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ABSTRACT

Advances in the processing science enaracterization tools for
nanomaterials have stimulated tremendous research for using carbon nanotubes in
various innovative applications. The exceptionally high specific strength and stiffness,
remarkable electrical and thermal properties along with-aggect ratios of carbon
nanotubes make them an ideal candidate for their use in hierarchical multiscale
composites as well as nanocomposite films. This research is a combination of
fundamental research to understand processing/properties relations haypp bed
science for developing novel multifunctional applications using carbon nanotubes.

The overarching objective of this dissertation is to advance the basic
knowledge in using electrophoretic deposition to create conductive hanocomposite
films of carlon nanotubes on nesonductive fabrics and seek to understand the
fundamental sensing mechanisms. The multifunctional performance of both carbon
nanotubebased hierarchical composites and nanocomposite coated textiles is
evaluated for potential applicati®im structural health monitoring and wearable
sensors.

Aqueous electrophoretic deposition has immense potential to be scaled up for
industrial production, but fundamental gaps in knowledge remain to be bridged. In this
research, the film formation mecham of functionalized carbon nanotubes on-non
conductive fabrics is investigated by conducting experiments at-lendfih scales

from fiber bundles to macro composites using novel characterization techniques.
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Leveraging electrophoretic deposition and ogwalable processing
techniques, applications in structural health monitoring, and wearable sensors are
developed, tested, and validat&tie strain sensing responsecarbon nanotube
based sensing skins fabricated using different processing techreguesstigated
and evaluated. A comprehensive characterization of the sensing skins under different
loading conditions is performed. A novel methodology for calculation of the gage
factor, which is independent of the substrate material properties issstdithrough
innovative tests using a biaxial testing machine. The carbon narmskd sensor is
also used for damage sensing in adhesively bonded hybrid metal and composite joints.
The ability to detect incipient damage and distinguish between diffiieme modes
is demonstrated.

Otherapplicationsexploredincludeflexible pressure sensors with an
extremely wide range of pressure detection and flexible garment based stretch sensors
for application in human joint motion analysise flexible presse sensors display
the capability to detect an ultrawide range of pressure, from touch to tons. In
collaboration with biomechanics researchers, the sensors are integrated with footwear
and validated in a gait laboratory for applications in human gait sisalyie garment
based stretch sensors display a remarkable sensitivity. A resistance change of 3,000%
is observed when the sensor is worn over the elbow/knee. Due to the extremely thin
nanocomposite coating, the texture of the fabric does not changicaigghy, making
the stretch sensors breathable and comfortable to wear. These novel wearable sensors
madeusing a scalable process have the potential to stimulate research and
development in the fields of huma&omputer interfacing, gesture recognitiongda

monitoring the rehabilitation process after an injury.
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Chapter 1

INTRODUCTION

1.1 Motivation

One of thesignificantadvantages of composite materials is the ability to
manipulate the material properties by precisely tailoring the constituent materials,
reinforcemenbrientation and manufacturing techniquBslymer composites
generallyconsist of one kind of reinforceent made of natural or synthetic fibers
mixed with thermoplastic or thermosetting resins as the matrix and the properties
are a synergistic combination of thmividual constituent materials.

Theuse of composite materiah@s been increasing steadilye to the
advancement in the fundamental knowleadenicrostructureproperty
performance relations anchprovements in manufacturing sciendée demand
for improving the properties of composite materials is higher for use in more
extensive applicationssawvell as the growing need for sustainability. Researchers
and engineers have therefore been creative and studied hybrid composites, which
involves the incorporation of two or more fibers within a single matrix or using a
single type of reinforcement with matrix consisting of resin with additives.

For example, carbon fibers provide high specific strength and stiffness, and
low-density reinforcement but are relatively expensive. In contrast, glass fibers
are comparatively cheaper, have a higher straimitare but have lower stiffness.

A hybrid composite manufactured using combining the two fibers within the same

matrix enables to achieve a balance between the properties of a carbon fiber



composite and a glass fiber composite. Fibers such as boron qidtgriaave

also been combined with glass or aramid fibers to create hybrid composites that
have higher failure straiffd]. Epoxy resins have also been modified by adding
bio-based additives such as soybaalnto improve toughness, viscosity, cost
effectiveness, and the impact on the environnj2nB]. Despite ongoing research
for multiple decades on hybrid composites, critical challenges still exiseteta
accurately estimating the mechanical properties, interface compatibility of
different reinforcements within the same matrix, stresses due to different thermal
expansion of hybrid reinforcements and scalability, among others.

Over the past three dets, hybrid composites consisting of multiscale
reinforcements have been investigated for improved mechanical, physical, and
electrical properties. These multiscale composites consist of traditional
reinforcements such as carbon, glass and aramid fibenwéters in the few to
hundreds of micron range) to nanoscale reinforcements such as carbon black,
carbon nanotubes, graphene and other metallic nanoparticles where at least one of
the dimensions is less than 100 nm. The multiscale hybrid compositeshaitera
hierarchical microstructure, with micregized fibers along with narsized
reinforcements, and are often referred to as hierarchical composites.

Due to their exceptional mechanical and electrical properties, good thermal
conductivity, along with lgh aspect ratio (length/diameter) and low density, carbon
nanotubes have been of tremendous research interest over thidiy&an/ith
increasing production, decreasing costs, and enhancement of the tools available for
characterization, there is increasing potential commercial applisatiore of the

challenges of working with carbon nanotubes is to disperse them uniformly in a



nanocomposite. This is because of their extremely high surface energy due to the large
surface area and aspect ratio. Some of the different processing techsepliésru
integration of carbon nanotubes with conventional composites are (1) dispersion of
nanotubes in the matrix using shear mixing, three roll milling, surfactants and (2)

direct hybridization of nanotubes on reinforcement fibers using chemical vapor
deposition, electrophoretic deposition or dip coating. In addition to realizing the
advantages and disadvantages of different processing techniques, a fundamental
understanding of how the process parameters influence the microstructure of the

hierarchical conposites is critical for optimizing their properties for applications.

1.2 Objectives and Organization of the Dissertation

The overarching objective of this research is to advance the basic knowledge in
using electrophoretic deposition to create conductiveemnposite films of carbon
nanotubes on neconductive fabrics and seek to understand the fundamental sensing
mechanisms. The multifunctional performance of both carbon nanbasdesl
hierarchical composites and nanocomposite coated textiles is evaluapedential
applications in structural health monitoring and wearable sensors. Specific
applications evaluated include sensing skins for strain monitoring, damage monitoring
of hybrid metalcomposite joints, flexible textile pressure sensors with anragtye
wide range of pressure detection, and flexible garrhaséd textile sensors. The
applications of the flexible sensors in monitoring the kinematics and kinetics of human
gait and upper extremity motion are examined. The dissertation is organized in

chapters addressing each of these topics, as outlined below.



Other than presenting the motivation and the objectives for this research, this
chapter presents a detailed literature review of the use of carbon nabasauoe
sensors for structural health mtmming and novel wearable sensors.

Chapter 2 introduces the processing techniques used for manufacturing the
carbon nanotubbased hierarchical composites for this research and also includes an
in-depth discussion of the electrophoretic deposition (EREDnique. Due to its
scalability, control over the carbon nanotube film structure and the robust bonding of
the carbon nanotube film, there are advantages of using EPD over other processing
techniques such as calendaring/three roll milling and dip coatiogmmercially
available dispersions. The film formation mechanism of the carbon nanotube
deposition onto nogonductive fabrics using direct current EPD is addressed.

Chapter 3 discusses the comprehensive characterizationpéfoeesistive
carbon nanotubbased sensing skin when manufactured using different processing
techniques. The influence of the substrate (to which sensing skin is bonded) on the
sensing response i s investigatlhsthateisThe ef f e
studied by testing composite coupons of different ply orientations and using a
cruciform specimen tested under biaxial loading.

Damage monitoring of adhesively bonded metahposite joints using a
carbon nanotubbased sensing layer is discusse Chapter 4. The sensing layer is
made by depositing carbon nanotubes onto awmren aramid fabric and embedded
in an adhesive joint. Without significantly deteriorating the joint strength, the carbon
nanotube sensing skin can be used for detectoigiemt damage and differentiate

between failure modes.



Chapter 5 focuses on the development and characterization of flexible and
comfortable to wear ultrahigh sensitivity stretch sensors created by coating
commercially available commonly used fabrics withctionalized carbon nanotubes.
The sensors, when integrated into compression sleeves and tested for human joint
motion analysis, displays extremely high sensitivitg remarkable 3,000% change in
resistance when worn over an elbow/knee.

In Chapter 6a novel flexible pressure sensor based on carbon nanotube coated
nontwoven fabrics that have an extremely wide dynamic sensing range is created and
characterized. The sensing mechanism giving rise to this extensive sensing range is
studied indepth througtelectron microscopy. As a castudy, these thin and flexible
sensors are integrated into footwear and used for human gait analysis and validated
using human subjects on an instrumented treadmill.

Chapter 7 highlights the important scientific contribusiar this work,
followed by a discussion of future challenges and opportunities for the use of these

materials.

1.3 Carbon NanotubeBased Hierarchical Composites for Structural Health
Monitoring : A Literature Review

As a result of their remarkable electricabperties, carbon nanotubased
composites have been widely studied for use in future structural health monitoring
systems due to their piezoresistive electrioakchanical coupling behavior. The
extremely high aspect ratios of carbon nanotubes enaltetthereate electrically
conductive networks at very low percolation thresholds when dispersed in a polymer
matrix. Their nanoscale size enables the creation of electrically conductingikerve

sensing networks between traditional miecgized fibers ira composite and makes it



possible to detect strain and microscale craclsstu without compromising the
composite mechanical properties.

The key sensing mechanism for the piezoresistive carbon naruisbd
composite sensors is the change in overatitetal resistance due to the change in the
nanotubenanotube contact resistance in the carbon nanotube network. Typically,
when the carbon nanotulbased sensors are loaded under tension, the resistance
increases due to the loss of nanotabaotube contas and increasing tunneling gaps,
and the opposite effect is noticed under compressive deformation. The initiation and
growth of micrecracks and delamination can also cause an increase in electrical
resistance by resulting in permanent changes by seviienelectrically conductive
network. Leveraging these sensing mechanisms, carbon nanotubes have been used for
sensing in various applications ranging from strain sensing, to impact damage and

damage monitoring in joints, as shown in Figiite
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Figurel.l A schematic diagram showing the various applications in structural health
monitoring using carbon nanotubasedsensors in fibereinforced
advanced composite materials

1.3.1 In-situ Strain Sensing

Based on the sensing mechanism explained earlier, researchers have created in
situ strain sensors by mixing carbon nanotubes in different types of polymers used as
resins andn cement. Some of the early studies were conducted by Fetldef7],
Thostensomand coworkerg8], and Wichmanret al [9]. Three roll milling or different
forms of mechanical stirring or shear mixiage amonghe most commonly used
methods to ensutt@e dispersion of carbon nanotubes in the matrix. Polycarbonate,
polymethy methacrylate (PMMA), polyurethane, and polypropylene are some of the

other thermoplastic resins that have been investigated for strain sensing by the



addition of carbon nanoparticles. Researchers have also ealtbeh nanotubes
cement to create sedensing cement with piezoresistive propefti€s 12].

Using yarns of carbon nanotubes or threads coated with carbon nanotubes is
another approach for strasensing. Zhaet al.[13] spun carbon nandbe yarns from
arrays and embedddideminto a thin resin film and demonstrated its use as strain
sensors. Waand coworker$l4] spun a carbon nanotube thread from a-talin
forest which had a density of motkan 5 billion carbon nanotubes per square
centimeter. The carbon nanotube thread was integratethen3D braided material
and used for strain monitoring. Schelzal.[15] embedded carbon nanotube threads
into unidirectional glass fiber compositeghich weremountel onto aluminum beams
for strain sensing. Aband their collaboratoifd 6] tested similar threads under

tension and reported a decrease in resistance with increasing strain.

1.3.2 Sensingof Microscale Damage

When compared to microracks and other microscale damage in composite,
the size of carbon nanotubes is significantly smaller. As a result, the rsizeah
damage disrupts the electrically conductive network formed by the carbominesio
A nanoscale conductive element is, therefore, an ideal candidate to detect microscale
damage. Thostensa@t al.[8] were able to create an electrically percolating network
of carbon nanotubes throughout the polymer matrix of a fiber corapd$ié
nanotubes could then act as a sensing network that could be used to determine
deformation as well as cracks in the matrix. They also show that resistance change is
extremely sensitive to detecting the onset of matrix cracking and also can pgtentiall

identify different types of damage.



Transverse cracks ar e f-plylamendtesiare t he 90
loaded in tension. These cracks are initiated due to the stress concentration at-the fiber
resin interface as a result of the stiffness mismatipon further loading, more cracks
are formed in the 90 plies until they are
cracks[17]. Thostensomt al.[18] investigated the effect of these mianacks in
glass fiberepoxy composites with carbon nanotubes integrated. The resistance change
is linear in the initial stages when there are noksads a result of the formation of
transverse cracks and accumulated damage, spikes in resistance are observed.
Hysteresis was observed in the electrical resistance upon cyclic loading because of the
crack formation and crack opening/closing.

Li et al.[19] modela the damage sensing in carbon nanctdieed glass fiber
crossply composite. The nanotubes were dispersed in the resin, and the change in
resistance was modeled considering the tunneling effect. They simulated the
deformation process and examined iteetffon the electrical resistance response.
Although quantitatively different than the experimental results due to the small
simulation size, the methodology captures the key elements that influence composite
electrical percolation, including the effectimanotube resistance, formation of
spanning clusters, and electrical contact resistance.

Gallo and Thostensd@0] further investigated the electrical resistance change
due to transverse matrix cracking in crpdg carbon fiber and glass fiber nanotube
composites. They analyzed the sensitivity in terms of electrode configurations and the
anisotropy of the electrical network. Due to the conductivity of the carbon fiber, it had
higher anisotropy when compared to thesglber composites. Ftne carbon fiber

specimens, the sensitivity to matrix cracking was low. Their simulations also indicated



that as the ratio of the-plane/transverse conductivity increases, the current density in
the transverse plies decreases.

Kim et al[21] used carbon nanotubes asrmsitu sensor to detect the
initiation of micracracks and their accumulation in thr@ienensional braided
conposites. The carbon nanotubes were dispersed in the resin using the three roll
milling approach and infused into ultrahigh molecular weight polyethylene preforms.
They observed the electrical resistance to vary with a discontinuous slope as the
carbon nantube network was broken due to mia@cks and micraelaminations.
Unlike their approach of mixing nanotubes in the resin, Ataal.[14] used a carbon
nanotube thread embedded in-B ®raiding material whout significantly changing
the integrity of the material and demonstrated the repeatable resisteane

behavior.

1.3.3 Fatigue Damage Sensing
Gaoand coworker$22] used carbon nanotubes mixed in tégin using the
three roll milling approach to detect the initiation and progression of fatigue damage.
Under tensiortension loading, crack opening and closing behavior, as observed by
Thostensoret al.[18] was seen. The resistance change initially iregsalue to the
initiation of fibermatrix interfacial debonding and small fatigue cracks. The slope of
the normalized resistance change vs. the number of cycles increases when the damage
is intensified due to the fatigue crack propagation and formatitammverse cracks.
After saturation, a sharp increase in the curve is observed, likely due to delamination.
Nofaret al.[23] used carbon nanotubes with glass fiber epoxy compasites
detect damage in composites subjected to cyclic fatigue loading. The carbon

nanotubes were dispersed using the calendaring approach, and the modified resin was
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used for hand layup to create a composite with two layers of plain weave fabric. No
residualresistance change was measured for all loads below the elastic limit. For loads
beyond the elastic limit, residual resistance change and strain are observed, which
increases with increasing loading cycles. The authors infer that it is also possible to
detect the elastic limit from the change in the electrical resistance curve.

Bogerand colleagueR4] used glass fiber with an epoxy resin containing
0.3% by weight carbon nanofillers dispersed using the three roll milling approach.
Dynamic tensile testwith tensiontension loading were conducted, and the resistance
change during the fatigue loading was monitored. The key characteristics of the
resistance curve observed are: (i) increased resistance corresponds to a decrease in
stiffness, (ii) the resistece change between the minimum and maximum load
increases during fatigue loading, and (iii) a sudden increase in the resistance change is

likely due to the delamination of longitudinal bundles on the surface of the specimen.

1.3.4 Damage Monitoring in CompositeJoints

One of thecritical advantages of composites is the ability to manufacture large,
complex shapes and consolidate the number of parts that typiddlly require
multiple metallic partsWhile part consolidation is an advantage of composites, there
is still an increasing need to join composites together as the applications increase in
different fields. Using traditional fasteners for composites is a challenge due to the low
bearing stregths of composites and the stress concentrations due to the holes drilled
in the composite. As a result, the use of adhesives for composites joining is increasing.
Since adhesives cannot be disassembled for inspection, there is a need for developing
novelnondestructive techniques for monitoring the condition of joints. &tral.[25]

used carbon nanotube networks for detecting the different types of damage in
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adhesively bonded hybrid compositestal joints. Cdyon nanotubes were added to
composite by adding nanotubes to the surface layer of the glass fabric using a
commercially available carbon nanotube sizing agent. Carbon nanotubes were also
added to the adhesive using the three roll milling appradehsurbce of each
specimen was treated differently to promote distinct failure mechanismghe
specimens where an adhesive/steel debonding was observed, the resistance curve had
sharp increases, whereas the specimen with a stringer interface displayedn@domb
adhesive and composite failyend had no sharp jumps in the resistance curve.
Mactabiand coworker$§26], and Kanget al.[27] dispersed carbon nanotubes in the
adhesives to monitor the fatigue performance of the adhesive joints. Thostedson
colleague$28, 29] investigated the capability to detect dage in mechanically

fastened joints using carbon nanotubes in composites.

1.3.5 Sensing of Localized Impact Damage

Low-velocity impact can potentially cause cracks in composites that are not
easily visible to the naked eye and difficult to monitor. The initratibthese cracks
can lead to other types of damage, such as debonding, indentation, and delamination.
Gaoet al.[30] studied the impact performance of plain weapexy composites with
carbon nanotubes. Acoustic emission and ultrasofsca® was used to validate the
electrical resistance measurementdresitu damage monitoring caused due to impact
loading. Apermanent change in resistance was observed after each impact. The
damage area measured from ultrasonic scans, absorbed energy, and the electrical
resistance change increased linearly with repeated impacts.

Arroncheet al.[31] performed similar experiments for damage sensing due to

impact loads, and the resistance changes they measured were consistent with the work
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of Gao[30].But , Ar r owre measuremehtovasmmore reliable and repeatable

than their twewire measuremds. Montiand colleaguef32] alsoperformed identical

experiments with nanotubes mixed in epoxy for a glass fiber composite. A eustom

made pendulum impactor was used for-eslocity impacts. They reported a decrease

in Youngds modul us and a r educandiamatanof ab ot
8% increase in electrical resistance.

Galloand Thostensof83] used two dimensional resistance measurements and
electrical impedance tomography (EIT) for detecting and locating damaged regions
due to impact loads. Composites with anisotropic electrical properties were prepared
by coatng unidirectional glass fibers with carbon nanotubes. The glass fabric was
treated with a fiber sizing containing dispersed nanotubes using a modified vacuum
infusion technique. EIT was demonstrated to determine the location of the damage
reasonably accuraly. Loh et al.[34] used a versatile layer by layer thin film
technique to develop multifunctional nanocomposites, which are then combined with
EIT spatial conductivity mapping tenique. Using a pendulum impact apparatus,
aluminum specimens coated with the sensing layer are subjected to controlled impact
loading. Their results confirmed the sensing skin's ability to identify distributed impact

damage location and severity.

1.3.6 In-situ Sensing of Thermal Transitions

Since composites are often subjected to extreme temperatures for
manufacturing and kservice conditions, the effect of varying temperatures on the
electrical conductivity and sensitivity needs to be investigated. The dooman
approach of measuring electrical properties of the nanocomposites across a thin plate

often fails to accurately account for thermal expansion and microstructural factors
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such as nanotube dispersion state and presence of agglomerates. The effect of
temperature on the properties of carbon nanotubes is dependent on various aspects
such as atomic structures, the morphology of the dispersion, the medium in which
carbon nanotubes are dispersed, and the interfacial characteristics. As a result,
researcherbave reported positive thermal coefficient, negative thermal coefficient, as
well as crossovers for different nanocomposites.

Mohiuddinet al.[35] investigate the effect of temperature on the electrical
resistance of carbon nanotupelyether ether ketone composites. They reported a
negative temperature coefficient when vary
and conclude that the effect of concentrationaybon nanotube in the composites is
more prominent at lower temperatures. Xiang and cowofBétalso observed a
negative thermal coefficient for the carbon nanotoased polyurethane foam. While
negative thermatoefficients are typical for conductive polymers in the melt state,
they observed a negative coefficient likely due to the presence of carbon dioxide in the
cells of the foam, which expands on heating. The expanded gas yields a tension that
draws the celvalls. Also, the expansion of the cell is restricted, leading to an applied
pressure on the cell walls. As a result of this tension and compression on the carbon
nanotubepolyurethane foam cell walls, the resistance decreases.

He andcoworkerd37] studied the effect of temperature on hagmsity
polyethylene (HDPE) filled with carbon nanotubes. They recorded the volume
resistivity of the specimen while varying the temperature anerebd a positive
temperature coefficient. At ~125 C, the re
due to the thermal expansion of the crystalline HDPE during melting, which disrupts

the conductive carbon nanotube network. LasaterThostensof88] characterized
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the thermoresistive behavior of carbon nanotvibgl ester composites and reported
that the behavior was strongly dependent on the carbon nanotube concentration. At
higher concentrations, the temperature coefiitce®uld be positive or negative, but at

lower concentrations, the temperature coefficient was resarand slightly negative.

1.4 State-of-the-Art in Nanomaterial Based Flexible Wearable Sensors

Improvement in information management, artificial intelligeand machine
learning algorithms, the need for optimization along with easy access to the internet
and cloudbased accessibly has made data collection an important part of our lives in
many different ways. Specifically, wearable technology for fithess arfdqmance
tracking, reatime monitoring of health and physiological parameters has been
growing tremendously in the last decade. Since conventional electronics and sensors
are not flexible, there has been a tremendous growth in research for developing

flexible wearable sensors.

Flexible Wearable
Sensors

Capacitive Piezoelectric| | Triboelectric | | Piezoresistive

Figurel.2 Different types of sensing mechanisms for wearable sensors
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Almost all mechanical deformations due to human motion and movements are
sensed using electromechanical wearable sensors, which are fabricated so that the
motion/force is transduced into electrical sensing mechanisms of different types, such
as (Figurel.2) piezoelectric, capacitive, triboelectric and piezoresistive are among the
most widely used. For all the mechaglectrical sensors, their electrical properties
changedue to the deformation. To develop flexible sensors, researchers have used
conductive polymers such psly (3,4ethylenedioxythiophene) (PEDOTolyaniline
(PANI) and polypyrrole (PPy)r in some cases utilized conductive particles such as
carbon nanotoes, graphene, silver nanoparticles and nanowires andcoetald
conductive threads integrated into functional garments.

Capacitive sensors: Dielectric layers sandwiched between two conductive
electrode materials is the most typical structure for capadensors. The
overlapping area between the electrodes, the thickness of the dielectric, or the relative
static permittivity changes on the application of stress or deformation. The two main
approaches of creating capacitive sensors are either usitagstomesr with
conductive particles or conductive textiles. For elastaoased capacitive sensors,
nanowireq39], grapheng40], carbon nanotubd41, 42] and carbon blacjd3, 44],
have been commonlysed. GalnAs, a liquid metallic alloy, has also been used as a
stretchable electrode for capacitive sensors for health moni{d&hgrextile based
capacitive sensors are manufactured by integrating conductive fibers or yarns into
textiles using techniques such as weavind@nadery stitching or can be applied using
printing and coating techniqug46i 48]. Recently, researchedsveloped a capacitive
sensor that used conductive fabrics as electrodes and an elastomer as the dielectric

layer[48, 49]. Some of the challenges with capacitive sensors include complex
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manufacturing techniques for patterning, chemical reactions for creating electrodes,
low adhesion between electrodes and dielectric causing delaminatiomgsesdtiand
robust connections and lastly, developing electronics integrated with the sensors.

Piezoelectric sensors: Some of the commonly used inorganic materials in
piezoelectric sensors are lead zirconate titanate (PZT), zinc oxide, aluminum nitride
andquartz. Organic materials used widely patyvinylidene fluoride (PVDF),
poly(L-lactic acid) (PLLA), and poly(Bactic acid) (PDLA) For wearable systems,
PVDF is the most used ferroelectric polymer due to the ease of processing and low
cost. Researchers have created piezoelectric sensors using a variety of techniques such
as coating PVDF films with silicone rublér], cotton fabric with screen printed
layers of PZT[52], PVDF nanofibers fabricated using spinning techniques in high
electric fields[53] and @nductive matrix with ferroelectret chippingS4] Alluri et
al. [55] developed a novel spherical composite bleasked nanogenerator device using
an ionotropic gelation technique, where tloenposites beads were made using
BaTiOs nanoparticles embedded into calcium alginate with PDMS m&inxet al.
[56] used electrospinning to create ordered PLLA piezoelectric nanofibers on an Au
comb electrode and used it for strain sensing. An advantage of piezoelectric materials
is that they can be udesimultaneously for harvesting energy, but one of the
challenges is to make them flexible with high piezoelectric output and integrating
them nonrinvasively into wearable sensors.

Triboelectric sensors: The triboelectric effect, often known as triboelectr
charging, is a phenomenon that occurs due to the generation of charge on the surface
of some materials when they make contact (frictional) with different materials. In

other words, when two materials with dissimilar triboelectric polarities make contact
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charges transfer occurs between the two surfaces. When separated, compensating
charges are built due to electrostatic induction. One of the key advantages of these
types of sensors, like piezoelectric sensors, is the potential to make th@ovesiéd

and operate without an external power souxteet al [57] developed a stretchable

rubber and an aluminum fikbased triboelectric nanogenerator, which can also be

used for human motion detection and breathing. When the rubber is stretched and
released (due touman motion), the changes of charge distribution on the surface of

the rubber relative to that of the aluminum film surface induce alterations leading to a
charge flow. Insulating this from the human body requires additional steps and could

be a challeng® make it norinvasive or easily integrate it with clothing. Sewgigl.

[58] demonstrated a foldable nanopatterned wearable sensor and generatonbased

the triboelectric effect. They used silvarated textiles with ZnO nanore@OMS
nanopattern on a silv@oated textile as the other electrode. Some of the other
combinations of materials to generate triboelectric charges and use them as sensors are
gold nanosheets embedded in PDMS with micropyramid patterned RBMISPET

with silver-coated fabri¢g60] and PDMS with ionogdb1]. The key challenge for

these types of sensors remains the complex manufacturing, use of expensive materials,
and ease of integration with textiles.

Piezoresistive sensors: This is the most common typersing mechanism to
create flexible wearable sensors where the electrical resistance of the sensor changes
when subjected to mechanical deformation. Technically, the conventional metallic
strain gages are also piezoresistive. The resistance of theienttrned gage
depends on the electrical resistivity, length and esestional area. Upon stretching,

the length increases and the area decreases due to the Poisson contraction, causing an
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increase in the electrical resistance. Unlike traditionainsgrages, the change in

resistance in nanocomposite piezoresistive sensors may be due to the tunneling effect
between conductive nanoparticles, change in the geometry, the structure of the sensors
or intrinsic piezoresistivity of the conductive materi&issome instances, it could be

a combination of more than one of these above mentioned mechanisms that cause the
change in electrical resistance. Some of the commonly used techniques to make
piezoresistive sensors are:

1 Conductive nanoparticles in polymeBue to the lowcost and ease of
processing, this technique is widely popular for creating piezoresistive
materials that can be used as wearable sensors. Conductive nanoparticles
such as carbon bla¢&2i 64] are mixed with stretchable polymers using
techniques such as shear mixing, mechanical stirring, and melt mixing,
among others. Generally, a higher weight percentage of carbon black is
required to create a percolating piezoresistive network due to their low
aspect ratios. Therefore, the use of high aspect ratio nanomaterials is
preferred. Changt al.[65] added hexagonal ZnO nanorods
semiconducting in nature to enhance the sensitivity of carbon hllack f
PDMS based flexible sensors. Researchers have also used graphene, silver
nanoparticle$66i 68], copper nanowirel$9i 71], and gold nanowirgs'1,

72] to create conductive polymers with piezoresistive properties.

1 Intrinsically conductive polyers: Commonly used polymers which are
intrinsically conductive are, pokB,4-ethylenedioxythiophendPEDOT)
[74i 76], polyaniline (PANI)[77, 78], and plypyrrole (PPy)79i 82].

Bashir anccoworkerq83] coated viscose and polyester fibers with
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PEDOT using a chemical vapor deposition process and created a knit
structure for use as stretsbnsors. Seyedgt al.[74] developed a strain
sensitive polyurethane/PEDOT: polystyrene sulfonate (PSS) composite
fibers using wet spinning.

Microcrack based novel microstructures: To enhance the sensitivity of
flexible pressure and strain sensors, considerable research has been
conducted to create novel microstructures. Often tdmeensional and
porous, these innovative microstructures exhibit great potential for
realizing ultrasensitive pressure or strain sensorsgkad colleaguef84]

were one of the firdb show a sensor based on nanoscale crack junctions
inspired by a spiderds crack ehaped s
al. [73] demonstrated a facile technique to create a channelbesed
gold-polyurethane spongenabling high detectability to tiny variations and
large motions. Ni@nd coworker$d5] developed a PDMS substrate with
aligned mountain ranges with additional secondary and tertiary features on
the micrometer scale by dupitng structures of banana leaves. Laaol
coworkerq86] realized flexible and waterproof strain sensors fabricated on
abrasive papers driunctionalized using microcracked gold fiims. Garal
fellow researcherB7] presented a flexible wearable sensor with delicate
geometric microstructures inspired by the crabkped mechanosensory
systems of spider and the wiarking techniques of beetle. Wtial. [88]
discuss microcrackesigned carbon black coated polyurethane (PU)
sponges fabricated using watmased layeby-layerassembly. The

application of pressure leads to the formation of permanent microcracks in
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the carbon black layer due to higher stiffness when compared to that of the
PU backbone. The opening and closing of these microcracks due to the
deformation enable theensing of pressure. While the crack based and
porous microstructure displays remarkable sensitivity, their sensing range
is often limited.

Conductive hydrogels: A hydrogel is a 3D network of hydrophilic
polymers that can swell in water and have thetgtith withhold a large
amount of water while maintaining the structure because of the
physical/chemical crodiking of the polymer chains. The water typically
accumulates between regions of the citodsed polymer network. As a
result of their extremeligigh flexibility, similar to biotissues, and excellent
stretchability, they are good candidates for the development of wearable
sensors. Biological soft tissues such as ligament, tendons, cartilage and
skin often contain a unique combination of soft desible materials with
hard and tough materials. For example, ligaments contain hard collagen
fibrils bound by soft elastin. The skin consists of the epidermis, which has
high toughness to prevent cracking during deformation along with dermis,
which provices elasticity. Litet al.[89] fabricated conductive, elastiand
strainsensitive hydrogels via covalent crdgking of poly(vinylalochol)

and poly(vinylpyrrolidone), in which there are*Ferosslinked cellulose
nanocrystals. Xiand colleaguef®0] developed straksensitive

conductive crosinked hydrogel by the introduction of ceséell hybrid
nangarticles crosdinked poly-acrylamide as the first network and &Ca

crosslinked alginate as the second networkahd fellow researchef81]
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demonstratetlaponite reinforced poly(Nhydroxyethyl acrylamide)

(PHEA) hydrogelsywherePHEA chainsareseli-crosslinked by

themselves and also cregsked by Laponite nanoplatelett/anget al.

[92] exploredthedually synergetic network of polyfNsopropyl

aaylamide) and polyaniline (PANI) hydrogels with electrical conductivity
for strain sensordVhile hydrogelbased sensors have shown good
stretchability and capability to detect human motion, some of the key
challenges are related to complex manufactublagking of skin pores-

since hydrogels are not breathable, loss of stretchability due to evaporation
of water and limitations in operating range as water freezes below subzero
temperatures.

Pyrolysis and carbonized fabrics: An alternative to mixing conductive
nanoparticles in stretchable elastomers is to create conductive fabrics or
structures, such as sponges, which are then embedded into elastomers for
flexibility. Pyrolysis is the thermadlecomposition of organic materials at

an elevated temperature, typically in an inert atmosphere. Since pyrolysis
does not require the use of any complicated procedures or equipment, it is a
relatively easy fabrication process to use. But, the use of extiyrdmngh
temperatures could make the process engrgysive. Fangtal. [93]
carbonized melamine sponge using an annealing process in a vacuum
chamber and then fragmented it into a powdérgua mortar. The ground
powder was dispersed using a surfactant and then vacuum filtered,
followed by integration with PDMS. While Yand coworker§d4] also

carbonized a melamine sponge, they utilizedtihout fragmentation after
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the process of carbonization. A silicone resin was infused in the foam to
create a flexible strain sensor. Liadt[95] created a flexible sensor by
pyrolysis of cotton followed by vacuum infusion of PDM&angand
colleague$96] carbonized a pristine sigeorgette through high

temperature treatment and then used PDMS for encapsulaticrate er
flexible wearable piezoresistive sensor.

Conductive yarn and fabroased wearable sensors: One of the most
important advantages of using yarn/fadveesed wearable sensors is the
potential to relatively easily integrate them with existing manufa
techniques for clothing and garments. Also, the potential ability to create
norrinvasive sensors using this technique where the fabric does not feel
different to the wearer is an added advantage. Researchers have used
twisted thin metal wires arouranventional textiles yarn, or

braided/twisted the conductive yarn into a thread. In certain cases, threads
or yarns are coated with conductive mefat 96], such as silver or

stainless steel. One of the key challenges of integrating metal yarns is their
high Youngds modul u gexturewdifferenhby mekikge s t h e
the overall textile stiffer. Another challenge is the poor adhesion of the
metallic coating to the fiber along with the potential cracking at higher
strains due to different elastic limits. As a result, there exists an opjprtun
to create a conductive coating of conformal and stretchable materials over
fibers and fabrics to create piezoresistive fabrics. Graphene and carbon
nanotubes are among the most promising candidates for this approach,

where the creation of a thin nanaggosite coating can potentially impart
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electrical conductivity without significantly affecting the texture,

stretchability, or the breathability of the fabric.

1.5 Summary and Conclusions

The progress in the field of nanotechnology has enablednaitgng
opportunities to specifically manipulate material properties through structuring at the
nanoscaleDue to the remarkable mechanical and electrical properties of carbon
nanotubes, along with their low density and decreasing costs, there has been
tremendous imrest in using them for various applications in structural health
monitoring and flexible wearable sensors. While there has been tremendous progress
in the science and characterization of nanomaterials, there exist critical gaps in
developing scalable mafacturing techniques for nanocomposites and characterizing
the piezoresistive response under-dalloading scenarios. Although many
researchers have shown casadies of using carbon nanotubes for specific
applications, there is an opportunity to linportant fundamental research problems
to stimulate translational research and commercialization of carbon naihetsdx

nanocomposites for multifunctional applications.
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Chapter 2

PROCESSING TECHNIQUES FOR CARBON NANOTUBE-BASED
HIERARCHICAL COMPOSITES AND TEXTILE SENSORS

In this chapter, different processing techniques used for the fabrication of
carbon nanotubbasecdierarchical composites and textiles are discussed. In
particular, the electrophoretic deposition technique for deposition is investigated, the
film formation mechanism is studied by conducting experiments at various length
scales and novel characterizattechniques. One of the main challenges of creating
hierarchical composites is the uniform dispersion of carbon nanotubes. In addition to
the extremely high aspect ratio and surface area, carbon nanotubes tend to form
agglomerates due to a combinatiorboth nanoscale entanglement of the nanotube
and nanotub@anotube surface interactions.

The goal of any processing technique is to create a uniform dispersion of
carbon nanotubes throughout the matrix, as it significantly influences the electrical
conductvity, the sensing response and its repeatabHityure2.1 shows a scanning
electron micrograph of agceived carbon nanotubes without any additional
processing, showg large agglomerate¥wo main approaches utilized for producing
hierarchical multiscale composites: (1) dispersion/infusion approach and (2) direct

hybridization approach.

34



Figure2.1 A scanning electron microgph showing multivalled carbon nanotubes
without any processing. Due to their high aspect ratio and surface area,
carbon nanotubes tend to agglomerate

2.1 Dispersiontinfusion Approach

In this approach, the carbon nanotubes are first mixdee matrix, orthe
prepolymer cursors and then dispersed uniformly followed by infusion of the
nanotubematrix into a fiber preform using conventional composites manufacturing
techniques such as vacuum assisted resin transfer molding (VARTM). Some of the
standard methadused for dispersion of carbon nanotubes are mechanical qtlijring
ball milling [2i 4], shear mixing5], solventbased higkenergy sonicatiof6i 8],
surfactant$9,10] and functionalization of carbon nanoagbfor specific matrix

materialg11, 12]. The main disadvantage of methdés ball milling is the impact
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forces that it applies to the carbon nanotubes, which leads to a decrease in the length.
As a result, a higher amount of carbon nanotubes may be required to reach the
electrical percolation threshold. The use of solventsiduhe dispersion process can

limit the industrial scalability of the process. In addition to having-ttaggure the

solvent to minimize ecompact, the process of drivirgff the solvent can be time

consuming.

Material feed
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Figure2.2 Schematic diagram indicating the configuration of a three roll mill and the
area between the feed and center rolls, which is the region of high shear.
The carbon nanotubes are agglomerated before passing through the three
roll mill and uniformly dispersed after the processing.
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In this research, a solvefiee shear mixing technique using a three roll mill is
used to disperse mulvalled carbon nanotubes into epoxy resin. The carbon
nanotubeepoxy resin is then infused usiN\RTM through the fiber preform. This
approach was first used by Gojeial.[13] for dispersing nanotubes. The three roll
mill, shown in Figure2.2, consists of three cylindricablls. The first and third rollers
rotate in the same direction while the middle roller rotates in the opposite direction.
The angular velocity ratio of the rolls is in the proportion of 1:3:9. The gap between
the rolls is extremely small and can be varfiom 120 um to 5 pum depending upon
the degree of dispersion required. The liquid undergoes intense shear mixing when it
is fed through the gaps. Due to surface tension, a thin film is formed on the roll
surfaceand the mixture flows from retio-roll and is collected by placing a sharp
scraper blade against the third roll. The mill generates very high local sheay lbotces
the residence time of the material in the gaps is very short, resulting in highly uniform
nanoscale dispersion without compromisomgthe aspect rati&extremely low
percolation thresholds have been repovieen carbon nanotubes with a large aspect

ratio are usefiL4].
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(a)

Figure2.3 VARTM setup after processing the epoxy resin with nanotubes using a
three roll mill. (a) shows the neimiform carbon nanotube gisrsion when
the centrifugal mixture is not used for mixing the curing agent and (b)
when the centrifugal mixture is used.

Carbon nanotubes (multvalled, CM95 Hanwha Nanotech, Korea) were
weighed and mixed with the epoxy monomer (Part A). While weigthieganotubes,
the loss of mass of epoxy resin and the nanotubes during the three roll milling process
and the additional mass of the curing agent that would be added later is taken into
considerationfFor each nanotube concentratitte epoxy resin witlhanotubes was
passed through varying gap settibgéweerthe rotating cylinderfollowing the
processing methodologstablished previous[iL5]. The mixturewasfirst passed
through the mill fol5 passes at a gap settingl@0um followed by 10 passes at a gap
setting of 3Qum and 2(passes at a gap setting girs.

To produce the nanocompositaguringagent(EpikureW) was added to the
mixture at a concentration of 26.4:108rts of curing agent to epoxy monomer. The
curing agent wagmiixed into the epoxy/nanotube dispersion using a planetary
centrifugal mixer at 209 rad'$2000 rpm) for 150 s to ensure complete
homogenization of the mixture and to assist with padedassingThis step of

homogenization is important because it ensures uniform dispersion of the carbon
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nanotubes through the matrix. Figug&3a shows the VARTM photograph when the
centrifugal mixture is not used and leads to awoifiorm dispersion of carbon
nanotubes, which is not the case when the centrifugal mixture is used ERip)re
The dispersionaredegassed in a vacuum ovegated to 6@ and then used
for VARTM. When making the sensing skin, the fiber preforms consisted ef non
woven aramid fabrics. A distribution mi@m (has higher permeability than ron
woven fabric) is used over the entire surface which enables the epoxy matrix with
carbon nanotubés flow through inplane and then in through thickness direction.
This helps in reducing the filtering of the carb@natubes. The matrix is cured at a

temperature of 130 C for 6 hours.

2.2 Direct Hybridization of Carbon Nanotubes: Dip Coating

One of the major limitations of the dispersion/infusion approach is the
relatively low carbon nanotube volume fraction in the polymatrix owing to the
high resin viscosity and infiltration problems. Gogtyal. [16] adcedup to 1.6 wt% of
nanoreinforcement and Thostenson and Cfidi] were able to adlup to 5wt%, but
the modified resin had a significantly high viscosity and @reslengingto work with.
The dispersion/infusion approacAhnmodify the electrical properties of the
composite, but the lower nanotube volume fraction limits the rangessiipe
electrical and mechanical properties that can be achieved. The direct hybridization
approach, where carbon nanotubes are combined with fibers divefiheresin
infusion, has been studied using a variety of techniques.

For this dissertation, ored the techniques used for creating the hierarchical
nanocomposite sensors is a facile dip coating technique using carbon ndrastete

sizing agents. The carrier fabric used is-wm@ven aramid with randomly oriented
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fibers (Technical Fiber Products 2a§Meld together using a crekisked polyester
binder. The sizing agent used is Aquaty(Nanocyl, Belgium). Aquacyl consists of
multi-walled carbon nanotubes dispersed in water along with anionic surfactants for
enhanced dispersion and stability. It @ans about 3 wt% of carbon nanotubes
(NC7000M) and has a viscosity in the range of WD cP. Aquacyl is diluted with
ultrapure water in the ratio of 1:2 (Aquacyl: Water) by weight. The diluted dispersion
is then mixed using a centrifugal mixture (AR3O, Thinky) for 150 seconds at 2000
rpm. An ultrasonic bath sonication is then used for 30 minutes to ensure uniform
dispersion of the carbon nanotubes. Figlileshows a schematic of the process to

create the carbon nanotube dispersion.

by weight
AT SN + Centrifugal
Mixer,
Ultrapure Ultrasonication
Water

Figure2.4 A schematic diagram showing the process to create a dispersion of carbon
nanotubes.
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Dip Coating for
Non-woven 20 minutes
Aramid Fabric

Figure2.5 A schematic representation of the dip coating process efwoorn aramid
fabrics in a carbon nanotube dispersion.

Figure2.5 shows thghotographs of the nemoven aramid fabric before and
after dip coating. The newoven aramid fabric is dip coated for 10 minutes, and then
flipped over and dipped for another 10 minutes following which it is dried in an oven
at 150 C. Th e areunifobnty deposited an the flberss As the fabric

has randomly oriented fibers, the electrical properties are isotropic.

Figure2.6 Scanning electron micrograph showing (left) +vaoven microstructure
and randmly oriented aramid fibers and (right) a single fiber within the
fabric with a uniform coating of carbon nanotubes.
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Figure2.6 shows the scanning electron micrographa noawoven aramid
coated with carbon nanotubes with a dip coating technique using Aquacyl. On the left
is a low magnification image showing the randomly oriented fibers within the fabric.
Webrlike structures are visible between some of the fibers,wikitikely the cross
linked polyester binder used for manufacturing the fabric. The carbon nanotubes are
also deposited on these structures. FiguBés a higher magfication image showing
one of the fibers within the fabric with a uniform coating of the carbon nanotubes.
Some larger sized particles are also observed throughout the fabric, which are possibly
present due to the surfactant/polymers used in creatirgathen nanotube
dispersion.

While dip coating is an easy and facile manufacturing technique, it has a few
limitations: (1) it is challenging to control the thickness of the carbon nanotube coating
since there is no direct driving force for the deposit{@hpresence of surfactants and
other polymers may negatively affect the sensitivity of the carbon nanotube sensors
and (3) the carbon nanotube bonding to the surface of the fiber is not as robust. As a
result, there is a need for a scalable manufactteictgnique for hierarchical
multiscale composites with nanomaterial grafted on the fibers of conventional

textiles/preforms for composites.

2.3 Direct Hybridization of Carbon Nanotubes: Electrophoretic Deposition

2.3.1 Overview of Electrophoretic Deposition
One ofthe techniques used for growing nanotubes on fibers is chemical vapor
deposition (CVD). Thostensaet al [17] and Zhuet al.[18] grew carbon nanotubes

on carbon/graphite fibers using a catalyst. A major problem with this techeitnge
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use of hgh temperatures. At lower temperatures, the catalyst particles diffuse into the
carbon fibers, reducing the possibility of carbon nanotube growth. Using high
temperatures could damage the primary reinforcement, reducing their mechanical
properties and catause the removal of the fiber sizing, which may affect the quality
of interfacial bonding in the composite. Sageal.[19] reported a decrease of 30% in
ultimate tensile strength and 12.5% in tensile modulus for randomly oriented multi
walled carbon nanotube coated fibers grown using CVD. Due to the use of high
temperatures and pressures, the CVD processrenaaly energyntensive and could

be challenging to scale up.

Recently, there has been increasing interest in hybridizing fiber reinforcement
with carbon nanotube using electrophoretic deposition (EPD). The main principle
behind EPD is the electrophoredise motion of charged particles under the influence
of an electric field. EPD has been widely used in industrial applications to coat
complex geometries and curved surfaces in the areas of autof20fiverater
purification[21] and fuel cell§22]. EPD is also used as a colloidal process for
ceramic production. Some kaglvantages of EPD include affordability, simple
equipment, homogenous microstructure, uniform film and morphology, and the
possibility to deposit on many different substrates.

Carbon nanotubes are often difficult to disperse in solvents due to tharesurf
characteristics, presence of impurities, and the nanoscale entanglement that is often
present in commercialgvailable products. A wide range of different approaches
have been studied for purification and creating stable dispersions of carbon nanotube
in various solvents. A common strategy is to use thermal oxidation, followed by acid

reflux, and then thermal annealing and the use of surfa¢gg8jtHowever, the
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removal of residual surfactant is difficult and complicated and could negatively affect
the material propertig24]. Carbon nanotubes have been dispersed in organic solvents
such as ethan§25], isopropyl alcoho]26], tetrahydrofuran (THHR7],
dimethylformamide (DMF]28] and a mixture of acetone and ethai28l]. Another

option is the use of concentrated acids to purify and fumalie carbon nanotubes

[30]. The carbn nanotubes are functionalized with carboxylic acids and other oxygen
containing groups, which aid in creating stabilized dispersions by developing a
negative charge. However, the use of concentrated acid may cause a significant
reduction in the aspecttia (length/diameter) of the carbon nanotubes. Additionally,

the largescale use of organic solvents and chemicals can make it challenging to

conduct EPD at industrial scales.

2.3.2 Aqueous Dispersion of Functionalized Carbon Nanotubes

For a scalable and effigieelectrophoretic deposition process, commercially
available multiwalled carbon nanotubes grown using chemical vapor deposition (CM
95, Hanwha Nanotech) were dispersed in yiee water using an ultrasonication and
ozonolysis approach as described byeAal. [31]. Two grams of carbon nanotubes
are first added to 2 liters of ultyaure water and mixed with a magnetic stir bar. All
experiments in this study are conducted using a 1 g/l dispersion of carbon nanotubes
using a direct current (DC) electric field. The rpd is then cooled to 5°C in a water
bath and a peristaltic pump (Model MRD1, Major Science) is used to circulate the
mixture through an ultrasonic liquid processor with a 12.7 mm diameter horn
(Sonicator 3000, Misonix) equipped with a continuous flow(8&0B Flocell,
Qsonica) operating at 60 W in a duty cycle with 15 seconds on and 10 seconds off.

The total sonication time was 16 hours. During ultrasonication, ozone gas produced by
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an oxygen concentrator (OxyMax 8, Longevity Resources) and ozonegper{&ixt

120-T, Longevity Resources) was bubbled into the mixture at a flonof&@0

ml/minute to oxidize the surfaces of the carbon nanotubes. After ozone treatment and
sonication for 16 hours, 2 grams of polyethyleneimine, PEI (Mw: 25,000, Sigma
Aldrich) is added to the dispersion and sonicated for another 4 hours under the same
conditions to functionalize the oxidized nanotubes. The PEI functionalized nanotube
dispersions are then adjusted to a pH of 6 using glacial acetic acid {&ldnth) in

order to protonate the amine groups and form a stable dispersion of positively charged
carbon nanotubes. The carbon nanotubes, now functionalized with PEI, have a
positive charge and hence repel each other, creating a stable dispersed solution in
water. Thigpositively charged carbon nanotubes, move towards the negative electrode
due to electrophoresis when an electric field is applied and can be deposited on the
negative electrode. PEI not only plays a critical role in the nanotubes being positively
charged ér creating a stable dispersion but also aids in creating chemical bonds on the

surface of the fibers to create a robust carbon nanotube coating.

2.3.3 Electrophoretic Deposition on Nonconductive Fabrics

An et al.[31] demonstrated the deposition of carbamatubes on carbon fiber
using an aqueous dispersion of Piictionalized carbon nanotubes. In this case,
because the carbon fiber is electrically conductive, it can act as the electrode for the
deposition of carbon nanotubes. But, one of the challerfgesra carbon fiber
carbon nanotubbased conductive skins is the high electrical conductivity of the
carbon fiber, which significantly affects the sensing response of the sensor. Also, for
applications in wearable sensors, depositing carbon nanotulnesrconductive

fabricsisessentaf host ensonds research group has
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carbon nanotubes using EPD on +samductive fabrics such as glass, polyester, wool
and nylon [3238], but,it is necessary to investigate the mechanisiilrafformation

for scaling up the EPD process
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Aramid fibers ,
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Figure2.7 A representational diagram of electrophoretic deposition of PEI
functionalized carbon nanotubes on raamductive aramid fabric with
randomly oriented fiers. The aramid fabric is backed against the negative
electrode for positively charged carbon nanotubes.

An et al.[39] in another study, deposited carbon nanotubes on unidirectional
glass fabric and showed an improvement in mechanical properties. $tutlystheir
approactwas extendetb deposit carbon nanotubes on +wveoven aramid, knitted
polyesterspandex fabric, and a variety of other rammductive fabrics. The fabric to
be coated is backed against a stainless steel electrode, which is corm#éwted t

negative terminal of the power supply, as shown in Figute
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2.3.3.1 Importance of Direct Contact

When depositing the carbon nanotubes onteawrductive fabrics backed
against a metallic electrode, the fabric would sometimes lose contact with the backing
electrode due to gas bubbles that form because of the electrolysis of water. A reduced
coating ofcarbon nanotubes was observed in the regions that were not in direct

contact with the electrode, as seen in Figlige

Figure2.8 Photographs ofvoven glass fabricAstroquartz I1) when coated with
carbon nanotubes using EPD withdectric field of 10 V/cm for 10
minutes in 1 g/L dispersion. (agfore depositiom contact with the
electrodgb) bubbles lifting the fabriédrom the electrode after the EPD
processPhotograph ofc) top and(d) bottom after drying. Yellow arrows
represent the parts that are not uniformly coated because the fabric was
lifted up by gas bubblesnd lost contact with the electrode.
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Figure2.9 (a) A photograph of the experimental setup to show the importance of
intimate contact. The glass fabric is placed over twecwrductive plastic
pieces to prevent contact with the negative electrode. (b) the &tmiche
EPD process. The regions of the fabric in contact with the electrode are
coated (dark black) and the fabric not in contact does not have as much
coating (light gray).

Figure2.9a shows an experiment in which carbon nanotubes functionalized
with PEI were deposited onto glass fabric. Insulating plastic (glass fiber composite)
were used to support the center of the fabnd prevent direct contact with the
electrode during EPD. The photographs in Figli@e shows the fabric after EPD for

2 minutes using 1 g/L dispersion. The areadatly over the insulating plastic spacers
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had a very similar visual appearance as the area suspended directly above the
electrode. Any carbon nanotubes on the fabric not in contact with the electvotte

over the insulating spacer or suspended oveeldetrodd is possibly due to dipping

the fabric into the CNT dispersion and not due to the EPD process. This suggests that
the metallic electrode plays a vital role in the formation of the CNT film on the fibers

and that the deposition is not merely gsbal lineof-sight deposition.

2.3.3.2 Mechanism of Film Formation and CrossSection Morphology

() (d)

Figure2.10 A schematic diagram showing our hypothesized carbon nanotube film
growth mechanism. The nanotubes do not defosi simple lineof-
sight deposition. (a) without deposition, (b) initial deposition on the
electrode due to pH changes, (c) carbon nanotube film grows around
fibers in contact with the electrode and (d) the conductive nanotube film
acts as an extensiaf the electrode promoting further film growth
through the thickness.



Figure2.10 shows a schematic diagram of our hypothesized film growth
mechanism. The experimentdiservations about the importance of direct contact in
the previous section led to the postulation that the carbon nanotubes first deposit onto
the metallic electrode (Figu10b). Changes in local pH at electrode surface due to
electrolysis of water leads to PEI deprotonation, resulting in spontaneous deposition of
the nanotubes onto the electr¢d@]. The carbon nanotube film then grows into the
fibers that are inidect contact with the electrode (Figutd.0c). Because the
deposited carbon nanotubes form an electrically conductive network, the advancing
deposition becomes an ersion of the electrode (Figu2el0d). The coating
continues to grow over the individual fibers as the deposition advances through the
fiber bundles and fabric. Thresult is a remarkably uniform porous nanocomposite

film that is chemically bonded to the surface of each fiber.
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Conductive cnt film
Higher deposition time appears bright Scanning gallium ion image

CNT film with
I controllable thickness

Uniform, thin coating |
on all fibers

IGICS
V)

- Non-conductive -
glass fibers and resin appear dark

(a) (b)

Figure2.11 Carbon nanotube film formation on nreonductive fabrics at higher
deposition times. (sghows the schematic where a thicker film is formed
on the surface of the fabric after the film has grown through the thickness
of the fabric, and (b) showsSganningGallium lon image of a cross
section of glass fabric with carbon nanotube coating. Tigatregions
are due to the conductive nanotube coating. A thicker carbon nanotube
film is observed on the surface of the fabric.

Figure2.11 shows the schematic of tfisn growth mechanism at higher
deposition times after the carbon nanotube film has grown from the electrode through
the thickness of the fabric. As the fabric is conductive due to the nanotube deposition,
it acts as an extension of the electrode anddhnieon nanotube film continues to
buildup on the outer surface of the fabric (which is facing the positive electrode). The
nanotubes do not penetrate further into the itdvaregiond higher the timgthicker
the buildup on the surface of the fabric. Utig2.11b is a Scanning Gallium lon
Micrograph (SGIM) showinganotube films with the thickness of several microns can
be formed on interlaminar regions at higher dapmstimes, whereas the uniform
coatings on each filament are maintairiBoe gallium ions interact with the

conductive and nenonductive surfaces and change the local surface electronic state.
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The conductive, carbon nanotube film areas release secaideinpns and appear
bright, whereas the nezonductive areas such as the resin and glass fiber appear dark.
A method similar to the one was used by Nata&taal. [41] and Krishnamurthegt al.
[42] was used for imaging carbon nanotubes in compo3itefilm thickness on the
outermost surface can be tailored by controlling the processing parameters such as
deposition time, electric field strength, and the concentration of dispersion. The ability
to tailor the carbon nanotube film thickness is specificailgial for manipulating the
film microstructure for specific applications. For example, a thicker coating on the
outer surface can potentially be used for interlaminar reinforcement in composites. For
applications that require higher electrical conduttj\such as selheating fabrics, a
thick film on the outside could be beneficial. On the other hand, for applications in
smart textiles, a thicker film is less desirable as it could lead to reduced sensitivity and
increased stiffness of the fabric.

A focused ion beam was used to cresstion individual fibers in the glass
fabric (Astroquartz 1l fabric) on the side of the fabric in contact with the cathode and
the other side facing the anode in order to view the coating on the fibers. The
specimens (foFigures2.11b and2.12) were coated using a 1 g/l dispersion using 5 V
and a custom 3D printed setup, which maintained the distance between the electrodes
at 3 mm. Two different specimens with varying depositiorein20 seconds, and 5
minutes were investigated using a scanning electron microscope and are shown in
Figure2.12. Both Figure®.12a and2.12c are crossections of the fibers deposited for
20 seconds. Figur212a is the side facing the anode, &itPc is the side in direct
contact with the cathode. Both micrographs showrg thin film of carbon nanotubes

on the surface of the fiber, with thickness in the range of2D00nm.
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) Second - 5 Minutes

Facing anode

In contact with cathode

Figure2.12 SEM images of the crossections of glass fibers (a, b) facing the anode
and (c, d) idirect contact with the cathode for (a, ¢) 20 seconds and (b,
d) 5 minutes.

Figures2.12b and2.12d show crossections of fibers deposited for 5 minutes
on the side facing the anode and in direct contact with the cathode, respectively. In
Figure2.12b, which is the side facing the anode, a thicker, porous film can be
observed on the surface. Fig@.&2d, which is in contact with the cathode, shows a
similar morphdogy and film thickness observed at the shorter deposition times. This
also supports the observations for Figifel using the scanning gallium ion imaging,
where a ticker film is observed on the surface of the fabric facing the anode. For

scanning gallium ion imaging, the conductive regions appear brighter than the non
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conductive regions. In all specimens, fithiber bridging of the carbon nanotube film

was observedsuggesting that the film extends from fiber to fiber.

2.3.3.3 Macroscopic Visualization of Carbon Nanotube Film Formation

No coating 2 minutes 4 minutes

Figure2.13 Glass fiber tow wound around a glass fiepoxy composite rod (6 mm
diameter). (a) without carbon nanotube coating, (b) with 2 minutes of
coating showing coating on the fiber tow in contact with electrode but not
on the region wound around the glass rod and (c) carbon nanotube film
grows along the length of the tow everthe regions wound around the
norrconductive glass composite rod.

Through experiments on glass fibers (Astroquartz Ill) with carbon nanotube

film deposition and characterization using scanning gallium ion microscopy and
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focused ion beam crosectioning, i has been established that the film deposition
initiates at the electrode and then grows as an extension of the electrode. In order to
gain more insight into how the film is formed within a fabric, EPD experiments were
carried out using a glass fibepoxy composite rod with a diameter of 6 mm and a
glass fiber tow wound around it. These experiments aid in better visualization of the
film growth process. The experiments were conducted using a 1 g/l disparsica
voltage of 10 Vand the gap between tekectrodes was 12 mm.

Figures2.13a,2.13b, 2.13c shows the specimen with no coating, 2 minutes of
EPD, and 4 minutes of EPD. At 2 minutes, the part of glass fiber tow in direct contact
with the stainless steel electrode is coated. However, thenreger the non
conductive glass fiber composite rod is not completely coated with carbon nanotubes.
After 2 more minutes of EPD, at 4 minutes, the carbon nanotube film grows along the
length of the tow, and even the region over thecmmductive glass bis completely
coated with carbon nanotubes. As observed in the previous experiments, the
conductive carbon nanotube film acts as an extension of the electrode, promoting
further film growth over regions not in direct contact with the electrode.

Figure2.14 shows an experiment conducted at the mdamgth scale in order
to visualize better the growth of the film around an individual fiber. The glass fiber
epoxy composé rod is placed in direct contact with the cath@ahel EPD is
performed. The photographs in Figx&4 show that the film advances around the
glass fiberepoxy compose rod. As the deposition progresses, the carbon nanotube
film, starting from the electrode, forms a coating onto the glass rod through contact
with the electrode, and the coating advances around the circumference of the rod. The

scanning electron microgrshs show the nanotubes in the lower region of the rod after
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5 minutes of coating, whereas the region further away from the electrode has no

significant deposition yet.
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Figure2.14 Schematic representation and photographs of carbon nanotube film
growth on glass fibeepoxy composite rod after (a) 5 min and (c) 30 min
electrophoretic deposition. (b) shows the SEM micrographs for the
different regions on the rod.

2.4 Summary and Conclusiors
Different processing techniques used for manufacturing carbon navmsbd

hierarchical nanocomposites have been discussed. The carbon nanotubes can either be
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dispersed in the matrix or directly hybridized on the fibers in a composite. In this
researchfor the dispersion approach, carbon nanotubes are mixed in an epoxy resin
and processed using a three roll mill where the extremely high shear forces uniformly
disperse the carbon nanotubes following which the resin is infused using a
conventional VARTMprocess.

Due to the challenges of high viscosity, limitations to the amount of carbon
nanotubes that can be added, and for creating carbon nanotube coated textiles, direct
hybridization approaches using dip coating and electrophoretic depositiais@re
used in this research. For dip coating, a commercial carbon nanotube dispersion with
sodiumbased surfactants and polymers is used. While this processing technique is
facile and straightforward, a key challenge is a lack of control over the thiakiness
carbon nanotubes and the relatively weak bonding of the carbon nanotubes to the
surface of the fibers.

A highly efficient and scalable electrophoretic deposition technique is used to
overcome the challenges. Positively charged, PEI functionalized caabotubes are
dispersed in water using the ultrasonication ozonolysis approach and deposited on
nontconductive fabrics using an electric field. By varying the process parameters such
as the concentration of the nanotubes, field strength, and the tirapasitibn, the
carbon nanotube film morphology can be controlled.

The mechanism of film formation of carbon nanotubes onrauoructive
fabrics is investigated in detail. For positively charged PEI functionalized carbon
nanotubes, the mechanism of filmrwation on norconductive textiles is unique and
different from what has been observed in the literature for conductive fabrics. The film

deposition initiates at the cathode, likely due to the destabilization of the carbon
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nanotubes by a local pH gradieBy investigating the film growth mechanism at
different length scales from a fiber bundle to fabric and macroscopic composite rods,
it is observed that the formation of intimate contact between the textile and the
electrode is critical for the film to gnoand coat the textile uniformly. The film grows
first by deposition onto the cathode, followed by advancing growth throughout the
fiber bundle or fabric, where the conductive coating acts as an extension of the
electrode. A uniform film of carbon nanotubeating is created on all the fibers within
the bundles, and by varying the process parameters, the film thickness on the fabric
can be tailored for specific applications. Although the experimental system was
restricted to carbon nanotubes and glassdabrsimilar deposition mechanism can be
applied to other electrically conductive nanoparticles, such as graphene, onto a wide
range of other natural and synthetic rommductive fibers. A novel Scanning Gallium
lon Microscopy technique and Focused lonmes used in a scanning electron
microscope to characterize the film growth around-c@mductive glass fabric
(Astroquartz 1l1). The results from this research study provide critical understanding
about the mechanism of film formation of carbon nanotuisesy EPD plays an
important role in scaling up of the EPD process to atoalbll process with

applications that include novel hierarchically structured composites, strain and crack

sensors for structural health monitoring and flexible wearable sensors.
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Chapter 3

CHARACTERIZATION OF THE SENSING RESPONSE OF CARBON
NANOTUBE BASED SENSING SKINS AND INVESTIGATING THE
INFLUENCE OF TRANSVERSE STRAIN

3.1 Introduction

As civil infrastructure continues to deteriorate and remain ins=heyond
the initial design life, an urgent need exists for developing novel methods for
structural health monitoring. Traditional sensors such as accelerometers and metallic
strain sensors have typically been used in studies for structural health mgnhtat
they provide a quagioint measurement only. As a result, they have to be extremely
close or exactly over damage location to successfully capture the effects of the
damage.

Fiber opticbased sensors have gained attention recently for distribetethg
capabilities. The technology is based on light scattering using thinean relation
between the light that passes through the fiber optic cable and the surrounding
material. The physical state of the fiber is acquired by measuring the schdfiered
from an input light of known wavelength. Mattaal [1], Regier and Houl2], Jaber
and Glisic[3], and Enckelbnd coworker$§4] have demonstrated the use of fiber optic
sensors for structural health maming. Some of the challenges associated with fiber
optic sensors are the susceptibility to temperature changes, small sensing area, and
moderate sensitivity for strain sensing. Additionally, it is challenging to integrate fiber

optic sensors with composs.
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As discussed ihapter 1carbon nanotubbased hierarchical composite
sensors have been investigated of their use in structural health monitoring for
applications such as impact damage monitoring, damage monitoring in joints, crack
propagation, andi®in sensing. In this chapter, the sensing response of carbon
nanotubebased sensing skins fabricated using the different processing techniques
discussed in Chapter 2 is characterized.
Thein-situ sensing response is characterized by investigating the
electromechanical response under tension testing. The sensitivity of the sensors
fabricated using different techniques is compared, and the effect of concentration of
the carbon nanotubes on the segsiesponse is characterized. The sensing skins are
then bonded to steel coupons to study the sensing response under different loading
conditions. The influence of the Poissonos
studied in detail by bondingtsee nsi ng skins to composites h

ratio and to a cruciform shaped specimen tested using a biaxial testing machine.

3.2 In-situ Electromechanical Characterization of Nanocomposite Sensors

Before bonding the sensing skin on different subss$rand their use in
applications for strain monitoring, it is critical to characterize the sensing response of
the carbon nanotubeased sensing skins and investigate the effect of different
processing techniques and the concentration of carbon nanotutiessensing
response. The carbon nanotdimsed nanocomposite sensing skins are tested under

tensile loading, and the electromechanical response is analyzed.
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3.2.1 Fabrication of Carbon Nanotube based Nanocomposite Sensing Skins

Nonwoven aramid fabric (20601150 gsm, Technical Fiber Products) with
randomly oriented fibers is used as the carrier fabric. The fabric typically contains
short fibers,12 mm in length, which are randomly distributed and held together using a
crosslinked polyester binder. The thrempessing techniques are discussed in detail
in Chapter 2. Three roll milling, dip coating and electrophoretic deposition are used to
manufacture 100 mm (4 inches) x 25 mm (1 inch) specimens. For all processing
techniques, two types of specimens are mattedifferent concentrations of carbon
nanotubes.

For three roll mill specimens, the carbon nanotubes are added to the epoxy
resin EPON 862. The weight of carbon nanotubes in the matrix (resin + curing agent)
for the two specimens are 0.5% and 0.25%. @arianotubes are added to the resin
(Part A) while accounting for the loss of resin and nanotubes in the three roll milling
process and the weight of the curing agent (26.4:100 by weight of resin) that will be
added after the milling process. The carbomobabe loaded resin is processed and
then infused using VARTM, as describedSaction2.1 The weight% of carbon
nanotubes in the resinfused composite sensor+8.45% and 0.22% for the two
specimens described above.

For dipcoated sensors, different concentrations of carbon nanotubes are
achieved by diluting the carbon nanotube sizing, Sizicyl (Nanocyl, Belgium) with
different amounts of ultrapure water. Théoaf sizing to ultrapure water for the two
specimens is 1:2 and 1:5 by weight. The procedure, as descriBedtion2.2, is
followed for coatinghe norawoven aramid fabric with carbon nanotubes following
which epoxy resin is infused using a conventional VARTM setup. The exact

composition of this commercially available sizing agent is proprietary, but based on
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thermogravimetric analysis, the weiglftthe solid content is 6%, and the weight of
the carbon nanotubes is 1.5%. The weight % of the carbon nanotubes in the resin
infused nanocomposite sensor is 0.61% and 0.19%, respectively.

A key advantage of EPD is the ability to control the amount ofocarb
nanotubes deposited by varying the process parameters such as time of deposition,
field strength, and concentration of the carbon nanotubes. In this case, keeping the
field strength constant at 25 V/cm and using a 1 g/l dispersion, two types of specimen
were made by varying the time of deposition. The weight of functionalized carbon
nanotubes deposited was 0.05 g and 0.025 g with a deposition time of about 30
minutes and 15 minutes, respectively. Based on thermogravimetric analysiseby
al. [5], the weight of PEI in the functionalized carbon nanotubes deposited is about
30%. Taking that into account, the weight% of carbon nanotubes in thentesied
composite is 2.2% and 1.1% for the specim&asble 3.1summarizes the content of

carbon naatubes in the different types of specimens.

Table3.1: The oncentration of carbon nanotubes in nanocomposite sensors where
the carbon nanotubes are processed using different techniques

Type of Specimen Weight % of CNT in th{ Resistance/cm
nanocomposite sensor: (KWicm)
3 roll mill 0.5% CNT in matrix 0.46 13.08
0.25% CNT in matrix 0.23 117.6
Dip coating 1:2 Sizing:Ultrapure Water 0.61 0.13
1.5 Sizing:Ultrapure Water 0.19 0.78
Electrophoretic| 25 V/cm, 1g/l, 30 minutes 2.18 30.8
deposition | 25 V/cm, 1g/l, 15 minutes 1.09 204
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Prior to infusion of the goxy resin, masking tape that is 6 mm wide was
applied to the fabric across the width of the specimen in order to create a surface for
applying electrodes fan-situ electrical measurements. After curing, the electrodes
were applied using silver paint (Sdupplies), and wires were fixed to the electrode
using a silveffilled conductive epoxy (Epoxies Etc.). Insulating glass fiber end tabs
are attached to prevent crushing of the specimens in the grips of the mechanical load
frame and to electrically isokathe sensor from the metallic grips. FigBreshows a
schematic diagram and photographs of the test specimen. The electrical measurements
were made using léeithley 6430 voltagecurrent meteby supplying a constant
voltage and measuring the current to calculate the resistance. All measurements were

made using a customized LabVIEW program.

(@)

~ -
Electrode

As— End tab
— nata

Strain gage

(b)

Figure3.1 (a) A schematicliagram and (b) photographs of a test specimen fsitin
electromechanical characterization of the sensing skin
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3.2.2 Electrical Resistance Response of Carbon Nanotube based Nanocomposite
Sensing Skins

Figures3.2a and3.2b show the resistance change vs. strain response of the
three roll mill specimenwith high concentratio0.46% by weight) and low

concentratior{0.23% by weightpf nanotubes when loaded in tension.

(a) 5 3roll mill high conc. (b) . 3 roll mill low conc.
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Figure3.2 Resistance change vs. strain response for three roll mill specimens having
(a) higher concentration of nanotube8.46%by weight in the
nanocomposite and (b) lower concentration of nanotul®e23% by
weight in the nanocomposite.

The gage factor of a conventional metallic strain gage is defined as:

yr

& (3.1)
whereaR is the change in resistance of the gage due to strain, R is the resistance
under no strain, and is the strain in axial (longitudinal) direction. Researchers have
used this equation also to define the gage factor (sensitivity) of carbon nabhasdak

sensors. The equation represents the slope of the graph of resistance change vs. strain.
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The average gage factor for the higher concentration specimens is 3.86, and
lower concentration specimens is 4.42. A higher gage factor for a lower concentration
of nanotubes in agreement with previous research stigiid®]. Typically, for
sensors with positive piezoresistive behavi@r.,(exhibiting an icrease in resistance
upon increasing tension strain), the sensitivity of a nanocomposite sensor increases
with decreasing concentration of the carbon nanotubes. This is likely due to the
relationship between the conductivity of nanocomposite and the dosio@m of the
nanomaterial. At a lower concentration of carbon nanotubes, there is a lower number
of conductive pathways, which leads to a greater change in resistance upon application
of strain.

The high concentration specimen (0.46% cani@motubes) and the low
concentration specimen (0.23% carbon nanotubes) have a linear response until 0.25%
strain. At lower strains, the increase in resistance is likely due to the increase in
tunneling gaps between the carbon nanotubes. The slight inare¢heeslope beyond
0.25% could likely be due to microcracking in the matrix or the {ibatrix
debonding disrupting the electrically conductive network. The resistance for lower
concentration specimen has significantly more noise than the higher catioent
specimens. Closer to the electrical percolation threshold (at a lower concentration of
nanotubes), a higher sensitivity is observed, but there is a lot more-bhearty and
disturbances.

Figures3.3(a) and3.3(b) show the resistance change vs. strain response for the
dip coating specimensith a higher concentration of nanbe and a lower
concentration of nanotube®spectively. Like the three roll milling specimens, the

higher concentration shows a smaller gage factor of 2.07 when compared to that of
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lower concentration specimen, which has a gage factor of 2.72. Itapp@tpriate to
directly compare the effect of concentrations on gage factor across specimens
fabricated using different techniques due to the very different microstructure of
nanotube dispersion. The gage factor for the dip coating specimens is lowedlikel

to the formation of conductive networks preferentially along the fiber network.
Additionally, unlike the three roll milling specimens where the nanotubes are
dispersed throughout the resin, for dip coating specimens, there is a higher
concentration bnanotubes on the fiber surface or in the interphase region around the
fiber. Effectively, the concentration of nanotubes is locally higher in this region of the

nanocomposite then the rest of the region, which is-rédin

,.\
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Figure3.3 Resistance change vs. strain response for dip coating specimens having (a)
higher concentration of nanotubie®.61% by weight in the nanocomposite
and (b) lower concentration of nanotube®.19% by weight in the
nanocomposite.
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Figures3.4a and3.4b show the resistance changestsain resporesof the
electrophoretic deposition specimemigh high concentration2(18% nanotubesy
weight) and low concentratiod. 0% by weight) respectively The average gage
factor for is 3.82 for the higher concentration specimens and 6.16 for the lower
concetration specimens. Even though the amount of carbon nanotube by weight is
significantly higher in electrophoretic deposition specimens, the sensitivity is higher
than dip coating and three roll mill specimens. This is likely due to the presence of
polyettyleneimine (PEI), which is used to functionalize the carbon nanotubes. The
presence of a polymer such as PEI with the nanotubes significantly affects tunneling

of electrons between the nanotubes, likely resulting in higher sensitivity.

(a) 35 EPD high conc. (b) 4 EPD low conc.
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Figure3.4 Resistance change vs. strain responselémtrophoretic deposition
specimens having (a) higher concentration of nanotues8% by weight

in the nanocomposite and (b) lower concentration of nanotub&9% by
weightin the nanocomposite.
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Figure3.5 shows the summary and the comparison of the gage factor of all the
specimens tested. Across all processing techniques, the specimens with a higher
concentration of nanotubes showed a lower gage factor or sensitivity. The three roll
milling technique, whib has the nanotubes dispersed in the matrix, had a significant
amount of noise for the specimens with a lower nanotube concentration, which is
closer to the percolation threshold. While both dip coating and electrophoretic
deposition had a fairly linearsponse, the sensitivity is higher for electrophoretic
deposition specimen likely due to the presence of PEI affecting the tunneliegaHu
[6] showal that the increase in tunneling resistance plays a more important role in
increasing the sensitivity instead of increasing the resistance of the sensor. They
reported a higher sensitivity for other metallic nanofillers such as silver, copper and
gold having higher conductivity than nanotubes. Gawal ceworkers[11] also showed
that the resistivity of the nanocomposites is dominated by the polymer between the
nanotubes and not the intrinsic condutyi of the nanotubes. In addition to the higher
sensitivity, due to the ability to control the carbon nanotube film thickness and robust
bonding of the carbon nanotubes on the surface of the fibers, electrophoretic
deposition specimens were chosen tohkrricharacterization by bonding sensing skins

to steel coupons.
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Figure3.5 Summary of the gage factors for carbon nanchdmed sensing skins
fabricated using different processing techniques with varying
concentations.

3.3 Carbon Nanotubebased Sensing Skins Bonded to Steel Coupons

The carbon nanotube sensing skin was fabricated in a similar wayiassthe
tension tests. Rather than attaching the end tabs, the sensing skin was bonded to a steel
coupon. The steeloupons are 312.5 mm (12.5 inches) long, and the sensing skin, 100
mm (4 inches) long, and 25 mm (1 inch) wide is glued into the center of the specimen.
Before bonding the sensing skin, the steel is sandblasted and cleaned with acetone. A
thin layer of theadhesive (Hysol 9309) is applied and partly cured. This adhesive layer
prevents the sensing layer from coming in direct contact with the steel and prevents
electrical shorting. The steel coupons with the sensing layer and the lead wires and
strain gagesttached are then simply supported at a distance of 300 mm (12 inches)

and then loaded under 4 point bending where the distance between the loading blocks
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is 106 mm (4.25 inches). FiguBe shows the schematic diagram and the photograph
of the steel coupon with the carbon nanotblhsed sensing skin under compression

loading.

@)

(b)

Figure3.6 Steel coupon with the carbo@anotubebased sensing skin under
compression loading shown by (a) a schematic description and (b) a
photograph of the test setup.

The coupon is first tested so that the sensing skin is under tension loading.
Figure3.7 shows the resistance response, strain, and load for the sensing skin when
under progressively increasing tension loads. The steel coupon is loaded under
progressively increasing cyclic ldaof25 N, 50 N, 100 N, 200 N, 400 N, 600 N, 800

N and 1000 NThe carbon nanotube sensing skin can detect strains as low as 0.01%,
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and the resistance response closely follows the loading curve. Here, the specimens are
tested in the elastic range, beldwve tyielding strain. As a result, the resistance

response is linear throughout the loading cycle, and no permanent change in the
electrical resistance is observed after each cycle. As observed fossihetests,

under tension, the resistance increasesnly due to increasing tunneling gaps

between the nanotubes and the increasing distance between the aramid fibers coated
with carbon nanotubes. The sensitivity is significantly higher for the specimen with a
lower concentration of carbon nanotubes. FegliB shows the comparison of the

sensitivity of the electrophoretic deposition specimens with different concentrations.
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Figure3.7 Load, strain (%) and resistance change (%) response for progressively
increasingensileloadingfor the EPD sensing skifor a(a) specimen with
a high concentration of carbon nanotubes (2.18% nanotubes by weight) and
(b) specimenwith a low concentration of carbon nanotubes (1.09% by
weight).
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Figure3.8 Comparison of the sensing response of the electrophoretic deposition
sensing skins bonded to a steel coupon under tension loading.

After the test, the steel coupon is flipped so that the sensing skin is under
compression. Figurg.9shows the resistance response, stemd load fo the sensing
skin when under progressively increasamnpression loads. In this case, the
resistance is decreasing with the application of higher compression loads because there
is an increased number of contact points between the conductive carbarbearast

well as the aramid fibers coated with carbon nanotubes.
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Figure3.9 Load, strain (%) and resistance change (%) response for progressively
increasingcompressivéoadingfor EPD specimens for @) specime with
ahigh concentration of carbon nanotubes (2.18% nanotubes by weight) and
(b) specimen witlalow concentration of carbon nanotubes (1.09% by
weight).

3.4 Resistance Change in the Transverse Direction

For the tests conducted in the previous sections, the sensing skin was always
subjected to loads in one direction, along the length of the sensor. While conventional
metallic strain gages are sensitive to strain in only one particular direction, thegsensin
mechanism and the microstructure of carbon nanedbalsed hierarchical
nanocomposite sensing skin is significantly different. Therefore, the sensitivity of the
transverse direction needs to be studied. FigRifié and3.10b show the schematic
and the photograph of the specimen, respectively. These specimens are made in a
similar manner to the fabrication process described in Setof) with only the
location of the electrodes being different. In this case, the electrodes are in the

transverse direction, perpendicular to the loading direction.
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(a)
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Electrode

Strain gages

Figure3.10 (a) A schematic diagram and (b) photographs of a test specimen for
characterization of the sensing shiith electrodes configuration in the
transverse direction (perpendicular to the loading direction)

When a tensile load igplied along the length of the specimen, the strain
measured using a metallic strain gage in the transverse direction is negative due to the
Poisson contraction. Intuitively, the electrical resistance was expected to decrease as
the specimen is under conegsive strain in the transverse direction, which would lead
to a decrease of the distance between the short aramid fibers coated with nanotubes
and creation of more contact points. FigBrEL shows the resistance change response
along with strain in the longitudinal and transverse directions for a specimen loaded in
tension. The longitudinal strain increases due to tension loading of the specimen, and
the transverse siradecreases as expected, but unlike what was expected, the

resistance measured in the transverse direction increases.
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Figure3.11 Resistance change (%) in the transverse direction, longitudinal strain (%),
andtransverse strain (%) for a carbon nanotbhsed sensing skin with

Resistance Change (%)

electrode configuration in the transverse direction.
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Figure3.12 Resistance change (%) and strain (%) response for a aaahotube

based sensing skin bonded to a steel coupon with progressively increasing

(a) tensile and (b) compressive loading.
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When resistance was measured in the transverse direction for a specimen
bonded to a steel coupon and tested under flexural loasjlar resistance response
was observed. Figuré&sl2a and3.12b show the resiahce response and the strain in
both directions when the sensor is under tension and compression, respectively. While
strain measured for tensile tests is as expected, positive in longitudinal and negative in
the transverse dir et027, tharesistantedchaage B pdsisve o n 0 s
in both directions when sensors are under tension and negative when under
compression. The unexpected resistance response is possibly due to the randomly
oriented fibers in the newoven aramid fabric, which likg makes the resistance
change dependent on strains in all directions. To investigate this further and to
understand the influence of transverse strain on the resistance change response, tests
were conducted on speci menacruaformbBhaped f f er ent

specimen on a biaxial specimen as discussed in next section.

3.5 Characterizing the Influence of Transverse Strain on Sensing Response

The overarching objective of this section is to study the influence of transverse
strain on sensing respem In Sectiod.2, using Equation 3.1, the definition and the
formula used by researchers to calculate the gage factor of a carbon ndnastetbe
sensing skinisdic us sed. It only takes intg consi de
and does not accouptf ©€H6oe toanbegePekessoOnasr
material.While this works for sensors like metallic strain gagdsch are highly
directional, it isa significant source of inaccuracy when the transverse strain is not
accountedor a sensosensitive to multiaxial strain.Since the sensg responsef the
carbon nanotubbased sensing sksensor isnfluenced bytransverse strain, the

sensitivity isaffected by the propertigsP o i s s o of thessubsteate matérial. As a
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result, the sensor calibration is dependent on the substadteialand its specific

Poissonds ratio. F o r , wker bonded tealuminumél bes e n s or

different t han when bonded to steel or composi

the transverse strain due to it. Therefore, it is necessary to characterize the effect of
transverse strain on the sensing response and investigate the sensor under different
loading conditionsln this section, we use dip coating sensors fabricated using
commercially available carbon nanotube sizing Aquacyl (Nanocyl, Belgium). The
sensors were manufactured using the processing technique desteetion2.2,
usingdip coating for 20 minutes, followed by drying in the ovEhe length of the
sensing skin is 62.5 mm (2.5 inches) and the width 18.75 mm (3/4 inches).

3.5.1 Sensing Response of Compositerei nat es wi t h Di fferent

3.5.1.1 Specimen Preparation

Composite laminates were manufactured using M40J (Toray Carbon Fibers),
carbon fiber prempregnated with epoxy resin in an autoclave and cured at a
temperature of 13%& and pressure of 296 kPa 0 minutes. Three types of
specimens were cut from the laminates using a slot grinde30Q (+45 )s. The
specimens were 150 mm (6 inches) long and 25 mm (1 inch) Wiéesurface area
where the carbon nanotube sensasbondedwassandblasted andeaned with
acetoneA thin layer of theepoxyadhesivgHysol 9309)wasapplied to create an
insulating layer to prevent direct contact of the sensing layer to steel or composite and
avoid the electrical shorting of the sensor. Once the adhesivenagpartially cured,
the sensinglayewvasb onded using the same adhesive

for 1 hour and pressure is applied using clamidse size of the carbon nanotube
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based sensor bonded on the specimen was 62.5 mm (2.5 inches) loncbanth12
(0.5 inches) wideThe part of the sensing skirsed for attachinglectrodesvas
masked usingape to prevent the adhesive from seeping e electrodewerethen
painted using a flash dry silver paiahd the lead wires are attached usingpar?
conductive silver epoxyConventional metallic strain gages were used to measure

strain in the longitudinal and transverse direction.

3.5.1.2 Electromechanical Response under Tensile Loading

The test coupons, with the sensing skin attached, were tested ursilen te
using a screwdriven load frame Instron 5567 in a displacement controlled mode. All
the specimens were tested within the elastic limit, to a strain of ~0.1 %. Bi@)8ae
shows the | oad, resi stance change, and t he
tested under progressively increasing cyclic loads. The longitudinal strain and the
resistance change closely follows the applied load.

An interesting observatias that the specimen displayed Horear
l ongi tudi nal strain at very {003(iel oads and
expansion in the transverse direction). This is likely because of the mechanical
properties (stiffness) of the specimen are erficed by the carbon nanotdbased
sensing skin. When bonded to steel, the mechanical properties of the sensing skin are
negligible compared to the steel substrate since it consists of randomly oriented fibers,
and fiber volume fraction is very low (~10%%).o wever , when bonded to
composite, the stiffness of the sensing skin bonded cannot be ignored, causing the
specimen to bend at the | ongitudinal axi s.

tested without the sensiasugedwak0.04. Sincethel t he F
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overall di fference in Poissonbds ratio is r

for further analysis.
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Figure3.13 Load resistance change (%) and strain (%) response foBa)(a)

composite, (b) O composite, and (c)
with the carbon nanotubgased sensing skin attached

Figures3.13b and3.13c show the sensing response, applied load, and the strain

measured using metal-Bbc sbmpobei gagesebpect
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maximum load for all three specimens whssen so that the maximum longitudinal
strain was around O0.1%. Because of the vas

applied |l oad O composite (~3000 N) is hic

same | ongitudinal st r aiusingthd dtaedar® defingiecnon s r &
was-0. 04, 0.21, 0.93 for the 90 , 0 , and ¢t
, ) T (3.2)

The change in resistance for the three specimens is significantly different even
though they were all loaded to similar levels of longitudinal strain. This is an example
showing that the conventional definition of gage factor (GF) is not effective in
accurately describing sensing response. The sensing response is dependent on the
Poissnés ratio of the substrate material . TI
90 , foll owed by the 0 3l4saowsthetrdsistance4 5 con

change plotted against longitudinal strain.
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Figure3.15 A schematic representation of the different amounts of deformation
(exaggerated here) of the composite s
ratio of each specimen.

Figure3.15shows the different amounts of deformation in the transverse
direction when the same longitudinal strain is applied. This figure helps better explain
the reason fothe significantly different sensing response for similar sensing skins
when bonded to different composite coup@iace the sensing skin is sensitive to
strains in all directions, the transverse contraction due to the Poisson effect also
contributes tohe bulk electrical resistance change. The contraction in the direction
perpendicular to the loading directitnansverse directionyill cause a decrease in
electrical resistance. Therefore, theal electrical resistance change measured is the
sum of reistance change due to longitudinal strain (positive and roughly equaall for

specimens) and transverse strain (negativé3oand0 s p ®aod nagégible for
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90 s m)as shawe irFigure3.15. The negative strain in the transverse direction
is more for the 45than the Ocomposite specimen. As a result, the e@mposite
specimen has the least change in resistance.

To test the sensing response for additionalerials having a different
Poissonds ratio than the composite speci me
tested in Sectiof3.3, except that the sensing skin is made using dip coating, like the
composite specimens. The specimen preparation process is also similar, which
includes sandblasting the surface, followed Iblyia layer of adhesive for insulation
and bonding of the sensing layer. Metallic strain gages are attached to measure strain,
and the silver paint and lead wires are attached to the nanotube sensor to measure
resistance. Figur@.16shows a schematic of the steel specimen with carbon nanotube

based sensing skin bonded.

Adhesive

Carbon Nanotube
Sensor

Strain Gage

Electrodes

Figure3.16 A schematic diagram of a steel coupon vaidinbon nanotubbased
sensing skin bonded.
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Figure3.17 (a) Strain (%), resistance change (%), and load for the steel specimen
when subjected to progressively increasing axial tension loads. (b) Shows
the same regmse for tension along with the response for compression
loading. The sensing response is exactly equal and opposite.

89



Figure3.17a shows the sensing response for the steel specimen with carbon

nanotube sensors. The steel coupon was also loaded within the elastic range, to a

maxi mum | ongitudinal strain of 0.1%. A Poi
the maximum resistance changea s ~0. 85 %. The steel speci me
the closest to the O composite speci men,

is similar. Figure3.17b shavs the sensing response for steel specimen for both tension
and compression tests together. The dashed line represents the same results as Figure
3.17a, and the solidie shows the compression results. As expected, under
compression, the electrical resistance decreases due to a reduction in the tunneling gap
and an increase in contact points between nanatoéted aramid fibers. Like the

strain response, the resistamesponse is equal in magnitude and opposite in signs for

tension and compression tests.

3.5.2 Sensing Response under Biaxial Tests using Cruciform Shaped Specimens

To simulate a wider range of Poissonods
carbon nanotube sang skin bonded were tested. While testing composites with
different ply orientations, we can test Poisson ratios varying between 0 and 1, to
characterize response for materials having
the transverse direction)sing a biaxial testing machine is more feasible. The vertical
direction (in the direction of the sensor) is denoted as Y, and the direction

perpendicular to it is denoted as X.
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Figure3.18 (a) A schematic drawmof the cruciform specimen and (b) photograph
of the biaxial testing machine
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The biaxial composite specimens are manufactured with a ply layup of
[04/904]s with a total of 16 pliesising the same prepreg carbon fiber and curing cycle
as described before section3.5.1.1 The cruciform specimen is waterjet cut from a
square laminate to dimensigm@s described by Skinnet al.[12] for maintaining a
uniform strain field in the centef the specimen. A schematic of the cruciform
specimen is shown in FiguBel8a. The specimen is tested using an MTS planar
biaxial servohydraulic testing machine (&ig3.18). This load frame is instrumented
with six independent actuators. The maximum capacity of the load cell is 100 kN in
the Y and X directions and 1100 for atorsional load. Our specimen with the
carbon nanotube sensor is subjected {plame loathg only. Maximum loads in the Y
and X directions are varied to artificially create a different ratio of transverse
strain/longitudinal strain. The maximum loads wireted to 9 kN to test the

specimen in the elastic range with a maximum strain of just under 0.1%.
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Figure3.19 (a) Load and strain in the Y direction, maximum load 9 kN and strain

1x10"
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(N) peoT

~0.1%, (b) load and strain the X direction, maximum load 0, 3kN,

6kN, 9kN for the four cycles and (c) resistance change (%), strain and

load in both directions for the test.

Two tests are conducted with four cycles each where the load in the Y
direction is kept constant, and thadbin the X direction is varieéor the f'test,the
maximum load in the Y direction is 9 kN for all cycles, and the load in the X direction
is varied from 0, 3 kN, 6 kN, 9 kN for the cycles. For these tests, we define strain ratio
(-transverse/longitudinal strain) for each cycle as the equivalent of hove Boo n 6 s

is defined for a material. As the peak load in the X direction is increasing, the strain

ratio for each cycle is ~00.33, 0.67;1. These values of strain ratio represent

materials that expand in the transverse direction, for examplejameagerials. Like

the previous set of tests, the maximum strain is ~ 0.1%. The load and strain values in

the Y and X direction through the test are shown in FigBue3a and3.19,
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respectively. The resistance response, along with the load and strain for the test, is
shown in Figure.19c. For each cycle, the change in electrical resistance is the sum of
resistance change due to strain in Y direction and strain in the X direction. Therefore,
the peak of the resistance change curve for each cyckases as the maximum load
in the X direction is increasing when the maximum load in Y direction constant.

For the 29testusingthe biaxial testing machine, the maximum load in the Y
direction for each of the four cycles is 9 kN, and the largest otk iX direction is
0,-2.25 kN,-1.25 kN, 0.45 kN. Figur8.20a shows the load and strain curves for the
test in the Y direction and FiguB820b for the X direction. The strain in the X
direction for the second loading cycle (Y = 9 kN and X225 kN) abruptly changes
direction because of buckling due to the compressive load.Hgagpecimen not
buckled, then the strain ratio for th& 2ycle should have been around 0.25. The
strain ratio for the &, 3% and 4" cycle is 0, 0.12, 0.05, respectively.

Figure3.20c shows the resistance response combined with strain and load for
Y and X directios. Similar to the previous test, the peak resistance change is
dependent on the sum of the strains in the Y and X directions. In this casteaitnén
the X direction is negative (compressive strain), which causes a decrease in resistance.
Therefore, the total change in resistance is the sum of resistance change due to strain
in the Y direction (positive) and X direction (negative). Since theytle has no
strain in the X direction, it has the highest peak resistance change. For the next cycles,
a higher compressive strain in X direction leads to a lower peak in the resistance
change curve. The"2cycle with the highest compressive load BkI®) has the lowest
resistance change followed by a slightly bigger change in resistance fét el ¢

1.5 kN) and then the"4cycle ¢0.45 kN).
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Figure3.20 (a) Load and strain in Y direction, maximumdo& kN and strain ~0.1%,
(b) strainand compressive load (.25 kN,-1.25kN and-0.45kN)in X
direction(c) resistance change (%), strain and load in both directions

Like the strain curve for X direction with abrupt changes due to buckling in the
2" cycle, the resistance change also sees an abrupt change in the opposite direction at
the same time. The strain gage and the carbon nanotube sensor are on the opposite side
of the specimen. Therefore, when the strain increased abruptly due to bucklirgy, it wa
likely under tension, and the carbon nanotube sensor was under compression, which
leads to a sharp decrease in the electrical resistance. Although the carbon nanotube
sensor was subjected to buckling, since the strains were within the elastic lirsit, ther
was no permanent change in electrical resistance at the end of the cycle, indicating

there was no damage to the sensor.
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353 Modi fi ed
Substrate Material

Definition of Gage Factor to /

From the experimental results of the testsdemted using composite coupons
of varying ply orientations and the biaxial tests, it is evident that the resistance
response of the carbon nanottizsed sensor is significantly affected by the
transverse strain due t oontehtienal®eainitensobnds r at
gage factor (Equation 3.1), which considers only the effect of longitudinal strain, is

not an effective approach to describe the sensor performance.

2-5 1 I _I . 1
0 Biaxial Tests
* Composite/Steel
2} ‘..."D Coupon 7
E .b..."
N S -
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<] RS
— ‘.‘.D
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—Transverse Strain (&,)

Strain Ratio Longitudinal Strain (g;)

Figure3.21 Gage Factor (GH)ased on conventional definition vs. strain ratio for the
composite and steel coupons and the biaxial tests.
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Figure3.21 summarizes the results of the composite/steel coupon tests and
biaxial tests. The gage factor GF is calculated based on Equation 3.1, considering only
longitudinal strain. The red circular dots represent the composite/steel coupon tests,
and the hollow gren squares are for each cycle of the biaxial test. There is a high
linear correlation between all the tests, specifically, the biaxial tests. All cycles, except
for the one where buckling occurred, have a very good linear correlation. As evident
from thegraph, the gage factor changes significantly with the strain ratio.

To be able to use a standard gage factor that can be used for all substrates and
materials with different Poissonds rati o,
factor. As seen ithe experiments in the previous section, the sensing response is
influenced by strains in both directions; the new approach should take into
consideration both longitudinal and transverse strain.

)

YYrY YYIY (3.3)

Substituting Equation 3.2 (definitd.i

yYry (3:4)
-t

Figure3.22 shows the gage factor (GFplotted using Equation 3.4, which
takes into consideration both longitudinal and transverse strain. All composite/steel
coupons and biaxial tests have a similagegiactor, regardless of the strain ratio

(Poissonbs ratio) of the materi al except

of strains is very small, causing an anome
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have a Poisson ratio of 1, which woutdke the denominator of our new approach 0,

creating an abnormality.
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Figure3.22 Gage factor (GBH calculated using the new approach taking into
consideration longitudinal and transverse strain as described in Equation
33.TheGFi s consistent for all speci mens
regardless of the different strain ratios.

The averagegagafct or f or all tests (excluding

1.33, with a standard deviation of 0.44, and the coefficient of variation is 33%. Using
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the new approach, the average gage factor is 1.15, with a standard deviation of 0.1,
and the coefficient ofariation is 8.49%. The results are summarized in Talde 3

below.

Table3.2 Average gage factor, standard deviation, and coefficient of variation for

all specimens except for the 45 C 0 My
AR/R AR/R
Average 1.33 1.15
Standard Deviation 0.44 0.10
Coefficient of Variation 33.34% 8.5%

3.6 Summary and Conclusions

Carbon nanotubbased sensing skins with raroven aramid fabric as the
carrier fabric are manufactured using different processing techniques: 3 roll milling,
dip coating, and electrophoretic deposition (EPD). ifik&tu sensing response
characterized for all specimens with two different carbon nanotube concentrations. For
each manufacturing technique, the specimen with a lower concentration of carbon
nanotubes has higher sensitivity due to lesser redundant conductive pathways. Among
the different manufacturing techniques, EPD has the highest sensitivity, likely because
of the presence of PEI (polyethyleneimine), which affects the tunneling between
nanotubes. The carbon nanotube sensor manufacturing using EPD was used for further
characerization by bonding to steel coupons and testing them under flexural loads.

The sensing response under tension and compression is equal and opposite.
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To investigate the influence of transve
were conducted by bondirige carbon nanotubeased sensor to composite coupons
with different ply orientations having dif
tested on a cruciforrehaped specimen using a biaxial testing machine. Unlike a
metallic strain gage, the carbnanotubebased sensing skin is not directional and
sensitive to deformations in all directions. As a result, the sensing response is
significantly affected by the Poissonbs r &
resi stance i s obhsiigheess th afvorng90a IcoowdpPoi ssondod
composites have a very high Poissonds rati
transverse direction leading to the lowest change in electrical resistance.

For the biaxial tests, the maximum load ie thdirection (the vertical
direction, along the length of the sensor) is constant while varying the peak loads in
the X direction (transverse direction, perpendicular to the length of the sensor) to
simul ate material s havisangingdespbrfseeis ent Poi ssc
significantly different for tests having different transverse strains even though the
longitudinal strains are equal. Therefore, the conventional definition of the gage
factor, which only considers the longitudinal strain is not agecéffe way to describe
the sensing response of a carbon naneh#sed sensing skin. The sensor values will
vary for different types of materials, even when it is subjected to the same amount of
deformation. A new approach to calculate the gage factodesatibe the sensor
performance is proposed, which takes into consideration the longitudinal strain and the
transverse strain. Using the modified approach for the gage factor enables the accurate

characterization of the sensing response irrespective aithé er i al 6 s Poi sson
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Chapter 4

DAMAGE MONITORING OF ADHESIVELY BONDED COMPOSITE -
STEEL HYBRID JOINTS USING NON -INVASIVE CARBON NANOTUBE
BASED SENSING LAYER

4.1 Introduction

The application for damageonitoring of adhesively bonded joints using a
carbon nanotubbased sensor is discussed in this chapter. Advances in the processing
science and cost reduction of fibreinforced polymer composites have increased their
use in a variety of fields such astamotive, aerospace, and civil infrastructure.
Increased use of composites in complex components combined with the
manufacturing constraints due to intricate geometries requires joining different
composite parts to themselves and, in many cases, tocothentional materials like
aluminum and steel. Adhesive bonding plays a crucial role when fiber composites are
used for strengthening of steel structures such as bridge girders [1], and the
effectiveness of this strengthening approach depends on thetintédghe
composite/steel bond.

The widely used methods for joining materials are mechanical fastening and
adhesive bonding. Drilling holes to use fasteners reduces theserigmal area of
the structure and introduces local stress concentratiofiselrcomposites, drilling
holes could lead to damage to the continuous reinforcing fibers and can also cause
edge delamination [2]. Furthermore, composites have low bearing strength, resulting

in fastenefinduced damage at low loads. Adhesive bondingigesva higher strength
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to weight ratio compared to mechanical fasteners [3,4]. The joints are more durable
because the stress is distributed across the bond area. Adhesive bonds have superior
fatigue resistance, improved visual appearance, and enhanodgreanic

performance when compared to joints with fasteners.

While adhesive bonding offers many advantages, some of the key challenges
when working with adhesives are the requirement of complex fixtures, difficulty in
maintaining uniform thickness, elalade surface preparation, and environmental
interaction factors such as moisture and temperature. A critical shortcoming of
adhesive joints is their inability to be disassembled, which eliminates visual inspection
of joint integrity. Therefore, many resehers have characterized mechanical
properties and failure modes of adhesively bonded joints [5,6]. Studies have also
addressed the effect of different parameters, such as adhesive selection, surface
treatment, bonding pressure, and adherend thicknessl[y&]dition to ongoing
research for improving the quality of adhesively bonded joints, it is necessary to
develop nordestructive testing methods for monitoring the condition of critical joints.

Non-destructive techniques such as acoustic emission catilibed, but the
data analysis is complex, and the interpretation of results is not quantitative.
Ultrasonic inspection can be used for providing information on local damage but is
challenging to use for providing retine data [9,10]. Fiber Bragg gmagj sensors
have shown potential for monitoring the condition of adhesively bonded joints [11,12],
howeverembedding the sensors without creating defects is a challenge. An array of
sensors is required to monitor a joint with a large surface area, whibbrfincreases

the complexity.
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Due to their extraordinary properties, carbon nanotubes are of particular
interest in a variety of applications such as improving mechanical propertid$[,13
selfsensing composites [16,17], structural health monitord&y42], and flexible
sensors [23,24]. Thostensenal [25] added carbon nanotubes to an epoxy resin
while manufacturing a compositer monitoring the health of mechanically fastened
composite joints and the characterization of the damage mode. Thespigt ratio
(length/diameter) of carbon nanotubes allow creating electrically conductive
composites at a very low volume fraction of carbon nanotubes [26,27].

Lim and coworkers [28] introduced CNTs in epoxy adhesive for damage
sensing of hybrid composigteel joints. In order to monitor the fatigue performance
of adhesive joints, both Mactagi al.[29] and Kanget al.[30] dispersed carbon
nanotubes in adhesives. While the use of carbon nanotubes has given promising results
in the laboratory settingopential challenges such as galvanic corrosion, increased
viscosity of adhesive, and manufacturing challenges remain to be addressed.eAhmed
al. [20] used a piezoresistive sensing layer embedded in the adhesive between
composite and steel for integratgtdengthening and sensing methodology for steel
structures. Insulation of the sensing layer is critical to avoid galvanic corrosion and
electrical shorting. The sensing layer was isolated using a thin layer of adhesive,
which involved a complicated multage curing process in fabricating the lap shear
joint. This led to a reduction in the maximum shear stress of the specimens and could
create manufacturing complexities when implemented at larger scales and in the field.
In this research, damage monitoring of a sidgfecomposite/steel joint is
investigated using a carbon nanotli@sed sensing layer. The sensing layer is

manufactured by depositing carbon nanotubes on avewen aramid fabric with



randomly oriented filbs. The aramid fabric has low fiber volume fraction and acts as
a carrier and creates a backbone for the carbon nanotubes to form an electrically
conductive network which acts as a piezoresistive sensor. $apgjeint

configurations tested in tensioreaanalyzed under monotonic tension and
progressively increasing cyclic loads. To electrically isolate the sensor, an adhesive
insulated approach, established in our prior work and a novel technique of using a
non-conductive fabric for insulation of the samg layer is investigated, keeping in
mind the scalability and manufacturing feasibility for the field application. The
resistance data is analyzed to detect incipient damage and distinguish between

different failure modes.

4.2 Experimental Details

In order b investigate the sensing response and the efféksesénsindayer
on the bond strengtimodified single lap shear jointgere manufactured he joints
were manufactured using steeldcarbon fiber composite substrates, and the carbon
nanotube sensingyerwas embeddenh the adhesiveondline Thesensing layer
needs to be electrically isolated from the steel and carbon fiber composite to prevent
sensor shorting and galvanic corrosidhree types o$pecimensvere manufactured
(1) Control specimensithout sensing layer (control), (2) sensing layer insulated with
a thin layer of adhesive (adhesive insulatadyl (3) sensing layer insulated with a
nonconductive fabric (fabric insulatgdigure4.1 showsthe scheméc diagram of

the specimens witthe sensindayer insulated using different approaches.
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Figure4.1 A schematic diagram of the spe@ns showing different approaches for
the insulation of the carbon nanotti@sed sensing layer.

4.2.1 Materials and Manufacturing

A unidirectional carbon fiber composite was manufactured using T300 carbon
fiber preimpregnated witlepoxy resin (Cytec Industriedgjight plies of the prepreg
were assembleand cured in an autoclaee 200°C for 5 hours under a pressure of
0.55 MPa 80 ps) to make a 3@m x 30cm laminateThe composite was then cut into
100 mm x 25 mm pieces. Lowrt@n, precisiorground steel was machined on a
milling machine to the same size as that of the composite specitn2qmart epoxy
adhesive (Hysol 9309.3NA, Henkelgs usedor joining the steel and the carbon

fiber composite.



-
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Figure4.2 A photograph of the newoven aramid veil before (left) and after (right)
coating with carbon nanotubes. Inset figures show a higher magnification
image captured using a handheld optical microscope.

The sens@were fabricated bgepositing carbon nandias onto a newoven
aramid fabriq20601- 50g/n?, Technical Fiber Produgtsvith randomly oriented
fibers, which acts as a carrier fabric for tt@notube sensing netwoikor the sensing
layer, the arbon nanotubes were depositesihg a commercially available carbon
nanotube sizing (Bicyl, Nanocyl, Belgium), whichvas dilutedwith ultra-pure water
at a mass ratio of 1:2 (sizing: ukpaire water)To ensure uniform mixinghe sizing
and ultrapure watewas mixed using aentrifugal mixer (THINKY® ARM-310) at

2000 rpm for 150 secondwllowed by sonication for 30 minutes using an ultrasonic
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bath (Bransofi 1510).The aramid fabric was dip coated for 20 minutes and thed drie
in a convection oven for 30 minutes at 160Figure4.2 shows the aramid fabric
before and after coating with carbon nanotuiée. carbon nanotubase uniformly
deposited on althefibers in the fabricas shown irthe scanning electron micrograph
in Figure4.3, creating arelectrically conductive network which enables piezoresist
sensingForfabric insulated specimerthie sensing layer is isolated from the steel
with a secondary neoonductive fabriaisinga lower areal density fabric of the same
nonwoven aramid fiber§20601- 17 g/m? Technical Fiber ProdudtsWhen

embedded in the adhesive joints, the layer thicknesses of the aramid fabrics are

approximately 30 pm andé00um for the 17g/m?and50 g/m? aramid fabric,

respectively.

Figure4.3 Scanning electron micrographs showing a uniform coating of carbon
nanotubes on the surface of aramid fiber

4.2.2 Model Joint System Preparation
A modified version of the singlap joint specimen in ASTM D5868 [31] was

made using the carbon fiber composite and the steel. All specimens were
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manufactured using similar procedures and conditions, and because the adhesive layer
thickness is an important factor in joint strength, a inoedhickness of 2 mm was
maintained for all specimens to enable direct comparison. The hybrid fiber composite
metal joints were assembled using a carper
spacers for maintaining a constant bondline thickness. Theswfdhe carbon fiber
composite was prepared with silicon carbide sandpaper (320 grit). A sandblaster was
used to abrade the steel to remove the oxide layer and roughen the surface, and both
the steel and composite substrates were degreased with adet@msure uniform

mixing of the adhesive and the hardening agent, a centrifugal mixture was used at
2000 rpm for 150 seconds. After coating, the sensing layers were cut into 38 x 25 mm
pieces. Although the bond area is 25 mm x 25 mm, the extra lengin sérkor is

included for the applying electrodes to measure the electrical resistance. The excess
length of the sensor was masked using a-keghperature tape to enable the

application of electrodes after curing the adhesive.
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Figure4.4 A schematic diagram showing the difference in specimen manufacturing
for the two different approaches for insulation of the specimens (a)
adhesive insulated specimen with tatep curing and (b) fabricsalated
specimen with onstep curing

For the specimens with sensing layers, two different manufacturing approaches
were used to electrically isolate the sensing layagire4.4 shows the schematic
diagram of the processing method of both specimens. The key difference for both
specimens is the different approaches for insulation of the sensor and ite pwo
curing of the adhesive insulated as compared to thestepecuring for the fabric
insulated specimens. For the adhesive insulated specimensstepwauring method
was used. First, a thin layer of the adhesive was applied to the bond area on the steel
substrate and cured at 85°C for 1 hour. This layer a¢keeassulating layer
preventing galvanic corrosion and the electrical shorting of the sensor as established in
our prior work [20,21]. Next, the sensor was placed on the cured adhesive layer, and

additional adhesive was applied, dahdc ar p e n t dth spacersmiasused o
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maintain the bondline and cured for another hour at 85°C. For specimens where the
sensing layer is isolated using a fabric, curing was accomplished in a single step. A
lower areal density newoven aramid fabric was placed on theestsurface prior to

the sensing layer, and then adhesive was applied to both layers in the bond area
followed by clamping in a vise and curing.

After curing the joints, end tabs made of an electrically insulating glass/epoxy
laminates were attached to #ile specimens for electrical isolation and alignment of
the specimens in the load frame. The tape covering the masked regions of the sensing
layer was removed, and conductive silver paint (F2sh04999AB, SPI. Supplies)
was used to apply 6 mm wide efiedes across the width of the specimen. After
drying, electrical lead wires were attached using conductive silver epo:3000)

Epoxies Etc. USA).

4.2.3 Testing Method and Electrical Measurements

A displacementontrolled screwdriven load frame (Instron 53%was used to
load the specimens under tension at a crosshead displacement rate of 6.35 mm/min
(0.25 in/min), which is half of the recommended displacement of ASTM D5868 to
allow a longer duration test to match the sensing response to acoustic emission
adivity. The specimens were tested under both monotonic and incremental cyclic
loading and global deformation was measured using displacement of the crosshead. A
Keithley 6430 sourcemeter was used to supply a constant source voltage of 20 V to
measure thelectrical response of the sensors during both the monotonic and cyclic
tensile experiments. An acoustic emission system (MISTRAS Group, Inc., Princeton
Junction, NJ) was also used to record acoustic events during each experiment

following the procedure @eribed by Gao and coworkdf??]. R6a- 60kHz narrow
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band resonant sensor with high sensitivity having an operating frequency range of 35
100 kHz was used. To avoid the recording of background noisetllivad frame
and other sources in the testingdediory, a threshold of 30 dB was utilized for

filtering the noise.

4.3 Results and Discussion

4.3.1 Comparison of Mechanical Properties

4.5 shows the joint shear strength ofthk specimens. The control specimens,
without a carbon nanotube sensing layer, have an average shear strength of 14.4 MPa.
The adhesive insulated specimens have an average shear strength of 0. 31Pa
reduction when compared to the control specim&hmedet al [20] also reported a
23% decrease in the ultimate strength for similar specimens. This is likely because of
the reduced number of chemical bonds at the interface created bystagéicuring of
both adhesive layers. For exampiéanget al. [33] reported a ginificant decrease in
tensile, bendingand impact properties of specimens with an epepgxy interface
where both epoxy layers were cured separately. The fabric insulated specimens have
an average shear strength of 14 MPa, not a large reduction iretiagayoint shear

strength, although there is a slightly higher experimental scatter.
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Figure4.5 Joint shear strength for the three different types of specimens

4.3.2 Electromechanical Characterization underMonotonic Loading

4.6a and4.6b show the stresdisplacement, resistance, and @&t emission
response under monotonic tensile loading to failure of adhesive insulated and fabric
insulated specimens, respectively. For both specimens, there is little initial acoustic
activity. The increase in electrical resistance in these regi¢éines and results from
the elastic piezoresistive response of the sensing layer under tensile deformation. At
the nanoscale, the piezoresistive response is due to the increase in the nanotube
nanotube tunneling gaps as the fibers in the sensing laystreiehed in tension. The
change in contact resistance due to the change in tunneling gap distance results in a

large bulk change in the sensing layer electrical resistance.
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For the adhesive insulated specimEig(re4.6a), at a displacement of about
0.35 mm, there is a sharp change in electrical resistance that correspondstdieectly
sharp change in the cumulative acoustic hits, and large spikes of acoustic hits are
observed. Correspondingly, the stregsplacement data shows a slight discontinuity
at that displacement. The acoustic activity and resistance change data indicate th
there is likely some damage that occurred at the additional interface of the adhesive
layer caused due to the tvgtep curing of the specimens. In contrast, the fabric
insulated specimer{gure4.6b) shows an overall continuous resistance change where
the slope follows the applied stress. At a displacement of 0.3 mm and 0.5 mm,
increased acoustic activity is observed, which corresponds with minor disturbances in
theresistance curve. These acoustic peaks are almost an order of magnitude smaller
than the one observed for the adhesive insulated specimen where the resistance curve
spikes. Just before failure in the fabric insulated specimen, spikes in resistance are
obseved, which correspond directly with large amounts of acousticFhgare4.6¢
shows the stresdisplacement and acoustic emission response for a control specimen
with no carbon nanotube sensing layer. The control specimens have failure stress of
~14 MPa, similar to the fabric insulated specimen, slightly higher than the adhesive
insulated specimen. The acoustic emission peaks are seen at a displacement of 1 mm
and afer, and they are significantly smaller when compared to peak observed at 0.35

mm for the adhesive insulated specimen.
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4.3.3 Analysis of Failure Surfaces

Figure4.7 Photograph of specimens after failure (a) of adhesisalated specimen
and (b) fabric insulated specimen and (c) control specimen without a
carbon nanotube sensing layer.

Figure4.7 shows photographs of the joiinacture surfaces observed for the
different specimens. For the adhesive insulated specirkeng€4.7a), a mixed
failure is observed, a partial debonding at the adbéseel interface and propagation
into the sensing layer at the interface formed by the separately cured adhesive layers.
There are clear remnants of the sensing layer on both substrates. Although the failure
surface for the adhesive insulated specimsaougher, the joint strength is lower due
to the presence of the weak interface because of thetepocuring. For the

specimens insulated by the fabric layer, fracture at the composite/adhesive interface



was observedand no damage is introduced inte gensing layefHijgure4.7b). This
failure mechanism is the same as observed in the control specimens with no sensing
layer. The failure surface fone control specimn is shown ifFigure4.7c, which

looks very similar to the failure surface observed for the fabric insulated specimens.

Figure4.8 Scanning electron micrographs of the failure surface of the adhesive
insulated specimen showing (a) damaged and fibrillated aramid fiber and
(b) carbon nanotubes stripped of the aramid fiber.
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Figure4.8 shows the scanning electron micrographs of the damage to the
sensing layer for the adhesively insulated speciménobserved that the carbon
nanotube coating has been stripped off the Bloeface and higher magnification
images reveal fibrillation and transverse splitting of the aramid fibersthe fabric
insulated specimend)d onestep curing of the adhesive bondline, without an
additional interface within the adhesive bond, prévéamlure from occurring at the
sensing layer interfageesultingin higher shear strength. Based on the different types
of resistance curves observed for the two specimens, the amount of resistance change
and the number of disturbances and-hoearities can give information about the type
of damage occurringvhich can be used to predict the failure mode before the

eventual failure.

4.3.4 Electromechanical Characterization under Progressively Increasing
Cyclic Loads

In order to better understand the accumaiaof damage in the adhesive joints
for the two different methods of insulating the sensing layer from the steel substrate,
cyclic loading was used to examine the sensing response to damage progression in the
joints. In all cases, the failure modes wsireilar to those observed in the monotonic
tests, where failure in the adhesive insulated specimens showed fracture within the
sensing layer, and the fabric insulated specimens showed debonding at the composite

interface.
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Figure4.9 Stress, resistance change (##)d acoustic emission response for a
specimen under progressively increasing cyclic loading for (a) adhesive
insulated specimen and (b) fabric insulated specimen

Figure4.9 shows the transient stress, resistance change and acoustic activity
during progressively increasing cyclic loading for both specimens. The specimens
with the adhesive insulatiofrigure4.9a) show a highly nofinear sensing response

after the first two load cycles, with a number of sharp jumps and irregularities during
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both loading and unloading. The nbnearity also corresponds directly to acoustic
activity, indicating that the sensor is detecting damage that is likely occurring within
the adhesive layer. There is also a permanent resistance change observed after the end
of the second cycle, which continues torgase after each cycle. Although the
damage to the sensing layer may cause a higher change in resistance and provide
direct information about the damage, the adhesive bond loses reliability due to the
weak interface, and the ndinearity could affect theepeatability of the sensor.

In contrast, the sensing layer that is insulated by the fabric [Bigmré4.9b)
shows a more linear sensing response that tracks well with the applied stress with little
acoustic activity in each cycle until the final load cycle, where the failure of the joint
occurredThere is a slight permanent resistance change aftel"ttyci, which
corresponds to more accumulated acoustic emissions. In addition, it is observed that
the load/unload behavior becomes slightly-fioear after thigoint. The permanent
resistanceltange could be due to the incipient damage detected by the sensing layer.
Also, nonrlinearity at higher loads may be due to combined shear and peel stresses that
are occurring in the adhesive due to the eccentricity of the joint.

In order to examine the 138ing response, cycles were examined individually.
For both specimens, the sensing response of the secondrigcieed.10) and the
last full cycle before failureHigure4.11) are highlighted. In the second cycle for the
adhesive insulated specimdfigure4.10a), there is a spike in the resistance change
curve along with corresponding acoustic activity at a stress of approximately 2 MPa.
All of the acoustic activity is observed in the loading segment, and a permanent
resistance change is observétha end of the cycle, after unloading. For the fabric

insulated specimeri{gure4.10b), the resistance response tracks well with the applied
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stress, and no permaneasistance change is observed when the specimen is
unloaded, indicating that there is likely no damage in the sensing layer. Also, little

acoustic activity is measured when compared to the adhesive insulated specimen.

(a) 4 —— Stress (MPa) -~ Resistance Change (%) 639 00 740
Acoustic Hits = = - Cumulative Acoustic Hits | 8
3 £
3t 01251225 {15 x
— (0]
g & ,| 2
= s| | I
[3)
b2k 10080 1150 0 11.0 5
7] [ b7 3
(0] Q 5 o
= c o} o
n % 2 <
1+ 10.04 @75 <105 2
© ©
| g
40.00 S
0 0 40.0
1 O
Time (s)
(b) g Stress (MPa) - Resistance Change (%) 008 90 7100
Acoustic Hits = = - Cumulative Acoustic Hits
< | 2
3t 1900 175 I
© o420 Q
o C 1) -
s © = g
= 04| * Q
n2r { © 150 ©
7] ()] T <
() 5] 2
- c 3 Q>)
w 10.02 E 110 8 =
R < o
1+ $ 425 g
1 =
10.00 o
0 : 0 40

Time (s)
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Figure4.11 Stress, resistance behavior and acoustic emissgponse for the last
complete loadingunloading cycle for (a) adhesive insulated specimen
and (b) fabric insulated specimen

Figures4.11a and4.11b show the last complete loadiugloading cycle before
failure for the adhesive insulated and fabric insulated specimens, respectively. The
resistance change curve for the adhesive irstilgppecimen shows a lot of inflections
and spikes that also correspond to acoustic emissions, likely due to the damage

occurring in the sensing layer. For just this cycle alone, the cumulative acoustic hits
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for the adhesive insulated specimen is an ortleragnitude higher, about 6,000, as
compared to about 800 for the fabric insulated specimen. The irregularities in the
resistance change curve, higher acoustic activity, and permanent change in resistance

indicate more damage at the sensing layer fordhesive insulated specimen.

4.4 Summary and Conclusions

This research establishes a novel technique of using carbon nabatduk
sensing layers for damage monitoring of adhesively bonded compusigé hybrid
joints. This technique has the potential fored¢éing damage and evaluating different
failure modes based on the resistance change behavior of the sensing layer. The
applicability of this technique for damage sensing is shown througihimesal
measurements during monotonic and progressively increagahig tensile loading.
Two approaches for the insulation of the sensing layer have been considered by using:
(1) a thin layer of adhesive and (2) a raomductive fabric. For both approachié®
sensorcanaccurately detect damage formation correspontdingcreased acoustic
activity. The norconductive fabric approach leads to higher joint strength as
compared to the adhesive insulated approach, and the use etantuctive fabric is
more convenient and scalable for large scale field applicatioos gimvolves a one
step curing process for the adhesive. The carbon nanbades sensing layean
detect deformation and incipient damage. Due to the distinct resistance response, this
technigue could be used to distinguish between different kinidslwfes. Lastly, the
carbon nanotubbased sensing layer holds promise for applications in damage sensing
of adhesive joints when composite materials are used for strengthening and

rehabilitation of civil infrastructure.
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Chapter 5

HIGHLY SENSITIVE AND FLEXIBLE STRETCH SENSORS BY
COATING EVERYDAY FABRICS WITH CARBON NANOTUBES FOR
HUMAN MOTION ANALYSIS

One of the mossignificant differences in developing wearable sensors for
human motion analysis when compared to sensors for structural health monitoring is
the need for flexibility along with soft texture. User comfort and-imeasiveness are
critical factors along wit sensitivity that are critical to consider for wearable sensors,
especially when they are expected to be worn by people over long time periods. As a
result, in this chapter, we discuss the deposition of carbon nanotubes on commercially
available fabricsigch as polyester, nylon, spandex, wool and rayon for developing

flexible wearable sensors.

5.1 Introduction

Everything from automobiles to electrical appliances and manufacturing
equi pment i s connect ed,witwolargeareountsrofida r n e t
collected from a variety of conventional sensors. As people realize the advantages and
importanceof theinformation provided frondata, there has been a tremendous
interestin developing flexible and wearable sendorscollecting human
physiologicaland movement datdhese sensors hawganyversatile applications in
robotics, performance monitoring in sports and athletics, health and rehabilitation
monitoring, biomedical devices, electronic skins, flexible battesied entertainment

using virtual eality.
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Human gait analysis and joint movement data is conventionally collected in a
laboratory setup with instrumented treadmill and motion capture cameras. While these
techniques are well established and highly effective in the analysis of human motion,
there are many limitations and challenges in utilizing labordtesed measurements
for wide-scale use in rehabilitation monitoring and behavior modification and
learning. First, this equipment is extremely expensive, complicated to use, and not
readily available in a home or clinical setting. Additionally, it is difficult to monitor
patients over long time intervals in the laboratory setting, and, lastly, patients are not
monitored during their day to day activities. The ability to monitor a specifitgoin
limb using norinvasive wearable sensors creates an opportunity to provide feedback
or intervention to enhance the function and improve quality of life.

Unlike a typical metallic strain gage where the resistance changes due to
dimensional changes,gzoresistive flexiblevearablesensors have been developed
using different nanomaterials and innovative micro/nanostructures. For resistive
nanocompositevearable sensors, the change in resisteanc&inly due tdahe
tunneling effect between conductiveriees andhedisconnection of contact points
within the network otonductive reinforcements.

Mixing of electrically conductive materials with polymers such as
polydimethylsiloxane (PDMS) to create flexible sengsrsommonly usedue to the
ease of manufacturing, low cost and flexibility. Commonly us@tforcementss the
conductive additive ielastomers are carbon black, graphene, carbon nanpamokes
metallicparticles However, hysteresitow stretchability and user comforre
challenges that remain to be addresgettlitionally, the stiffening and aging of

elastomers due to water abswp pose a challenge making them brittle. Lastly,
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integrating these sensors with clothing without affecting the texture and breathability
is difficult.

Flexible sensors haw@sobeen developed using many different approaches
such as using carbon nanotsl@nd silver nanowisdn selthealing hydroge]1], skin
inspired doubldayer hydrogel$2], spray coating of carbon nanotubesrobber
(EcofleX) [3], wet spinning of silver nanowires and silver nanopatrticles in styrene
butadienestyrene elastomeric matrj#]. Researchers have also usedxial wet
spinning of carbon nanotullmsed corasheath fibes protected by silicone elastomer
[5], silver nanoparticle thin filmpatternedbn PDMS using a onstep direct transfer
procesg6], dip coating of graphene oxide nanosheets followed by the reduction using
sodiumborohydride[7]. Additionally,embedded 3D printing of carbon black based
ink in a modifiedrubber Ecoflex) reservoir8], andreduced graphene oxide sensing
liquid filled in Ecoflex rubbef9] have also been studied in detdarious techniques
have been used to makendaictive fabrics which are then encapsulated in flexible
elastomers such as carbonization of a repunge followed by encapsulation with
silicone resir[10], carbonizing cotton threads in nitrogen and tindiftrating PDMS
[11]. High-temperatee pyrolysis of commonly available tissue paper to make a carbon
paper and using with PDMS elastomer as the flexible substfa® and pyrolyzing
commercial cotton bandages coated with graphene oxide in ethanol flame and
embedding them in natural rubber laf@8] have been investigatdo create fabric
based wearable sensoFabricbased wearable sensors have also shown promise due
to the ease of integration and the potentially higher user comforetNarj14] used
electrospinning to prepare graphene oxide doped polyautyle nanofiber yarns,

which were then coated with conductive polypyrrole and then wound on elastic yarns
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before weaving into a fabridke sensor. Industrial applicatisof these wearable
sensors remains a challenge due to complicated manufactunmpatbility with
existing production techniques in the textile indusaryd seamless, nanvasive
integration into garments that asemmonlyworn. Therefore, a critical need still
exists for developing cost effective, stretchablel flexible wearable sensors with
high sensitivity and user comfort.

In thischaptera comfortable to wear, flexible wearable sensor with thigh
sensitivityis demonstratedsing commercially available fabrics. An efficient
electrophoretic deposith techniquédiscussed in Chapter B)usedo create a
conductive nanostructured composite coating on fabrics such as polyester, rayon, wool
and nylon. Carbon nanotubes are functionalized with a dendritic polyethyleneimine
(PEI) to create an aqueousphbssion and deposited using a direct current (DC)
electric field. A very thin{ 1 um) film of PEI functionalized carbon nanotubes is
created on the surface of the fibers. Due tahireand porousature of the coating,
there is no significant changetime texture and the feel of the faband the
breathabilityis also maintainednaking it comfortable to wear. The carbon nanotube
coating is robustly bonded to the fibers and does not deteriorate when subjected to
sonication and tape tests. Upon intéigrainto garments, the sensor displays
extremely high sensitivity with a resistance change of over 3000 %, when worn on the
elbow/knee during complete flexieextension. The high sensitivity also enables the
detection of minute finger motion during wriggnvith a pen and mirscule

movements due to muscle contractions.
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5.2 Specimen Fabrication, Experimental Details and Electron Microscopy

An aqueous dispersion of multialled carbon nanotubes functionalized with
polyethyleneimine (PEI) with a concentration af/lLis prepared using the approach
discussed in Chapter 2. The roonductive fabrics to be coated are backed against
stainless steel (316) electrode, which is connected to the negative terminal because the
carbon nanotubes are positively charged. Elésticls are used for ensuring slight
tension in the fabrics to maintain uniform contact with the electrode. A counter
electrode also fabricated using stainless steel is placed parallel to the anode at a fixed
distance using insulating spacerhe assemblis immersedn a glass container with
the carbon nanotube dispersiofiowing which electrophoretic deposition is
conducted using a direct current (DC) voltagellowing the coating, the fabrics are
dried in an oven at 120 C.

The fabric used foelectronechanical characterizatiama commercially
available weft knitted fabric consisting of 44% nylon, 43% polyester and 13%
spandex. After the coating, flash dry silver paamd twoepart conductive epoxy is
used forpaintingthe electrodes and attaching tlead wires to reduce the contact
resistance and measure the electrical resistance accurately. The mechanical tests were
conducted using a scregviven load frame Instron 5567 undedisplacement
controlled setting.

Scanningelectronmicroscopyimages vere captured using an Auriga 60
Crossbeam electron microscope with an accelerating voltage of 3 kV for the carbon
nanotube coated specimens. The specimens were coated with a Pd/Au layer using a
sputter coater to reduce the charging of the specimen. Téesertion of the fiber is
cut using a focused ion beam (FIB). First, a rough cut is medeh is followed by a

finer cut with a FIB probe setting of 3¥ and 240pA.
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5.3 Deposition of Carbon Nanotubes on Different Materialsvith Varying
Microstructures

Cotton+
Polyester (c) Polyester (d) wool

(@ r

(b)

CNT - Non- Micro-
Coated Coated Structure

Non-
Coated

CNT-
Coated

Figure5.1 Carbon nanotubes deposited on various types of fabrics with different
weave patterns and knit structures. The individual fibers also have a
distinct microstructure. A uniform coating of carbmemnotubes is deposited
on all the fibers within the bundles for materials such as (a) rayon, (b)
denim, a mixture of cotton and polyester with elastane (c) knitted polyester
fabric and (d) twisted wool yarn
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A critical advantage of #nEPD process is thébdity to coat a variety of
natural and synthetic fibers such as rayon, cotton, polyester, nylon ancgebbwn
in Figure5.1. Fibers having a very distinct microgtture as well as fabrics with
various types of mrostructures and weaving patteare coated with carbon
nanotubesFigure5.1a shows rayon fabric with a plain weaveated with carbon
nanotubes. The scanning electron microscope (SEM) image shows very distinctive
features such asinear striations along the length of rayon fid@espitethe structure
with intricatefeatures, all the fibers within the fabric are umfidy coated.

Figure5.1b shows images of denimmaterialconsisting of cotton, polyester
and elastand-igure5.1c features pictures and micrographsoitted polyestefabric,
and Figureb.1d displaysa twisted wool grnwith and without carbon nanotube
coating The microstructure dhewool shows a roughrregular surface witla scale
like structure. Using the same setup, carbon nanotubes were deposited on different

fabrics havingavarying material composition, weiag patternsand microstructures.

5.4 Piezoresistive Knit Fabrics Coated with Carbon Nanotubes

For wearable sensors, flexibility, lightweighhd comfort being thessential
parameters, a commercially available knit fabric consisting of polyester,, mytbn
spandex was selected for electromechanical characterization and prototype testing on
theelbow, knee and fingerEigure5.2a shows the fabric without coating at diféat
length scales. The SEMicrographshow that the surface of the fibergesativdy
smooth with a fevemallfeatures. Figur&.2b is after the fabric is coated with carbon
nanotubes using EPD. The color of the fabric has changed to black, and the SEM
images show a unifortiicknesscoating of functionalized carbon nanotubes on all

the fibers througbutthe fabric thickness. As theating is thin, there is regnificant



change in the stiffness and texture of the fabric that can be felt by thesend

Figuresb.2c and5.2d show the stretchability and the flexibility of the carbon nanotube
coated fabricDue to the conformability of the nanocomposite coating, the coated

fabric is still flexible and can be easilytegrated into garments using existing tools

and setup used in the industRygure5.2e is a crossection of fiber from the coated

fabric cut using a focused iondra A porous nanocomposite coating with uniform
thickness all around the fiber can be obser¥ée. thickness of this nanocomposite
coating can be controlled by varying the EPD process parameters such as voltage field

strength and time of deposition.
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Figure5.2 Photograph and scanning electron micrographs dénlieedfabric used
for characterizatiofa) without carbon nanotube coating and (b) with
carbon nanotube coating. (c) and (d) the flexibility of the &aafter
coating and (e) crossection of fiber within the fabric showing a porous
and uniform coating of carbon nanotubes around the.fiber
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