onrl1 (2.20)

where z) is the contact impedance at the 1" electrode, and Vi is the measured voltage at the 1"

electrode.
2.2.1.3 Finite Element (FE) Formulation of EIT Forward Problem

The second-order partial differential equation shown in equation 2.16 needs to be solved
with boundary conditions specified in equations 2.18 to 2.20 to get the boundary voltage
distribution. Several numerical methods have been implemented for solving this elliptic partial
differential equation. Sherina et al. [139] used the finite volume method for an unstructured grid.
Lazarovitch et al. [140] employed the finite difference (FD) method for solving equation 2.16.
Besides these, the FE method remains to be one of the most widely used numerical tools for

obtaining robust and accurate solutions [111, 125].

The subsequent weak-form of the EIT problem has been derived by multiplying equation

2.16 with a sufficiently smooth arbitrary test function (v) and integrating over the entire Q:

[w(oVu)=0 (2.21)

Integrating equation 2.21 using integration by parts results in boundary expressions as follows:
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'[oVu-Vvdxz :jaVu-nvdx (2.22)
Q

r

The right-hand-side of equation 2.22 can be rewritten as equation 2.23.

I(;‘Vu'Vvdx2 = J.aVu-nvdx+IaVu'nvdx (2.23)
Q

Iy I

Substituting equations 2.18 and 2.20 into equation 2.23 yields:

v £S5 N1
E[aVu vvdx® +>° _[uvdx—zz _[V,vdx (2.24)

=1 2 g =1 ¢

where L is the total number of boundary electrodes. According to FE theory, the electric potential,

u, is approximated (u") as a linear combination of nodal voltage (ui) and the nodal shape function

(41)-
u'=> ug (2.25)

Four-node bi-linear quadrilateral elements can be used to discretize the entire domain, as shown
in Figure 2.2a. The properties of the shape functions are shown in Figure 2.2b. All the calculations
have been carried out in the regular bi-unit square domain and thereafter transferred into the real

domain using iso-parametric formulation [141].

Galerkin’s approximation states that the test function can be chosen to be the same as the

nodal shape function, which turns equation 2.24 to the following form:
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() (b)
Figure 2.2 (a) A two-dimensional finite element model of the EIT specimen was generated using quadrilateral
elements with bi-linear basis functions. (b) Four shape functions and their values at each node of a four-node
quadrilateral element are shown. The values of the shape function corresponding to the i node is 1 at that node
and 0 at all other nodes in accordance with the compacted support property.

i=l 4 ¢

Zn:ui Lung/i, -V g, dx? +ZL:

=1 1 g

Zij‘¢i¢jdx] - izi_[vlqﬁjdx (2.26)

The boundary condition mentioned in equation 2.18, when applied on u" and combined with

equation 2.20, results into L number of additional linear equations:

1 . 1
Z_IVI &, |_Z(IZ_I¢|dX}‘i =1, (2.27)

i=1\ g
Assembling all these expressions finally leads into a matrix equation of the following form:
Au=1 (2.28)

where A, u, and | are the global conductivity matrix, a vector containing the nodal values of
potential distribution, and generalized current vector, respectively. A is composed of four

elementary matrices Am, Az, Av, and Ap:
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where,

A:[AVHFAZ AV}
A A

AuGi ) =[[oVe-Vax

Q

. 1
A, ])= Z_|

[ #0,0x*

L
1=1

. 1
A 1) = —Z—J.ﬂdx (i=l:nand I=1:L)

I ¢

AD(k,l)=zilt9. | (for 1=k)

A, (K, 1) =0 (for 1+ )

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

Figure 2.3 shows the electrical potential distribution over the entire EIT specimen when two

diametrically opposite electrodes were employed for current injection and grounding purposes. It

can be observed that the magnitude of electrical potential is comparatively higher near the

excitation electrodes, and it gradually decreases toward the grounding electrodes.

2.2.1.4 Jacobian Calculation

It is evident from equation 2.16 that V is a nonlinear function of ¢. In order to recover o

from measured V, some nonlinear optimization strategies should be implemented for conductivity

reconstruction. However, nonlinear optimization algorithms are computationally expensive and

time-consuming. As a result, they are avoided for EIT-based image reconstruction. In general,
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there are mainly two approaches to tackle this problem. For both cases, the EIT forward model is
linearized at some background conductivity (oo). In the first approach, Gauss-Newton (GN)
iterative algorithm is used to reconstruct the absolute conductivity distribution by minimizing the
L2 norm of the difference between the experimentally (Vi) and numerically obtained (V) voltage
sets. In the case of the second approach, the change in boundary electrical voltages (67) is recorded
before and after an event (e.g., damage). This 6V is used to estimate the change in electrical
conductivity due to the occurrence of the event. Although the absolute conductivity distribution is
not reconstructed, the second approach is faster than the iterative absolute reconstruction process.
For both cases, the jacobian (Jeir) of the discrete conductivity maps needs to be calculated. Jeir

can be expressed in the form shown in equation 2.35:

oV} oV}
oo, ooy
YA A
J — 1 . 1
5T | 80, oo (2:35)
A A
oo, ooy

where Vji is the j™ voltage measurements corresponding to the i current injection pattern, and o;

is the conductivity of i element in the FE mesh. From equation 2.35, it is clear that Jgir is basically
the set of data that correlates the change in each boundary voltage in response to a small

perturbation of the conductivity of each element.

The most straightforward way to calculate the jacobian is to estimate the change in

boundary voltage in response to a small change in conductivity of each element in the finite
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Figure 2.3 Voltage distribution over the finite element domain of the EIT model is shown when DC current

was injected through opposite electrode pairs.

element mesh. However, the process is time-consuming and computationally expensive as the

forward problem needs to be solved for each FE voxel. A computationally efficient method to

calculate Jeir was proposed by Yorkey and Webster [142]. It was shown that the i column of Jeir

could be obtained from the set of linear equations expressed in matrix form (equation 2.28), as

shown in equation 2.36:

8_u 3 6(A‘1I)
oo oo

n n

Equation 2.36 can be further simplified in the form shown in equation 2.37:

5_U=_A_1ﬂA_1I =—A‘1ﬁu

oo, oo, leg

0A/0da, can be evaluated using equation 2.38:

oA _
oo,

ClaTIIN
=| 0o,

0 O
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(2.37)

(2.38)



d0A,,/0da, in equation 2.38 is calculated using equation 2.39:

AL _ [vg.ve i (2.39)
oo

n A,

where 4, is the area of n'" finite element. The formulated Jeir has been used for conductivity

reconstruction from the experimentally obtained voltage measurements.
2.2.2 ECT Forward Problem

In contrast to EIT, ECT seeks electrical permittivity distribution of a predefined sensing
region from the limited number of boundary capacitance measurements obtained in a noncontact
fashion. A series of boundary electrodes are equidistantly arranged at the periphery of a circular
region, as shown in Figure 2.4a. Each electrode is excited with an AC signal while the remaining
electrodes remain grounded. The excitation-measurement pattern is schematically illustrated in
Figure 2.4b. This excitation pattern allows the propagation of an electric field through the entire
domain () circumscribed by the boundary electrodes. The mutual capacitance between the
excitation and the remaining electrodes are measured. Any change in electrical permittivity
distribution results in a change in boundary capacitance responses. The spatial electrical
permittivity distribution within Q is reconstructed from the measured set of boundary capacitance
responses by solving the ECT inverse problem. Like EIT, a physical model should be derived for
ECT to predict the boundary capacitance responses while the electrical permittivity distribution is

known.
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Figure 2.4 (a) An eight-electrode ECT system is illustrated. (b) The electrodes are numbered consecutively in a
clockwise fashion starting from the 3 o’clock position. An AC signal of magnitude V is applied at electrode-1
while all other electrodes are grounded.

2.2.2.1 Physical Model of ECT

The physical model for ECT is also be obtained from Maxwell’s equations as described in
equations 2.1 and 2.2. For low conductivity and high-frequency excitations, the effect of ¢ on the
rotational component of the magnetic field can not be neglected. In that case, equation 2.12 can be

written in the form of equation 2.40:
VxH ~iwE+J° (2.40)

Taking the divergence on both sides of the equation 2.40 and replacing E with Vu (equation 2.14),

the governing equation for ECT is obtained:
V-(&Vu)=0 (2.41)
2.2.2.2 Boundary Conditions

In order to predict the mutual capacitance responses between the boundary electrode pairs

for a known permittivity distribution, equation 2.41 needs to be solved with the appropriate
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boundary conditions. This second-order partial differential equation is solved to obtain u with
appropriate boundary conditions, in which electric potential is assumed to be constant at each

electrode, as shown in equation 2.42:
u =V, at E (2.42)

where E; is the I electrode, and Vi is some constant positive voltage at the excitation electrode and
zero for the other electrodes. Zero Neumann boundary condition is imposed between two
electrodes to decouple the external and internal field from each other, as proposed by Brandstéatter

et al. [143].
2.2.2.3 ECT Forward Problem

Like EIT, the governing equation of ECT forward problem is also solved using FE
modeling. The weak form of equation 2.41 is obtained by multiplying it with a sufficiently smooth

test function (v) and integrating over the entire domain Q:

[V (evu)=0 (2.43)

Evaluating the integration described in equation 2.43 and putting the zero Neumann boundary
condition in the natural boundary terms results in equation 2.44:

_[gVu - Vvdx? = jVu nvdx? =0 (2.44)
T

Q

where /"and n are the boundary of Q and unit inward normal on the boundary, respectively. Similar
to EIT, the electric field is approximated as u" as a linear combination of nodal shape function (¢i)

and nodal voltage (ui):
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u"=>up (2.45)
i=1

A system of linear equations can be obtained from equation 2.44 after replacing u with u" and

enforcing Dirichlet boundary conditions to obtain:

KU =F (2.46)

where K is the system stiffness matrix, U is the nodal voltage vector, and F is the force vector
arising from the essential boundary condition terms. Linear triangular element has been used for
discretizing the entire region. A typical finite element mesh of the numerical model is shown in
Figure 2.5a. Figure 2.5b shows the distribution of electric potential over the entire FE domain

when electrode-3 was excited; the relative permittivity of the entire sensing region was 1.

Once nodal voltages are obtained by solving the forward problem, the capacitance between

excitation and sensing electrodes can be calculated as follows:

e —x (2.47)

where Cy, is the capacitance between the k™ and 1" electrode pair, assuming that k is the excitation
electrode, and I is the sensing electrode. Here, n is the inward normal at E;. FD is applied to evaluate
equation 2.47. Two parallel layers are considered near the electrode plane, as shown in Figure 2.6.
The perpendicular distance between the two planes is 4. If the values of u at j™, j+1", and j+21"
node obtained from the FE solution of the forward problem are uj, uj+1, and uj+2, respectively. From

Taylor’s series, Uj+1and uj+2 can be approximated, as shown in equations 2.48 and 2.49.
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Figure 2.5 (a) The entire domain has been discretized using linear triangular elements. External shield and the

electrodes are highlighted with thick red and black lines respectively. (b) The potential distribution inside the

sensing domain was computed by solving the forward problem, in this case, with a 10 V excitation signal.

(2.48)

Az
2

j+l

2
=u<+a—u 2A+a—lj
"o, on

uj+l

(2.49)

2A*
j+2

u
on®

:u.+a—u 2A+
' on|

uj+2

u
‘ ~00r")
on i

Equation 2.50 can be obtained by multiplying equation 2.48 by 4 and subtracting equation 2.49

from it:

(2.50)

+2Aa

:3uj

4uj+1 _uj+2

where O(®) is the higher-order error terms. du/0n can be obtained from equation 2.50, as shown

tion 2.51:

4u;,, —-Uu;,, -3,

ou

in equa

(2.51)

Y)

L+O(®n

2A

8nj
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Figure 2.6 Finite difference schematic.

Neglecting the error term in equation 2.51, du/dn can be approximated, as shown in equation

2.52:

ou . 4u;,, —U;,, —3U; (2.52)
on|, 2A

2.2.2.4 Jacobian Calculation

Like EIT, the jacobian matrix for ECT (Ject) should be calculated to solve the inverse
problem. Instead of perturbing each piece-wise constant permittivity value corresponding to
individual triangular FE voxel in Q, Frechet derivative of the measured capacitance with respect
to a small perturbation in the permittivity is estimated for calculating Ject [125]. From the weak

form of ECT forward problem (i.e., equation 2.43), power conservation formula can be derived:
J'g|Vu|2dXZ = IUEa—udx (2.53)
5 = on

As the Neumann boundary term (i.e., du/dn) is zero between two electrodes, the right-hand side

of the equation 2.53 can be expressed only for the electrode region, as shown in equation 2.54:

| 8|Vu|2dX2:ZL:V j g—dx ZVLQL (2.54)

g
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Here, Qv is the total charge stored on the e/ electrode. Taking a derivative of equation 2.54,

equation 2.55 can be obtained:
L
[oe|vul dx + 2] evu- Voudx® = YV, oQ (2.55)
Q Q i=1
Applying divergence theorem on the second term of equation 2.55, equation 2.56 is obtained:
2, ou N
[oe|vuldx*+2[ dug—dx =3 V,6Q, (2.56)
Q r i=1

As u is constant on the boundary electrodes and du/dn = 0 between two electrodes, the second

term in the left-hand side of the equation 2.56 can be set to O:
L
[os|vul d = > v,0Q, (2.57)
Q i=1

Equation 2.57 can be expressed in the form of equation 2.58 to estimate the change in Q on
electrode e; due to a small perturbation in & while the electrode e is excited with the voltage V.
and measurement is made on electrode e;:

Quy

_1 [vu;-vudx? (2.58)
oe Vg

where Vu; and Vu; are the solution of the forward problem when e; and g;j electrodes are excited
with the AC voltage, respectively. 0Qij/0¢ is used to calculate each term of the Ject. Equation 2.58
is a robust and efficient method to calculate Ject. The right-hand side of the equation 2.58 can be
calculated while estimating the boundary capacitance responses by solving the forward problem
over the discretized domain. Figure 2.7 shows the sensitivity distribution of an 8-electrode ECT
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Figure 2.7 The sensitivity map for an empty sensing domain between electrodes 1 and 5 is shown.

system when electrodes 1 and 5 are excited. It can be observed that the sensitivity of the ECT

system is smaller at the center compared to the boundary region.

2.3 Inverse Problem

As mentioned earlier, the inverse problem needs to be solved to reconstruct the electrical
parameters (i.e., ¢ or ¢) within Q from a limited number of boundary electrical response
measurements. However, tomographic inverse problems are ill-posed in nature as a small change
in o or ¢ can cause a significant change in boundary electrical responses [144]. The experimentally
measured difference in boundary responses (4y) before and after a damage event can be expressed

as a product of jacobian matrix (J) and the change in an electrical parameter (46):

Ay =JA0 (2.59)

The reconstruction of 46 is unstable because of the ill-posed nature of the inverse problem. The
ill-posed nature of the tomographic inverse problems can be examined through the singular value
decomposition of J. As shown in Figure 2.8, the singular values of Jeir and Ject decay in the

singular value spectrum, indicating the ill-posed nature of the corresponding inverse problems. In
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Figure 2.8 Singular values (a) Jeir and (b) Jecr are shown. The singular values were normalized with the largest
singular value and plotted in log scale as a function of measurement number.

Measurement Number

addition, the large numerical values of the ratio of the largest and smallest singular values of J

reveal the ill-posed nature of the inverse problems.
2.3.1 Least Square Approach

The least-square approach is generally implemented to obtain a generalized solution of the
inverse tomography problems. Generally, the weighted least square approach is adopted to

reconstruct the electrical parameters from the boundary responses:
min lay - JA9||2 (2.60)

2.3.1.1 Inversion of The Jacobian Matrix

If J is a square matrix, 6 can be obtained by directly inverting J and multiplying it with Ay.
However, J cannot be inverted as this is not a square matrix. J is a rectangular matrix because of
the fact that the number of parameters in 6 is much larger than the number of measurements
obtained at the boundary of Q. For this case, J needs to be pseudo-inversed, as shown in equation

2.61:

AO=J"Ay (2.61)
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where J* is the Moore-Penrose pseudo inversed form of J. For an under-determined problem, J*

can be evaluated by equation 2.62 [125]:
J =373 (2.62)
2.3.1.2 Difference Imaging

Being an ill-posed problem, the optimization problem defined in equation 2.60 fails to
generate meaningful results. In order to overcome this difficulty, the ill-posed tomographic inverse
problems need to be regularized with additional information about the solution. A penalty term is

generally added with the cost function (equation 2.60), as shown in equation 2.63:
AByonee = argmin|Ay — JAG|" +a? || R(AO—AG,) |1 (2.63)

where R, a, and Aé are the regularization matrix, regularization parameter, and some prior
assumption about the conductivity change, respectively. Here, a controls the optimization path by
trading-off between the prior assumptions and the fitting data. Tikhonov regularization can be
implemented to obtain a reliable solution to the inverse problem specified in equation 2.63 [145].
Tikhonov regularization aims to reduce instability in the inverse problem by damping out the small
singular values from the system. The implementation of regularization produces an artificially
smooth image. To formulate the inverse problem with Tikhonov regularization, the right-hand side

of the equation 2.63 is expanded in its quadratic form as a function (f) of 46.

f(AG)=A0"ITIAO-2A0"ITAYy + Ay' Ay + 2’ AG"RTRAO

2.64
—2a*A0"R'RAG, +a’AG) RTRAG, (2569
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For the optimization of equation 2.64, its derivative is calculated in an arbitrary direction (x), as

shown in equation 2.65.
X'VF(AG) =2X"ITIAO—-2X"ITAy +2a°x' RTRAO - 2a:*°x" RTRAG, (2.65)
Equation 2.65 is set to zero to evaluate A6&riknonov fOr any x:
Abryore, = (3TI +@*RTR) (I Ay — ’RTRAG,) (2.66)

In general, R is set to an identity matrix (I), and 46y is set to 0 to obtain the most generalized form

of Tikhonov regularization:

A6,

Tikhonov — (‘]T‘] +C¥2 I )71(‘JTAy) (267)
RR can also be set to the diag(J"J) for Newton one-step reconstruction (NOSER) [146].

2.3.1.3 Absolute Imaging

While the method described in Section 2.3.1.2 is suitable for difference imaging, the
regularized iterative method can be implemented for absolute image reconstruction. The cost

function of the regularized optimization problem can be written in the form of equation 2.68:
6 = argmin (|F (0) -y, +* [R@O-6,)[) (2.68)

where F is the forward problem operator, ym is the measured set of boundary responses, 6o is the
initial guess of the parameter to be estimated, and @ is the solution of the optimization problem

specified in the right-hand side of equation 2.68 (i.e., electrical property distribution corresponding
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to measurement ym). For i+1" iteration step, the parameter (6i+1) can be written as equation 2.69

on the basis of the linear approximation around the solution of i iteration step (6)):
9i+1 = argmin (” F(9l+1) - ym”2 + a2 ||R(9|+l - 90)”2) (269)

i+1 can be written by linearizing the solution of the optimization problem for 6;:

0., =argmin[l| F(8) +F (6)A6, -y, II* +

a® | R, + A6, —6,) ] (.71)

where F'(6) is the first derivative of F(&i) with respect to 6. The difference of the predicted
electrical property distribution between the i+1" and i*" iterations (i.e., A#) can be estimated in

discrete form as follows:

AG =33 +a’RTR){J" [y, —F(O)]}

+ a?R'R(, - 6) (2.72)

where the jacobian matrix (Ji) is the discrete representation of F'(6;) evaluated at the i step. In this
study, the regularization parameter o was an estimated a priori. The estimated 44 from equation
2.72 is used to update the electrical parameter distribution and thereby to predict a new electrical

parameter distribution for i+1" iteration step.
0,1 =0+A0 (2.73)

The optimization scheme continues to execute until the error ratio (e) becomes smaller than the

specified threshold value (1), as shown in equation 2.74.

48



2
o IF@) -y, I _

Iyal (2.74)

2.4 Results and Discussions
2.4.1 EIT Image Reconstruction Validation

Two sets of experiments were performed for spatial damage detection validation.
Conductive specimen of size 80 x 80 mm? was instrumented with six equally spaced boundary
electrodes on each side of the specimen. The electrodes were equidistantly placed from each other
for EIT interrogation. This conductive specimen was an MWCNT-latex thin film whose
fabrication process will be discussed in detail in Chapter 4. A specialized data acquisition (DAQ)
system was employed to obtain the dataset for mapping the distribution of electrical resistivity of
the EIT specimen. The EIT DAQ included a Keithley 6221 current source, which supplied direct
current (DC) on the order of 1 mA to a specific boundary electrode with another electrode set as
ground. It should be noted that the DC magnitude was set to span the voltage measurement range
of the DAQ, thereby maximizing the signal-to-noise ratio (SNR). On the other hand, an Agilent
34980A multifunction switch was employed for measuring boundary electrode voltages (using a
built-in digital multimeter (DMM)) and for directing current input/output to appropriate electrode
pairs. The EIT DAQ was controlled using a customized MATLAB program. In this study, DC was
injected across electrodes on opposite edges of the square mortar specimen, while voltage was
measured across adjacent boundary electrodes; a similar approach was used by Loyola et al. [147].
The experimentally obtained voltage measurement obtained by interrogating the undamaged
specimen was compared with the EIT forward problem-evaluated voltage response, as shown in

Figure 2.9. It can be seen that computational and experimental results match well; however, the
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Figure 2.9 The computationally obtained voltage responses obtained from EIT forward problem is compared with
the experimentally measured voltage responses.

difference exists mostly because of nonuniform conductivity distribution of the object, electrode
position mismatches between the numerical model and EIT test setup, and variable contact

impedance between the boundary electrodes and the EIT specimen.

The experiment started by interrogating the undamaged specimen with DC for baseline
conductivity reconstruction. The measurement was used as the input of the GN iterative inverse
algorithm to reconstruct the conductivity distribution of the undamaged specimen. Next, damage
was introduced at the bottom-left corner of the specimen by mechanically scratching the thin film
as shown in Figure 2.10a. The damaged specimen was also subjected to EIT interrogation. The
second damage was introduced diagonally opposite to the previous damage near the top-right
corner of the MWCNT-latex thin film specimen (Figure 2.10b). Similar to the previous case, the
damaged specimen was subjected to EIT interrogation, and boundary voltage measurements were

recorded.

Similar to the baseline conductivity reconstruction, the measured sets of boundary voltage

from the damaged specimen were used as the input for the EIT inverse algorithm. The change in
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Figure 2.10 Damage was introduced in the conductive specimen at (a) bottom-left and (b) top-right corner. EIT
estimated resistivity maps corresponding to these two damage cases are shown in (c) and (d), respectively.

resistivity distributions were estimated by subtracting the baseline resistivity from the damaged-
states’ resistivities. It can be observed from Figures 2.10c and 2.10d that a localized increment in
the resistivity was observed at the region closed to the actual damage (Figures 2.10a and 2.10b).
These results make sense as the thin film was mechanically scratched; the conductivity of these
regions went to zero (i.e., resistivity is very large), resulting in negligible propagation of DC
through that region. Perturbation in electrical current propagation resulted in a change in boundary
voltage responses. The proposed inverse algorithm was able to reconstruct this resistivity change
from the measured set of boundary voltages validating the spatial damage detection capability of

the proposed EIT algorithm.
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In addition to showing the right locations of the introduced damage, the area of the
resistivity change detected by EIT resembles the actual shape of the damage. However, the EIT-
estimated damage sizes were slightly larger than the actual size of the damage. This could have
been resulted due to the smoothing effect due to the regularization of the inverse problem.
Nevertheless, these experimental results validate that the proposed EIT algorithm can detect

spatially distributed damage in the structures.

2.4.2 ECT Image Reconstruction Validation

For the experimental validation of the proposed ECT forward and inverse algorithm, a 13
mm-diameter polyvinyl chloride (PVC) rod was placed at 13 different locations in the sensing area
(i.e., from P1 to P13) as shown in Figure 2.11a. In order to accurately maintain the positions of the
rod, a customized holder, shown in Figure 2.11b, was fabricated using a Type A Series 1 Pro 3D
printer. This holder was fitted below the ECT electrode array and served as a receptacle for the
PVC rod, where the rod could be fitted in any of the 13 positions. Prior to putting the rod in the
ECT electrode array, a set of boundary capacitances was obtained with the ECT electrode array
empty and filled with air. Here, the excitation was a 10 V peak-to-peak, 1.25 MHz, AC signal. The
collected measurement was compared with the ECT forward problem result, as shown in Figure

2.12, and a good agreement was found.

The inverse problem was then solved, and the corresponding reconstructed permittivity
distribution was used as the baseline. Next, the rod was placed at the designated locations, and
ECT measurements were obtained for permittivity reconstruction. The change in permittivity

distributions was obtained by subtracting out the previous baseline, and the results are shown in
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(a) (b)
Figure 2.11 (a) To characterize ECT permittivity imaging accuracy, a 13 mm-diameter PVC rod was fixed at 13
different locations in the ECT electrode array. Their positions were marked as P1, P2, P3, ..., and P13. (b) A 3D-
printed mold was employed to accurately maintain the locations of the rod, and the mold was fitted below the ECT
electrode array.

Figure 2.13. It can be observed from Figure 2.13 that the ECT inverse algorithm was able to detect

the location and size of the PVC rod for all of the 13 cases from P1 to P13.
2.4.2.1 Resolution Study

After successfully detecting the locations of the PVC rod in the ECT electrode array,
different image parameters were computed to quantitatively assess the quality of reconstructed
images. A series of different image parameters were proposed by Adler et al. [148] to study the
image quality of EIT images. In this work, three of these evaluation criteria were adopted and
implemented for ECT image quality analysis. First, the one-fourth amplitude set or [eq]i, which
contains all the image pixels ([¢]i) greater than one-fourth of the maximum amplitude of all the

image pixels, was determined. Mathematically, [eq]i can be expressed as:

o] = {.f[g] > I maxe] 2.75)

0 otherwise
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Figure 2.12 Calculated capacitance values between pairs of electrodes are compared with the experimentally

measured capacitance response of a 8-electrode ECT system filled with air.

30

where [¢] is the reconstructed permittivity distribution. Position error (PE) was estimated by
calculating the distance between the center of gravity (CG) of the target object (i.e., the PVC rod)

and the CG of [gq]i. PE measures the extent to which reconstructed images accurately represent the

position of the target object and is computed by:

PE=r -, (2.76)

where ri and rq are the distances of the CG of the target object and [&q]i, respectively, where both
are with respect to the center of the ECT electrode array. Second, to estimate the resolution (RES)

of the reconstructed images, the square root of the ratio of the area (Aq) corresponding to [&q]i and

the total sensing area (Ao) was evaluated [148]:

_ A
RES - A) @.77)

Last, a shape deformation (SD) factor is defined as the fraction of the reconstructed one-fourth

amplitude set that does not fit into a circle (C) of the equal area:
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Figure 2.13 The ECT images were determined when the PVC rod was fixed at (a) P1, (b) P2, ..., to (m) P13.

_ [gq]i
SD = Zc: /Z[eq]i (2.78)

2.4.2.2 Resolution Study Results

These three performance parameters (i.e., RES, PE, and SD) were computed for all 13 rod-
position cases from P1 to P13 (Figure 2.11a) to evaluate the performance of the ECT algorithm.
Figure 2.14 shows each of the evaluation criterion results calculated for each rod position, while
Table 2.1 summarizes the statistical properties of each criterion considering all positions. In
general, smaller standard deviations indicate better accuracy of reconstructed images in terms of

the rod’s location, shape, and size. Even though the magnitudes of PE are very small over the
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Figure 2.14 The results of (a) PE, (b) RES, and (c) SD of the reconstructed images are plotted with respect to
each of the P1 to P13 test cases.

Table 2.1 ECT imaging accuracy evaluation results

Statistical
results
Mean Standard
Parameters deviation
PE [mm] 4.65E-04 0.0017
RES 0.237 0.0133
SD 1.14E-04 3.94E-05

entire ECT electrode array (Figure 2.14a), their bipolar distribution suggests that reconstructed
images are sometimes pushed towards or away from the center of the sensing domain. The slightly
larger values of RES indicate that the ECT algorithm tends to overestimate the size of the target

object (Figure 2.14b). The smoothing effect of the regularization scheme used in this study may
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contribute to this overestimation. Despite this, the incredibly small values of SD (i.e., on the order
of 10#) and its small standard deviations indicate the low risk of incorrect interpretation of the
reconstructed permittivity maps, thereby successfully validating its position-detection robustness.
In summary, these results successfully validated the ECT system, where the locations, shapes, and

sizes of permittivity changes were visualized fairly accurately.

2.5 Summary and Conclusions

In this chapter, EIT and ECT were introduced as two soft-field imaging techniques to
reconstruct the spatial distribution of electrical properties within a predefined sensing domain.
First, A physical model of EIT was derived and used to solve the EIT forward problem, which
aims to estimate the boundary voltage responses while the electrical conductivity distribution is
explicitly known. FE method was implemented to solve the EIT forward problem. CEM was used
as the boundary condition in the physical model of the EIT to accurately predict the boundary
voltage responses. The set of the linear equations obtained from the FE model of the EIT forward
problem was solved to estimate the boundary voltage responses. The forward problem was also
used to calculate the sensitivity matrix of the EIT, which contains the information on how the
boundary voltage changes in response to a small perturbation in the conductivity distribution. An

efficient way to calculate the EIT sensitivity matrix was proposed.

Similar to EIT, a physical model for ECT was also developed. Capacitance measurements
were obtained in a noncontact fashion and used to reconstruct the electrical permittivity
distribution of a predefined sensing region. Similar to EIT, the FE method was implemented to
solve the ECT forward problem to estimate the mutual capacitance between boundary electrode

pairs. Frechet derivative method was used to calculate the sensitivity matrix for ECT.
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The formulation of the EIT and ECT inverse problems were also discussed in this chapter.
EIT and ECT inverse problems are ill-posed in nature as a small perturbation in electrical property
may result in a large change in boundary electrical responses. As a result, the inverse problem was
regularized to obtain a meaningful solution. The Tikhonov regularization method was
implemented to solve the EIT and ECT inverse problem. Single-step image reconstruction for
difference imaging and iterative GN algorithm for absolute image reconstruction were developed
and implemented to solve the EIT and ECT image reconstructions. Lastly, the proposed forward
and inverse algorithm of EIT and ECT were experimentally validated. The accuracy of the ECT

algorithm was also investigated based on various image metrics.

The EIT and ECT algorithm developed in this chapter will be used in conjunction with
stimuli-responsive nanocomposite thin films for various spatial sensing applications. In particular,
Chapters 3 and 4 will explore EIT for spatial damage detection in self-sensing concrete and
distributed strain field mapping over large structural surfaces, respectively. ECT will be used in
Chapters 5 and 6 as a noncontact imaging tool for OIP monitoring and subsurface damage

detection in composites.
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CHAPTER 3 SELF-SENSING CEMENTITIOUS COMPOSITES

3.1 Introduction

As mentioned in Chapter 1, previous research efforts have demonstrated that strain-
sensitive nanocomposite, fabricated through the LbL process, can be applied on structural surfaces
as a coating for spatial damage detection [105]. Hence this method was mainly limited to structural
sensing at surface level. Additionally, the LbL method is not economical for the large-volume
fabrication of the thin film. Instead of using the thin film as a structural coating, this chapter
investigates a scalable, low-cost fabrication method to integrate the nanocomposite with structural
materials. Such nanocomposites-enhanced structural materials can perform self-sensing along with
load-bearing. Additionally, EIT can also be implemented for direct spatial damage detection in

such self-sensing materials.

This chapter shows how self-sensing property can be encoded in cementitious composites.
Among many structural materials, cementitious composites is selected as they are one of the most
commonly used materials for civil infrastructure systems worldwide [149-151]. In general, its
intrinsic properties, versatility, and cost-effectiveness make it ideally suited as a civil infrastructure
construction material. Unfortunately, cementitious composites are susceptible to damage during
service due to extreme loads, long-term degradation, fatigue, and environmental effects, among
others [152, 153]. Over time, deterioration and damage can propagate to cause catastrophic

structural collapse [154].

Thus, detecting the onset and monitoring the progression of damage is critical for
facilitating necessary maintenance and for preventing catastrophic failure. In addition to traditional

NDE methods [155-157], over the last few decades, a different approach for damage detection has
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been proposed based on designing a new generation of multifunctional cementitious composites.
In general, the addition of conductive additives to the cement matrix has enabled multifunctional
cementitious composites to bear loads while possessing self-sensing properties [158]. As early as
1995, Chen and Chung [159] demonstrated that the electrical resistance of concrete mortars with
carbon fibers dispersed in the mortar matrix changed in response to cyclic loading. While
resistance change was reversible during cyclic loading, cracks or damage caused irreversible
changes in the “smart” concrete’s resistance. Later improvements involved using ozone-treated
carbon fibers, which led to improvements in the sensing response’s sensitivity and repeatability.
The incorporation of steel and carbon fibers together in concrete beams was also studied; not only
was this combination successful in altering the concrete’s mechanical properties (i.e., flexural
strength and toughness), but its electrical resistance was also sensitive to crack width [160].
However, it should be mentioned that a limitation of using these fibers as conductive additives is
to make sure that they are evenly distributed within the composite. Poor dispersion or
agglomerations would diminish material properties. Besides, existing construction practices need
to be modified for casting fiber-reinforced cementitious composites, which may be a deterrent for

practical implementations.

More recently and with the advent of nanotechnology, the design of multifunctional or
smart cementitious composites focused on leveraging the unique properties of conductive
nanomaterials such as CNTs [161-164]. For example, Yu and Kwon [165] fabricated cement paste
specimens and investigated two methods for dispersing CNTs, namely using acid treatment to form
functionalized carboxylic groups on CNT surfaces and using noncovalent suspension in
surfactants. In fact, different groups used various surfactants, including sodium dodecyl sulfate

[165, 166], sodium dodecyl benzene sulfonate [166, 167], and PSS [168], to name a few. Han et
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al. [161] showed that CNT-based cementitious pavements could be used for traffic monitoring.
Besides CNTSs, other nanomaterial additives were also investigated, such as carbon nanofibers
[169], carbon black [162], and graphite [170]. While these studies demonstrated promise for
achieving next-generation, self-sensing, cement composites, it remains challenging to scale up due
to dispersion issues, specialized casting procedures, and cost. Wong [171] dispersed MWCNTS in
different surfactants (e.g., PSS and superplasticizers) in ultra-low concentration and used for self-

sensing cementitious composite casting.

This work is a continuation of Wong’s work [171]. However, instead of dispersing the
MWCNT in the surfactants prior to casting, this work is focused on modifying the cement-
aggregates interfaces of mortar and concrete specimens with MWCNT-based thin films [26]. In
short, the airbrushing technique was employed for spraying the electrically conductive MWCNT-
latex thin films onto dry sand and coarse aggregates. The film-coated sand and aggregates were
then used for casting cementitious composite specimens. This technique was applied to both
mortar and concrete. In the case of mortar, sand was spray-coated with MWCNT-latex thin film.
Like the mortar specimens, sand and coarse aggregates were spray-coated with the MWCNT-latex
thin film for concrete casting. By doing so, direct spatial sensing and damage identification could
be accomplished through EIT since localized changes in electrical resistivity would suggest the

presence of cracks, spalling, or other types of damage.

This chapter begins with the experimental details, namely the mix design, MWCNT thin
film fabrication, thin film-coated sand and aggregate preparation, casting procedures, and testing
protocols for mortar and concrete specimens. Then, the chapter continues with a discussion of the

mechanical and electromechanical test results of mortar and concrete specimens. Spatial damage
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detection using the “self-sensing” cementitious composite specimens coupled with the EIT

algorithm was also validated. This chapter ends with a brief conclusion.

3.2 Experimental Details

An experimental program was devised for characterizing the mechanical and sensing
properties of self-sensing cementitious composites. As mentioned in Section 3.1, the cement—
aggregate interfaces of the cementitious composite were nano-engineered by directly depositing
MWCNT-latex thin films onto aggregates prior to using them for cementitious composites casting.
Although other studies demonstrated some success by dispersing nanomaterials in cement matrices
[163], the objective of this study was to explore a new and more efficient method of incorporating
CNTs and for enhancing electromechanical performance. The following sections explain the
nanocomposite fabrication process, mortar, and concrete mix design, casting, and testing

procedures.

3.2.1 Nanocomposite Fabrications

As stated earlier, the sand and aggregates were coated with an MWCNT-based thin film
prior to using them for casting. In this study, the MWCNT thin film was sprayed and deposited
onto dry sand and aggregates using an airbrush, as was described by Mortensen et al. [172]. Prior
to spraying films, an MWCNT solution was prepared. First, MWCNTSs were dispersed in 2 wt.%
PSS solution with a small amount of N-methyl-2-pyrrolidinone (NMP). After achieving adequate
suspension by bath and high-energy tip sonication [173], a latex solution was added to create the
MWCNT-latex ink, which was used as is for spraying using a Paasche airbrush. As was discussed
in Mortensen et al. [172], both the PSS and latex facilitated MWCNT suspension and the

deposition of films characterized by a percolated morphology and high homogeneity, as can be
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EM
age shows the morphology of the MWCNT-latex thin film, which
consists of dispersed nanotubes and latex spheres.

Figure 3.1 The scanning electrn microscope i
seen from the SEM image in Figure 3.1.
3.2.2 Sand and Aggregate Coating

Spray fabrication of coarse aggregates and sand was performed manually by holding a
Paasche airbrush 30 cm (12 in) above the aggregate surface and then spraying the MWCNT-latex
ink by hand, as shown in Figure 3.2. Once a uniform film was deposited onto the surfaces of
aggregates, the film-coated aggregates were manually mixed with a plastic spatula to expose
uncoated aggregate surfaces. Airbrushing was then repeated. To obtain uniform coatings, sand
required twice as much MWCNT-latex ink than the large aggregates; a total of six coatings were
applied for sand and three for large aggregates. After spraying was finished, the treated aggregates
were air-dried at room temperature for 30 min and then placed in a vacuum oven set to 80 °C for
30 min. The film-coated sand and aggregates were allowed to cool to room temperature prior to

being used for concrete casting. Figure 3.3 shows an SEM image of an MWCNT-latex thin film,
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(a) o (b)

Figure 3.2 MWCNT-latex inks are airbrushed to form thin films on (a) large or coarse aggregates and (b) sand.

pot | Lens Mode | mode
M 4 9 mm :HC kV 110117 2.0 | Immersion | SE

Figure 3.3 An SEM image of a thin film deposited on a sand particle shows that carbon nanotubes (thin, white
lines) and latex spherical particles are uniformly deposited.

which in this case, was deposited onto a sand particle. It should be mentioned that, while uniform
films can be deposited onto flat surfaces, it is likely that the films on sand and aggregates exhibited
non-uniform thicknesses (i.e., due to the orientation, angularity, and gradation of sand particles).

However, it is hypothesized that this would not affect the electrical and electromechanical

properties of the bulk cementitious composite.
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3.2.3 Experimental Details for Self-Sensing Mortar

3.2.3.1 Mortar Mix Design and Casting

Mortar specimens were cast following the procedure as a combination of the Federal
Aviation Administration (FAA) guidelines for runway concrete pavement [174] and ASTM C109
for mortar specimen strength testing. The cementitious material used was a mixture of Type I/1l
Portland cement and 25 wt.% (of total cementitious material) Type F ground granulated blast
furnace slag (GGBFS). Specimens were cast using a 2.75:1 sand-to-cement ratio, as stated in
ASTM C109 [34]. The sand used was crushed granite with a density of 2.71 g/cm? and a minimum
particle size of 0.149 mm. Prior to its use and/or the deposition of the MWCNT-latex thin film,
sand was dried in a vacuum oven operated at 80 °C for 24 h. A water-to-cement ratio (w/c) of 0.52
was used, along with 2.9 mL/kg of Advacast superplasticizer (SPL), for reducing water content

and increasing mix workability.

Casting the mortar cubes and plate specimens began with mixing the various constituents
using a Hobart N-50 mixer. First, the cementitious material, water, and Advacast SPL were mixed
at a low speed of 60 rpm for 30 s. While the mixer was still operated at 60 rpm, sand (i.e., either
pristine or coated with the MWCNT-latex thin film) was gradually added. Upon doing so, the
mixer was set to medium-speed (124 rpm) for 1 min, so as to obtain an even mixture. Then, the
mixer was turned off, and any material on the walls of the bowl was scraped off. Finally, the

mixture was set aside for 15 s before being poured into individual molds.

Two different types of molds were used for casting mortar specimens in this study. The
first type was 5 x 5 x 5.cm® (2 x 2 x 2 in®) cubic molds. These molds were oiled with WD-40 as a

releasing agent, and the seams were sealed with petrolatum. In addition to subjecting these cubic
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Figure 3.4 A saturated 5 x 5 x 5 cm® mortar specimen with embedded copper mesh electrodes is shown.

specimens to mechanical tests, the sensing characterization tests required that their electrical
properties be measured during applied strains and stresses. For this reason, 4.5 x 6.5 cm? (1.75 x
2.25 in?) copper mesh electrodes were cut and inserted at opposite ends in certain molds (i.e., those
designated for casting specimens for electromechanical characterization). Electrode placement
was done so that the mesh covered the entire specimen’s cross-section while having a small portion
extended outwards for measurement purposes. Once the electrodes were in place, the mix was
scooped into each mold, filling them halfway. Each mold was then tamped for 10 s before being
filled completely and tamped again for another 10 s. After tamping, the molds were sealed with
plastic wrap and stored at room temperature in a sealed container for 24 h. Finally, the specimens
were demolded and placed in a limewater solution to cure for 28 days prior to testing. A saturated
mortar specimen with embedded electrodes is shown in Figure 3.4. For this study, mortar cube
specimens using pristine sand and film-coated sand were cast for testing purposes and for

comparison.

On the other hand, two PVC plate molds that measured 25 x 12.5 x 1 cm?, pre-oiled with

WD-40, and the contact surfaces sealed with white petrolatum were used. Because these specimens
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were designed for damage detection validation studies (as will be discussed later), electrodes were
also embedded during casting. Here, 16 copper mesh electrodes (6 x 50.8 mm?) spaced 4 mm apart
to form a 4 x 4 pattern were attached to square Balsa wood forms. Three of these forms were
placed into each mold so that three different plate specimens could be obtained. After placing the
electrode formwork, the mortar mixture was meticulously poured into the mold to avoid bending
or moving the electrodes. Tamping and gentle shaking was done to ensure that no voids were
present in the plate. Then, the molds were covered with plastic wrap, sealed with packing tape,
and stored at room temperature for 24 h before they were demolded and placed into a lime bath
curing solution for 28 days. Once cured, each plate was removed and cut using a diamond saw to
form individual specimens for testing. It should be noted that specimens were placed in a vacuum

oven for 1 h at 80 °C and then allowed to cool down to room temperature before testing.

3.2.3.2 Load Testing

An MTS load frame equipped with a 407 controller was employed for testing mortar
specimens and for characterizing their mechanical and electromechanical properties. The cubic
mortar specimens (Section 0) were used for two types of tests. First, specimens without embedded
electrodes were subjected to monotonic, uniaxial, compressive loading until material failure so
that their mechanical properties could be characterized. The displacement-controlled test was
conducted using a ramp rate of 1.905 mm/min. Eight pristine and seven thin film-enhanced mortar

specimens were tested for this case.

The second set of tests was for characterizing the electromechanical response of mortar
specimens. Thus, cubic specimens with embedded copper mesh electrodes were used. The

specimens were initially preloaded to 5,000 N, before the load frame executed a 0.1 Hz
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compressive cyclic load pattern to a peak strain of -0.45%; they were subjected to a minimum of
five load cycles. The load frame’s load and displacement data were recorded using a customized
LabVIEW client (sampling rate: 55 Hz). In addition, its DC resistance was also recorded
simultaneously using an Agilent 34401A DMM recording at a sampling rate of 2.8 Hz. It should
be mentioned that, prior to each test, ~ 20 s of resistance data was recorded first. This data was
used for quantifying the specimen’s nominal resistance, as well as for identifying any possible drift

in its electrical response.

It should be mentioned that all of the specimens tested in this study were dried at 50 °C for
6 h in a vacuum oven immediately prior to testing. It was common to conduct multiple tests on the
same specimen. However, the time between each test was minimized so as to reduce experimental
error induced by possible moisture changes that could occur in each specimen. In total, six pristine

and six film-enhanced mortar specimens were subjected to electromechanical tests.

3.2.3.3 Spatial Damage Detection Validation

A testing protocol was established to validate the use of EIT for detecting the spatially
distributed damage occurring in mortar specimens. For this test, only plate specimens (that have
been enhanced with MWCNT-latex films airbrushed onto dry sand particles) with the 4 x 4 copper
mesh electrodes were used. In this study, DC was injected across electrodes on opposite edges of
the square mortar specimen, while voltage was measured across adjacent boundary electrodes; a

similar approach was used by Loyola et al.[137].

Two sets of tests were conducted for validating spatial damage detection using the film-
enhanced mortar specimens coupled with the EIT algorithm. Prior to each test, an initial baseline

(or undamaged) EIT measurement was obtained. The first damage scenario entailed drilling four
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holes using a 6.4 mm (0.25 in) masonry drill bit. Holes were drilled close to each corner of the
square mortar plate. It should be noted that EIT measurements were obtained after drilling each
hole. The second case employed a grinder for cutting a slit (to simulate a crack) on the backside
of the plate. The average depth of cut was ~ 2.4 mm, although the depth was not uniform along its

length.

3.2.4 Experimental Procedures for Self-Sensing Concrete

Similar experimental procedures were followed to validate that the self-sensing property
can be encoded in the concrete by nanoengineering the cement-aggregate interfaces as done for
mortar. This section describes the spray-coated sand and coarse aggregate preparation process,
concrete mix-design, casting, compression and flexural test protocols, and the spatial damage

detection test procedures.

3.2.4.1 Mix Design

The concrete mix design employed in this study followed the FAA runway rigid pavement
guidelines [175]. Here, type I/11 Portland cement and 25 wt.% (of total cementitious material) type
F GGBFS were used. The fine aggregates were crushed granite with a density of 2.71 g/cm® and a
minimum sieve size of 0.149 mm, and a 2:1 sand-to-cement ratio was employed. The large
aggregates were 19 mm (0.75 in) river rock with a specific gravity of 2.7, and an aggregate-to-
cement ratio of 3:1 was used. Selection of both fine and large aggregates conformed to the FAA
guidelines on gradation46. All of the aggregates were cleaned and oven-dried at 80 °C for 24 h
and then allowed to cool to room temperature for 1 h, before MWCNT-latex thin films were
deposited on their surfaces, which will be explained in the next section. W/c ratios ranging from

0.42 to 0.44 were used along with an Advacast SPL. A range of w/c ratios was used due to different
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casting environments and ambient temperatures, but the SPL concentration was maintained at 3.5

mL/kg for all the specimens.

3.2.4.2 Concrete Casting Procedure

Due to smaller volumes of material, concrete plate specimens were cast using a small-scale
Hobart N-50 mixer. First, cementitious material and water were added to the mixing bowl. The
mixer speed was set to 60 rpm and was run for 30 s to evenly hydrate the cementitious mixture.
Second, after initial mixing, SPL was added, and the contents were mixed for another 2 min.
During this time, sand (either pristine or coated with thin films), was added to the mixer in equal
proportions every 30 s. Once all of the sand had been incorporated, the mixer was stopped, and the
bowl was removed so that the large aggregates could be added. The large aggregates were poured
into the bowl in small proportions, and a garden trowel was used to manually mix the contents for
30 s before more aggregates were added. This process was repeated until an even and workable

mixture was obtained.

Plate specimens were cast using two custom PVC molds that measured 125 x 350 x 18
mm?. Like the mortar specimen casting, the molds had their seams sealed with white petrolatum
and their surfaces oiled with WD-40 as a releasing agent before the concrete mix was poured into
the molds. The objective was to use each large plate to obtain three individual smaller plate
specimens that each measured 80 x 80 x 18 mm?. Since these concrete specimens would be
subjected to spatial damage detection tests using EIT, custom Balsa wood formworks for
placement of boundary electrodes were also fabricated and used during casting. The formwork
held 24 equally spaced copper mesh electrodes arranged in a 6 x 6 square pattern, and the

formwork was placed on top of the PVC concrete molds so that the electrodes could be embedded
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and cast with the specimens. Upon pouring the mix into the molds, a 3.2 mm (0.125 in) steel rod
[176] was employed for tamping the concrete for 1 min, and further compaction was performed
using a shake table operated at 5 Hz for 1 min. Finally, the top of the molds was covered with clear
plastic wrap to avoid surface cracking due to uneven curing and drying. They were stored at room

temperature for 24 h before being demolded and placed in a curing solution for 14 days.

Cylinder and beam specimens were also cast for compressive and flexural strength tests,
respectively, using the same mix design. For these specimens, a MultiQuip large capacity cement
mixer was employed for casting. The casting procedure was similar, in which the dry ingredients
(cement and aggregates) were mixed for 30 s before water and SPL were added. The mixture was
then mixed for 5 min. For the cylinder specimens, 10-mm-diameter (4 in) and 20-mm-tall (8 in)
cylinder molds were used. These cylinders were filled with two lifts of concrete, where each lift
was tamped 25 times using a 14 mm (0.55 in) steel rod. Cylinders were capped and placed in a
water bath for three days before being demolding, followed by a curing bath for 28 days. On the
other hand, beam specimens were cast using a custom 15 x 15 x 46 mm3 (6 x 6 x 18 in®) PVC
molds. The interior of the molds was coated with WD-40 as a releasing agent and its seams sealed
with white petrolatum. Casting was done by adding the mix in three lifts, and tamping was
performed after each pour [48]. After filling the mold, additional compaction was achieved using
a concrete vibrator. Beam specimens were then covered in clear plastic wrap and stored at room
temperature for 48 h before being demolded and placed in a curing solution for 28 days. In total,
four unique sets of cylinder and beam sample sets were cast. The four types were the sample sets
that used film-treated sand, film-treated large aggregates, both film-treated sand and large

aggregates, and control (i.e., no coating).
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3.2.4.3 Compression and Flexural Tests

The compressive strength of concrete was determined by conducting cylinder load tests
following ASTM C39 [177]. Before testing, specimens were demolded, capped with sulfur mortar,
[178] and placed in a water bath for 24 h. Specimens were then removed from the bath and
mounted in an MTS load frame. Testing was done using a displacement-controlled rate of 0.51
mm/min (0.02 in/min), and this yielded an equivalent load rate that was within the range allowed
as set forth in the ASTM guidelines [177]. On the other hand, beam specimens were subjected to
four-point bending tests for determining their flexural strength, otherwise known as the modulus
of rupture. Following ASTM guidelines, the beam specimens were mounted in an MTS load frame.
Testing was performed using force-control and operated using a load rate of 8 KN/min. All of the
cylinder and beam specimens were tested until failure, and during which, displacement and load
data were recorded through the MTS DAQ system interfaced with LabVIEW. Fracture patterns for
each specimen were recorded and were compared to the fracture pattern figures provided in the

ASTM guidelines for cylinder and beam tests [177].

3.2.4.4 Spatial Damage Detection Tests

Validation of spatial damage detection was performed using concrete plate specimens.
Before testing, each plate was removed from its curing solution, rinsed with water, and then dried
in a vacuum oven set to 75 °C for 24 h. Damage detection tests were performed on the plate
specimens after they cooled down to room temperature, since their electrical resistance can be
lower at elevated temperatures. The DAQ system described in Chapter 1 was used for EIT
interrogation and data acquisition. Across injection pattern was used for the EIT interrogation of

the self-sensing concrete specimens.
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Before damage was introduced to a specimen, a baseline EIT measurement of the
undamaged specimen was obtained, using the aforementioned DAQ system and measurement
strategy. Next, the specimens were subjected to localized damage by drilling 6.35 mm (0.25 in)
holes, using a masonry drill bit, and at various locations in the plate. Drilling was done slowly to
minimize excessive heating of the bit, since no coolant or lubricant was used. A total of three holes
were drilled in each specimen. After drilling each hole, the DAQ system was employed for

obtaining the corresponding EIT boundary voltage measurements.

3.3 Results and Discussions

3.3.1 Self-Sensing Mortar

As mentioned in Section 0, mortar specimens were cast and subjected to both mechanical
and sensing characterization tests. This section discusses the results obtained and compares the

results from pristine mortar versus specimens casted using MWCNT-latex thin film-coated sand.

3.3.1.1 Mechanical Properties

Tables 3.1 and 3.2 summarize the Young’s modulus (E) of the pristine and MWCNT-latex
thin film-enhanced mortar specimens’ mechanical properties. The first ‘#M’ denotes mechanical
tests, and the second character denotes the type of specimen, namely ‘P’ for pristine and ‘M’ for
MWCNT. The data presented in Table 3.1 was obtained from monotonic, uniaxial, compressive
tests performed using 5 x 5 x 5 cm? cubic mortar specimens, as was discussed in Section 3.2.3.3.
It should be mentioned that these tests loaded the mortar specimens until failure. However,
Young’s modulus was derived from the slope of the linear least-squares best-fit line applied to the

initial linear portion of the stress-strain raw data. The average Young’s modulus of the pristine and
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MWCNT-latex thin film-enhanced mortar specimens was 14.0 £ 1.2 and 6.03 £ 0.64 GPa,
respectively (Table 3.1). The peak compressive strength (fc’) was taken as the peak value of the

stress-strain raw data (Table 3.2).

From the results presented in Tables 3.1 and 3.2, it was clear that the MWCNT-latex films
affected the stiffness and strength of pristine mortar. It is known that the strength and stiffness of
cementitious composites are derived from the cement-particle interactions. It was possible that
MWCNT-latex films coated on sand prevented those same types of chemical bonds to form, hence
decreasing Young’s modulus and strength of the bulk mortar specimen. Another reason may
because of particle smoothing due to the MWCNT-latex coating, which reduced the ability of

particles to interlock and resist loads.

3.3.1.2 Nominal Electrical Properties

In addition to the specimens’ mechanical properties, their nominal or unstrained electrical
properties were also quantified. As was discussed in Section 3.2.3.3, DC resistances of six pristine
and six MWCNT-latex thin film-enhanced mortar cubic specimens were measured prior to
electromechanical testing. For each specimen, ~ 20 s of resistance data (sampling rate: 2.8 Hz)
was collected. The average DC resistance for each specimen was computed and presented in Table
3.3. In Table 3.3, ‘#E’ denotes nominal electrical characterization tests, and ‘P’ and ‘M’ refer to

the two different types of sample sets tested in this work.
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Table 3.1 Comparison of mortar specimens’ Young’s modulus

E E E E
Pristine mortar [ksi] [GPa] MWNT mortar [ksi] [GPa]
#M-P1 2,060 14.2 #M-M1 800 5.52
#M-P2 1,980 13.7 #M-M2 905 6.24
#M-P3 2,210 15.2 #M-M3 820 5.65
#M-P4 2,280 15.7 #M-M4 750 5.17
#M-P5 1,890 13.0 #M-M5 950 6.55
#M-P6 1,730 11.9 #M-M6 1020 7.03
#M-P7 1,990 13.7 #M-M7 876 6.04
#M-P8 2,100 14.5
Average 2,030 14.0 Average 874 6.03
dovaton | 75 | 12| deaon | 27 | 0%

Table 3.2 Comparison of mortar specimens’ compressive strength

Pristine mortar fc,_ MWNT mortar fc,.
[psi] [psi]
#M-P1 5,290 #M-M1 3,220
#M-P2 4,820 #M-M2 3,270
# M-P3 5,160 #M-M3 3,740
# M-P4 4,830 #M-M4 2,900
# M-P5 4,630 #M-M5 3,300
# M-P6 4,110 #M-M6 3,560
# M-P7 4,550 #M-M7 3,190
# M-P8 4,720

Average 4,760 Average 3,310
Standard deviation 370 Standard deviation 270

One can see from the results shown in Table 3.3 that the average resistivity values of mortar
specimens without and with MWCNT-latex thin films were drastically different. Outliers were
present (i.e., indicated as underlined values in Table 3.3), and they could be a result of improper
drying or electrode corrosion during curing. Without considering these potential outliers in the
nominal resistivity data, it was found that the average resistivity was 23.8 + 2.7 and 2.14 + 0.48
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Table 3.3 Comparison of mortar specimen nominal electrical properties

Pristine Average resistivity MWNT Average resistivity
mortar [kQ-m] mortar [kQ-m]
#E-P1 22.9 #E-M1 385

#E-P2 21.9 #E-M2 2.8

#E-P3 27.8 #E-M3 2.38

#E-P4 22.5 #E-M4 2.12

#E-P5 2.73 #E-M5 1.82

#E-P6 2.77 #E-M6 1.56
Average 23.8 Average 2.14
dviation 27 deviation 048

kQ-m for the pristine and film-enhanced mortar, respectively. The resistivity difference between
the two sets was more than one order of magnitude, which is expected given the high electrical
conductivity of carbon nanotubes and of the MWCNT-latex thin films [172]. It should be
mentioned that a few of the specimens tested exhibited significant nominal resistance drifts, and

those results were not included in this study.

3.3.1.3 Sensing Response Characterization

The electromechanical properties of cubic mortar specimens were characterized by
conducting compressive cyclic tests, as was discussed in Section 3.2.3.2. During these tests, the
specimen’s DC resistance was recorded, along with its force-deformation response. It should be
noted that the applied peak compressive strain was approximately -0.45%. This peak strain was

selected to ensure that the mortar specimens remained linear-elastic and undamaged.

Figures 3.5a and 3.6a plot two representative results of the electromechanical tests; the
plots show the mortar specimen’s resistivity time histories overlaid with that of the applied strain

patterns. Both sets of these results were for mortar specimens that incorporated MWCNT-latex
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Figure 3.5 (a) The resistivity time history response of mortar specimen #S-M1 (i.e., with MWNT-latex thin
film) is overlaid with the applied strain time history. The results clearly show that the specimen’s
electromechanical properties are sensitive to applied strains. (b) Upon plotting the normalized change in

resistance with respect to applied strains, it was found that the electromechanical response was bilinear.
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Figure 3.6 (a) The resistivity time history response of mortar specimen #S-M6 (i.e., with MWCNT-latex thin
film) is overlaid with the applied strain time history. The results clearly show that the specimen’s
electromechanical properties are sensitive to applied strains. (b) Upon plotting the normalized change in

resistance with respect to applied strains, it was found that the electromechanical response was bilinear.

thin films. As expected, the test results showed that the mortar specimens’ electrical properties

were sensitive to applied strains. In addition, resistivity decreased in tandem with decreasing

strains (i.e., with greater magnitudes of applied compressive strains). It should be mentioned that

the pristine mortar specimens also exhibited similar resistivity changes with respect to applied

compressive loading. It can also be seen from Figures 3.5a and 3.6a that resistivity change was

synchronized with that of the applied strains, and the specimen’s sensitivity to strain was stable

and repeatable.



While no significant nominal resistivity drift was observed during loading, resistivity drift
due to potentially polarization was present during the initial 20 s of resistance measurements. For
most cases, the nominal resistivity drift plateaued quickly, and tests were conducted after such
drifts disappeared. In fact, an earlier studied showed that the nominal resistivity drift of cement
paste specimens with ultra-low concentrations of MWCNTs would eventually plateau after
repeated cyclic loading [168]. It was suspected that resistivity drift occurred because of electric
charging or polarization. While the cement paste specimens tested by Wong et al. [168] were
different than those presented in this study, polarization could still occur. It is worth noting that
other researchers also observed similar charging effects, and its effect could be counteracted by
applying AC excitations, using techniques such as applying a linear fit to the data [166], or by pre-
charging the cementitious composite [179], just to name a few. Nevertheless, one can see from
Figure 3.6a that the specimen’s nominal resistivity was just beginning to plateau during the first

few loading cycles.

For both of the aforementioned specimens, the same sets of data were converted such that
normalized change in resistivity was plotted with respect to applied strains, as can be seen in Figure
3.5b and Figure 3.6b. Both Figure 3.5b and Figure 3.6b show that the electromechanical response
of the mortar specimens (i.e., for ones enhanced with the MWCNT-latex thin film interface)
exhibited a polynomial relationship with respect to applied strains but was approximated as bi-
linear for the purposes of quantifying strain sensitivities. This observation was true and applicable
for all of the specimens tested in this study. In addition, a linear least-squares regression line was
fitted to each of the two linear portions for each dataset so as to determine the strain sensitivity (S)

or gage factor, which can be calculated by the following:
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5= Dr/r, (3.1)

where po is the nominal or unstrained resistivity, and 4p is the change in specimen resistivity

corresponding to the change in applied strains (4e).

Equation 3.1 was employed for estimating the low-strain and high-strain strain sensitivities
for all the electromechanical test results. Since each mortar specimen was subjected to multiple
loading cycles, low-strain S and high-strain S were calculated for each cycle, and the average strain
sensitivities were computed. The results are summarized in Table 3.4. Here, the specimens are
denoted as ‘#S’ for sensing characterization; the notations for ‘M’ and ‘P’ follow the same

definitions in Section 3.2.3.2.

It should be mentioned that the pristine mortar specimens did not exhibit bi-linear strain
sensitivity. As a result, each pristine mortar specimen was characterized by an average strain
sensitivity value, as opposed to being separated to that of low-strain and high-strain; those results
are tabulated in Table 3.5. For comparison purposes, Table 3.4 also includes the strain sensitivities
computed using the entire dataset (Scomplete); t0 be specific, a linear least-squares regression line
was fitted to the entire data for each cycle of loading; while this was not accurate, this calculation
was performed so that a direct comparison can be made between the film-enhanced and pristine

mortar specimens.

One can observe from the results shown in Table 3.4 that the average low-strain gage factor
(Siow-strain) Was very impressive at 229 + 60. This sensitivity was valid for applied strains between
0% and ~ 0.2%. It is hypothesized that such high strain sensitivities were obtained, because the

embedded thin film-coated sand in unstrained mortar specimens was near or at the electrical

79



Table 3.4 Strain sensitivities of mortar specimens enhanced with MWCNT -latex thin films

Low-strain gage factor
Specimen #S-M1 | #S-M2 | #S-M3 | #5-M4 | #S5-M5 | #S-M6 Average
Siow-strain 273 136 178 292 253 242 229460
High-strain gage factor
Shigh-strain 56.5 87.2 59.6 62.9 61.0 63.9 65111
Entire dataset gage factor
Scomplete 114 128 111 144 131 119 125412
Table 3.5 Strain sensitivities of pristine mortar specimens
Specimen #S-P1 | #S-P2 | #S-P3 | #S-P4 | #S-P5 | #S-P6 Average
Scomplete 77.7 85.0 75.6 58.8 40.3 30.2 61+22

percolation threshold. Any minor compressive load would cause a dramatic change in percolation
properties, which would result in a large gage factor [40]. Applications of greater loads should

cause strain sensitivity to decrease thereafter (i.e., after exceeding the percolation threshold).

In fact, after the low-strain regime, the average Shigh-strain Was 65 + 11. From representative
plots shown in Figures 3.5 and 3.6, it is clear that bi-linear sensitivity was a good approximation
and that within each low- or high-strain regime, linearity was strong. It is hypothesized that this
bi-linear response was observed because, during initial loading, slight changes in orientation of
MWCNT-latex thin film-coated sand particles could occur and make contact with another particle,
thereby changing the bulk specimen’s electrical properties in a dramatic fashion. Localized high
stresses acting on the film surface could also explain why such drastic changes in electrical
properties were observed, especially since these MWCNT-latex thin films are piezoresistive [35].

After this point, it is hypothesized that strain sensitivity is dominated by the cementitious matrix,
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although the electrical conductivity of the bulk mortar is still enhanced with the presence of the

MWCNT-latex thin film.

In contrast, the pristine mortar specimens did not exhibit bi-linear strain sensitivity, and its
average strain sensitivity was much lower, approximately 61 + 22. As compared to the MWCNT-
latex thin film-enhanced mortar, the pristine mortar possessed gage factors similar to that of Shign-
strain TOr the MWCNT-based specimens. The comparable strain sensitivity makes sense, since it
was hypothesized that the cementitious matrix was contributing to most of the electromechanical
response observed. However, it should be mentioned that the standard deviation for the pristine
mortar was 22, which is twice that of the MWCNT-based specimens (i.e., 11). In fact, the SNR
and sensing resolution of the pristine mortar specimens was fairly low. Thus, despite comparable
high-strain gage factors, the advantages offered by modifying the cement-sand particle interface
with MWCNT-latex thin films were improved SNR, sensing resolution, and repeatability of

measurements.

3.3.1.4 Spatial Damage Detection

Once the electromechanical properties of mortar specimens were characterized, the final
phase of this study was to validate spatial damage detection. Plate specimens with 16 embedded
copper tape or mesh electrodes were cast, following steps outlined in Section 3.2.3.3. It should be
mentioned that only MWCNT-based mortar plates were investigated because preliminary tests
showed that electrical current could not be effectively propagated through pristine mortar
specimens. Because of this, spatial resistivity mapping of pristine mortar using the EIT algorithm

was not possible.

According to Section 3.2.3.3, an additional set of tests using these plates with 16 boundary
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Figure 3.7 A masonry drill bit was used to drill holes in the smart mortar specimen and in a sequential fashion, that

is, at the (a) bottom-left, (b) top-right, (c) top-left, and then (d) bottom right. The EIT spatial resistivity maps (i.e.,

the change of resistivity relative to the undamaged baseline) after drilling the (e) bottom-left, (f) top-right, (g) top-

left, and then (h) bottom right holes are shown.
electrodes, were also conducted. Instead of single damage, this test sought to validate the
performance of the MWCNT-based mortar and EIT algorithm for monitoring and detecting the
severity and location of multiple damage. To be specific, one can see from Figure 3.7 that a 6.4-
mm-diameter hole was drilled through the plate and near the bottom-left corner. The corresponding
EIT result shown in Figure 3.7e clearly identifies significant localized changes in resistivity at the
same vicinity. The same conclusion can be reached by examining the other three drilled-hole
locations (Figures 3.7b to 3.7d) and the respective EIT change in resistivity maps (Figures 3.7f to
3.7h). While some of the identified damage locations may not be exact (e.g., Figure 3.7g) the
technique suggests great promise for detecting damage severity and for identifying its general

location. These experimental results validated that mortar casted with nanocomposite-coated sand

provided sufficient electrical conductivity while using fewer additives for EIT to work.
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Figure 3.8 (a) An artificial crack was introduced along the diagonal of a smart mortar plate. (b) The reconstructed
EIT resistivty map clearly identifies the location and severity of the damage.

Besides drilling holes, a crack-like damage was introduced by cutting a ~ 2.4 mm-deep slit
on the plate’s surface. Figure 3.8a shows a picture of the crack-like damage on the backside of a
smart mortar plate, and Figure 3.8b shows the corresponding EIT result. As with the previous case,
the EIT result shows the change in resistivity of the smart mortar with respect to the initial
undamaged specimen. It can be seen from Figure 3.8b that the slit or crack can be identified as a
significant and localized increase in resistivity, which was expected. In addition, the remainder of

the specimen did not exhibit any changes in resistivity, since they were not damaged in the process.

3.3.2 Self-Sensing Concrete

3.3.2.1 Mechanical Properties

The compressive and flexural strength results are summarized in Tables 3.6 and 3.7. Here,
values for compressive and flexural strengths are presented with the corresponding sample sets’
w/c ratios and amount of SPL used during casting. Fracture patterns for all of the cylinders tested
were type 1-3, following the diagrams given in ASTM C3949, which means that the sulfur caps

were level and provided uniform loading throughout the tests. From the results shown in Table
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3.6, it can be seen that the lowest average compressive strength was for the aggregate-coated mix

at 6,500 psi.

Despite this, the compressive strength is well above the FAA guideline required strength
of 4,400 psi [46]. The sand-coated and both sand- and aggregate-coated sample sets exhibited
average compressive strengths of 6,860 and 7,580 psi, respectively. On the other hand, the pristine
specimens (i.e., untreated or no thin film coating) had an average strength of 7,030 psi. From these
results, it can be inferred that the mechanical properties of concrete can be maintained or even

exceeded when cement-aggregate interfaces are modified with MWCNT-latex thin films.

Overall, Table 3.6 suggests that sand-coated specimens could achieve the same, if not
greater, compressive strengths as pristine concrete. However, coating the large aggregates
degraded their inherent mechanical properties. While this can be perceived as a disadvantage of
the approach of modifying the cement-aggregate interface with MWCNT-latex thin films, the
objective was to meet or exceed design guidelines (i.e., 4,400 psi limit) [175] as opposed to
deriving a technigue that would not influence the material properties of concrete. Nevertheless, it
was postulated that coating the aggregates diminished strength since the MWCNT-latex coating
modified the chemistry and bonds that would have formed between the cement matrix and large
aggregates. Coating the large aggregates could potentially create a smoother surface that would
reduce the effectiveness of bonding. Future studies will explore partial coatings on large
aggregates as a compromise for enhancing electrical properties while mitigating the adverse
impacts on compressive strength. In contrast, coating sand did not seem to produce adverse effects.

This could be due to sands’ smaller particle size and intrinsic jagged nature.
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Table 3.6 Average compressive strengths of concrete cylinders.

Mix Design wic ratio SPL [mL/kg] Average compressive strength [psi]
Pristine (or untreated) 0.44 3.5 7,030
Aggregate-coated 0.44 35 6,500
Sand-coated 0.44 35 6,860
Sand- and aggregate-coated 0.44 35 7,580

Table 3.7 Flexural strengths of concrete beam specimens.

Mix Design wic ratio SPL [mL/kg] Modulus of Rupture [psi]
Pristine 0.44 3.5 953
Aggregate-coated 0.42 35 950
Sand-coated 0.42 3.5 903
Sand- and aggregate-coated 0.43 3.5 821

The beam tests and flexural strength results also provide a direct comparison on the
differences in the mechanical properties of different sample sets, since they were cast using
approximately the same w/c ratio and SPL content. All beam specimens fractured within the
middle-third of the span, and based on ASTM C78 [178], the modulus of rupture was calculated
using equation 3.2:

PL

=t (3.2)

where R is the modulus of rupture in [psi], P is the maximum applied load before failure in [Ibf],
L is the span length in [in], and b and d are the average width and depth of the specimen,
respectively, at the failure plane and in [in]. Here, it can be shown that the average flexural strength
of aggregate-coated beams was close to that of the pristine sample set. The sand-coated beam had

a slight lower rupture modulus, but this value only differed by 6% as compared to the pristine
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specimen. Finally, the sample set with both types of aggregates coated with the films had a 14%
flexural strength reduction. Despite this, these values are well above the minimum FAA
requirements for rigid pavement design, which states that the modulus of rupture should give a

minimum of 600 to 700 psi [174].

3.3.2.2 Spatial Damage Detection Validation

In order to validate spatial damage detection using EIT, three different types of concrete
plates were cast, each with dimensions of 80 x 80 x 20 mm?. As mentioned earlier, six 6-mm-wide
copper mesh electrodes, separated 4 mm apart, were embedded along each side of the square plates.

The damage was induced by drilling three holes at different locations in the plate.

First, damage detection tests were performed on pristine concrete plates (i.e., concrete
without any embedded MWCNT-latex thin films), and the test specimen and corresponding EIT
results are shown in Figure 3.9. As with all tests, the EIT DAQ system was employed for measuring
the boundary voltages before and after the introduction of damage. It can be seen from the
reconstructed resistivity distributions of the concrete plates (Figures 3.9e to 3.9h) that no apparent
changes in resistivity distributions were observed due to damage. The application of EIT on its
own on concrete did not enable damage detection. A reason for this could be the fact that the
resistivity of pristine concrete is too high. Hence, applied electrical current could not sufficiently
propagate through the entire material (i.e., electrical current only flowed through the path of least
resistance), and the measured boundary voltage responses were not sensitive to damage features
created by drilling holes. The same testing procedure was also repeated for concrete casted using
large aggregates coated with MWCNT-latex thin films, and a set of representative results are

shown in Figure 3.10. Similarly, spatial damage detection was unsuccessful for the same reasons
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Figure 3.9. Damage detection tests were performed on (a) pristine concrete plates. Holes were drilled near the (b)
bottom-left, (c) top-left, and then (d) top-right corners of the plate. (e) The spatial resistivity distribution of the
undamaged plate is shown. The change in resistivity distribution was also calculated with respect to the
undamaged baseline after the introduction of drilled-hole damage near the () bottom-left, (g) top-left, and (h) top-
right corners.

mentioned previously. It was hypothesized that coating the large aggregates alone did not create
sufficient amounts of conductive interfaces for electrical current to propagate effectively
throughout the entire plate. As a result, a percolation (or near-percolation) system was not formed,
and applied electrical current did not generate boundary voltage responses that were sensitive to

damage.

In contrast, sand-coated and both sand- and aggregate-coated concrete plates, when
coupled with the EIT algorithm, yielded drastically different results, as shown in Figures 3.9 and
3.10, respectively. For these two sample sets, electrical current applied across two opposite
electrodes was able to propagate throughout the entire plate, and the EIT spatial resistivity maps

clearly show
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Figure 3.10. Damage detection tests were performed on aggregate-coated concrete plates. The spatial resistivity
map for the (2) undamaged and the change in spatial resistivity distribution corresponding to a hole drilled near
the (b) bottom-left, (c) top-left, and (d) top-right did not successfully detect damage.

localized increases in resistivity that coincided with the locations of drilled holes. When comparing
the results shown in Figures 3.11 and 3.12, it can be seen that the SNR is higher (i.e., the magnitude
of the change in resistivity is larger) for concrete casted using both sand and aggregates coated
with the MWCNT-latex thin films. This result was observed because these specimens were
characterized by higher electrical conductivity due to the presence of more conductive cement-
aggregate interfaces. In short, spatial damage detection is only possible when current can propagate
through the entire body, and its path is perturbed significantly by damage (or localized resistivity
or conductivity changes) so that boundary voltage changes can be observed. Otherwise, EIT cannot
detect changes in resistivity from inverse analysis, as can be seen from the results shown in Figures

3.9 and 3.10.

3.3.2.3 Cost Analysis

A simple cost analysis was performed to compare the proposed technique of modifying
cement-aggregate interfaces using MWCNT-latex thin films versus the current state-of-art of
directly dispersing carbon nanotubes in the cement matrix. Table 3.8 shows a summary of the

increase in estimated costs (in U.S. dollars) of MWCNTSs required assuming A simple cost analysis
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Figure 3.11 Damage detection tests were performed on (a) concrete plates cast using sand coated with MWNT-
latex thin films. Holes were drilled near the (b) bottom-left, (c) top-left, and then (d) top-right corners of the plate.
(e) The spatial resistivity distribution of the undamaged specimen is shown. The change in resistivity distribution
was also calculated with respect to the undamaged baseline after the introduction of drilled-hole damage near the
(f) bottom-left, (g) top-left, and (h) top-right corners.

was performed to compare the proposed technigue of modifying cement-aggregate interfaces using
MWCNT-latex thin films versus the current state-of-art of directly dispersing carbon nanotubes in
the cement matrix. Table 3.8 shows a summary of the increase in estimated costs (in U.S. dollars)
of MWCNTS required assuming that 256 kg of cementitious content is needed for 1 m® of concrete
(based on FAA guidelines) [174]. All weight percentage concentrations of carbon nanotubes are
with respect to the amount of cement or cementitious material used in the mix design. The larger
weight percentages are comparable to the quantities used by Yu and Kwon [180]. The last two
rows correspond to concrete specimens presented in this work, and MWCNT concentrations were

calculated based on the total weight of nanotubes used during ink preparation and spray fabrication
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Figure 3.12. Damage detection tests were performed on (a) concrete plates cast using sand and large aggregates
coated with MWCNT-latex thin films. Holes were drilled near the (b) bottom-left, (c) top-left, and then (d) top-
right corners of the plate. (e) The spatial resistivity distribution of the undamaged specimen is shown. The change
in resistivity distribution was also calculated with respect to the undamaged baseline after the introduction of
drilled-hole damage near the (f) bottom-left, (g) top-left, and (h) top-right corners.

(i.e., material lost during spray coating was accounted for in these calculations and represents

opportunities for further lowering the cost of this technique).

Given that the average price of concrete is ~ $122 per cubic meter [181], significant
increases in costs can be observed if MWCNTSs are directly dispersed in the cement matrix. For
instance, concrete containing 0.5 wt.% of MWCNTSs would incur [181] times additional costs as
compared to pristine concrete. In comparison, sand-coated specimens in this study would incur
dramatically less increases in cost (Table 3.8). The lower cost of modifying cement-aggregate
interfaces makes this an attractive technique for real-world, practical implementations of this

material. It should be noted that the specimens casted in this study have not been optimized for
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Table 3.8 Cost matrix comparing additional costs of incorporating carbon nanotubes in concrete.

Unit price MWNT content Additional cost
0.5 wt.% $6,400
0.1 wt.% $1,280
MWNT: $5,000 / kg 0.05 wt.% $640
0.034 wt.% (sand-coated) $435
0.025 wt.% (aggregate-coated) $320

Note: All prices are shown in U.S. dollars.

sensing and mechanical performance, and further reductions in cost are possible and will be

reserved for future studies.

3.4 Summary and Conclusions

In this study, a novel technique of incorporating CNTs in cementitious composites was
proposed, which is by modifying the cement-sand particle interface using highly conductive,
percolated MWCNT-based thin films. In particular, an airbrushing technique was employed for
depositing MWCNT-latex thin films onto the sand and aggregates before being used for casting
cementitious composite specimens. Then, untreated and film-coated sand were used for casting 5
x 5 x 5 cm?® cubic and 7 x 7 x 1 cm?® plate specimens. The mechanical, nominal electrical and
electromechanical properties of both pristine and MWCNT-based mortar specimens were

characterized and compared.

First, monotonic, uniaxial compressive load tests revealed the stress-strain characteristics
of these mortar specimens. It was found that Young’s moduli of pristine and MWCNT-based
mortar were 14 and 6 GPa, respectively. The differences were statistically significant in that the

MWCNT-latex coating on the sand appeared to have modified the mortar’s intrinsic mechanical
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properties. Similar degradations were also observed for compressive strength results.

Second, the electrical and sensing characterization tests showed that the incorporation of
MWCNT-latex thin films decreased their resistivity by more than an order of magnitude. In
addition, while both types of mortar specimens exhibited electrical properties that were sensitive
to strain, those with the films showed bi-linear response to applied strains. At low strains, the
sensitivity was extremely high, with an average of ~ 229. At applied strains greater than 0.2%,
both types of specimens had comparable sensitivities of ~ 61 to ~ 65. However, mortar with
embedded thin films exhibited greater SNR, sensing resolution, repeatability, and less nominal

resistance drift.

Lastly, the EIT algorithm described in Chapter 2, was implemented for back-calculating
the spatial resistivity map (or distribution) of MWCNT-based mortar specimens for damage
detection applications. Plate specimens instrumented with 16 boundary electrodes (in a 4 x 4
pattern) were subjected to artificial damage due to drilled holes and slit cut at the four corners and
the back-side of the specimens. The results from all the tests showed very promising results, in
which the EIT algorithm correctly estimated the spatial resistivity distribution of the mortar plates.
In addition, the spatial resistivity maps also showed localized increases in resistivity corresponding
to the locations and sizes of damage. These tests successfully validated EIT for spatial damage

detection in nanocomposite-enhanced self-sensing mortar specimens.

A similar procedure was used for encoding self-sensing property in concrete. Fine and
coarse aggregates were pre-coated with a highly conductive MWCNT-latex thin film that was
deposited using airbrushing or spray coating. In doing so, CNTs remained dispersed within the

films, which could then be uniformly dispersed throughout concrete along with the aggregates. A
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direct result is dramatic reductions in the amount of nanotubes used during casting and associated
costs while still providing enough conductive material for establishing a conductive network
within the bulk material for damage detection purposes. In addition, the proposed technique does

not modify existing mix designs nor construction practices.

Four unique concrete sample sets were cast; they were the control (pristine or untreated
concrete) and concrete cast using MWCNT-latex thin films coated onto sand, large aggregates,
and both sand and large aggregates. Compression and bending tests were conducted on cylinder
and beam specimens, respectively, for assessing their mechanical properties. First, all of the
specimens exceeded the minimum strength requirements as set forth by FAA rigid concrete
pavement design guidelines. Second, the sand-coated and aggregate-coated sample sets exhibited
comparable flexural strengths as compared to the control, whereas the sand-coated and sand- and
large aggregate-coated sample sets were characterized by similar, if not higher, compressive
strengths versus the control. Then, using concrete plate specimens coupled with an EIT algorithm,
spatial damage detection tests were conducted. The results showed that the sand-coated and both
sand- and aggregate-coated concrete sample sets enabled damage detection, due to the fact that
electrical current was able to propagate throughout the entire bulk material. EIT was able to map
the spatial resistivity distributions of plate specimens, and damage (in the form of drilled holes)
were successfully detected as highly localized resistivity changes that coincided with the locations
of those holes. In contrast, EIT was unable to detect damage in untreated concrete and large
aggregate-coated specimens. In general, spatial damage detection is only possible if applied
electrical current could propagate throughout the entire material so as to generate boundary voltage

responses that are sensitive to damage.
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Overall, this chapter successfully demonstrates that instead of using the nanocomposite
thin film as a surface coating, it can also be integrated with structural materials by scalable, low-
cost technique for encoding self-sensing property in them. The conductive network created by the
integration of nanocomposite with structural materials facilitates thorough propagation of
electrical current; hence EIT can be applied for distributed damage detection in such materials.
However, strain induced in a different direction can not be measured by this technique. Chapter 3
shows how the nanocomposite design and EIT algorithm can be modified to achieve strain

measurement in different directions over a large structural surface.

This chapter, in part, is a reprint of the materials as it appeared in Multifunctional Cement
Composites Enhanced with Carbon Nanotube Thin Film Interfaces, J. G. Gonzalez, S. Gupta, and
K. J. Loh, 2016; Self-Sensing Concrete Enabled by Nano-Engineered Cement Aggregate
Interfaces, S. Gupta, J. Gonzalez, and K. J. Loh, 2016; and Damage Detection using Smart
Concrete Engineered with Nanocomposite Cement-Aggregate Interfaces, S. Gupta, J. Gonzalez,

and K. J. Loh, 2015.
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CHAPTER 4 GRAPHENE SENSING MESH FOR DENSELY DISTRIBUTED STRAIN

FIELD MONITORING

4.1 Introduction

As mentioned earlier, EIT, when coupled with piezoresistive hanocomposite thin films,
could be used for distributed strain sensing and damage mapping [105, 137, 182]. However, only
distributed strain magnitudes could be determined but not their directionalities. In order to address
this limitation, a net- or mesh-like, graphene-based, nanocomposite sensing mesh that featured
high aspect ratio “struts” was designed so that the entire sensing mesh behaved like an
interconnected network of strain gages. The sensing mesh was coupled with a modified EIT

algorithm to achieve distributed strain field monitoring over large structural surfaces.

Strain is an important parameter that is often directly measured for SHM. However, as
mentioned in Chapter 1, current-state-of-the-art strain sensors have many limitations [183, 184].
As a result, these limitations have spurred the development of other types of strain sensors derived
from different sensing mechanisms. For example, Glisic et al. [185] studied large-area electronics
and crystalline silicon complementary metal-oxide-semiconductor integrated-circuit-based strain
sensors for large-scale structural sensing applications. Kharroub et al. [186] developed soft
elastomeric capacitor-based thin film sensors for detecting and localizing fatigue-induced cracks
in steel structures. More recently, another approach is to design and tune materials to enable them
with desired sensing functionalities. However, to fully take advantage of the fact that these
materials and nanocomposites are sensitive to some stimulus at every location in the material, it
was shown that spatial sensing could be achieved using an EIT measurement technique and

algorithm. Piezoresistive sensing skins coupled with the EIT algorithm opened up vast
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opportunities for distributed strain sensing. However, two main drawbacks persist. First, a separate
analytical inverse piezoresistive numerical model is required to extract strain directionality from
the reconstructed EIT conductivity maps [187]. Second, comparatively low strain sensitivities of

the CNT thin films make it challenging for detecting small changes in strain.

To address these limitations, this study introduces a new “sensing mesh” concept. First, a
graphene-based thin film of high strain sensitivity was designed and fabricated. The nanocomposite
films were deposited onto laser-cut patterned polyethylene terephthalate (PET) substrates by means
of spray coating to form the sensing meshes. Each strut of the sensing mesh was designed to have a
high aspect ratio, thereby forming an interconnected equivalent network of uniaxial linear distributed
strain sensors. Second, an EIT algorithm was updated and implemented for reconstructing the spatial

conductivity distribution of the sensing mesh.

This chapter begins with the mathematical detail of the modified EIT algorithm, followed by
a discussion of the sensing mesh fabrication procedure and experiments. Upon confirming the
enhanced strain sensing response of the graphene-based films, the sensing mesh was experimentally
validated to measure distributed strain fields. As further validation, the sensing mesh was also
employed to measure spatial strain distribution of different structural surfaces subjected to different
levels of tensile loading. Finally, the sensing mesh was demonstrated for its ability to monitor

different damage states in a seven-story RC structure subjected to shaking table tests.

4.2 Modified EIT Formulation

As mentioned earlier, the EIT forward problem is solved to estimate the boundary voltage
distribution of a conductive body with an explicitly known ¢. Mathematically, the EIT forward

problem can be described by two-dimensional (2D) Laplace’s equation as shown in equation 2.16.
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In general, a FE method is used to solve equation 2.16 with boundary conditions known as the CEM
discussed in Chapter 2 [188]. In many cases, Q is modeled as a simple 2D plate and discretized using
linear triangular [111, 137, 188] or bilinear quadrilateral elements [189]. In this study, the sensing
meshes are not continuous thin films but rather patterned grid-like piezoresistive networks. Because
of the high aspect ratio of each “strut” in the sensing mesh, induced strains in each strut are confined
along their longitudinal axes, experiencing either uniaxial tensile or compressive strains. This is
analogous to the axial elements that make up a truss structure. Therefore, this same idea is adopted
to capture the uniaxial changes in the conductivity of each strut in the sensing mesh. However, this
also requires a different FEM implementation for EIT spatial conductivity mapping. Here, the high
aspect ratio of each strut and the entire sensing mesh was modeled as a 2D truss structure discretized
using 1D linear bar elements. By doing so, the computational cost to solve the forward problem, as
well and the sensitivity matrix (J), was significantly reduced. A reduction in the size of the sensitivity
matrix eases its inversion during the execution of the inverse problem. In addition, a point electrode

model?? was implemented; the specified boundary conditions are shown in equation 4.1 below:

aa—u:f onT
on

M (4.1)

where | is the magnitude of current injected into Q during EIT interrogation, /" is the boundary of
Q, M is the number of boundary electrodes, n is the outward unit normal at the boundary, and dx
is the Dirac-Delta function on /" supported at x;. An essential boundary condition (i.e., u = 0) should
also be imposed on the electrode that is grounded during electrical excitation. A weak form of
equation 2.16 was derived by multiplying it with a sufficiently smooth test function (¢) and

integrating over Q as shown in equation 4.2:
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Then, a set of linear equations obtained from equation 4.2, is solved to obtain u at each node of the

discretized Q.

The EIT inverse problem aims to reconstruct the conductivity distribution using an
experimentally measured set of boundary voltage responses. A single-step linear inverse solver
with Tikhonov regularization was used to estimate the conductivity change (Ao) from the observed
change in boundary voltage distribution (AV) between two states. More details of the EIT theory

and implementation can be found in Chapter 2.
4.3 Experimental Details
4.3.1 Nanocomposite Thin Film Preparation

In order to achieve distributed strain field monitoring, the first step was to design and
fabricate a nanocomposite thin film whose electrical conductivity (or resistivity) was sensitive to
applied strains and deformation. Among the variety of nanomaterials that are available today, a
significant body of current research focuses on GNS, which exhibits outstanding intrinsic
properties, with piezoresistivity being just one of them. For example, Chen et al. [190]
demonstrated that Young’s modulus of single-layer graphene sheet could be as high as 1 TPa with
a gage factor of 11.4. Several studies already showed that GNS could be integrated into polymer

matrices to form high-performance strain sensors [191-193].

The GNS that was used in this work was synthesized using water-assisted liquid-phase

exfoliation. The synthesis procedure was explained in detail in Manna et al. [194, 195] but is also
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summarized here for completeness. The process began by mixing microcrystalline graphite
powder with an aqueous solution of NMP, followed by 6 h of bath sonication at a fixed nominal
power (100 W) and frequency (37 kHz). Thereafter, the sonicated graphene-NMP solution was
centrifuged at 3,000 rpm for 30 min. The upper 75% of the centrifuged colloidal solution (i.e., the
supernatant) was collected and then dried to obtain agglomerated GNS. The GNS-based thin film
strain sensor was then fabricated by dispersing them in a PVA polyelectrolyte solution. The GNS-

PVA ink fabrication process is discussed in the next two sub-sections.

4.3.1.1 PVA Solution Preparation

GNS, which is hydrophobic, requires a hydrophilic group to facilitate dispersion. Steric
stabilization of GNS in PVA (Sigma-Aldrich), which is hydrophilic in nature, not only disperses
GNS in the solution but also allows them to adsorb onto various substrates and form thin films.
The PVA used in this work is amorphous and has a molecular weight of 146,000 — 186,000 g/mol
and a hydrolysis degree of ~ 99%-+. Preparation of the 5 wt.%. PVA solution began by boiling 95
mL of deionized (DI) water using a hot plate while continuously stirring the solution using a
magnetic stirrer operated at 300 rpm. Then, 5 g of PVA powder was slowly added to the boiling
DI water. The mixture was stirred until a visibly clear and fully dissolved PVA solution was

obtained. The final step was to cool the PVA solution to room temperature.

4.3.1.2 GNS-PVA Ink Preparation

The aforementioned 5 wt.% PV A solution was directly used to prepare the GNS-PVA ink.
While various methods could be used to disperse GNS in aqueous media, ultrasonication was
employed due to its simplicity and effectiveness. In short, ultrasonication of fluidic solutions, such

as GNS in PVA, by creating cavitation [196]. Cavitation forms relatively low-pressure zones and
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creates bubbles. Bubbles formed at the surface of solid particles (i.e., on the GNS) rapidly expand,
causing the solid particles to break apart and separate from each other. The size of the bubble
produced during cavitation is governed by the frequency of the ultrasound, where higher

frequencies produce smaller bubbles [196].

In this study, a 1 wt.% GNS-PVA mixture was prepared by subjecting it to high-energy
probe sonication (150 W, 22 kHz, and running a 5-s-on/5-s-off sonication cycle) for 1 h. The
dispersed GNS-PVA ink was then used as is and directly spray-coated onto PET substrates using
a Paasche airbrush operated at a constant air pressure of ~ 10 psi to avoid droplet scattering in the
air and splashing on the substrate. Spray fabrication was performed manually by holding the
airbrush ~ 15 cm above the substrates. After depositing a uniform layer of thin film on the PET
substrate, they were kept inside the fume hood and allowed to dry completely. Thereafter,
airbrushing was repeated. This spraying and drying cycle was repeated three times to obtain a
consistent and uniform thin film on the PET grid. The entire GNS-PVA thin film fabrication

process is illustrated in Figure 4.1.

Spray fabrication was adopted in this study because one could produce high-quality and
large-scale GNS-PVA thin films quickly. Although a manual procedure was employed in this
work, spraying can be fully automated through the use of robotic spray systems. Furthermore,
spraying is beneficial as one can directly deposit films onto various (and masked) structural
surfaces, thereby eliminating problems associated with gluing sensing meshes and issues regarding

nonuniform strain transfer from the structural surface to the sensing element.
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Figure 4.1 The GNS-PVA ink preparation and spray fabrication process are illustrated.
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4.3.2 Strain Sensing Characterization

The strain sensing performance of the GNS-PVA thin films that were deposited onto PET
substrates was characterized by subjecting them to uniaxial tensile cyclic strains, while their
electrical responses were simultaneously measured. First, the air-dried thin film specimens were
cut to form thin rectangular strips (60 mm x 10 mm) and instrumented with two electrodes at its
opposite ends, as is shown in Figure 4.2. Conductive threads (Adafruit) were used as electrodes
and attached to the films using conductive colloidal silver paint (Ted Pella). A total of four

specimens were prepared and tested.

The GNS-PVA thin film strips were mounted in a Test Resources 150R load frame with a
1.1 Ibf (4.9 N) load cell as shown in Figure 4.2. Upon ensuring that the thin film was taut, the load
frame was programmed to execute a three-cycle tensile cyclic strain pattern to a maximum of 5,000

ue at a constant strain rate of 15,000 ue/min. A Keysight 34465A DMM was used throughout
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Figure 4.2 GNS-PVA thin films were deposited onto PET rectangular strip substrates. These rectangular
specimens were instrumented with two electrodes for electrical measurements and then mounted in a load frame
for strain sensing characterization tests.
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Figure 4.3 (a) PET sheets were cut into grid-like patterns using a laser cutter, followed by spray-coating them
with GNS-PVA ink to form the sensing mesh specimens. (b) The sensing mesh was mounted in a load frame and
subjected to uniaxial tensile loading. EIT measurements were acquired at different strain states, while the load
frame was paused.

testing to measure thin film resistance. BenchVue data logging software was used to record all the

measurements at a sampling rate of 2 Hz.

4.3.3 Sensing Mesh Validation

As was mentioned earlier, GNS-PVA thin films were deposited onto PET grids to form

sensing mesh specimens. The patterns were first sketched in AutoCAD and then exported to
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LaserDRW. A 40 W CO: laser cutter (Orion Motor Tech) was used for patterning the PET grids.

Three sets of sensing mesh tests were conducted.

First, the sensing mesh was instrumented with 12 boundary electrodes (Figure 4.3a) for
EIT interrogation and loaded in the Test Resources 150R load frame for spatial strain sensing
characterization, as is shown in Figure 4.3b. It should be observed from Figure 4.3 that the sensing
mesh consisted of only horizontal and vertical struts. The load frame was programmed to stretch
the sensing mesh from 0 to 5,000 pe at a constant rate of 15,000 pe/min. An initial baseline
measurement was recorded prior to applying any load. At every 1,000 pe increments, the load
frame was manually paused, and EIT measurements were collected. EIT DAQ system described
in Chapter 2 was used for EIT interrogation and voltage measurements. Current injection and
boundary voltage measurements followed the adjacent electrode model, as was done in previous
studies [197]. Boundary voltage measurements were then used as inputs to the EIT inverse problem
for reconstructing the conductivity distribution of the sensing mesh loaded to different strain states.
The change in conductivity distributions of different strain states with respect to the baseline was

then computed.

Second, a sensing mesh with diagonal struts was fabricated (Figure 4.4), which followed
the same fabrication process as discussed earlier. A total of 12 boundary electrodes were used.
Instead of directly stretching the sensing mesh, it was affixed, using quick-curing superglue, at the
center of a 125 x 25 mm? PET strip (Figure 4.4). After the glue fully dried, the entire specimen
was mounted in the Test Resource 150R load frame. A baseline EIT measurement was recorded
when the specimen was unstrained (0 pe). In contrast to the previous experiment, the test specimen
was subjected to uniaxial tensile strain from 0 to 8,000 pe in 2,000 pe increments to allow for EIT

testing. Here, loading rate was kept the same as previous tests (i.e., 15,000 pe/min).

103



125 mm
25 mm

Sensing b
mesh

|
|
5.67 mm :

5.67 mm :

Figure 4.4 A sensing mesh with diagonal struts was fabricated and affixed onto a PET strip. The dimensions of
the PET strip and the sensing mesh are highlighted. The specimen was subjected uniaxial loading. H, V, and D
indicate the horizontal, vertical, and diagonal struts, respectively.

Third, and following validation of the spatial strain sensing capabilities of the sensing
mesh, a larger, 7 x 5 grid-like sensing mesh (Figure 4.5a) was fabricated and affixed onto a PVC
plate (610-mm-long, 76.2-mm-wide, and 9.25-mm-thick) using quick-curing epoxy. A total of 16
EIT electrodes were attached to the boundaries of the sensing mesh. Because epoxy would
infiltrate and affect the electrical and electromechanical properties of polymer-based
nanocomposites, a Krylon acrylic coating was sprayed onto the sensing mesh to serve as a
protective layer before it was attached to the PVC plate. For reference, a metal-foil strain gage
(Tokyo Sokki Kenkyuio Co. Ltd. and gage factor = 2.13 + 1%) was also mounted onto the PVC

plate for measuring the induced strains in the longitudinal direction, as is illustrated in Figure 4.5b.

After the epoxy was fully cured for ~ 6 h, the PVC plate, instrumented with the sensing
mesh and strain gage, was mounted in an MTS-793 load frame. Like the previous experiments, a

baseline EIT dataset was recorded prior to applying any load to the PVC plate. The load frame was
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programmed to apply monotonic uniaxial tensile loading to 10,000 pe at a fixed strain rate of 1,000
pue/min. The experimental setup is shown in Figure 4.5c. The load frame was manually paused
every 2,000 ue, and the EIT DAQ interrogated the sensing mesh as described in the previous
section. In all these three sets of experiments, applied strains were calculated using the recorded

grip displacements of the load frame in the vertical direction.

4.3.4 Damage Detection Validation

To further demonstrate its applicability for SHM, the sensing mesh was employed to detect
damage and propagating cracks in an RC building subjected to shaking-table-induced earthquake
excitations (Figure 4.6a). The plan and isometric views of the seven-story, two-bay, test structure
are schematically shown in Figures 4.6b and 4.6c¢, respectively. It can be seen from Figure 4.6¢
that the height of the first floor (3.73 m) was greater than that of the other floors (1.5 m), which
created a soft-story effect. In addition, the frame was designed such that the stiffnesses of columns
C1, C2, and C3 were higher (due to their larger cross-sectional area) as compared to columns C4,
C5, and C6 (Figure 4.6b). The effect of this design means that the majority of damage would be

concentrated in the first-floor.

Thus, a 5 x 5 sensing mesh was affixed near the base of column C4 (Figure 4.6c) following
the same mounting procedure discussed in Section 4.3.3. For continuous and real-time data
acquisition, a National Instruments (NI) PXle-4302 system was customized with a PXle-4139

source measuring unit (SMU), PXle-4303 DAQ, and PXle-2535 field-effect transistor (FET)
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Figure 4.5 (a) A 7 x 5 sensing mesh was prepared and (b) epoxy-mounted onto a rectangular PVC plate. The PVC
plate was also instrumented with a strain gage for measuring longitudinal strains in the PVC. (c) The entire test
specimen was mounted in a load frame and subjected to uniaxial tensile testing. The sensing mesh was interrogated
at different strain states for EIT image reconstruction, while the strain gage simultaneously recorded the magnitude

of induced strains in the plate.
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Figure 4.6 (a) A seven-story RC building was subjected to shaking table tests. (b) The plan view of the building
and the dimensions of the structural components are shown. (c) The schematic of the entire test building is shown,
where a 5 x 5 sensing mesh was affixed near the base of the left-most weak column (i.e., C4).

switch. The SMU was used to supply the excitation current for EIT interrogation. As described in
the previous section, two adjacent electrodes were selected at a time, one for current injection and
the other as ground, all controlled by a customized LabVIEW program. DC voltage measurements
were continuously recorded at all analog input (Al) channels of the PXle-4303 DAQ. The effective
sampling rate of the DAQ was such that EIT sensing mesh results could be acquired at 25 frames/s
(or images/s).
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The shaking table tests were conducted using a large-scale, high-performance shake table
at the National Center for Research on Earthquake Engineering (NCREE) in Tainan, Taiwan. The
entire structure was subjected to a sequence of dynamic loadings ranging from white-noise tests
to different scaled earthquake ground motions of increasing intensity. The RC structure was tested
until the weaker columns (i.e., C5, C6, and C7) underwent catastrophic failure (i.e., loss of load-

carrying capacity).
4.4 Results and Discussion
4.4.1 Strain Sensing Characterization

The strain sensing properties of the GNS-PVA thin films was characterized by conducting
tensile cyclic tests, as was discussed in Section 4.3.2. The thin films’ resistance was measured
throughout testing, as was the applied strains. A peak tensile strain of 5,000 pe was applied to the

specimens so that the films remained undamaged and linear-elastic.

Figure 4.7a shows a representative GNS-PVA thin film’s resistance response overlaid with
the applied strain pattern. This result confirmed that the resistance of the thin film changed in
tandem with applied strains. In addition, its electromechanical response was stable and repeatable.
Furthermore, the same set of data was used to plot the normalized change in resistance versus
strain, as shown in Figure 4.7b. Although Figure 4.7b shows that the electromechanical
performance of the GNS-PVA thin film was slightly nonlinear, a linear least-squares regression

line was fitted to estimate their gage factor (G) or strain sensitivity (i.e., the slope of the fitted line).

AR
G-= A (4.5)

 As
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Figure 4.7 (a) The electrical resistance time history of a strained GNS-PVA thin film specimen is overlaid with
the applied strain pattern. (b) Its normalized change in resistance over different loading cycles were computed

and plotted as a function of applied strains.
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Figure 4.8 The average gage factors for four different thin film specimens tested are shown. The error bars indicate
the standard deviations of the calculated gage factors over different loading cycles.

where Ro is the initial or unstrained resistance of the thin film, and 4R is the change in resistance

with respect to Ro when strain (4e¢) is applied.

Figure 4.8 plots the average G of each of the four specimens tested. The error bars in Figure
4.8 indicate the standard deviations of G over different loading cycles. One can observe from the
results that all of the four specimens exhibited comparable strain sensing properties, and the overall
average gage factor was 8.20. Lee et al. [102] explained that high G of nanocomposite-based thin
film strain sensors could be achieved if the concentration of nanomaterials were near or at the

percolation threshold. As a result, minute tensile strains disrupt the electrically conductive
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pathways formed by the nanomaterials, thereby increasing strain sensitivity. As compared to the
spray-fabricated MWCNT-based thin films with a G of ~ 0.77 £ 0.02, which was reported by

Mortensen et al. [172], the GNS-PVA thin films’ were characterized by ~ 10 times higher G.

4.4.2 Sensing Mesh Verification

To demonstrate distributed strain field monitoring, GNS-PVA thin films were deposited
onto PET grids to form sensing mesh specimens (Figure 4.3a). EIT was used to determine the
change in electrical conductivity of the sensing mesh corresponding to different strain states, and
the results are shown in Figure 4.9. It can be seen from Figure 4.9 that the conductivity of the
vertical thin film grid elements in the sensing mesh decreased (or resistivity increased) with greater
applied tensile strains. These results were expected based on findings from Section 4.4.1.
Furthermore, Figure 4.9 also shows that the horizontal struts experienced an increase in
conductivity, which is because of the induced compression due to stress concentrations at the

junctions of the horizontal and vertical struts.

To investigate the accuracy of the experimental EIT spatial strain sensing results, a linear-
elastic FE model of the sensing mesh was created in ABAQUS. PET was defined as having a
Young’s modulus and Poisson’s ratio of 2 GPa and 0.44, respectively. The GNS-PVA film was
not explicitly modeled, since its thickness and stiffness were negligible relative to PET. The entire
model was discretized into 935 bi-linear quadrilateral elements as shown in Figure 4.10. With the
PET sensing mesh being only ~ 0.2-mm-thick and negligible compared to its other two dimensions
(92 mm x 23 mm), plane stress was assumed. A pinned boundary condition was assigned for the
bottom edge of the FE model, and tensile strain was applied at the top edge. The FE-estimated

strain distributions (i.e., €11 and &22) corresponding to different applied global strain states are
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Figure 4.9 The sensing mesh was subjected to tensile strains, and the corresponding changes in electrical
conductivity with respect to the undeformed state are shown in (a) to (e). Two separate color bars are used for
visualizing conductivity changes for the horizontal (left) and vertical (right) struts, especially due to their different
magnitudes of strains.

shown in Figure 4.10. Similar to the experimental results (Figure 4.9), 22 (or strain in the vertical
direction) increased with increasingly applied loads, while €11 (or strain in the horizontal direction)

was negative due to compression caused by Poisson’s effect.

To compare the experimental EIT and FE simulation results, vertical (i.e., V1...V12) and
horizontal elements (i.e., H1...H12) in the sensing mesh were identified according to Figure 4.11.
First, the EIT results were converted from conductivity distributions to strain maps. Here, the
strains induced at the different elements in the struts were estimated by averaging the conductivity
changes in all the finite elements of that particular strut and then normalizing with respect to the
sensing mesh’s initial conductivity (i.e., unstrained conductivity) and G. In doing so, the EIT
experimental results were directly comparable to the FE simulation strain maps. Second, the EIT-

based strains corresponding to different struts when subjected to different global applied strains
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Figure 4.10 Discretized FE model of the sensing mesh is shown. Hi...Hi2 and V1...V12 indicate midpoints of the
corresponding horizontal and vertical struts, respectively.

were compared against the FE model outputs (Figure 4.12). Figure 4.12 shows good agreement

between the experimental and simulation results, where only an average of ~ 3% mismatch exists.

Three possible reasons could have contributed to these errors. First, misalignment and
minor slippage of the sensing mesh from the load frame’s grips during testing could have reduced
the actual magnitude of applied strains. Second, the sensing meshes may have some slight
inhomogeneities and nonuniform thickness due to fabrication error. Third, although it was
assumed that the strains in the vertical members are uniform and equal to the applied global strains,
there may be stress concentrations close to the grips. The nonuniform strain distribution can be
explained by Saint Venant’s principle. In addition, the EIT results could have been affected by
regularization incorporated as part of the inverse problem. Nevertheless, the 3% error was deemed

acceptable.
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Figure 4.11 (a) to (e) and (f) to (j) show the distributions of €11 and €27, respectively, over the entire sensing mesh
when subjected to different tensile strains ranging from 0 to 5,000 pe.

Besides testing and loading the sensing mesh directly, a sensing mesh with diagonal struts
was affixed onto a PET strip as shown in Figure 4.4. Figure 4.13 shows the reconstructed EIT
conductivity maps of the sensing mesh corresponding to different applied global strain states. It
can be observed that the conductivity of the vertical (i.e., V1, V2,...,V12) and diagonal struts (i.e.,
D1, Da,..., Do) decreased, while an opposite trend was observed for the horizontal members (i.e.,
Hi, H2, Has,.., Hi2). These results were expected, since the vertical and diagonal struts were
subjected to tension, while the horizontal members experienced compression due to Poisson’s

effect. As a result, the magnitudes of induced strains in the horizontal members were ~ 42% of the

tensile strains experienced by the vertical struts (Figure 4.14).
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Figure 4.12 (a) to (e) The horizontal and (f) to (j) vertical struts’ FE- and EIT-based strain results are compared
according to the different applied strain states.

Again, a similar plane stress FE model of the specimen was created in ABAQUS and
discretized using 8,852 bi-linear quadrilateral elements. The same boundary condition was
implemented (i.e., pinned boundary condition) at one end of the PET strip. However, 4e was
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Figure 4.13 The estimated average conductivity changes of each strut with respect to their undeformed states are
shown when the specimen was stretched to (a) 2,000 pe, (b) 4,000 pe, (¢) 6,000 pe, and (d) 8,000 pe.

evaluated by estimating the change in their axial length (4/) from the FE results and then dividing
it by its original length (lo), as is shown in equation 4.6:

Ae = (4.6)

I0

The EIT-estimated conductivity changes of all the finite elements in each strut were averaged and
used to calculate the average induced strain in that strut using equation 4.6. The EIT-estimated
strain of each strut was compared with the corresponding FE results and is shown in Figure 4.14.
Although good agreement between experimental and numerical results was found, a ~ 5%
difference was observed. While Figure 4.9 only demonstrated sensing strains in the horizontal and
vertical directions, the results shown in Figure 4.13 confirm the ability of the sensing mesh to

measure strains along different directions.
4.4.3 Scaling Up the Sensing Mesh

A larger sensing mesh was also affixed onto PVC plates and loaded, as was described in

Section 4.3.3. Figure 4.15 plots a set of EIT sensing mesh conductivity maps when the PVC plate
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Figure 4.14 (a) to (d), (e) to (h), and (i) to (I) show the EIT- and FE-estimated strains in horizontal, vertical, and
diagonal struts respectively when the specimen was subjected to different tensile strains.

was strained to 10,000 pe. As expected, Figure 4.15 clearly shows that the conductivity decreased
in the vertical struts, while conductivity increased in all the horizontal struts. The magnitude of

conductivity changes also increased as greater global tensile loading was applied to the PVC plate.

To further quantify the accuracy of these EIT sensing mesh results, they were compared to

strain gage measurements of longitudinal strains in the PVC plate. Assuming strain was uniformly
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Figure 4.15 Tensile tests were performed on a PVC plate instrumented with a sensing mesh. EIT conductivity
maps were obtained for the different strain states applied, namely, at (a) 2,000 pe, (b) 4,000 pe, (c) 6,000 pe, (d)
8,000 pe, and (e) 10,000 pe. The changes in conductivity distributions with respect to the unstrained baseline are

shown.
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Figure 4.16 The EIT-based strain measurements are compared with strain gage readings of the PVC plate subjected
to uniaxial tensile loading. Good agreement was observed

Strain [ €]

applied to the PVC plate, the resulting strains in all the vertical struts of the sensing mesh should
be almost identical. Thus, the EIT strain measurements of the six vertical struts were directly
compared with the strain gage readings in Figure 4.16, where the results were found to be

comparable with an average of ~ 4% error.

Some possible reasons for the errors observed could be due to imperfect strain transfer

from the structural surfaces to the sensing meshes. In addition, the vertically applied tensile strains
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Figure 4.17 The changes in conductivity distributions of the sensing mesh with respect to the baseline (i.e., before
the building was subjected to shaking table earthquake excitations that generated a crack underneath the skin)
were determined. EIT results (a) before, (b) during, and (c) after the earthquake ground motion excitation test are

shown.

Sensing mesh

Figure 4.18 A transverse crack developed underneath the sensing mesh (near its second row) after the test structure
was subjected to strong ground shaking.

might not be uniformly distributed over the entire substrate, which again can be explained by Saint

Venant’s principle. Nevertheless, the results shown in Figures 4.12 and 4.14 clearly show that the
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sensing mesh, when coupled with EIT, could effectively measure both the magnitude and

directions of induced strains.

So far, the tests performed and the results obtained corresponded to situations when the
structure was loaded and strained, and damage (e.g., crack) was not present. If damage, such as a
crack, occurs near the vicinity of the sensing mesh (but not directly underneath it), the local strain
distribution underneath the sensing mesh will change due to the presence of the crack. In this
scenario, the sensing meshes could capture the corresponding strain distribution of the structure
but not necessarily identify the properties of the nearby crack. The next section examines the

scenario when a crack in the structure propagates directly beneath the sensing mesh.

4.4.4 Damage Detection Validation

This study also investigated whether the sensing meshes could detect spatially distributed
structural damage (e.g., cracking) in a column of a seven-story RC building subjected to shaking
table tests (Section 4.3.4). EIT measurements were recorded continuously by the customized NI
DAQ, while the building was subjected to near-fault earthquake excitations that caused severe
damage in the structure. Figure 4.17 plots three representative EIT sensing mesh results
corresponding to before, during, and after shaking. First, it should be clarified that multiple shaking
events were conducted during this test. However, the test results presented here only focused on
one shaking event, specifically, when damage was induced at the location of the sensing mesh.
Thus, previous shaking table events induced inelastic behavior in the structure and resulted in
residual strains (and minor damage) in the column. The results shown in Figure 4.17a shows that

the sensing mesh strain map was nonuniform because of this.
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Second, Figure 4.17b captured the sensing mesh strain distribution of the column when the
structure (and column) was subjected to strong ground motions. It can be observed that localized
changes in conductivity were observed in the second row of the sensing mesh. Finally, after
shaking, Figure 4.17c shows that the same vertical and horizontal struts exhibited a significant
change in conductivity corresponding to the location of the crack that developed (Figure 4.18).
Thus, it was possible that Figure 4.17b captured damage onset immediately prior to the crack

opening to give the final results shown in Figure 4.17c.

Although crack propagation was successfully captured by the sensing mesh, conductivity
changes in the other parts of the sensing mesh were observed in the reconstructed images. It was
possible that, during shaking, the electrical cables connecting the sensing mesh were subjected to
rigorous vibrations, thereby inducing more noise in the EIT boundary voltage measurements.
Furthermore, unexpected changes in conductivity could have resulted from localized deformations
of the column during shaking. Despite these, this preliminary large-scale test demonstrated the
feasibility of using sensing meshes for crack damage detection and localization. Future research

will focus on using sensing meshes for capturing dynamic structural response.

4.5 Summary and Conclusions

In this study, nanocomposite sensing meshes were designed for distributed strain field
monitoring. Previous studies showed that piezoresistive thin films, when coupled with EIT, could
monitor distributed strains and damage. However, the low strain sensitivity of the thin film and
the inability of EIT to resolve the directionality of strain components were two barriers for field
deployment. To overcome these challenges, highly strain-sensitive GNS-PVA thin films were

designed and fabricated by spray coating. The characterization study revealed that the gage factor
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of the thin film strain sensor was more than 10 times higher than previous carbon nanotube-based
films. Then, sensing meshes were fabricated by spray coating GNS-PVA thin films onto grid-like
PET cutouts. An updated EIT algorithm was also implemented to more efficiently capture changes

in sensing mesh conductivities.

The test results showed that EIT was able to identify if any of the struts aligned at different
directions in the sensing mesh was subjected to tension or compression (i.e., in their respective
orientations). These experimental EIT results were compared with FE analysis for verification, and
good agreement was observed. A larger-scale sensing mesh was also employed for monitoring
strain distributions in a PVC plate subjected to uniaxial tensile loading. The EIT-derived strain
measurements that were compared with strain gage readings showed good agreement. Last, for
validation, the sensing mesh was utilized for damage detection in a column of a seven-story RC
building subjected to earthquake excitations. The reconstructed spatial conductivity maps showed
localized decreases in conductivity corresponding to locations where a crack propagated. Overall,
the results successfully validated sensing meshes for strain field monitoring and spatial damage

detection.

Although the GNS-PVA thin film had high strain sensitivity and could be scaled up through
the use of spray fabrication, the high electrical resistance of the polymer matrix (i.e., PVA) can
pose a challenge for large-scale applications. Since EIT requires propagating electrical current
through the entire sensing mesh, the electrical resistance of the film should be managed
accordingly. Future work will consider alternative polymer matrices or additional additives for
tuning the overall resistivity (or conductivity) of the films. In addition, the thin film’s sensitivity

can also be further improved to enhance sensing resolution.
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Despite the successful demonstration of EIT-based spatial strain and damage mapping, EIT
is a contact-based method. A series of electrodes need to be installed at the boundary of the object
for EIT interrogation and voltage measurements, which can potentially limit its applications. For
example, the installation of electrodes at some inaccessible locations of the structures could be
challenging. Besides such limitations of the proposed method during structural applications, EIT
may not be suitable for OIP monitoring. The installation of electrodes on the residual limb of the
amputees can cause discomfort. On the other hand, contact impedance between the electrodes and
the interrogated specimen causes a local voltage drop, hence resulting in inaccurate voltage
measurements. Although local voltage drop due to contact impedance is taken into account through
CEM, experimental measurement of the contact impedance could be challenging. Additionally,
electrodes can easily get detached from the nanocomposite thin film’s surface. The broken
electrodes cause an incomplete set of voltage measurements that could result in erroneous
conductivity maps. In the next chapters, ECT will be explored as a potential solution for these

abovementioned limitations.

This chapter is a reprint of the materials as appeared in Graphene Sensing Meshes for
Densely Distributed Strain Field Monitoring, S. Gupta, G. Vella, I-N Yu, C-H Loh, W-H Chiang,

and K. J. Loh, 2019.
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CHAPTER 5 OSSEOINTEGRATED PROSTHESES MONITORING

5.1 Introduction

The main focus of this chapter is to develop and implement a noncontact, noninvasive,
radiation-free, imaging tool that can be used by physicians (or even patients) to accurately detect
prostheses-related issues (e.g., subcutaneous infection occurring at the tissue-prosthesis interface,
excessive strains in OIPs, and prosthesis loosening, as well as loosening-induced bone fractures).
ECT described Chapter 2 is used in conjunction with embedded, passive, nanocomposite thin film
sensors that exhibit changes in its dielectric property due to external stimuli (e.g., pH and strain).
It is envisioned that the results from the proposed method can reduce the amount of unnecessary,
complicated, expensive, and painful medical tests while facilitating the diagnosis and use of

appropriate infection treatment strategies.

As mentioned in Chapter 1, OIP is gaining popularity among the amputees as a viable
alternative to conventional socket prosthesis. Studies have shown that patients with OIP can lead
to a better quality of life [3]. Despite the benefits, amputees with OIP can suffer from various
issues at the tissue-prosthesis interface, as discussed in Chapter 1 (Section 1.1.2). If such issues
are undetected at an early stage, they can lead to total prosthesis failure. Hence to ensure the safety
of the amputees, OIP monitoring is necessary. Various techniques for OIP monitoring, and their

limitations are described in the following sections.

5.1.1 Infection Monitoring

Daily skin inspections can help detect anomalies that suggest infection. Superficial

infections can be treated with appropriate oral antibiotics to resolve issues within a few weeks
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[198]. Unfortunately, infection can initiate subcutaneously and remain undetected for longer
periods to cause severe complications. In these circumstances, a more detailed clinical assessment
of the infected region is needed. C-reactive protein is a high sensitivity, high specificity,
preoperative blood test for detecting infection [48]. However, false positives often occur with
patients previously treated with antimicrobial agents or subjected to less virulent bacterial attack
(e.g., P. acnes). Histopathological examination of periprosthetic tissues [49] and intraoperative
microbiological testing [50] are two other methods used when microbiological tests are not
performed preoperatively, but specimens need to be collected at the time of surgery with
antimicrobial therapy suspended at least two weeks prior to the patient’s surgery. Uncertainties
associated with diagnosis of infection can be addressed by synovial-fluid test, but its sensitivity

diminishes drastically if patients have had earlier microbial treatment [51].

Aside from the aforementioned methods, imaging can also be used for detecting infection.
Plain radiography, computed tomography (CT), and magnetic resonance imaging (MRI) are three
commonly adopted techniques. However, plain radiography suffers from low sensitivity with
limited specificity [199]. Diagnosis of infection by CT or MRI is often hindered by artifacts
produced by the prosthesis itself [26]. PET, or 18F-fluorodeoxyglucose positron-emission
tomography, is an emerging imaging modality with higher sensitivity (~ 82%) and specificity (~
87%) [200]. Scintigraphy with antigranulocyte monoclonal antibodies coupled with hybrid

imaging is gaining popularity, but its merit is still under investigation [26].

Another potential sensing modality that one might be able to use for detecting infection is
by monitoring changes in the biochemical environment in the human body. It has been found that
infection caused by different microorganisms at the human-prosthesis interface influences the pH

of infected cells. Sebaceous glands in the human body support the growth of P. acnes, which can
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hydrolyze the triglycerides present in sebum to release fatty acids and decrease the pH of infected
cells to as low as ~ 5 [201]. On the other hand, infection associated with S. aureus is mainly due
to their adhesion on the implanted prosthesis surface, which forms a biofilm and prohibits the

penetration of antibiotics, resulting in chronic inflammation.

5.1.2 Strain Sensing

Currently, the mechanical loading applied during static LBE is generally monitored using
a bathroom scale, which provides immediate visual feedback, but its application is limited as it
can only measure the vertical component of applied load [31]. Assessment of the applied force on
the implant during LBE can also be performed with the aid of the advanced inverse dynamic
method used in a motion analysis system laboratory [202]. A force plate instrumented with external
force measuring transducers is generally employed to directly measure the forces experienced by
the implant during rehabilitation [203]. One of the main drawbacks of this method is that only the
first few steps of walking can be accurately measured. This method can also result in an altered
gait, thereby limiting the accuracy of the calculated load. On the other hand, it is difficult to

simulate other daily activities in these laboratory environments [204].

To overcome these aforementioned limitations, attempts have been made to directly mount
a load sensor onto the prosthesis. Frossard et al. [205] presented a kinetic portable system that
relies on a commercial transducer to measure the actual load applied to the distal end of the
implant. They successfully recorded the triaxial forces and moments applied to the implant.
However, these transducers are point-sensors that require multiple transducers for estimating the
load distribution over the entire prosthesis. Each transducer would also require lead wires

connected to a separate sensing channel, and this requirement can make it difficult for practical
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implementations because of the number of tethered connections needed. Thus, a wireless modem
was investigated for directly measuring and transferring data to a centralized data repository [206].
Such a wireless measuring system adds fidelity to record reliable and accurate measurements of
load during daily activities. The iPecsTM load cell is a wireless unit that was used to measure
three-dimensional (3D) forces and moments in OIPs [207]. However, in vivo measurement of strains
in OIPs remains extremely challenging, because most of the transducers need to be mounted on the
external surface of the implant, where it is almost impossible to mount strain gages onto the
prosthesis while it is embedded in the patient’s body. Besides, as a rigid connection between the
implant and transducers is one of the primary requirements for accurately measuring force or implant

strains, this may cause patient discomfort.

5.1.3 Monitoring Prostheses Loosening and Bone Fracture

Besides regular clinical visits, different nuclear scanning techniques (e.g., CT, positron
emission tomography (PET), bone scintigraphy, single-photon emission computed tomography,
and MRI) remain the most common, reliable, and accurate diagnostic tools for detecting prosthesis
loosening [208, 209]. An advantage of MRI, CT, and PET is their ability to produce 3D images.
Bone scintigraphy can also be used for the characterization of bone metabolism. However, many
of these imaging techniques require radiation, which is harmful at high doses. In addition, the
radiation used sometimes induces bone loss at the bone-OIP interface [210]. Artifacts due to the
presence of metallic prosthesis are also a well-known problem in cross-sectional imaging (e.g., in
the case of MRI). Besides these aforementioned nuclear scanning tests, the ultrasonic imaging
technique is regarded as one of the most widely used and low-cost non-nuclear scanning
techniques for peri-prosthetic assessment. However, its accuracy depends on its operator. In some

cases, it also fails to detect the exact location of abnormalities [208].
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In this chapter, ECT has been explored in conjunction with nanocomposite thin film
sensors as a noncontact imaging system to monitor OIPs. This chapter begins with a discussion of
the experiments to realize noncontact OIP monitoring. Noncontact pH and strain sensing results
are presented, followed by prosthesis loosening bone fracture monitoring. Various techniques to

enhance the resolution and the accuracy of ECT images are proposed and discussed in detail.

5.2 Experimental Details

5.2.1 ECT Imaging for Biological Specimen

The first experiment was performed to validate ECT’s ability to image real biological
specimens. A lamb shank (Figure 5.1a) was used to ECT testing to verify that ECT could resolve
features of tissue versus bone and to demonstrate its merit for future implementations in human
beings. Furthermore, a 6.35-mm-diameter steel rod, as an OIP surrogate, was press-fitted into the
bone of the lamb shank, as shown in Figure 5.1b. The lamb shank was then placed in the ECT
electrode array for ECT scanning. The collected ECT measurements were used as the input of the

inverse problem for electrical permittivity reconstruction.

5.2.2 Noncontact Infection Monitoring

As mentioned in Section 5.1.1, infection can alter the pH of tissue, a thin film pH sensor
based on MWCNT and PANI was fabricated, where the film can exhibit permittivity changes due
to different pH and then be imaged by ECT without making contact with the residual stump or
prosthesis. First, the fabrication procedure of the MWCNT-PANI thin film pH sensor is discussed.
Second, a parallel-plate capacitor-based test setup was devised for characterizing the sensitivity of

its dielectric properties when the film was exposed to different pH buffer solutions. Finally, after
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Figure 5.1 (a) A lamb shank was used for ECT testing. (b) The lamb shank with an embedded prosthesis
phantom was scanned by the ECT electrode array.

depositing the films onto a representative surrogate of an OIP, the specimen was exposed to

different pH buffer solutions and subjected to ECT testing.
5.2.2.1 Nanocomposite pH Sensor Fabrication

In recent years, medical imaging is significantly influenced by advancements in the
nanotechnology domain. Nanomaterials’ unique structure, size, shape, and resemblance to various
molecules have made them suitable for biomedical applications. Examples are CNTs, silicon
dioxide, boron nitride, titanium dioxide, and organic nanotubes. In particular, CNTs have received
significant attention, where Li et al. [211] showed that the growth of osteoblastic cells could be
accelerated by CNTs, which could produce extracellular matrix during the formation of bone
tissue. Hirata et al. [212] surface-coated MWCNTSs onto 3D collagen scaffold for bone tissue
engineering of primary osteoblasts of rats and observed more bone formation around the coated
collagen sponge than uncoated ones. On the other hand, a wide variety of polymers, such as PANI,
are used with CNTSs to encode desirable properties in nanocomposites for biomedical engineering
[213]. It was shown that PANI could be used to produce a wide range of nanostructures when
coupled with CNTs, and their use in biomedical applications has been recently investigated.
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Humpolicek et al. [214] studied the effects of PANI in the human body, and the conclusion was
that it does not have any sensitization or skin irritation effects but could exhibit cytotoxicity.
However, it was also reported that cytotoxicity could be significantly reduced by a deprotonation
and re-protonation procedure, which proves that cytotoxicity was not caused by PANI itself but
by the reaction by-products. PANI could also be used as a sensor, where its electrical properties
were demonstrated to exhibit pH sensitivity in aqueous environments [215]. In addition, previous
work by Vandenberg and Loh [216] showed that the LbL technique was suitable for fabricating
CNT-PANI thin film pH sensors, and different dopants could be used to tune its pH sensitivity. In
this work, an airbrushing technique [172] was adopted, since it is more time- and labor-efficient
and can be easily scaled up for large-scale applications. Preparation of the ink solution for spraying
involved two main steps. In the first step, 10 mg/mL solutions of polyaniline emeraldine base
dissolved in N-N dimethyl formaldehyde (DMF) were prepared by stirring the mixture using a
magnetic stirrer for 24 h. The resulting PANI-DMF solution was then vacuum-filtered using 0.45
um membrane filters to eliminate undissolved particles. This was followed by a 10-fold dilution
by adding appropriate amounts of deionized water, and its pH was adjusted to between 2.5 to 2.6

using 10 vol.% hydrochloric acid in deionized water.

For the second step, the final MWCNT-based ink described in Chapter 3 (Section 3.2.1)
was prepared. It is also described here briefly for completeness. In short, MWCNTS were mixed
with 2 wt.% PSS solution and dispersed by ultrasonication. Thereafter, the MWCNT-PSS solution
was mixed with the diluted and pH-adjusted PANI-based solution in equal proportions. The binder,
which was a Kynar Aquatec latex solution, was then added to the solution to obtain the sprayable
ink. Spray-coating was performed manually using a Paasche airbrush as illustrated in Figure 5.2a.

Previous works showed that these MWCNT-based inks could be deposited onto a variety of

128



Bare glass

slide with 4y
aluminum £
electrode g
~ N
Bare glass Airbrushing Thin film MWCNT-
slide MWOCNT-PANI/  coated PANI/latex film
latex thin film glass slide Aluminum
electrode

(@) (b)

I 21 Aluminum electrode

E—— | Glass slide

“ = H MWCNT-PANI/latex
thin film

AC voltage
source

¥ Current measuring
unit

(c) (d)
Figure 5.2 () MWCNT-PANTV/Iatex thin film was deposited onto glass slides by airbrushing. (b) The thin film
was sandwiched between two glass slides with aluminum electrodes to (c) form a parallel-plate capacitor. (d)
Testing involved measuring the current flow through the circuit.

substrates such as glass, plastics, metals, textiles, and fiber-reinforced polymer composites, among

others [105, 137, 189].

5.2.2.2 pH Sensing Characterization

A simple parallel-plate capacitor arrangement was employed for characterizing how the
dielectric properties of the MWCNT-PANI/latex thin films varied when exposed to different pH
buffer solutions. First, Figure 5.2a shows that thin film pH sensors were airbrushed onto one side
of microscope glass slides. A conductive aluminum tape was affixed onto the other side of the
film-coated slide. Another glass slide, with aluminum tape affixed onto one side of it, was also
prepared. The two slides were then sandwiched together with the MWCNT-PANI/latex thin film
in between the glass and the aluminum tape electrodes on the outside faces, as shown in Figure
5.2b. This setup created a parallel-plate capacitor, which is depicted in Figure 5.2c and Figure
5.2d. It is known that the capacitance of a parallel-plate capacitor depends on its geometry and

dielectric property between its two electrodes. It was hypothesized that pH would alter the
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Figure 5.3 (a) An aluminum rod was used as a surrogate for a prosthesis, and it was coated with a pH-sensitive
MWCNT-PANI/latex thin film and then wrapped with saturated foam to simulate human tissue. (b) The OIP
surrogate was placed at the center of the sensing region for ECT interrogation.

electrical permittivity of the MWCNT-PANI/latex film. Since the geometry (i.e., length and width
of electrodes) was constant, any variations in measured capacitance would be due to dielectric
property changes of the thin film alone. Here, the test began by disassembling the parallel-plate
capacitor to expose the thin film, and a pH 1 buffer solution was pipetted onto its surface for 30 s
and then dried using compressed air. Then, the parallel-plate capacitor was reassembled and
subjected to capacitance testing, where the parallel plate-capacitor was excited using a 16 kHz, 10
V peak-to-peak, square- wave generated by an Agilent 33250A function generator. Instead of
directly measuring capacitance, current in the circuit was measured using a Keysight 34460A
DMM and recorded using Keysight BenchVue data logging software, since it is directly
proportional to the capacitance. Figure 5.2d illustrates the circuit and measurement setup.

Capacitance was calculated by averaging 10,000 current measurements.
5.2.2.3 Noncontact pH Sensing Validation

After designing and characterizing pH-sensitive nanocomposite thin film, ECT tests were

conducted to simulate infection occurring at the tissue-prosthesis interface and to see if it was
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possible to detect changes in electrical permittivity due to pH (or infection). First, the ECT
hardware was employed to obtain a set of boundary capacitance measurements when nothing was
present in the sensing domain. This set of measurements served as the raw data used for computing
the baseline permittivity distribution (of air). Second, a representative surrogate (or phantom) of
an OIP was needed. In this case, a 25-mm-diameter aluminum rod was selected, followed by spray-
coating a layer of insulating primer and then the MWCNT-PANI/latex thin film. Primer was
deposited to electrically isolate the MWCNT-PANI/latex film from the rod. In reality, another
biocompatible polymer coating could also be applied and will be investigated in future studies.
Nevertheless, the phantom was then wrapped with foam, which was saturated with water, as shown
in Figure 5.3a. The purpose of including the saturated foam was to simulate an environment similar

to that of human tissue. The entire test setup is shown in Figure 5.3b.

To expose the phantom to pH buffer solutions, the film-coated rod was carefully removed
without disturbing the saturated foam and then immersed in different pH buffer solutions. This
was followed by drying the film-coated rod using compressed air and inserting it back into the
cylindrical saturated foam layer so that the entire system was in the same location in the sensing
domain as before. At this point, the sensing domain was interrogated, and boundary capacitance
measurements were recorded. This procedure was repeated using the same film-coated prosthesis
phantom, where, in total, the system was exposed to pH 1 to 13 buffers, in increments of 2. Lastly,
changes in spatial permittivity were obtained by comparing each result with respect to the

reconstructed permittivity distribution of the baseline (or just air).
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Figure 5.4 A 12.5-mm-diameter aluminum rod was coated with an MWCNT-PANI thin film and served as the
OIP phantom. (b) A piece of chicken meat was wrapped around the phantom to simulate the human tissue, which
formed the OIP surrogate.

5.2.2.4 Noncontact pH Sensing in Biological Specimen

Similar to Section 5.2.2.3, the pH-sensitive nanocomposite thin film was also spray-coated
on a 12.5-mm-diameter aluminum rod was used as an OIP phantom as shown in Figure 5.4a. To
simulate a similar environment as human tissue, a piece of chicken meat was wrapped around the
OIP phantom. The OIP surrogate (i.e., the thin film-coated OIP phantom wrapped with the chicken
meat) is shown in Figure 5.4b. Before interrogating the OIP surrogate with the ECT system, a
baseline measurement was taken when the ECT electrode array was empty (i.e., filled with only
air). Then, during each ECT test, the surrogate was taken out from the electrode array, and the
chicken meat was unwrapped. Different pH buffer solutions (pH 1, 3, 5, 7, 9, 11, and 13) were
successively applied onto the surface of the film-coated OIP phantom to simulate infection at the
tissue-prosthesis interface. Upon the application of each pH buffer solution, the rod was dried
using compressed air (~ 10 psi), and the chicken meat was re-wrapped around the OIP surrogate.
The entire sample was placed back at the same location inside the ECT electrode array. The relative
changes in permittivity distributions for all the pH cases were computed with respect to the

recorded baseline.
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5.2.3 Noncontact Strain Monitoring in OIP

The second part of the study is focused to develop a noncontact, noninvasive strain sensing
technique that can be potentially used for monitoring in situ strains in OIP. First, a new type of
MWCNT-based nanocomposite thin films, whose electrical permittivity is sensitive to strain, were
designed and fabricated. The nanocomposite used in this study was an MWCNT and PSS-based
thin film that can be deposited onto the surface of OIP by spray coating [172], and they served as
a passive sensor whose strain-induced permittivity changes could be quantified (in a noncontact
manner) by ECT. Furthermore, this study also investigated the effects of patterning on strain
sensitivity. When subjected to strain and deformation, these stacks of patterned films change their
dimensions, thus leading to intensified local changes in electrical permittivity distribution. As the
change in dielectric property gets magnified as a result of the incorporation of this strain-sensitive
thin film, ECT can be employed to detect the permittivity change during deformation in a

noncontact fashion.

5.2.3.1 Strain-Sensitive Nanocomposite Fabrication

The formulation of the MWCNT-latex thin film used in this study was based on studies
reported in Section 3.2.1. Similar studies were performed by Loyola et al. [137] and Mortensen et
al. [172]. For all types of specimens tested in this study, a thin layer of paint primer was first
deposited onto the surface of the substrate to serve as an electrically insulating layer and to ensure
that the film adheres to the substrate. While paint primer is obviously not biocompatible, future
studies will investigate other biocompatible thin film precursor alternatives that could be
implemented on OIP. Nevertheless, once the primer fully dried, the MWCNT-latex film was

spray-coated. Two different types of films were fabricated, which are herein referred to as Thin
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Figure 5.5 The fabrication procedure for (a) Thin film-A and (b) -B are illustrated.
film-A and Thin film-B. Both films were MWCNT-latex films but were deposited differently to
create specific patterns. First, Thin film-A was created by spray-coating a uniform MWCNT-latex
film. After the film completely dried, another layer of insulating primer was deposited on top of
it. Second, Thin film-B was a patterned thin film. The hypothesis was that patterning could enhance
the electrical permittivity’s sensitivity to applied strains. Using the primer-coated substrate, 4-mm-
wide strips of masking tape were applied to form a multi-striped pattern, with each mask separated
by a 4-mm-gap from its adjacent ones. Then, a layer of MWCNT-latex thin film was deposited,
followed by removal of the masks to leave behind patterned strips of nanocomposites. The final
step entailed spraying another layer of primer over the entire patterned film. Effectively, the
alternating strips of conductive MWCNT-latex films and insulating layers served as a compound
parallel-plate capacitor, which changed its perceived capacitance and permittivity due to strain,
thus enhancing its strain sensing performance. The fabrication procedures of Thin films-A and -B
are schematically shown in Figure 5.5a and 5.5b, respectively. It should be mentioned that spray-

coating can be performed manually or using a robotic spray fabrication system.
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Figure 5.6 (a) A nanocomposite-coated PET strip was mounted in the load frame for characterizing its strain
sensitivity. (b) Copper tape electrodes were used to interrogate the capacitance response of the film-coated PET.
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5.2.3.2 Strain-Sensing Characterization

To characterize how the nanocomposites’ permittivity responded to applied strains, Thin
films-A and -B were deposited onto primer-coated PET sheets, and a parallel-plate capacitor test
setup was employed. First, the film-coated PET was cut into a rectangular strip and mounted in a
Test Resources 150R load frame. Second, using two separate (and pristine) PET strips of identical
size, conductive copper tape was affixed onto one side of each of those PET strips. These copper
tape—PET strips were then mounted adjacent to the film-coated PET specimen and clamped in the
load frame (Figure 5.6a). Such an arrangement formed a parallel-plate capacitor with the film-
coated PET (and additional layers of PET) as the dielectric medium between the two copper tape
electrodes. This setup also ensured that the electrodes are not strained when the film-coated PET

was loaded. The test setup and its assembly processes are illustrated in Figure 5.6b.

Using this test setup, the load frame was commanded to apply uniaxial tension to the
specimen at a constant strain rate (588 pe/min) from 0 to 4902 pe, pausing every 980 e for

capacitance measurements using a Keysight E4980A LCR meter. This was followed by unloading
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the specimen to 0 pe and pausing accordingly for capacitance measurements. It should be
mentioned that the LCR meter applied a 1 V, peak-to-peak, 1.25 MHz sinusoidal excitation signal;
capacitance was also measured in parallel-circuit mode (Cp), because the impedance of all the
specimens was greater than 10 kQ. Five specimens of each type were prepared and tested to study

the dielectric behavior of Thin films-A and -B when subjected to tensile loading and unloading.

5.2.3.3 Noncontact Strain Monitoring

After quantifying the accuracy of the ECT inverse algorithm, a set of experiments was
performed to verify if deformation in the prosthesis phantom could be monitored in a noncontact
fashion via ECT. A 20-mm-diameter plastic rod (Figure 5.7a) was used as the prosthesis phantom
and subjected to uniaxial and bending loads, while its change in electrical permittivity due to
strain/deformation was monitored with ECT. Although a plastic rod was used, it could be replaced
with a metallic specimen. A previous study by Gupta and Loh [36] demonstrated that ECT could
also detect strain-induced permittivity changes of a nanocomposite-coated metallic prosthesis

phantom.

In this study, a customized load frame (designed and built by Elintrix), shown in Figure
5.7b, was configured to apply different types of loads (i.e., uniaxial compression and bending) to
an OIP surrogate. First, the surrogate was fitted in the load frame via a four-jaw-chuck so that one
end was completely fixed. Second, the ECT electrode array was slipped over the 400-mm-long rod
such that the rod was located at the center of the ECT electrode array cross-section, as shown in
Figure 5.7c. Next, two sets of experiments were performed. The first set of tests subjected the

phantom to uniaxial one-cycle compressive loading and then unloading as described below.
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Figure 5.7 (a) In this study, 18 mm-diameter, 400 mm-long plastic rods were used as the test structure and were
subjected to different types of loading. (b) A customized prototype load frame was designed and built by Elintrix. (c)
The specimen was fitted into the load frame with the ECT electrode array for testing.

First, strain-sensitive Thin films-A and -B were deposited onto the surfaces of the test
specimens and were subjected to uniaxial one-cycle compressive loading and then unloading, as
shown in Figure 5.8. Second, the test specimen was subjected to transverse displacements (V) to
cause bending, as shown in Figure 5.9. A major benefit of the Elintrix load frame was the fact that
one of its four-jaw adjustable grips was fitted onto a rotary table, thereby allowing the load frame
to apply mixed-mode loading to the specimen (i.e., bending, compression, or a combination). It
should be mentioned that, before the application of any load to the specimen, a baseline set of
capacitances was obtained, and the corresponding permittivity distribution (i.e., baseline) was

reconstructed.

5.2.4 Bone Fracture and Prostheses Loosening Monitoring

This study presents the investigation of the potential of ECT as a noncontact, portable, non-
radiation-based imaging technique to detect the onset of and diagnose prosthesis loosening, as well
as loosening-induced bone fractures. Since bone and metallic prostheses are characterized by
drastically different electrical permittivity, it is hypothesized that ECT can map changes in
electrical permittivity and detect dislocation and loosening of the OIP. In addition, loosening-
induced bone fracture can also be identified and localized using ECT. In addition to just testing
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Figure 5.8 (a) The picture of the load frame and (b) the schematic shows that uniaxial compressive load was
applied to the test specimen, and ECT measurements were recorded at different strain states.

Transverse
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Figure 5.9 The picture of the load frame and (b) the schematic shows that transverse loads were applied to the
specimen to induce bending.

the ability of ECT to map prosthesis loosening/ bone fracture-induced permittivity changes, the
quality of the reconstructed images is also assessed. This section begins with a brief description of
the different image matrices used to study the quality of the ECT images, followed by the test

protocols and corresponding laboratory validation results.
5.2.4.1 Prosthesis Loosening Monitoring

The first set of experiments was performed to validate that ECT can detect OIP loosening.

Instead of performing an in vivo test, an OIP surrogate was prepared and used for this preliminary
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Figure 5.10 (a) Prosthesis loosening monitoring tests were conducted using a bone-prosthesis phantom by placing
it near the center of the ECT electrode array for interrogation. (b) The prosthesis phantom was gradually pulled
out from Sawbone femur (from 0 to 35 mm), while ECT measurements were recorded every 5 mm.

study, where a 12.8-mm-diameter PVC rod was slipped into the medullary cavity of a femur
Sawbone. A previous study already demonstrated that ECT can accurately reconstruct the
permittivity distribution of actual tissue-and-bone specimens, as well as Sawbone with metallic
OIP. A PVC OIP surrogate was chosen as a more challenging environment for spatial permittivity
reconstruction since the electrical permittivity of PVC is considerably less than that of metal and

more comparable to bone.

For this test, the entire surrogate was placed in the central region of the ECT electrode array
as shown in Figure 5.10a. The prosthesis was gradually pulled out from the medullary cavity
starting from 0 mm to 35 mm and at 5 mm increments to simulate the effect of prosthesis loosening
(Figure 5.10b). At the end of each 5 mm movement, the system was interrogated by the ECT
system, and the corresponding electrical permittivity distributions were reconstructed from the

measured set of boundary capacitance responses.
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Figure 5.11 An aluminum rod was inserted in a Sawbone femur to create the OIP surrogate, and (a) its longitudinal
and (b) cross-sectional views are shown. (c) A longitudinal cut is made along the Sawbone, and (d) its cross-
section is also shown. () The OIP surrogate was placed in the center of the ECT electrode array for ECT
interrogation and data acquisition.

5.2.4.2 Fracture Detection at Bone-Prosthesis Interface

As mentioned earlier, prosthesis loosening, if undetected at an early stage, can cause stress
concentrations in bone and, ultimately, cracks (or fracture) can propagate at the bone-prosthesis
interface, thereby leading to OIP failure and extreme pain for the amputee. Thus, the second
experiment aims to investigate whether ECT can be applied as a noninvasive imaging tool to detect
the location and severity of cracks at the bone-prosthesis interface. Similar to the previous test
surrogate, a Sawbone femur was selected. Instead of a plastic rod, an aluminum rod that is 12.8
mm in diameter was inserted into the medullary cavity to create the OIP surrogate. To ensure a
secure fit, quick-setting epoxy was employed to bond the metal rod with the femur replica. A side-
and top-view of the surrogate can be seen in Figure 5.11a and Figure 5.11b, respectively. A slit
(i.e., ~ 3-mm- deep and ~ 3-mm-wide) was then cut along the side and in the direction of the
longitudinal axis of the femur using a Dremel tool, as shown in Figure 5.11c and Figure 5.11d, for
emulating fracture. Thereafter, the surrogate was placed at the middle of the ECT electrode array

for ECT interrogation and data acquisition as shown in Figure 5.11e.
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Figure 5.12 The OIP surrogate was inserted in a 3D-printed mold to maintain its position in the ECT electrode
array during imaging. (b) The 3D-printed mold was placed at the bottom of the ECT electrode array, and the entire
test setup is shown.

After validating that ECT can detect fracture location at the bone-prosthesis interface,
additional tests were performed to see if ECT can also be used to quantify fracture size (i.e., its
length and depth). Like the previous fracture detection test, similar experimental procedures were
followed. Here, a 12.8-mm-diameter PVVC rod was employed for the rest of this study. A slit (i.e.,
~ 14-mm- deep and ~ 3-mm-wide) was cut using a Dremel tool along the longitudinal axis of the
OIP surrogate as shown in Figure 5.12a. The length of the fracture was gradually increased from
5 to 30 mm at 5 mm increments. After each increment in fracture, ECT measurements were
recorded for permittivity reconstruction. In order to accurately maintain the position of the OIP
surrogate in the ECT electrode array (i.e., during removal of the OIP surrogate for cutting), a
ProMatte fixture was printed using a Type A Series 1 Pro 3D printer. This receptacle was placed
at the bottom of the ECT electrode array, and the OIP surrogate was inserted into the middle slot

in the ECT electrode array as shown in Figure 5.12b.

Finally, the depth of the fracture was quantified using a similar experimental setup as
before. Here, a 35-mm-long slit was cut along the longitudinal axis of the OIP surrogate. The depth

of the fracture was gradually increased from an undamaged state to 14.25 mm in ~ 2.85 mm
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Figure 5.13 (a) the relative change in permittivity map successfully identified the bone and tissue regions that
corresponded to the lamb shank specimen. (b) The change in electrical permittivity distribution with respect to
the empty baseline of air (i.e., empty ECT electrode array) is presented.

increments. ECT measurements were obtained after each additional ~ 2.85 mm increment of depth

in cut.

5.3 Results and Discussions

5.3.1 Dielectric Property Imaging of Biological Specimens

A simple experiment was conducted using a lamb shank as the specimen to demonstrate
that ECT has the potential for imaging tissues and bones (and in the future, human beings) (Section
5.2.1). The lamb shank, as shown in Figure 5.1a, was placed in the ECT sensing domain and
interrogated, followed by reconstructing its change in relative permittivity distribution with respect
to an empty sensing domain as the baseline. It can be seen from Figure 5.13a that the shape of the
lamb shank was successfully captured by ECT. In addition, greater changes in permittivity were
observed near the vicinity of the bone, while the remainder of the permittivity changes were due
to the presence of tissues. Although Figure 5.13a is only a preliminary validation of this technique

for use in biological systems, the result shown in Figure 5.13a is promising.

142



- _0.06

Y

0.5 — [

]

S
=
B

0.1

ipacitance [nk

= 0.05

C

Relative Permittivit

| 305 7.9 1113 ! 3 3 7% 13
pH H

p

(a) (b)
Figure 5.14 The permittivity of the MWCNT-PANI/latex film changed as the film was exposed to different pH
buffer solutions, which changed the (a) measured capacitance of the test setup. Standard deviations of measured
capacitance are also shown (for 10,000 measurements). (b) The relative permittivity of the film, corresponding to
different pH, was computed.

The second experiment was conducted on the same lamb shank with a surrogate prosthesis
(i.e., asteel rod of 6.25-mm-diameter) press-fitted in the bone of the lamb shank. It can be observed
from Figure 5.13b that the location and the shape of the lamb shank was successfully captured by
ECT. A higher change in electrical permittivity was observed near the vicinity of the region where
the prosthesis rod was located. A gradual decrease in permittivity is also seen radiating outward
from the OIP region as a result of the presence of materials with lower dielectric properties (i.e.,
bone and soft tissue). These preliminary results demonstrate that ECT has the potential for imaging

the OIP system implanted in the biological system.
5.3.2 Infection Monitoring
5.3.2.1 Thin Film pH Sensing

As was described in Section 5.2.2.2, MWCNT-PANI/latex thin films exposed to different
pH buffer solutions were sandwiched between two aluminum electrodes and glass slides to create
a parallel-plate capacitor test setup. Figure 5.14a plots a representative set of capacitance results
with respect to different pH, where the error bars correspond to the standard deviation of each

dataset. It can be observed that capacitance increases in tandem with increasing pH. Since the
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geometry of the parallel-plate capacitor was fixed, it can be concluded that the electrical
permittivity of MWCNT-PANI/latex thin films increased with increasing pH. In addition, using
known dimensions of the test setup and by estimating the permittivity of glass as 4.7, the film’s
relative permittivity when exposed to different pH could be calculated and plotted, as presented in
Figure 5.14b. In order to estimate the electrical permittivity of the thin film, it was assumed that
each layer of the dielectric materials (i.e., glass and MWCNT-PANI/latex thin film) act as separate
dielectric materials that were connected in series. It should be mentioned that the thickness of
similar spray-coated MWCNT-based films were determined by scanning electron microscopy and

was ~ 10 um [48], which was also assumed here.

5.3.2.2 ECT-Enabled Noncontact pH Sensing

After validating the potential of ECT for imaging bone and tissue, this study continued
with investigating whether ECT could noninvasively identify pH changes as an indication of
infection occurring at tissue-prosthesis interfaces. A prosthesis phantom pre-coated with an
MWCNT-PANI/latex thin film was used for the next set of tests. The rod was wrapped in foam
saturated in deionized water (i.e., to simulate the simultaneous presence and properties of human
tissue), as shown in Figure 5.3a. ECT was performed on the film-coated rod prior to it being
exposed to pH buffers, and the resulting relative permittivity distribution is presented in Figure

5.15a.

From Figure 5.15a, one can identify three distinct regions of different electrical
permittivity. First, the center portion of the highest relative permittivity (of ~ 120) corresponded
to the prosthesis phantom. Second, a large ring with a relative permittivity of ~ 80 can be seen,

whose value is close to that of deionized water, and its size is comparable to the experimental
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Figure 5.15 (a) The ECT relative permittivity distribution reconstruction of a film-coated phantom rod wrapped
in saturated foam is shown. (b) The plot shows the number of iterations required for the algorithm to converge to
different error thresholds.

setup. Last, the outermost region is air. While metals are characterized by infinite electrical
permittivity, ECT and FE method are unable to reconstruct this but instead converges to a large
number. In addition, regularization inherently smooths sharp edges (e.g., the interface between
foam and air) to show a gradient of change in relative permittivity. Figure 5.15b shows that the
ECT algorithm could converge at ~ 125 iterations when the error threshold reaches 0.01% (i.e.,
the threshold set in this case), and negligible changes in error threshold is observed after ~ 200
iterations. In general, Figure 5.15 successfully validated that ECT was able to reconstruct the
absolute relative permittivity of materials in its sensing domain (i.e., to within a reasonable degree

of accuracy given estimation and experimental errors).

The next test involved exposing the film-coated rod to pH buffer solutions. As discussed
in Section 5.2.2.3, the filmcoated rod was immersed in a pH 1 buffer solution, dried using
compressed air, and placed back in the saturated foam. The entire tissue-prosthesis surrogate was
centered in the sensing domain as shown in Figure 5.3b. Boundary capacitance measurements (i.e.,
mutual capacitance between the boundary electrode pairs) were obtained, and the raw data was
used as inputs for solving the ECT inverse problem and for obtaining its respective relative

permittivity distribution. As discussed in Section 5.2.2.3, this procedure was repeated using the
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Figure 5.16 The film-coated rod (i.e., prosthesis phantom) was exposed to pH (a) 1, (b) 3, (c) 5, (d) 7, (e) 9, (f) 11
and (f) 13 buffer solutions, and the corresponding reconstructed change in permittivity distributions with respect
to the baseline (i.e., the empty sensing domain case) are shown.

same phantom rod for pH 3, 5, 7, 9, 11, and 13 buffers. The permittivity map for an empty sensing
domain was employed as the baseline, and the relative change in permittivity distributions for all

the pH cases were computed with respect to this baseline.

The ECT permittivity maps for one set of tests are shown in Figure 5.16. First, it can be
observed from Figure 5.16 that ECT successfully identified the location of the prosthesis phantom,
and it compares well with its actual location shown in Figure 5.3; the film-coated phantom was
located in the center of the sensing domain. Similarly, since the remainder of the sensing domain
was air throughout the entire test, the reconstructed permittivity maps do not show any permittivity
changes there, but a comparatively small change in permittivity can be observed around the
prosthesis phantom. It is anticipated that this change was caused due to the presence of saturated

foam.

Second, one can also observe changes in localized electrical permittivity due to the
application of different pH. This result was only possible with the introduction of the MWCNT-
PANI/latex thin film on the prosthesis phantom since it was already demonstrated in Section
Figure 5.14. As expected, the ECT permittivity maps shown in Figure 5.16 also confirmed that

permittivity increased with increasing pH. Overall, these results suggest that ECT, when used in
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conjunction with pH-sensitive thin films, can potentially serve as a noninvasive tool for monitoring
pH (as a precursor for infection occurring near tissue-prosthesis interfaces). Future tests will
consider the embedment of a prosthesis surrogate in tissue and bone samples while conducting

simulated infection tests.

5.3.2.3 Noncontact pH Sensing in Biological Specimen

As stated earlier, ECT was employed for monitoring the change in the dielectric property
as an indicator of infection at the tissue-OIP interface. The thin film-coated prosthesis phantom
was exposed to different pH buffer solutions and subjected to ECT interrogations. The measured
sets of boundary capacitance responses were used as inputs to solve the ECT inverse problem. The
estimated changes in permittivity distributions with respect to the baseline (i.e., when the ECT
electrode array was full with only air) corresponding to different pH states are shown in Figure
5.17. First, it can be observed that ECT was able to identify the location of the OIP surrogate in
the ECT electrode array. Like the previous results shown in Figure 5.16, a distinct increase in
electrical permittivity in the central region of the sensing domain where the surrogate was located
physically was observed. Second, it can be seen that the electrical permittivity of the region
corresponding to the OIP surrogate increased as the film-coated OIP surrogate was subjected to
acidic to alkaline pH buffer solutions. Overall, the results in Figure 5.17 demonstrated that ECT,
when coupled with the MWCNT-PANI thin film, could be used as a noncontact subcutaneous
infection monitoring tool in a simulated biological environment. Although ECT was able to
successfully capture the location and gradual changes in electrical permittivity as the film-coated
surrogate was subjected to different pH buffer solutions, it was observed that the size of the
infected region was overestimated, where the ECT results showed an increase in electrical

permittivity over a larger area than the actual size of the surrogate. This undesirable effect was
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Figure 5.17 The OIP phantom was exposed to pH (a) 1, (b) 3, (c) 5, (d) 7, (e) 9, (f) 11 and (g) 13 buffer solutions,
and the corresponding reconstructed permittivity distributions with respect to the baseline are shown.

likely due to the artifacts produced by the ECT inverse algorithm because of the sparse boundary
measurements and regularization scheme employed. Furthermore, the reconstructed images also
suffered from poor resolution, where the exact shape and size of the infected region was not clearly

identified.
5.3.2.4 ECT Image Resolution Enhancement

Previous studies demonstrated that ECT could be used as a noncontact, radiation-free
imaging tool for monitoring the OIP-related issues. In addition, ECT could be coupled with an
implantable, passive, and pH-sensitive thin film sensor (deposited onto the OIP prior to implant
surgery) to reveal pH changes at tissue-OIP interface indicative of infection. The location and
severity of infection can also be identified from the reconstructed spatial permittivity maps.
However, the reconstructed ECT images suffer from limited resolution, which limits the accuracy

of the proposed technique.

In this section, a rotational electrical capacitance tomography (RECT) system is proposed,
in which the circular ECT electrode array is rotated with respect to its central axis [217]. It is
hypothesized that RECT is capable of producing higher quality images since a larger number of

electric field excitations and corresponding independent capacitance measurements could be
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obtained. Furthermore, this study also investigated the use of a limited region tomography (LRT)
algorithm to further enhance the imaging resolution [218]. Laboratory experiments were
performed to test this hypothesis and to demonstrate proof-of-concept. The experimental details

and the results are discussed in the following sections.

A RECT

As mentioned earlier, the limited number of measurements makes the ECT inverse problem
challenging to solve with high accuracy and resolution. A better-quality image can be obtained by
employing more electrodes for ECT measurements at the boundary. However, this is not always
feasible as the number of electrodes is often restricted by the area of Q. The ECT hardware system
also needs sophisticated instrumentation to accommodate more electrodes for interrogation and
measurements. This study used a rotational measurement scheme to increase the number of
independent measurements that more independent boundary capacitance measurements as a result
of physically rotating the electrode array resulted in a higher SNR for ECT permittivity
reconstruction. Similar rotational systems have been implemented for EIT and magnetic induction

tomography [217].

In conventional ECT systems, the electrodes are equidistantly arranged at the boundary of
Q. For an eight-electrode ECT system, the angle between two adjacent electrodes is 45°. In this
study, 22.5° and 15° were selected as the angles of the single rotation steps of the ECT electrode
array. For the 22.5° angle-of-rotation case, the ECT electrode array was rotated by 22.5° with
respect to its longitudinal axis upon collecting the first 28 independent boundary capacitance
measurements. After a rotation was performed, the next 28 measurements were recorded. Since

the data acquisition process needed to be repeated twice (i.e., 45/22.5 = 2), a single rotation
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(b)
Figure 5.18 The schematics illustrate the rotational schemes for RECT with a stepping angle of (a) 22.5° and
(b)15°.

produced 56 (i.e., 28 x 2 = 56) independent boundary capacitance measurements. Similarly, in the
case of the 15° angle-of-rotation case (where the electrode array was rotated twice), three sets of
measurements were collected (i.e., 45/15 = 3). Here, 28 x 3 = 84 independent measurements were

recorded for ECT image reconstruction. The rotation processes are illustrated in Figure 5.18.

Laboratory experiments were performed to realize the potential of the RECT system as an
enhanced ECT imaging tool. The OIP surrogate was subjected to RECT interrogations after
exposing the phantom to different pH buffer solutions. The reconstructed images corresponding to
different pH states with different rotation numbers are shown in Figure 5.19. Like the results shown

in Figure 5.17, first, it can be observed that the RECT measurement strategy was able to identify

150



pH1 pH 3 pH 5 pH 7 pH 9 pH 11 pH 13
oL do) Jei Jop Jop Jeo) Hep
(@) (b) (©) (d) (©) () (@)

. . ' ' . . ’ . . . ‘
(h) (i) () (k) (1 (m) (n)
-0.05 0 0.05
Change in Relative Permittivity

Figure 5.19 Here, pH-induced electrical permittivity changes in the OIP surrogate were mapped by RECT and
ECT. (a) to (g) and (h) to (n) show the reconstructed electrical permittivity distributions from two (i.e., one rotation
at 22.5° and three (i.e., two rotations at 15° each) sets of measurements at each corresponding pH state.
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Figure 5.21. A 1-mm-thick circular region was
considered as the limited region for RECT-LRT-based
image reconstruction. The electrical permittivity of this
limited region was reconstructed.

the location of the OIP surrogate. Second, the electrical permittivity of the region corresponding

to the surrogate increased when the film-coated prosthesis was exposed to solutions of increasing

pH. The results of Figure 5.19 are summarized in Figure 5.20, which plots the maximum change

in permittivity of each ECT result shown in Figure 5.18 and 5.19. It can be seen from Figure 5.20

that RECT was able to identify that the maximum change of electrical permittivity increased as

the thin film-coated prosthesis was exposed to increasing pH buffer solutions. Besides, it can be
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observed that greater changes in electrical permittivity were observed as compared to conventional
ECT as more rotations were performed. Even with the RECT measurement scheme, it was still
unable to identify the exact location of the region where pH changes were occurring (i.e., the
MWCNT-PANI film). Ringing effects (i.e., a negative change in electrical permittivity around the
sharp positive change in permittivity) were also prominent in the reconstructed images, which are
believed due to experimental error when rotating the ECT electrode array with a manual rotational

scheme.

B. LRT-RECT system for enhanced ECT imaging performance

In order to overcome the aforementioned limitations, an LRT algorithm was developed and
implemented and combined with the RECT measurement scheme [218]. As it is assumed that ECT
captures the change in electrical permittivity of the nanocomposite thin film due to the application
of different pH buffer solutions, the location of permittivity change can be assumed to be known
a priori. In this study, a 1-mm-thick circular ring around the 12.5-mm- diameter OIP phantom is
considered as the limited region (Figure 5.21). Only the electrical permittivity of this limited region
was reconstructed, while it the permittivity of the remaining portion of the sensing region was
assumed to be constant. The main objective of LRT is to reduce the ill-posed nature of the ECT
inverse problem by significantly reducing the number of unknowns (i.e., the electrical permittivity
values of each finite element in Q). As RECT gave more independent measurements to solve the
ECT problem, coupling RECT with LRT was hypothesized to produce an enhanced ECT image.
Using the same sets of measurements as those presented in Figure 5.19, the RECT-LRT system
was employed to reconstruct the ECT images of the tissue-prosthesis interface, and the results are
shown in Figure 5.22. It can be observed from Figure 5.22 that the ECT results are of visually

higher resolution as compared to Figure 5.19. Two consecutive pH states can be better
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Figure 5.22 The RECT measurement scheme was combined with an LRT algorithm, and the permittivity of the
region adjacent to the prosthesis (phantom rod) was reconstructed. The reconstructed electrical permittivity
distributions of the limited region at different pH-states are shown. Conventional ECT results, as well as RECT
with two and three sets of measurements, are shown in (a) to (g), (h) to (n), and (o) to (u), respectively.

distinguished from the reconstructed permittivity maps obtained by RECT-LRT. Overall, the

conclusion is that RECT-LRT coupled with pH-sensitive nanocomposite thin films can be used

together to generate high-resolution ECT images for detecting infection at the tissue-prosthesis

interface. The potential advantages of RECT-LRT over conventional ECT can be realized from

the singular value decomposition of Ject. Figure 5.23 shows that the singular values of J decay

with respect to the number of measurements. In case of an ill-posed inverse problem like ECT, the

amount of information that can be extracted from the measured set of boundary responses strictly

depends on the number of singular values that are above the noise level [217]. The singular values

of Ject were calculated and shown in Figure 5.23. As it can be seen that with 1% measurement

noise, 25 singular values from the conventional ECT system contributed to image reconstruction.
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Figure 5.23 A comparison of singular values of the sensitivity matrices corresponding to different rotation cases
are shown.

If the noise level remained the same in the case of 22.5° of rotation, 42 singular values were
effective for image reconstruction. This number went up as high as 59 for the 15° case. However,
resolution cannot be increased after a certain level by adding more rotations, since the number of
singular values above the noise level will become saturated. Nevertheless, the first few rotations

(e.g., 22.5° and 15°) contribute to a reasonable improvement in image quality as shown in Figure

5.22.
5.3.3 Strain Sensing
5.3.3.1 Strain Sensing Characterization

Figures 5.24a and 5.24b show the average capacitances of the Thin film-A and Thin film-
B parallel-plate capacitors, respectively, during loading and unloading. Although the results shown
here were obtained from only one loading cycle, it can be observed that the capacitance

corresponding to the same strain-state during loading and unloading is nearly identical, which
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Figure 5.24 (a) Thin films-A and (b) -B were stretched, and the change in capacitance with respect to their
undeformed states are shown, respectively. The change in capacitance during the unloading cycle for (c) Thin
films-A and (d) -B are shown, respectively. Strain sensitivity of the Thin films-A and -B was found to be ~ 1.58 x

107° and ~ 5.37 x 1075, which was based on the slope of the linear best-fit line.

demonstrated their repeatability and suitability for strain sensing. However, it is important to study
the long-term electromechanical behavior of the nanocomposite thin film to establish this thin film

as a reliable

To better compare the capacitance results of different specimens, normalized capacitance

(Cn) was computed as follows:

C, _AG (5.1)

where Co is the film’s capacitance prior to applying any strains, and AC; is the change in
capacitance of the specimen (at any given strain state, i) with respect to Co. Representative results
for Thin films-A and -B during loading and unloading are plotted in Figure 5.25. From the results

shown in Figure 5.25, it is evident that both types of films exhibited strain-sensitive-dielectric
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Figure 5.25 The capacitance of the film-contained parallel-plate capacitor during loading and unloading are shown

for (a) Thin films-A and (b) -B. Standard deviations of measured capacitances are also shown (based on five
specimens tested).

behavior, where their capacitance increased in tandem with increasingly applied tensile strains and

decreased when load was gradually removed.

It was also observed that the strain sensitivity of Thin film-B was ~ 4 times higher than
that of Thin film-A, and this was true for both loading and unloading. Here, the strain sensitivity
of these experimental results can be assumed to be equal to the slope of the linear least-squares
best-fit line. Thus, it can be concluded that patterning the conductive MWCNT-latex thin film

could enhance strain sensitivity. The patterns can be optimized for maximizing strain sensitivity,

but this will be done in the future.
5.3.3.2 Noncontact Strain Monitoring

A. Uniaxial strain monitoring

ECT measurements were obtained at the same strain levels, and the corresponding changes
in their electrical permittivity distributions with respect to their undeformed states are shown in

Figure 5.26. It can be observed from these results that both of the thin film-coated specimens
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Figure 5.26 (a—d) show the changes in electrical permittivity of the Thin film-A-coated test specimen subjected
to uniaxial compressive strain, while (e—g) describe the change in electrical permittivity during unloading. The
Thin film-B-coated specimen was also subjected to the same loading conditions, and its changes in permittivity
are shown during loading (i.e., (h—K)) and unloading (i.e., (I-n)).

exhibited electrical permittivity changes as they were subjected to uniaxial compression.
Permittivity changes occurred where the rod was physically located in the sensing domain (i.e., in
the center). Some permittivity changes were also observed near the boundary regions, but this was
likely due to measurement and environmental noise that corrupted capacitance measurements and
influenced ECT reconstruction results. Second, the magnitudes of permittivity changes as a result of
applied strains as determined by ECT (Figure 5.26) were comparable to the aforementioned
parallel-plate capacitor tests (Figure 5.25). Because the strain sensitivity of Thin film-A was lower
than that of Thin film-B, it can be seen in Figure 5.26 that the SNR is higher (i.e., the magnitude

of the change in electrical permittivity is larger) for the patterned specimen (Thin film-B).
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Figure 5.27 Thin films-A and -B coated onto osseointegrated prostheses phantoms were subjected to transverse
loading. The corresponding changes in electrical permittivity with respect to the undeformed states are shown. (a—g)
describes the permittivity changes for the specimen coated with Thin film-A, while (h-n) illustrate the electrical
permittivity changes of the Thin film-B-coated specimen.

B. Cantilever bending monitoring

It is known that bending of a cantilever beam induces tension in one side with respect to
the neutral axis and compression in the other. In this study, the custom Elintrix load frame was
adjusted to apply transverse displacements (y) or loads to the free-end of the film-coated OIP
phantoms, as was discussed earlier. Loading was paused at different displacement intervals to
allow the ECT system to interrogate the sensing region and the specimen. Figure 5.27 shows a
representative set of results. Although no significant changes in electrical permittivity were
observed near the central region when a Thin film-A-coated specimen was subjected to bending
(first row of Figure 5.27), a bipolar change in electrical permittivity was observed in the Thin film-
B-coated specimen (bottom row of Figure 5.27). The reason that only the Thin film-B-coated
specimens produced a response was because of its higher strain sensitivity and larger SNR. The
bipolar response was also expected (i.e., given that the rod was simultaneously experiencing

tension and compression), and these results validated the fact that the film could sense both tensile
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and compressive strains when coupled with ECT. However, the size of the specimen was

exaggerated by ECT, which could be because of the particular regularization scheme employed.

It should be mentioned that the ECT electrodes have a finite length (~ 35 mm). This means
ECT would output an average of any strain changes occurring over the interrogated region of the
cantilevered OIP phantom. This effect can be mitigated by redesigning the electrode array to
feature shorter electrodes. Another possibility is to move the electrode array along the length of
the specimen to determine average strain-induced permittivity changes over a given segment. Such
an approach can lead to the generation of 3D ECT-reconstructed permittivity distributions, which
is the subject of future investigations. Overall, these results successfully demonstrated noncontact

strain monitoring.

The data from Figure 5.27 were also further processed to reveal the change in electrical
permittivity at different depths of the OIP surrogate’s cross-section. To do this, a 25-mm-long, 2-
mm-wide rectangular section (R) of the OIP specimen was considered (Figure 5.28a), and its center
coincides with the center of the OIP rod in the previous test. From the FE modeling, it was found
that R bounded 18 triangular elements spanning two columns (Figure 5.28b). The permittivity values
of these elements in R were extracted, corresponding to the different stain states tested. Here, only

data for the Thin film-B-coated specimen was processed because of its greater sensitivity to strain.

Figure 5.29 plots how the electrical permittivity of the Thin film-B-coated specimen varied
as a function of depth. First, the results show that strain varied almost linearly, from tension
(positive strain) in the upper portion to compression (negative strain) in the lower section of the

OIP phantom. Second, the permittivity change is close to 0 near the neutral axis (i.e., the center of
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and coincided with a portion of the OIP phantom. (b) The rectangular strip consisted of 18 triangular elements.
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Figure 5.29 The change in electrical permittivity in R at different distances from the neutral axis position (i.e.,
the center of the OIP surrogate) corresponding to different y are plotted in (a—g).
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the rod), which is expected, while gradually increasing and moving towards the extreme values
near the top or bottom. Third, the maximum absolute change in electrical permittivity increased as
y was gradually increased from 0.254 to 1.778 mm, which is shown by the length of the top and
bottom arrows in Figure 5.29. The linear change in electrical permittivity over the cross-section of
the specimen shown in Figure 5.29 resembles the same strain distribution pattern as one would
expect for a cantilevered beam subjected to bending. Overall, these results also show that the
bending strain distribution over the cross-section of a nanocomposite-coated prosthesis surrogate

could be captured with the aid of ECT.

5.3.4 Bone Fracture and Prosthesis Loosening Monitoring

This section presents the investigation of the potential of ECT as a noncontact, portable,
non-radiation-based imaging technique to detect the onset of and diagnose prosthesis loosening,
as well as loosening-induced bone fractures. Since bone and metallic prostheses are characterized
by drastically different electrical permittivity, it is hypothesized that ECT can map changes in
electrical permittivity and detect dislocation and loosening of the OIP. Additionally, loosening-
induced bone fracture can also be identified and localized using ECT. In addition to just testing
the ability of ECT to map prosthesis loosening/ bone fracture-induced permittivity changes, the
quality of the reconstructed images is also assessed. This section begins with a brief description of
the different image matrices used to study the quality of the ECT images, followed by the test

protocols and corresponding laboratory validation results.

5.3.4.1 ECT Image Evaluation Criteria

Two image parameters were evaluated and studied to characterize quality of the

reconstructed images. Similar image parameters were also used for checking the quality of ECT-
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reconstructed permittivity maps in Chapter 2. However, in this chapter, they were formulated to
study how accurately the reconstructed images can capture the location, shape, and size of the bone

fracture.

The image parameters were evaluated on the basis of [&q]i, (i.e., one-fourth amplitude set)
Mathematically, one-fourth amplitude set can be defined by equation 2.75. PE is evaluated by

calculating the distance between the CG of the defects (e.g., crack, prosthesis loosening) and [&q]i.

PESL | (5.2)

where ryand rq are the position vectors of the CG of the defects and [&q];, respectively. PE measures
how accurately reconstructed images can identify the location of the defects. A small value of PE
signifies a better accuracy of the reconstructed image. Area ratio (AR) is defined as the fraction of
the area of all the pixels of [¢q]i located in the damaged region to the actual damage size (D).

AR :Z[‘%%

e (5.3)

AR represents the accuracy of the reconstructed images in terms of the shape and size

identification. AR closer to 1 represents a better-quality image.
5.3.4.2 Prosthesis Loosening Results

As stated earlier, ECT was employed for monitoring OIP loosening. Figure 5.30 shows the
change in relative permittivity distributions acquired at different stages of displacement of the
prosthesis phantom as it was gradually pulled out from 5 mm to 35 mm. It should be mentioned
that the results in Figure 5.30 plot the change in electrical permittivity distribution with respect to

the initial stage (i.e., 0 mm) or pristine specimen’s permittivity distribution. A baseline was used
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Figure 5.30 Relative permittivity distributions due to prosthesis loosening at different loosening states were
reconstructed and compared to the baseline (i.e., undamaged state). ECT results corresponding to OIP pull-out of
(@) 5, (b) 10, (c) 15, (d) 20, (e) 25, (f) 30, and (g) 35 mm are shown.

in this case to highlight changes in relative permittivity due to prosthesis loosening. First, it is clear
that ECT can successfully identify the location of permittivity changes due to loosening of the
prosthesis. Second, a decrease in electrical permittivity was observed with increasing pull-out,
because the pulled-out section or void was filled with air, which has a lower permittivity than the
PVC rod. The magnitude of permittivity change was smaller at initial stages of prosthesis pull-out,
because a portion of the prosthesis rod was still within the interrogating electric field. As the
prosthesis phantom was loosened further, a higher decrement in electrical permittivity was

observed as expected.

After successfully detecting the location and extent of the prosthesis loosening, PE and AE
were evaluated for qualitative assessment of the reconstructed images (Figure 5.31). The
maximum change in electrical permittivity was found among all the reconstructed images and used
for the setting one-fourth amplitude set. In order to calculate PE and AR, it is assumed that the
center of the OIP surrogate coincided with the center of the ECT electrode array. Although PE was
smaller than ~ 2 mm, it was found that it was increased after first 5 mm pull-out. On the other

hand, it was found that AR was ~ 1 during first 5 mm pull-out and its value was gradually decreased
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Figure 5.31 ECT image resolution criteria (a) PE and (b) AR were evaluated for the reconstructed images
corresponding to different extent of OIP pull-out are shown.
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from ~ 1 to ~ 0.6. These may be due to the reason that the OIP surrogate was displaced from the

center of the ECT electrode array during the first pull-out.

5.3.4.3 Bone Fracture Detection Validation

In the second part of this study, a fracture was introduced by cutting a slit in the Sawbone
at the bone-prosthesis interface, and the surrogate was subjected to ECT testing. It should be
mentioned that this test involved obtaining two different baseline permittivity maps of the sensing
region. The first was the permittivity distribution of an empty ECT sensing region (i.e., with only
air). The second was obtained by interrogating the pristine or undamaged surrogate when placed
at the center of the ECT electrode array. Figure 5.30a shows the electrical permittivity distribution
of the pristine OIP surrogate, and the change in permittivity was calculated with respect to the
baseline of an empty sensing region. Figure 5.30b shows the permittivity distribution of the
fractured OIP surrogate (i.e., with respect to the undamaged case shown in Figure 5.32a). It can be
observed from Figure 5.32b that a sharp decrease in electrical permittivity can be observed near
the vicinity of the area where the crack was located. This result makes sense since fracture (i.e.,
bone loss) corresponds to the creation of a void (or air) at the location of fracture. Since air has a

lower electrical permittivity than Sawbone, the permittivity maps show a decrease in permittivity.
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Figure 5.32 (a) The permittivity distribution corresponding to the pristine OIP surrogate was reconstructed, and
the change in relative permittivity with respect to an empty electrode array is shown. (b) The change in permittivity
distribution due to the introduction of a fracture in the Sawbone femur (taken with respect to the pristine case) is
shown.

5.3.4.4 Bone Fracture Monitoring Results

The next set of experiments was focused on detecting the longitudinal growth of a fracture
along the length of the Sawbone and OIP surrogate. Similar to the previous test, changes in
permittivity due to increases in fracture length was compared to that of the undamaged state, and
the results are shown in Figure 5.33. It can be noticed that the ECT results showed a decrease in
electrical permittivity corresponding to the location of the fracture. The absolute magnitude of
permittivity change increased in tandem with increasing fracture length (i.e., from 0 to 30 mm).
Figure 5.34 summarizes the results of and plots the maximum change in permittivity of each ECT
result in Figure 5.31 with respect to crack size. It can be seen from Figure 5.32 that the maximum
change of electrical permittivity continued to decrease as the length of the fracture increased. After
successfully detecting the location and extent of the bone fracture along the length of the OIP
surrogate, PE and AE were evaluated for ECT image evaluation and the results are shown in Figure
5.35. It should be mentioned that OIP surrogate was taken out every time from the ECT electrode
array to increase the crack length. A variation in PE was observed (Figure 5.35a) which could be

due to the position mismatch resulted during this process. Initially, the crack was just ~5 mm and
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Figure 5.33 The change in relative permittivity distributions due to the gradual increase in fracture length along
the length of the Sawbone femur, starting from (a) 5, (b) 10, (c) 15, (d) 20, (e) 25, to (f) 30 mm, are shown.
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Figure 5.34 The maximum change in Figure 535 PE and (b) AE were evaluated from the
relative permittivity from the ECT results reconstructed images corresponding to differnet crack lengths
and due to the introduction of a longitudinal are plotted.

fracture of different lengths (from 5 to 30

mm) are plotted.

it was located far away from the center of the plane of ECT scanning electrodes. As a result, AR
was comparatively small (~ 0.8). As the crack length was increased, AR reached a value closer to

1(~0.97).

As mentioned earlier, the last set of ECT experiments were performed to monitor fracture
depth occurring at the bone-prosthesis interface. In this case, fracture depth was gradually
increased, by sawing the bone using a Dremel tool, from its initial pristine state to ~ 14.25 mm in
depth. The electrical permittivity distributions of different fracture states (i.e., changes in electrical

permittivity with respect to the pristine OIP surrogate) are shown in Figure 5.36. Although ECT
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Figure 5.36 ~ 35-mm-long fracture was introduced along the longitudinal direction of the OIP surrogate, and its
depth was gradually increased from its pristine state to ~ 14.25 mm at ~ 2.85-mm increments. The corresponding
change in electrical permittivity with respect to the pristine state are shown for (a) 2.85, (b) 5.70, (c) 8.52, (d)
11.40, and (e) 14.25 mm, respectively.

was able to successfully capture the location and gradual changes in electrical permittivity due to
the increase in fracture depth, it was observed that fracture size was overestimated, especially since
the ECT results show a decrease in electrical permittivity over a larger area than the actual size of
the fracture. This undesirable effect was likely due to the inherent smoothing effect of the
regularization technique employed while solving the inverse problem. Furthermore, the
reconstructed images also suffer from poor resolution, where the exact shape and size of the

fracture were not clearly identified.

5.3.4.5 ECT Image Reconstruction Enhancement

In order to overcome the aforementioned shortcomings concerning ECT image accuracy
and resolution, an LRT image reconstruction algorithm was developed and implemented [53].
Only the region corresponding to the area of the Sawbone was reconstructed to monitor fracture
propagation near the bone-prosthesis interface. Figure 5.37a describes the dimensions of the
“limited region” considered (i.e., the area surrounding the OIP surrogate). The main objective of
LRT is to enhance the imaging performance of the inverse algorithm by limiting the reconstruction

region to a particular zone where changes in electrical permittivity are expected to occur. In doing
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so, the number of unknown image pixels can be significantly reduced with LRT imaging, thereby
reducing the ill-posed-ness of the inverse problem as compared to conventional ECT image

reconstruction algorithms.

For the ECT sensing region considered in this study (Figure 5.37a), the original FE mesh
constituted 4,020 linear triangular elements (Figure 5.37b), among which 393 were used for LRT
reconstruction (Figure 5.37c). Using the same sets of data as those presented in Figure 5.36, the
LRT algorithm was employed for reconstructing higher resolution ECT images, which are shown
in Figure 5.38 First, it can be observed from Figure 5.36 that the ECT results are of higher
resolution and accuracy as compared to Figure 5.36. Second, gradual shape changes in the
reconstructed electrical permittivity maps were observed near the location of the fracture, and these
corresponded to the depth of the fracture increasing. Finally, the shape of the change in electrical
permittivity also resembled the actual cross-sectional shape of the fracture. In this case, PE and
AE were calculated and compared to these of the full region tomographic (FRT) images (i.e.,
Figure 5.36) and shown in Figure 5.39. It can be observed from Figure 5.39a that by using LRT,
PE was significantly reduced to ~ 0.45 mm from ~ 5 mm. Figure 5.39b shows that AE is almost
equal to 1 in case of LRT images for all the crack sizes. Overall, the conclusion is that LRT can
be used to generate high-resolution ECT images for detecting the shape and size of fractures

occurring near the bone-prosthesis interface.

5.4 Summary and Conclusions

In this chapter, a noncontact, noninvasive, capacitance-based tomographic imaging
technique was proposed for monitoring OIP-related issues. First, ECT was implemented to image

the cross-section of a lamb shank, to demonstrate its potential for imaging tissue and bone.
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Figure 5.37 (a) The OIP surrogate was placed in the middle of the ECT electrode array, and the dimensions of the
OIP surrogate are shown. (b) The entire ECT electrode array was modeled by FEM and discretized using linear
triangular element. (c) The elements corresponding to the OIP surrogate was considered for image reconstruction
by LRT.
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Figure 5.38 Electrical permittivity distributions corresponding to different crack depths (i.e., (a) 2.85, (b) 5.70,
(c) 8.52, (d) 11.40, and (e) 14.25 mm) obtained by solving the LRT algorithm are shown.

As infection due to various microorganisms change the localized pH of human tissue, second, an
MWCNT-PANI/latex thin film whose electrical permittivity was sensitive to pH was designed and
fabricated. A parallel-plate capacitor test arrangement was devised, and the film’s capacitance was
measured as it was exposed to different pH. It was found that its electrical permittivity increased
as the film was exposed from pH 1 to 13 buffer solutions. Since the objective was to detect and

monitor subcutaneous infection, direct probing was avoided, and ECT was employed. The system
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Figure 5.39 (a) PE and (b) AE were compared for LRT and FRT images.

was validated for identifying, in a noncontact fashion, the location of aluminum rods placed inside
the sensing domain defined by a circular ring of noncontact electrodes. Thereafter, different
replicas of an OIP was created, and a pH-sensitive MWCNT-PANI/latex thin film was spray-
coated onto the rod. To simulate infection occurring at the tissue-prosthesis interface, the
prosthesis phantom was exposed to different pH buffer solutions. ECT was then used to interrogate
the system and to reconstruct the spatial permittivity maps. The experimental results showed that
ECT successfully identified the location of the prosthesis phantom, as well as changes in

permittivity due to exposure of its pre-coated film to different pH.

Third, to enhance the resolution of the reconstructed images, a RECT measurement
technique and algorithm was developed and implemented. Furthermore, RECT was combined with
an LRT algorithm to further enhance the resolution of the reconstructed permittivity images. It was
found that the resolution of the reconstructed ECT images can be significantly enhanced using

RECT-LRT, where the results identified different pH states at the tissue-prosthesis interface.

Fourth, ECT was also investigated for monitoring the strain and deformation states of OIP.
To achieve this goal, passive nanocomposite thin films, whose electrical permittivity changes in

response to applied tensile and compressive strains, were designed as a coating for OIP implants.
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The nanocomposite thin films’ electromechanical responses were characterized. It was found that
patterning the film to form alternating strips of films and insulating coatings enhanced strain
sensitivity. These films were then deposited onto OIP phantoms and subjected to both uniaxial and
bending tests, while ECT was used to measure their strain-induced permittivity changes in a
noncontact manner. Not only did the films enable noncontact strain monitoring, but it was also
found that the patterned film exhibited ~ 4 times higher strain sensitivity. The patterned film could
not only detect uniaxial strains, but bending tests also revealed that it could simultaneously monitor
and localize tensile and compressive strains that developed on opposite faces of the test specimens.
The results showed that permittivity varied linearly through the thickness of the specimen in a
similar manner as one would expect for a cantilevered beam under bending. These results
successfully validated noncontact strain sensing and open up new avenues for ECT to be used in

conjunction with passive nanocomposite thin films for monitoring the strain-states of OIP.

Fifth, ECT was also implemented as an imaging technique for monitoring OIP loosening
and bone fracture occurring near the bone-prosthesis interface. Several laboratory-based tests were
performed using OIP surrogates made using plastic or metallic rods and Sawbone femurs. First,
prosthesis loosening tests were performed by gradually pulling out the OIP surrogate from the
Sawbone while ECT interrogated the system. The change in dielectric property due to prosthesis
loosening was successfully captured by ECT. Second, ECT was also applied for detecting and
monitoring bone fracture propagation near the bone-prosthesis interface. The results showed that
ECT was able to detect the change in electrical permittivity due to increases in both the length and
depth of fractures. Two image evaluation metrics were defined and used to evaluate the quality of
the reconstructed images obtained from ECT. To enhance the resolution of the reconstructed

images, an LRT algorithm was developed and implemented. These two metrics were also used to
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compare the accuracy of the reconstructed images obtained by FRT and LRT for crack depth
monitoring. It was found that the resolution of the reconstructed ECT images can be dramatically
enhanced, where the results correctly identified the shape and depth of longitudinal fractures in the
Sawbone. In the near future, actual bone specimens and in vivo tests will be performed to better
characterize the ability of ECT to detect prosthesis loosening and bone fracture in more realistic

conditions.

Although this chapter mainly demonstrates the application of ECT for OIP monitoring, this
study can be extended for noncontact strain mapping and subsurface corrosion sensing for
structures. Additionally, being a noncontact, subsurface imaging tool, ECT can also be applied for
subsurface damage monitoring in structures. However, the circular geometry of the ECT electrode
array could potentially limit its application as an SHM/ NDE tool for large scale structures. Chapter
6 shows how the geometry of the ECT electrode array can be modified to make it suitable for

subsurface scanning of the large-scale structures.

This chapter is a partial reprint of the materials as it appeared in Noncontact Electrical
Permittivity Mapping and pH-Sensitive Thin Films for Osseointegrated Prosthesis and Infection
Monitoring, S. Gupta and K. J. Loh, 2017; Monitoring Osseointegrated Prosthesis Loosening and
Fracture using Electrical Capacitance Tomography, S. Gupta and K. J. Loh, 2018; Noncontact
Strain Monitoring of Osseointegrated Prostheses, S. Gupta, H-J. Lee, K. J. Loh, M. D. Todd, J.
Reed, and A. D. Barnett, 2018; and Enhancing the Imaging Performance of Electrical Capacitance

Tomography for Monitoring Osseointegrated Prostheses, S. Gupta, T. Zhang, and K. J. Loh, 2019.
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CHAPTER 6 PLANAR ARRAY CAPACITIVE IMAGING FOR SUBSURFACE

DAMAGE DETECTION IN COMPOSITE STRUCTURES

6.1 Introduction

In this chapter, the geometry of the ECT electrode array is modified from circular to a
planar arrangement so that it can be used by the technicians as a hand-held instrument to rapidly
assess the subsurface condition of the large-scale aerospace structures. As mentioned in Chapter
1, CFRP composites have become increasingly more popular for aerospace structures, mainly due
to their high specific strength as compared to metals [11]. In particular, CFRP composites are
fabricated from stacked fiber fabrics (with fibers oriented in a certain direction in each layer) and
then infused with epoxy, which can be performed by wet layup or by vacuum bagging process.
Although CFRP composites derive their unique mechanical properties from their unique structure,
their structural anisotropy and dissimilar phases of its constituents (i.e., fibers and epoxy matrix)
can lead to the formation of unique damage modes (e.g., delamination) due to low-velocity impact
as described in Chapter 1. The growth of undetected, subsurface delamination under external loads
can ultimately cause catastrophic structural failure [219]. Therefore, regular inspection and routine
maintenance of CFRP composite structures are needed in order to ensure structural integrity and

safety.

Besides visual inspections and traditional sensors [220], various nondestructive condition
monitoring techniques have been developed and implemented for CFRP structures’ condition
assessments. Ultrasonic inspection is considered as the gold standard of inspection methods. In
short, an ultrasonic transducer propagates concentrated, high-energy acoustic waves through the

thickness of a component, where the wave can interact with hidden damage features and generate
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a change in measured response [221]. Here, C-scanning can be employed to obtain a spatial map
of surface and subsurface damage features in the composite specimens [222]. However, the
structural component needs to be completely disassembled and fully immersed in water for C-
scanning, which is often not practical, too costly, or impossible to perform in the field. Laser-
generated ultrasound can be employed to overcome the need for immersing structures in a water
bath for C-scanning [223]. However, the amplitudes of laser-generated excitations are generally
small, and low SNR can be an issue. On the other hand, the eddy current method identifies damage
by measuring the electrical impedance of the composite structure [224]. Radiographic imaging and
transient thermography are two other emerging methods that have been implemented for CFRP
composite structures’ condition assessment. In order to enhance image resolution, radiography
often requires a liquid penetration (e.g., zinc iodide solution) in the composite, which requires a
break in the structural surface to allow thorough penetration of the liquid [225]. The liquid
penetrant should be selected in such a way that it does not adversely affect the properties of the
CFRP composite. Thermography, on the other hand, uses an infrared camera to visualize the
temperature distribution of a structural component, where localized changes in temperature can be
due to damage. Although quite effective, thermography requires that the structure be uniformly
heated, which is difficult to attain in the field, its sensitivity may change as a function of surface
conditions. Despite the advantages of these NDE techniques as compared to visual inspection, they

can still be time-, labor-, and cost-intensive to realize in the field.

Therefore, the objective of this work is to devise a noncontact, portable, and NDE tool that
can be used by technicians for in situ subsurface damage characterization in large composite
structures. The proposed method works based on the principle of ECT, where the 3D distribution

of electrical permittivity of a sensing region can be estimated by interrogating it with electric field
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excitations [226]. Unlike conventional ECT that uses electrodes placed in a circular array to
interrogate the region enclosed by these electrodes, this study employs adjacent electrodes
arranged in a single plane. The planar electrode array can be placed directly above and be used to
interrogate a composite panel or specimen. It is hypothesized damage in composite would cause
localized changes in electrical permittivity, which can be noninvasively captured using the

proposed planar ECT system.

This chapter employed a numerical as well as experimental approaches to demonstrate the
feasibility of the planar ECT system for damage detection. For the numerical study, FE models of
composite structures (with and without damage) and the ECT electrode array were created.
Damage was introduced by intentionally perturbing the electrical permittivity at specific locations
within the composite structures. After computationally validating the subsurface damage detection
in composite specimens, experimental studies were employed to demonstrate the feasibility of the

proposed system for characterizing subsurface damage in composites.

6.2 Planar ECT Background

As mentioned in Chapter 2, ECT is a soft-field imaging technique that can reconstruct the
distribution of dielectric properties of a region of space using a limited number of boundary
capacitance measurements. In conventional industrial ECT systems, electrodes are arranged in a
circular array. An AC electrical excitation is applied at one electrode, while the remaining
electrodes are grounded. This allows the AC electric field to propagate through the sensing domain
or area enclosed by the electrodes, as shown in Figure 2.4. The mutual capacitances between the

excitation and each grounded electrode are recorded for all possible combinations of electrode
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pairs. This set of raw data is then used as inputs to solve the ECT inverse problem and to

reconstruct the electrical permittivity of the sensing domain.

Despite the advancements of the traditional ECT system [128, 129, 143-145], it should be
clarified that the specimen or structure of interest needs to be placed in the sensing domain to be
imaged. However, this requirement becomes challenging if ECT was to be used for nondestructive
inspection of aerospace structures, where the majority of its structural components are large and
cannot fit between a circular array of electrodes. In fact, a handheld, planar, electrode array can
facilitate the inspection of large aerospace systems. The vision is that technicians can scan different
areas of a structure and directly visualize, in real-time, structural features and damage within the

structural component.

Therefore, and in this study, a planar ECT system is proposed as a 3D subsurface imaging
tool for detecting damage in composite structures. In fact, there have been growing interests over
the past few years in a planar capacitive imaging system for applications such as security scanning
[227]. For this system, the electrodes are arranged to form a rectangular planar array. The electrode
array shown in Figure 6.1 can then be used to interrogate structural components or, in general, the
region of space above the array. Similarly, the region below this plane of electrodes is not of
interest. Thus, to account for this and to reduce the effects of external EM wave interference with
the excitation filed, a grounded metallic shield can be attached to the opposite face of the electrode

array shown in Figure 6.1.

Similar to conventional ECT as well as other tomographic imaging methods, the planar
ECT spatial permittivity imaging algorithm also consists of the forward and inverse problems.

First, the forward problem determines the mutual capacitance between the excitation and
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Figure 6.1 For planar ECT systems, electrodes are arranged on a rectangular planar surface and each of them are
excited with an AC signal and the other electrodes remain grounded for ECT interrogation.

measurement electrodes, given that the 3D electrical permittivity of the region of space near the
electrode array is known a priori. Second, the inverse problem aims to reconstruct the 3D
distribution of electrical permittivity using the measured set of boundary capacitance responses.

The theoretical formulation of the planar ECT is described in the next sections.

6.2.1 Mathematical Modeling

As mentioned earlier, the ECT forward problem calculates the mutual capacitance between
excitation and measurement electrode pairs. Here, an electrode in the planar ECT is excited with
an AC signal, while all other remaining electrodes are grounded, which is illustrated in Figure 6.1.
By doing so, an electric field is propagated through the 3D medium surrounding the electrodes
(Q). Electric field (u) propagation through Q can be approximated as an electrostatic problem. If
steady-state approximation can be implemented, the diffusion of electric charge through Q can be

mathematically explained by the 3D Laplace’s equation:
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V-(eVu)=0 (6.1)

where ¢ is the electrical permittivity distribution inside Q. Proper boundary conditions should be
implemented to achieve the most accurate solution of this second-order partial differential

equation:
u=V (6.2)

where V' is the magnitude of applied voltage at the excitation electrode. For all other electrodes, V'
is set to zero. Finite element modeling is often adopted to solve equation 6.1 using boundary
conditions stated in equation 6.2. The corresponding weak form of equation 6.1 can be derived by
multiplying it with a sufficiently smooth test function (v) and thereafter integrating it over the
entire domain Q:

[evu-vude =0 (6.3)

Q

In this study, Q was discretized using four node-linear tetrahedral elements. Upon
implementation of the boundary conditions (equation 6.2), produces a set of linear equations,

which is expressed in matrix form as follows:
KU = (6.4)

where K is the stiffness matrix of the system, u, contains the values of electric potentials at the
nodes, and I is the force vector, which is obtained from the specified boundary conditions. Once
U is evaluated, one can utilize equation to estimate the mutual capacitance (Cij) between the i

excitation and j" measurement electrodes:
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where ¢; is the area corresponding to the j™ electrode, ui is the solution of the forward problem
when the i electrode is used for excitation, n is the unit inward normal to the electrode plane, and
| is the total number of boundary electrodes. FD technique described in Section 2.2.2.3 was adopted
to numerically evaluate the integration in equation 6.1 over the area of the sensing electrodes.
Although the equations 6.1 to 6.3 are similar to the traditional ECT, the main difference between
the forward problem of traditional ECT and planar ECT is that Laplace’s equation needs to be

solved for 3D space instead of 2D to capture the 3D electrical field distribution.

Although the implementation of the planar ECT forward problem is different than the
traditional ECT forward problem, the same inverse algorithm described in Sections 2.3.1.2 and
2.3.1.3, can be implemented for planar ECT image reconstruction. In this study, the iterative GN

algorithm and single-step NOSER algorithm were used for Planar ECT image reconstruction.
6.3 Numerical Simulations and Results

One of the primary objectives of this study is to use numerical simulations to assess the
sensing and damage detection performance of a planar ECT system. In general, the simulation
began with the initial assumption that the entire sensing region was filled with air (¢ = 1). The
planar electrode array, which was 250 x 250 x 2 mm?, consisted of 4 x 3 = 12 rectangular
electrodes that were 73.33-mm-long and 53.75-mm-wide. The electrode array is illustrated in
Figure 6.2a, which also shows the numbering scheme employed for the electrodes. In order to
allow an electric field to propagate through the sensing region in the FE model, one electrode was

set to a higher potential of 1 V, while the remaining electrodes were grounded. The resulting
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Figure 6.2 (a) 12 electrodes were arranged on a 2-mm-thick plate in a 4 x 3 rectangular array. The dimension of
entire electrode array and the Cartesian coordinate system considered for FE modeling are shown. (b) The entire
sensing domain is discretized using linear tetrahedral elements.

mutual capacitance between the excitation and other sensing electrode pairs were calculated using
the aforementioned ECT forward problem. The FE model of the sensing region and electrode array
is shown in Figure 6.2b. In general, for N number of electrodes, N-(N-1) capacitance measurements
are possible. However, only independent measurements were used for permittivity reconstructions,
which is equal to 66 for this 12 electrode system. Thus, given any 3D permittivity distribution, the
ECT forward problem is solved to determine the 66 electrode capacitance responses for all the
different excitation-measurement patterns. Figure 6.3a shows the set of capacitance results when
each of the electrode was excited with a 1 V signal and that the entire sensing domain was filled
with air (e = 1). Furthermore, Figure 6.3b shows that the GN iterative algorithm could take on the
order of 80 to 100 iterations to converge to the error threshold of 0.001% for this specific case.
The rate of change in error ratio exponentially decays with the number of iterations, and it can be

observed from Figure 6.3b that negligible changes in error threshold occurred after ~ 80 iterations.

6.3.1 Structural Feature Detection and Localization

The first planar ECT numerical case study sought to validate its ability to identify and

localize structural features (e.g., cylinders) in the sensing region but without making contact with
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Figure 6.3 (a) Estimated independent mutual capacitances between excitations and sensing electrode pairs are
shown when 1V electrical signal is used for excitation and the entire sensing domain is filled with air. (b) The plot

shows the trend of convergence of the inverse problem and the number of iterations required to achieve the
specified threshold limit.

the electrodes. Cylinders of 50 mm in diameter and 45-mm-tall were defined in the FE model and
placed in the sensing region, as shown in Figure 6.4. The electrical permittivity of the cylinders
(i.e., C1, C2, C3, and C4) were set to a slightly higher value (e = 2), while the sensing region was
assumed to be filled with air (¢ = 1). Doing so simulated the inclusion of foreign objects or

structural features of different electrical characteristics than air in the sensing region.

For each case shown in Figure 6.4, the ECT forward problem was solved to estimate the
mutual capacitance responses when electric fields were propagated between the various electrodes.
It should be mentioned that these capacitance values were assumed to be what one would obtain
if a planar ECT experiment was performed. However, to further add realism to this simulation
study, the computed capacitance results were purposefully corrupted with Gaussian white noise
(i.e., 1% of the median of all computed capacitances responses). This was done to simulate the
noise present during actual experimental measurements. The corrupted capacitance responses were
then used as inputs to the ECT inverse problem to estimate the electrical permittivity distributions
of the entire sensing region. Once the inverse problem was executed and that e (equation 2.74) was

at or below the 0.001% criterion, the ECT algorithm then outputs the reconstructed 3D permittivity
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(c) (d)
Figure 6.4 (a) One, (b) two, (c) three, and (d) four cylindrical objects with £ = 2 were modeled as the foreign
objects in the sensing region.

distribution of the sensing domain. In order to best visualize these 3D ECT results, sections of the
sensing domain were cut at different depths and locations to generate 2D permittivity images at
different locations. These 2D visualization planes or sections are illustrated in Figure 6.5, and their
equations are given in Table 6.1. The sections were chosen such that they pass through the centers

of the cylinders.

Figure 6.6 shows the various 2D sections of the 3D ECT results corresponding to the four
different cases (Figure 6.4). In general, it can be seen from Figure 6.6 that the shapes, sizes, and
locations of the cylindrical objects were successfully identified. First, in Figure 6.6a, the X1 plane
result shows that nothing was observed in Case-1 and Case-2 since X1 does not pass through C1
and C2. C3 and C4 were clearly observed in Case-3 and Case-4, respectively. Second, the same
conclusion can be drawn for X2 and Figure 6.6b, where it successfully identified C1 and C2 for
Case-1 and Case-2, respectively. Even as more cylinders were introduced to the model, the X2
ECT results remained fairly consistent and stable between Case-2 to Case-4. For all these cases,

the height of the cylinder was captured fairly accurately. Finally, Figure 6.6¢ shows the Z section;
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Table 6.1 Details of structural feature detection and localization numerical study

Cylindrical Objects Visualization Sections
Name X coordinate y coordinate z coordinate Plane Equation
Cl 59.345 -78.33 28 X1 y = 59.345
C2 -59.345 -78.33 28 X2 y =-59.345
C3 59.345 78.33 28 Y4 z=28
C4 -59.345 78.33 28
X2
X1
Z

I

Figure 6.5 X1, X2, and Z planes were considered for the visualization of spatial distributions of reconstructed
permittivity.

the locations and cross-sections of the cylinders were clearly captured. Besides successfully
identifying the locations of the cylinders, one can observe that the amplitude of the reconstructed
permittivity values (of the cylinders) closely matched their theoretical electrical permittivity of 2.

Overall, these results demonstrated the validity of the planar ECT forward and inverse problems.

6.3.2 Delamination in Composite Panels

With the planar ECT system validated in the previous section, the objective of this second
numerical simulation study was to investigate a more realistic system. Here, a 250 x 250 x 50 mm?®
composite panel was modeled (with an electrical permittivity of 5) and positioned on top of the
ECT planar electrode system, as shown in Figure 6.7. Note that a 1 mm air gap was included

between the composite panel and ECT electrode array. Furthermore, the damage was also
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Figure 6.6 The planar ECT inverse problem was solved using data obtained for four different cases. 2D ECT
images were obtained from the 3D ECT results by visualizing planar sections corresponding to the (a) X1, (b) X2,
and (c) Z planes.

introduced to this composite panel by modeling a 50 x 50 x 3 mm?® delamination in the center
(Figure 6.7). The electrical permittivity of the delamination layer was assigned to be 1, where the
delaminated portion was filled with air. For convenience, the center of the delaminated layer
coincided with the center of the planar ECT electrode array. Then, similar to the previous
numerical simulation study discussed in Section 6.3.1, the ECT forward problem was first
executed to estimate the capacitance response at all electrodes and corresponding to different
electric field propagation patterns. The estimated mutual capacitances were subsequently

corrupted with Gaussian white noise and used as inputs to solve the 3D ECT inverse problem.

In order to visualize the 3D reconstructed permittivity map of the region above the
electrode array, different 2D visualization planes were defined as shown in Figure 6.8. The
equations of the planes are given in Table 6.2, where the origin of the coordinate axis is at the
center of the composite panel and delaminated layer. Thus, the Z1, Z2, and Z3 planes considered

different vertical distances away from the ECT planar electrode. Specifically, the Z2 plane passes
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Figure 6.7 Delaminated composite panel was modeled by embedding a square-shaped 3 mme-thick layer into the
composite laminate with different dielectric property.

through the center of the delaminated layer, while the Z1 and Z3 planes did not intersect the
delamination. It can also be seen from Figure 6.8 that the X and Y planes cross the origin and

intersect the delamination.

Figure 6.9 shows the different 2D planar cuts of the reconstructed 3D electrical permittivity
distribution of the delaminated composite panel. First, Figures 6.9a, 6.9b, and 6.9c show the
electrical permittivity distributions corresponding to the Z1, Z2, and Z3 planes, respectively. As
expected, Figure 6.9a and 6.9c show a uniform electrical permittivity of ~ 5, since these planes do
not intersect the delaminated layer and only consists of the pristine composite panel at these
heights. On the other hand, Figure 6.9b clearly shows a square region in the center that corresponds
to the delaminated region where the electrical permittivity is ~ 1. The shape and size of this square
region are comparable to the actual delamination. Similarly, for the rest of the ECT permittivity
map for the Z2 plane, the electrical permittivity is ~ 5 due to the composite panel. Second, when
considering the cross-sectional visualization planes (i.e., the X and Y planes), the thickness of the
delamination was clearly captured, as shown in Figure 6.9d and 6.9e. However, the resolution of
these reconstructed electrical permittivity images were a bit poor, which was hypothesized to be
caused by the combined effect of the limited number of electrodes, noise, and the limited
penetration depth of the electric field, to name a few. Future work will investigate a more optimal

electrode array design that is tailored to detecting certain resolutions of electrical permittivity and
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Table 6.2 Visualization sections for delaminated panel
Visualization Plane Equation
Z1 z=5

. Z3 Z2 z2=25

/ 22 Z3 7=45
/ 21 X x=0
, x Y y=0

Figure 6.8 Different sections were considered at different
locations of the sensing region for the visualization of the
delamination in the composite panel.

spatial features. Nevertheless, the results shown in Figure 6.9 successfully validated the proposed
ECT measurement technique and algorithm, in a computational sense, for noncontact NDE of

composite structural components.

6.4 Experimental Details

6.4.1 Experimental Setup

After successfully validating the planar ECT algorithm through computational studies, this
section aims to experimentally validate the proposed planar ECT system. A planar electrode array
was assembled in the laboratory. A 73 x 57 x 3 mm? polylactic acid (PLA) rectangular plate was
3D-printed using an Ultimaker 3+. A total of 12 copper tape electrodes, each with a dimension of
15 x 15 mm?, was affixed onto the PLA plate. The opposite surface of the plate was wrapped with
copper tape and grounded to minimize the influence of external EM interference. Electrical
connections were achieved by soldering RG-174 cables to the electrodes and external shield. The

schematic of the electrode array is shown in Figure 6.10.
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Figure 6.9 (a), (b), and (c) illustrate electrical permittivity distribution at Z1, Z2, and Z3 plane. (d) and (e) show
the reconstructed permittivity distribution at X and Y plane respectively.

6.4.2 Planar ECT Validation

In order to validate volumetric permittivity mapping using the proposed planar ECT
system, a series of experiments were performed by placing a 15 x 15 x 3 mm?® 3D-printed PLA
block at the center of the sensing region. First, the PLA specimen was placed at the center of the
sensing region as shown in Figure 6.11. A set of boundary capacitance measurements was recorded
and used as inputs to the ECT inverse problem. To minimize the computational effort of the 3D
inverse problem, only the 3-mm-thick rectangular region above the electrode plane was considered
for volumetric permittivity reconstruction. It should be mentioned that, prior to placing any object
in the sensing region, a baseline set of capacitance measurements was recorded, and the change in
electrical permittivity due to the introduction of the foreign object with respect to the recorded

baseline was reconstructed.
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Figure 6.10 A planar ECT system with 12 electrodes arranged in a 4 x 3 rectangular array and deposited on a 2.5-
mm-thick PLA plate is shown. The dimensions of the entire electrode array, the size of the electrodes, and the
cartesian coordinate system considered for image visualization are indicated.

6.4.3 Subsurface Damage Detection Validation

The objective of the second set of tests was to validate subsurface damage detection using
3D-printed rectangular PLA specimens (30 x 30 x 5 mm?®) with purposefully introduced internal
defects. Here, three PLA specimens with internal voids of different thicknesses (t) (i.e., 2, 3, and
4 mm) were fabricated. The footprint of the delamination-like defects (15 x 15 mm?) was kept the
same for all three specimens. The specimens were then placed at the center of the planar ECT
electrode array. Then, ECT measurements were recorded corresponding to each damage case, and
the changes in electrical permittivity distribution with respect to an undamaged specimen were

determined.

6.4.4 Barely Visible Impact Damage Detection

To validate this technology for NDI of composite structures, a 30 x 30 x 5 mm® CFRP
specimen shown in Figure 6.12 was subjected to hammer impact and interrogated by the planar
ECT system. First, a baseline measurement was recorded by placing the undamaged specimen at

the center of the planar ECT electrode array. Thereafter, the specimen was subjected to low-
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Figure 6.11 A 15 x 15 x 3 mm®PLA §pecimen was placed at the center of the sensing region and subjected to
ECT interrogation.

velocity hammer impact, and the damaged specimen was placed at the same location in the sensing
domain for ECT interrogation. The change in volumetric electrical permittivity distribution

between the undamaged and damaged states was reconstructed.
6.5 Experimental Results
6.5.1 Foreign Object Detection

As mentioned earlier, a series of experiments was carried out to validate the proposed
planar ECT system. First, a block was placed at the center of the sensing region (Figure 6.11), and
the change in electrical permittivity distribution with respect to a recorded baseline (i.e., nothing
placed in the sensing region) was reconstructed. In order to best visualize these 3D ECT results,
sections of the sensing domain were cut at different orientations (i.e., X-, Y-, and Z-planes
according to the coordinate system shown in Figure 6.11) through the center of the sensing domain
to generate 2D permittivity images. The 2D sections of the 3D permittivity maps are shown in
Figure 6.12ato 6.12c. It can be observed that a sharp change in electrical permittivity was observed
at the center of the sensing region where the PLA specimen was placed. Although the exact shape

of the square object was not precisely reconstructed, overall, the shape, size, and location of the
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5 mm
Figure 6.12 A 30 x 30 x 5 mm?® CFRP specimen was subjected to hammer impact at the center.

specimen were successfully characterized as shown in the X-, Y-, and Z- section plots in Figures

6.12b to 6.12c, and 6.12a, respectively.

6.5.2 Delamination Monitoring

After planar ECT system validation, additional tests were conducted to validate its ability
to quantify subsurface delamination in 3D-printed PLA specimens and to see if it was possible to
detect changes in electrical permittivity due to these internal defects. Here, 15 x 15 mm? square
voids of different thicknesses (i.e., 2, 3, and 4 mm) were introduced at the central region of the test
specimens during printing. Upon conducting the ECT tests. Three different 2D sections (i.e., X-,

Y-, and Z-planes) were considered to better visualize the ECT results.

The ECT results, which are the changes in electrical permittivity distributions with respect
to an undamaged specimen, are shown in Figure 6.13. It should be noted that the size of the region
of permittivity change and their absolute magnitudes increased in tandem with increasing damage
thickness. These results make sense, since the volume of air was increased as the thickness of the
delamination-like damage also increased; air also has lower electrical permittivity than PLA, hence
the negative change in permittivity at the damage location. From Figure 6.13, it can be seen that

the estimated damage sizes were slightly larger than the actual case, and these were most likely
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Figure 6.13 (a) Z-, (b), X- and (c) Y-planes taken with respect to the center of the ECT array are plotted to show
successful detection of the foreign object in the sensing domain.
due to the resolution of the planar ECT system, which is governed by the number and size of
electrodes, strength, and frequency of the AC signals used for ECT interrogations, and the
regularization scheme adopted. Overall, Figure 6.14 confirmed the locations and sizes of

subsurface delamination-like damage could be detected.
6.5.3 CFRP Impact Damage Characterization

The objective of this final experiment was to validate damage detection in CFRPs using a
more realistic test setup. Here, a CFRP specimen was fabricated and subjected to a hammer impact.
The planar ECT system was employed to interrogate the damaged specimen, and the change in
electrical permittivity distribution (with respect to the pristine specimen) due to damage along the
Z-plane is shown in Figure 6.15a. Although damage was not visible on the actual specimen, the
reconstructed ECT map clearly indicates a decrease in electrical permittivity in the middle of the
CFRP specimen, where it was subjected to impact. The corresponding C-scan image of the
damaged CFRP specimen confirmed the presence of subsurface damage at the center and is shown
in Figure 6.15b. It can be seen that the damage location identified by C-scan closely matches the
region of electrical permittivity changes determined by the planar ECT system. It is hypothesized

that impact caused the separation of the carbon fibers from the epoxy matrix, which then created
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Figure 6.14 The change in permittivity distribution of the (a) to (c) Z-, (d) to (f) X-, and (g) to (i) Y-sections for
delamination thicknesses of t = 2, 3, and 4 mm, respectively, are plotted to visualize subsurface damage.
a void or delamination in the specimen. The highly localized void or delamination caused a

decrease in electrical permittivity.

Despite this successful validation test, it should be noted that the resolution of the
reconstructed ECT image was poor. This could be due to the combined effect of using only a
limited number of electrodes, as well as noise and the limited penetration depth of the interrogating
electric field, to name a few. Nevertheless, the result shown in Figure 6.15a successfully validated
the proposed planar ECT measurement technique and algorithm for noncontact NDI of CFRP-

based structural components.

6.6 Summary and Conclusions

In this work, a noncontact, nondestructive, damage detection, and localization method
based on ECT was proposed. The goal was to develop a system that could allow technicians to
rapidly scan and assess the surface and subsurface conditions of CFRP composite structures.

Instead of using conventional ECT systems that rely on a circular array of electrodes, this study
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Figure 6.15 (a) The damaged CFRP specimen was subjected to ECT testing, and the change in electrical
permittivity distribution of the Z-section, with respect to the undamaged state, is shown. (b) The amplitude of
reflected ultrasonic waves obtained from the C-scan of the CFRP specimen is shown for comparison.

investigated the use of a planar electrode array. This configuration allowed one to scan and probe
the subsurface condition of any structural component, as opposed to conventional ECT, that

requires the electrode array to surround the component of interest.

As a step towards this goal, first, this study undertook a numerical simulation approach to
investigate the performance and feasibility of a planar ECT system. First, the planar ECT forward
and inverse algorithms were implemented based on a finite element model framework. Second,
two different numerical simulation studies were performed. The first study was focused on
validating the planar ECT system, specifically for its ability to identify and localize four cylinders
in the sensing region. The second numerical simulation study was based on a composite panel with
delamination damage. For both cases, the forward problem was initially executed to estimate the
mutual capacitance responses at the electrodes. The capacitance responses were then corrupted
with Gaussian white noise and then used as inputs to solve the ECT inverse problem. The results
showed that the shapes, sizes, and locations of the cylinders and delamination damage were

accurately determined via ECT. In a broader sense, the results showed that the proposed technique
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could be used as an NDE tool that has the ability to detect the shape, size, location, and severity
of subsurface damage. In the near future, a prototype planar ECT system will be fabricated in the

lab to validate its experimental and damage detection capabilities.

Second, for experimental validation, a planar ECT electrode array was assembled in the
laboratory. The system was successfully shown to detect the locations, shapes, and sizes of foreign
objects placed in the sensing region. Then, the system was employed to detect artificially induced
subsurface delamination-like damage in 3D-printed PLA specimens. The results showed that the
planar ECT system was able to detect the locations and extents of subsurface damage, where a
localized decrease in electrical permittivity at the locations of these defects were observed. Last,
for further validation, a rectangular CFRP specimen was subjected to impact and inspected using
the planar ECT system. The results again showed that planar ECT was capable of mapping the
change in electrical permittivity distribution caused by impact-induced subsurface damage. The
ECT result was compared with its C-scan image, and good agreement was found. Future studies
will focus on improving and optimizing the design of the planar electrode ECT system for high-

resolution imaging.

This chapter is partially reprinted from Planar Array Capacitive Imaging for Subsurface
Composite Damage Detection, S. Gupta, H (Eric) Kim, H-J. Lee, H. Kim, and K. J. Loh, 2019;
and A planar Array Capacitive Imaging System for Detecting Damage in Composite Structures,

S. Gupta and K. J. Loh, 2018.
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CHAPTER 7 CONCLUSIONS

The main objective of this dissertation was to demonstrate the ability of nanocomposite
thin film sensors coupled with tomographic mapping algorithm and measurement strategies to
detect damage in structural and human health systems. Stimuli-sensitive polymeric thin films of
MWCNT and GNS were fabricated through scalable and low-cost spray fabrication technique. The
thin films were combined with structural materials or integrated with structural components to
serve as distributed passive sensors. As every location on the thin films is sensitive external stimuli,
tomographic mapping algorithm and measurement strategies (EIT and ECT) were implemented to

achieve spatial sensing from a limited number of boundary electrical response measurements.

7.1 Summary of Results

The second chapter entails the detailed mathematical formulations of two different soft-
field tomographic imaging techniques (i.e., EIT and ECT). First, FE-based computer
programmings were developed and implemented to solve the EIT and ECT forward problems.
Second, the formulation for EIT and ECT sensitivity matrix have been described in detail. Third,
a regularized iterative GN algorithm and linearized single-step algorithm were developed for
conductivity and permittivity reconstructions through EIT and ECT, respectively. Experiments
were performed to validate the spatial conductivity and permittivity reconstruction capability of
the proposed EIT and ECT algorithm. The quality of the reconstructed images was also
quantitatively assessed by evaluating different image metrics. EIT and ECT algorithms developed
in this chapter were used in conjunction with nanocomposite thin film sensors for structural and

human health monitoring.
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In Chapter 3, an MWCNT-based nanocomposite thin film was used to nanoengineer the
cement-aggregate interface of the cementitious composite to develop a self-sensing cementitious
composite. The aggregates and sands were coated with MWCNT thin films and used for
cementitious composite casting. The first set of experiments was performed on the mortar. It was
found that, at a low strain regime, the MWCNT-enhanced mortar specimens exhibit very high
strain sensitivity (~ 229). Over 0.2% strain, the sensitivity was comparable with the pristine
specimen (~ 65). However, incorporation of MWCNT thin film helped the mortar specimens to
exhibit higher SNR, sensing resolution, repeatability, higher conductivity, and less nominal
resistance drift. Furthermore, EIT algorithm and measurement strategies described in Chapter 2,
was implemented for spatial damage detection in these self-sensing mortar specimens. The same
technique was applied to encode self-sensing properties in concrete. Like the mortar specimens,
coarse aggregates and sand were coated with the MWCNT thin film and used for concrete casting.
After ensuring the mechanical properties of the thin film-enhanced concrete specimens are higher
than the FAA rigid pavement design guideline, spatial damage detection tests were performed on
four different sets of concrete plate specimens. The results showed that the sand-coated and both
sand- and aggregate-coated concrete sample sets enabled damage detection, due to the fact that

electrical current was able to propagate throughout the entire bulk material.

Although EIT was able to detect spatially distributed damage in nanocomposite-enhanced
structural materials, the technique is unable to estimate induced strain in different directions over
a large structural surface. Thus, the approach employed in Chapter 4 was to pattern continuous
films to form a grid- or mesh-like pattern. The sensing mesh pattern was designed such that each
strut of the mesh or grid was of high aspect ratio, thereby enabling distributed sensing in each strut

but limited to the direction of its length. However, to still use EIT for reconstructing the
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conductivity distribution of the sensing mesh, a modified EIT algorithm was first implemented. A
new GNS-based thin film strain sensor with a gage factor of ~ 8.25 was fabricated and
characterized. The GNS-PVA film was then used to produce sensing mesh specimens of different
patterns and sizes. Sensing mesh specimens were attached to various test structures and loaded to
different strain states using the load frame, and EIT was utilized to interrogate the loaded
specimens. The results showed the sensing mesh’s ability to measure the magnitudes of strains at

different directions strictly based on the locations and orientations of each strut in the mesh.

Besides structural applications, the nanocomposite thin film sensors and the tomographic
methods were also used for human health monitoring. It was found that infection caused by the
microorganism causes a variation in pH of the infected cells. pH-sensitive MWCNT-PANI/ latex
thin film was coupled with noncontact ECT for infection monitoring at the tissue-OIP interface.
The MWCNT-PANI/ latex thin film was deposited on the OIP surrogate by spray fabrication.
Different pH buffer solutions were applied on the thin film-coated OIP surrogate to simulate
different stages of infection. As the dielectric property of the thin film changes due to variation of
pH, ECT was employed to capture the pH-induced dielectric permittivity changes at the tissue-
prosthesis interface. Nanocomposite-enabled ECT was able to capture the electrical permittivity
changes of the thin film caused by the infection. Besides pH sensing, a strain-sensitive thin film
was coupled with ECT to monitor the strain and deformation in the OIP in a noncontact fashion.
It was also demonstrated that the resolution of the ECT images could also be enhanced by
modifying the deposition patterns of the thin films. Furthermore, ECT was also applied for
prosthesis loosening and bone fracture at the bone-prosthesis interface. LRT and RECT approaches
were demonstrated to enhance the resolution of the reconstructed images. The accuracy of the

reconstructed images was also investigated by evaluating different image metrics.
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Finally, the geometry of the ECT electrode array was modified to scan a large structural
surface for subsurface damage detection in composite structures. This configuration allows the
technicians to scan and probe the subsurface condition of the structural component, as opposed to
conventional ECT, that requires the electrode array to surround the component of interest.
Extensive numerical and experimental studies were performed to validate the subsurface imaging
capability of the planar ECT system. It was shown that barely visible damage in CFRP structures

could be identified by the proposed planar ECT system.

7.2 Contributions

As mentioned in Chapter 1, although nanocomposite-based thin film sensors have
demonstrated their tremendous potentials to achieve distributed structural monitoring, more
research works need to be performed to make them suitable for real-world applications. The main
contribution of this research is to develop a new class of nanocomposite thin film sensors by
scalable, low-cost fabrication methods and combining them with advanced tomographic mapping
algorithms to achieve a more reliable materials-based spatial sensing platform for real-world
structural and human health monitoring. Some key contributions of this dissertation are highlighted

here.

e Instead of directly attaching the thin film sensor on the structural surface as a coating, this
dissertation demonstrates that such thin films can be integrated with the structural materials
to encode self-sensing property in material itself. Cement-aggregate interface was
nanoengineered with an MWCNT-latex thin film by spray coating the aggregates and sand
prior to casting. This process does not cause any change in the physical properties of the

concrete and its casting procedure. Rather, it has been demonstrated that the consumption
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of nanomaterials is significantly reduced compared to the other direct dispersion methods
reported in the literature. As the entire structure becomes sensitive to damage, subsurface
damage detection can also be achieved by using such self-sensing materials in conjunction

with EIT.

Distributed strain field monitoring over the large structural surface was achieved by
coupling a modified EIT algorithm with a highly strain-sensitive GNS-based sensing mesh.
The in situ application of the sensing mesh for distributed damage detection in large-scale

structure is also demonstrated.

In this dissertation, MWCNT-based nanomaterials were fabricated whose electrical
permittivity is sensitive to external stimuli (e.g., pH and strain). These thin films were
fabricated by spray fabrication, and their sensing properties were characterized. Although
some previous research efforts have utilized the capacitance measurements for various
sensing applications, contact-based two- and four-point measurements were employed to
achieve sensing. ECT algorithm and measurement strategies were developed and
implemented in conjunction with these stimuli-responsive nanocomposites to achieve
noncontact, spatial pH, and strain sensing. Besides, two separate techniques were proposed

to enhance the resolution of the reconstructed images.

Furthermore, the design of the ECT electrode array was modified to use it for structural
inspection. The ECT algorithm was updated for 3D electrical permittivity reconstruction,
and the experimental setup was assembled in the laboratory for the experimental validation
of the proposed imaging system. It has been demonstrated that the proposed imaging

system can detect barely visible subsurface defects in the composite structures. The
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research findings showed that the geometry of the ECT electrode array can be modified in
a desired way to achieve ECT scanning for subsurface damage identification in a
complicated-shaped object. Additionally, as the electrical field can diffuse through a single
layer of delamination and interact with the medium behind the first layer of delamination,

multi-layer delamination can be detected from single-sided planar ECT inspection.

7.3 Future Research

7.3.1 Short Term Future Research

In the near future, research will be conducted to explore the long term behavior of thin film
sensors. The long-term mechanical and electrical responses of the thin film sensors need to be
studied prior to use them for structural monitoring over a longer period of time. The thin film
sensors will be exposed to various ambient conditions (e.g., temperature, sunlight, humidity,
among others), and their electrical response will be studied to find the influences of such factors

on the electrical property of the thin films.

It is shown that tomographic imaging suffers from poor resolution, which may limit their
future applications where high-resolution imaging is required. Future research will also be focused
on developing an efficient method for high-resolution tomographic image reconstruction. For
example, to accurately estimate the location and shape of the damage in the structures, a narrow-

band level set algorithm will be developed and implemented.

Data-driven algorithms will also be explored to achieve high-resolution tomographic
imaging. For instance, the neural network-based deep learning algorithm can be developed and

implemented for high-resolution imaging. Computationally obtained low-resolution tomographic

200



images will be used as the input of such a neural network model. The corresponding most accurate
image sets will be cycled to train the neural network algorithm so that high-resolution images can
be obtained from the low-resolution one. Such a data-driven imaging system would facilitate high-
resolution image reconstruction while a series of uncertainties are present in the measurements

(e.g., measurement noises, electrode position mismatches, among others).

7.1.1 Long Term Future Research

The field of structural and human health monitoring requires advanced sensing
technologies to assess the condition of the structural components to guide the engineers and
physicians to take the next course of action. Despite the enormous improvement in sensing
technologies, SHM still seeks advanced techniques to solve the engineering bottlenecks of the
current-state-of-the-art. Spatial damage detection in large complex structures is extremely difficult
as it requires a large number of point-sensors to be instrumented over the entire area of interests.
Additionally, different types of sensors are needed to identify the damage caused by various
external stimuli. For example, corrosion sensors are not capable of measuring strain/ deformation

in the structure. A multi-modal sensing approach can be useful to overcome such limitations.

The nanocomposite thin film-enabled tomographic imaging techniques described in this
thesis has the potential to overcome such limited bandwidth issue of the sensors. However,
tomographic imaging techniques described in this thesis (i.e., EIT and ECT) can estimate the
conductivity and permittivity distribution separately. Three EM parameters (i.e., conductivity,
permittivity, and magnetic permeability) can be reconstructed together by interrogating the
materials with an EM wave. EM responses can be measured in a noncontact fashion at the

boundary of the object. Subsequent inverse problems can be solved to reconstruct the conductivity,
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permittivity, and magnetic permeability distribution from the recorded set of boundary
measurements. The forward model will be derived by solving full Maxwell’s equation correlating
the EM parameters with boundary excitation and measurements. The forward problem will be
combined with an inverse algorithm to achieve distributed EM parameter mapping from

experimentally measured boundary responses.

The second part of the proposed multi-modal sensing technique will attempt to develop
stimuli-responsive nanocomposites whose EM parameters will be selectively sensitive to external
stimuli (e.g., magnetic permeability will be sensitive to strain while electrical permittivity will be
sensitive corrosion/ pH). These thin films will be embedded in the structure at a critical region or
will be integrated with the structural materials, thereby accentuating electrical property variations
as detected by the multi-modal tomographic imaging technique. Such a multi-modal sensing
system can be implemented to reveal the complex correlations between different modes of damage
in various structural systems (e.g., corrosion and corrosion-induced stress and fracture
monitoring). Finally, electrical maps obtained from the multi-modal sensing system will be

combined with a reliability model to estimate the residual life of our structural assets.
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