SENSING MECHANISM OF HIERARCHICAL CARBON
NANOCOMPOSITE SENSORS AND THEIR APPLICATION SIN
STRUCTURAL HEALTH MONITORING AND HUMAN HEALTH
SUPPORT

by

Amit Chaudhari

A dissertatiorsubmitted to the Faculty of the University of Delaware
in partial fulfillment of the requirements for the degree of
Doctor of Philosophyn Mechanical Engineering

Fall 2023

© 2023 Amit Chaudhari
All Rights Reserved



SENSING MECHANISM OF HIERARCHICAL CARBON
NANOCOMPOSITE SENSORSAND THEIR APPLICATION SIN
STRUCTURAL HEALTH MONITORING AND HUMAN HEALTH
SUPPORT

by

Amit Chaudhari

Approved:

Ajay K. PrasadPh.D.
Chair ofthe Department oMechanical Engineering

Approved:

Levi T. Thompson, Ph.D.
Dean of the College dEngineering

Approved:

Louis F. RossiPh.D.
Vice Provost for Graduate and Professional Eduoadicd
Dean of the Graduate College



Signed:

Signed

Signed:

Signed:

| certify that | have read this dissertation and tiamy opinion it
meets the academic and professistahdardsequired by the
University as a dissertation for the degree of Doctor of Philosophy.

Erik T. Thostenson, Ph.D.
Professor in charge of dissertation

| certify that | have read thidissertation and that in my opinion it
meets the academic and professional standard required by the
University as a dissertation for the degree of Doctor of Philosophy.

Bazle Z. (Gama) Haqué>h.D.
Member of dissertation committee

| certify that | have read this dissertation and that in my opinion it
meets the academic and professional standard required by the
University as a dissertation for the degree of Doctor of Philosophy.

Dirk Heider, Ph.D.
Member of dissertation committee

| certify that | have read this dissertation and that in my opiriton
meets the academic and professicstahdardsequired by the
University as a dissertation for the degree of Doctor of Philosophy.

Michael KeefePh.D.
Member ofthedissertation committee



| certify that | have read this dissertation and that in my opinion it
meets the academic and professional standard required by the
University as alissertation for the degree of Doctor of Philosophy.

Signed:

Bingging Wej Ph.D.
Member of dissertation committee



ACKNOWLEDGMENTS

This dissertation would not have been possible without funding support
from the National Science Foundation, Delaware INBRENIDEL Foundation
MCET Technologes, andthe Department of Transportation

Dr. Erik Thostenson, my adviser, has continuously provided advice for
academics, research, and professional development, and | can't express my
gratitude to him enough. My development as a researcher and a person has been
greatly aided by your meticuloustantion to detail and persistent suppdite
balanced approach waelpful because it allowed me to explore fresh research
ideas while encouraging me to delve further into my current research.

| thankDr. Bazle Z. (Gama) Haqu®r. Dirk Heider,Dr. Michael Keefe
andDr. Bingging Weifor serving on my Ph.D. committe¥our advice forcritical
research challengeaskingrelevant questionsand giving commentt direct my
efforts in the right directiomavehelped megreatly:.

| chose UD for mydoctorate in part because of its Center for Composite
Materials. Excellence here is not simply a result of the high caliber of the research
but also of the excellent people who work here. The administrative and technical
employeesaind other research professionaisre especially helpful and frequently
went over and above to assist me. Therese, Meggannne Lisa,andMissy are
mentionedl appreciate all your assistance wébsentialeadlines, reminders,

events, procurement, aneeb forms



Collaborating with DrKeefe, Dr. Barmaki, Dr. Higginsqrand Dr.
Cashbackor some unique applications of the sensors developed in this research
has been an extremely rewarding experiehedso got the opportunity to work
with the fashion department and receive enormous support from Dr. Gorea in
compressiorsleevepreparation for testind.thankAarohi Chaudhari for editing
few sketches for my work.

| thankmy fellow CCM and MEgraduate students and collaborators
Special thanks to Dr. Sagar Doshi for helping me from day one in the lab and
supporting me throughout my research with constant encouragamerstupport.
| thankRakshit for makingprogramson KinArm for flexible sensor testingnd
VutheaandLaurenfor supportingthe virtual reality data collection.
acknowledgeDae Han for working with me on numeroysojectsandproviding
support whenever | need

| appreciate Aanish, Shraddha, Dev, Anita, Ragiurga, Hemafor
making my time irthe United Statesnjoyable Friends from IndiaRanijit,

Ambuj, Rahul, Gaurav, Sakétjkas andcousins who have stayed in contact with
me through this long journegnd kept me motivated.

| wishto express my appreciatidar my better halfChhaya The
unconditional and unwavering support in difficult timess given me the strength
to continue to pursue my ambitionéour continuous positive vibes and
confidence hee often rubbedn me, and it would have beechallengingto
complete this without youMany thanks to my daughter Aarohi and son Agastya,

for giving me memories of lifetime and joy in tense moments

Vi



Lastly, |1 would like to thank myarge and loving familyMy mother, Maya
devi, ny siblingsAlok, Mukesh, and Manjul also thank my familynembers
Purnima, Rita, Puja, Pallavisha, Abhyudit, Abhibhav,Subrat,Suvarna, Yashay
andKushagra) am lucky and blessed to have you allhny life and truly treasure

our family dynamics.

vii



TABLE OF CONTENTS

LIST OF TABLES . ...t ceees bbbt e e e e e e e e e e snne e Xii
LIST OF FIGURES........uutiiiiiiiiiiiiiiisieeetiieeeeeeee e e aa e e e e e e e e s ammmne e e e e e e e e e e e e e s e s s s annsnnnas Xiii
AB ST RA CT ..ttt e et e e eeent bbb et ettt et e e e e e e e e e e amraaaaaaaaaas XXi
Chapter
1 INTRODUCTION. ...ttt ettt e e smmme e e e e e e e s 1
0 R |V o £ VZ= 1o o SRR 1
1.2 Objectives and Organization of the Dissertation...............cc.eceeeeeuee 3
1.3 Literature Review: Carbon Nanotube Composite Applications........ 5
1.3.1 Carbon Nanocomposite Sensors in Structural Health
\Y o] a1 (o] ¢ o[ RSP PR PPTPPPPPP 9
1.3.2 Flexible Carbon Nanocomposite Wearable Sensor............ 15
1.4 Summary and CONCIUSIONS.......coiiiiiiiiiiiiiiiiee e 18
REFERENGCES. ... ..ot eres st eeees bbbt e e e e e e e e e e s eeereeeeeees 19
2 CARBON NANOCOMPOSITES PROCESSING......cccvvvvviieeeeeeeecee, 25
2.1 Uniform Dispersion of Carbon Nanotubes..............cccovvvieeeeeen 25
2.1.1 Shear Mixing: 3ROl MilliNg .....coovvvviiiiiiiiiiice s 25
2.1.2 Carbon Nanotube Processing: Dip Coating............cc...c...... 27
2.1.3 Direct Hybridization of Carbon Nanotubes Using
Electrophoretic Depositian.............cccoovviiiivieeeee e, 30
2.1.4 Durability of Carbon Nanocomposite Coating..................... 35
2.2 VacuumAssisted Resin Transfer Molding (VARTM)...................... 37
2.3 Summary and CONCIUSION...........oooiiiiiiiiieeee e 39
REFERENGCES. ... ..o eeee s eeens bbbttt e e e e e e e e e s eenreseeeees 41

viii



3 COMMERCIAL KNIT FABRIC-BASED FLEXIBLE CARBON
NANOCOMPOSITE SENSORS: SENSING MECHANISM AND
G 700 R [ 0o o 18 o o o TSRS 45
3.2 Knit Fabric StrUCTUIe..........cuiiiiiiiiiiiiieceeiiiieeee e 46
3.3 Experiments and Computational Modeling............ccccccvvviiieeennnnnen. 49
3.3.1 Fabric Elongation TeSL...........ccccceeiiiieiies e 49
3.3.2 Yarn Extension along the Length Directian....................... 52
G TG RS T - 11 o T Mo Lo o T I TP 54
3.3.4 Computational Model...............oooiiiiiii e 55
3.4 ResUltS and DiSCUSSIONL.......uuuiiiiiiiiiiiiiiieeeiiieiieeeeeeee e e e e e e e e s 56
3.4.1 Fabric elongation response on uniaxial stretch in wale
IrECHION. ...t e e e e e e e e e as 57
3.4.2 Resistance Response on Yarn Elongation......................ccc 60
3.4.3 Response of the Loop Joint under Uniaxial Extensian....... 62
3.4.4 Fabric Sensor Response with Constraint in the Course (weft)
D[ =Tod 1 o] o SRR 63
3.4.5 Fibers Movement within the Yarn.............cccvvvvviiiieeee e 64
3.4.6 Sensing MechanisntUniaxial Stretch of Coated Knit Fabric.65
3.4.7 Sensing MechanisnHigh Sensitivity on Elbow/Knee........... 66
3.5 Knit FabricBased Carbon Nanocomposite Flexible Sensor
Application: Driving Manikin Hand Using Flexible Sensor on Han66
3.6 Summary and CoNCIUSIQN.............uuuiiiieis i eeeee 71
4 FLEXIBLE CARBON NANOCOMPOSITE SENSOR RESPONSE

VALIDATION USING KINARM ROBOT AND VIRTUAL REALITY -

BASED TASKS .ot a e e e e e as 76
A Y o Yo LU o {0 o 76
4.2 Characterization and Testing of Knit FabBased Sensor................. 78

4.2.1 Carbon Nanocomposite Processing, Specimen Preparation, and
Compression SIEEVE.........c.uviii i 78

4.2.2 Testing Protocol for Sensor Validation with KinArm®......... 80

4.2.3 Testing of Carbon Nanotube Sensor with Virtual Reality....83

4.3 Validation of Sensor: Result and DiSCUSSION.......covvuviveeieeiicaneneenns 86



4.3.1 Uniaxial Stretch in Wale DIireCtion..........ccoeeeeeeiieeceeeenaen. 87

4.3.2 Sensor Response on Mechanically Controlled Hand Move&&nt

4.3.3 Sensor Response with VR, Tracing Profile by Participant.91

4.3.4 Calibration Curve and Response to Change in Angle......... 91

4.4 Conclusions and FUture WOorK........cccccoeeeiiiiiiiccce s 93

REFERENGCES. ... ..ot s e et e et e e e et e e e enmmeaaneeees 94

5 STRUCTURAL HEALTH MONITORING OF

COMPOSITES/METALLIC PRESSURE VESSELS USING FABRIC

BASED CARBON NANOCOMPOSITE SENSORS..........ccccciiviiiiinn. 95

00 R [ 1o o 18 o o o TSR 95

5.2 Processing of carbon nanotubes and Testing...........cccceeevvieeeenenn. 97

5.2.1 In situTesting of Carbon Nanocomposite Sensat............... 98

5.2.2 Impact and Crack Damage Detection..............oeeeeeeevieeennnn. 101

5.2.3 Sensing Response with Change in Fiber Orientatians.....103

5.2.4 Composite Overwrapped and Metal Pressure Vessel Teslidg

5.3 Results and DISCUSSIOMN.........uuuuuiiiieeeeeceeeiiiinae e e e e e e e e e eeeanees e 107

5.3.1 Axial and Flexural Loading Response...........c.cccccvvvvvueeee. 111

5.3.2 Sensor Response to Impact and Cracks...........ccccccceeeeee. 112

5.3.3 Influence of Fiber Orientation on Sensing Response........ 115

5.3.4 Metallic and Composite Pressure Vessel Testing:............ 119

5.4 CONCIUSIONS.....cciiiiiieeeii oo e e 122

o N [ 124

6 TOWARDS REAL-TIME STRUCTURAL HEALTH MONITORING

OF THE PIPELINE USING FABRIC BASED CARBON

NANOCOMPOSITE STRAIN SENSOR.......cccooeiiiiiiiiiiiiiieeee e 126
6.1 Introduction and MOUIVALION............ueeiiiiiii e 126
6.2 Sensor Preparation and TeSting...........ceeeeeviiiiiieeeee e e, 128
6.2.1 STRIP Sensor TeStiNG.........cccoiiiuvurriiiimmeniviveveeeeeeeeee 128
6.2.2 PATCH Sensor TESHNG......cccuuiiieeiiiiiiisieeeiie e e e eeeiiiseeeeaenns 131

6.2.3 Portable Data Acquisition System for Rdane Monitoring.135

6.3 RESUIS anNd DISCUSSION .. ...ceeeeeeeee e eeee e 136



6.3.1 Strip Sensor Response to Axial Compression, Bending, and

L0151 (o] o O PPUPRTRPR 137
6.3.2 Patch Sensor Response to the Compression, Bending, and
L0151 (o ] PP 140
6.3.3 Remote Realime Data Recording............cccccoevvvvvvviemmnenn.. 143
6.4 Conclusions and Future WorK.............ooevuiiiimiiccieeeeeiiiiiiiinnn 144
REFERENGCES. ... ... erer e cees bbbt e e e e e e e e e e semreeee s 145
7 CONCLUSIONS AND FUTURE WORK.....cotii it 146
Appendces
A DATA ACQUISITION SYSTEM FOR FIELD TESTING ..........ccccueee 152
B RESISTANCE AND STRAIN MEASUREMENT WITH COMMERCIAL
DATA ACQUI SI TI ON...SY.STEME.....ccccoveeeer.... 161
C REPRI NT PERMI.SSL.ONSEG e, 167

Xi



Table 3.1.

Table 3.2.

Table 3.3.

Table 5.1.

LIST OF TABLES

Constituent materials and areal weight of three different commercial
knit fabrics used for fabric elongation test.............coovvevviiieeeneeeen. 50

Properties of the material used for yarn in finite element model...56

Resistance change (%) in the carbon nanotube sensor on the fingers
while performing motoicontrolled rotation...............cccooevvviviieeneel 68

Processing parameters for carbon nanotube deposition............... 98

Xii



Figure 1.1

Figure 1.2

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

LIST OF FIGURES

A schematic diagram showing different types of applications of
Ccarbon NANOCOMPOSIEES......uuvriiiiiiiiiiiie e e ceeeeeeeeee e e ammr e 6

A diagram of thalifferent uses of carbon nanotubased sensors in
fiber-reinforced advanced composite materials for monitoring the
health Of StrUCIUIES........cvviiiiiiiiiei e 10

Three roll milling schematic with the rotation direction of rollers.
Agglomerated carbon nanotube mixed with polymer/epoxy is fed
between rollers 1 and 2, and dispersed carbon nanotube is collected at

the knife edge of roller three after multiple cycles......................... 26
Uniform carbon nanotube dispersion preparation schematic using
commercial Aquacyl AQO303..........oooriiiiiiimme e 27
Schematic otarbon nanotube coating on aramid fabric using dip
coating and the fabric before and after dip coating....................... 28
Scanning electron microscopy images showingworen aramid

fiber orientated randomly (left) and uniform carbon nanotube coating
on a single fiber (MgNt)..........coooiii e 29
Setup schematic for electrophoretic deposition offeBttionalized

carbon nanotubes on nevoven, norconductive aramid fabric........ 32

Scanning electron micrograph of EPD deposited carbon nanotube on
non-conductive aramid fabric, welike structure with carbon
nanotube coating (left) and carbon nanotube film on single fiber

Scanning electron micrograph of EPD deposited carbon nanotubes on
commercial knit fabric, knit loops with nanotube coating (left), and
carbon nanotube coating on single fiber (right).............cccoovvvinennes 34

Picture of dip coated and electrophoretically deposited carbon
nanotubecoated fabric before the start of wash, after 1st wash cycle
and after 5th wash cycle [36]............uuuuiiiiiiiiiiieeeiiiiiiee e 35

Xiii



Figure 2.9 VARTM setup schematic to manufacture carbon nanocomposite.38

Figure 2.10 Carbon nanotube coated fabric placement with a high temperature
tape at electrode location and front and back view of nanocomposite
after VARTM. e e 39

Figure 3.1 Structure of knit fabric, (a) scanning electron micrograph of-gray
white knit fabric with loops and (b) schematic representation of weft
knit fabric and repetitive unit cell..........ccoooviiiiiiiiiiieeei 47

Figure 3.2 (a) Various segments of the yarn loops in weft knit fabric, (b) sections
of the yarn at leg, joint and legs , (c) scanning electron micrograph of
fibers in the yarn and fiber orientation and (d) scanning electron
micrograph of carbon nanotube coating omfibers.......................... 48

Figure 3.3 (a) Schematic of thepecimen for fabric extension test in wale
direction, (b) schematic of specimen for testing with constrain in
course direction and (c) specimen image with thread loops in the
syringe pump during teSting.............ooevvvviiiiiiicce e 51

Figure 3.4 (a) Schematic for yarn extension test , (b) schematic for loop test with
silver coating on the leg section, (c) specimen as it is, with paper
baking sheet, in the grip of Instron, and (d) specimen before the start
of the test, after removing the paper ghee..............ccccceiiiicennnnnnn, 52

Figure 3.5 (a) Setup of yarn extension using a syringe pump and handheld digital
microscope for image capture, (b) paper sheet removal before the start
of stretch, and (c) stretched yarn during the test.................oeeeee. 53

Figure 3.6 (a) schematic for loop test with silver coating on the leg section, (b)
specimen in the grip dhstron micro tester and (c) finite element
mesh of double loop of knit fabric.............ccoooviiiiiccc 54

Figure 3.7 (a) Typical fabric sensor response for three fabrics with the extension
in wale direction, and (b) different resistance change behavior of gray
white fabric with extension.............ccccovviiiiieee e 57

Figure 3.8: Finite element model results (a) Contact pressure at the lop joint, (b)
sliding distance at yarn loop joint, and (c) front and back view of yarn
loop stress in the fiber direction with compressive stress at the yarn
[oTo] o [o] 1o | ISP PP PPPPPPPP PP 58

Figure 3.9: Yarn imagesaptured by handheld digital microscope (Diite) at
no stretch and at a stretch of 6%, 12 %, 18 %, 24 % and.30%.....60

Xiv



Figure 3.10:Representative percentage resistance change of carbon nanotube
coated yarn on uniaxial extension in length direction.................... 6l

Figure 3.11:Typical resistance response of the loop test (a) with silver paint
coating on the loop legs and (b) without silver paint coating......... 62

Figure 3.12:(a) Resistance change with fabric elongation in wale direction with
and without edge constrain in course direction, (bho-lite image of
unstretched fabric, (c) stretched fabric by 20 % in wale direction, and
(d) fabric stretched in wale direCtion..............ccooeeeviviieeiiiiee e, 63

Figure 3.13:(a) 3D printed manikin hand with carbon nanotube sensor on finger
sleeves, (b) Response of the index finger sensor for 90° and 180°
motor rotation, (c) Average resistance change for each finger for 90°
rotation with standard deviation, (d) Representativee for
percentage resistance change with time for 180° motor rotation and (e)
Mani kin handodés finger movement dri vel
AUMaN NaNd..........ooo e a7

Figure 3.14: (a) Resistance change (%) in each cycle, in the first 10 and last 10
cycles in a 1000 cycle test. (b) Resistance ché#gyeavith time for
the first cycle and 9%icycle on the same scale and (c) Average
resistance change for the 100 cycles in the test of 1000 cycles....70

Figure 4.1: (a) Schematic of specimen for uniaxial testing in wale direction, (b)
scanning electron micrograph of weft knit fabric with loop structure,
and (c) schematic of a compression slegite sewed carbon
nanotube sensor on the elboW.............ccoeeeeviiiccee e 9

Figure 4.2: (a) Constant amplitude straight line movement task for a displacement
of 30 cm in Y direction, (b) variable amplitude straight line movement
task from 30 CM L0 5 CM...eiieiie e e 81

Figure 4.3: (a) In-plane twedimensional movement of the arm in diamond path
with angle measured at four endpoints, (b) in the plane two
dimensional movement of the arm in a circular path with an angle
measured at four enNdpPOINTS.............uuvuiiiiiiiieeriiiiiiiiee e 83

Figure 4.4 (a) Virtual model of KinArm in a home family room settiageated in
VR environment, (b) irplane twedimensional movement of the hand
following a diamond path, and (c)-plane movement of the hand
following a circular Path.............cccooiiiiiiicen e 84

XV



Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

(a) Sensor response when tested for the uniaxial stretch in the wale
direction for 10 %, 20 %, and 30 % strain levels and (b) resistance
change against Strain..............oovvvviiiiiiimee e s 85

(a) Resistance change in the arm flexion from moving start point to
end point with a total change in angle of 53° and (b) resistance
response of sleeve in variable amplitude straight line motion with
change in elbow angle............cccceeiiiiiii e 86

Response of the sensor in compression sleeve during elbow motion in
(a) diamond path tracing, with a hold time of 250 ms at intermediate
points 2,3 and 4, (b) circular path tracing with no hold time........... 87

Response of the sensor in compression sleeve during elbow motion
with virtual reality task (a) diamond path tracing, and (b) circular path
tracing With @ mistake.............oooiviiiiiiiiieee e 89

Calibration curve, generated with participant sensor on the elbow with
flexion at different angles and resistance change plotted against
change in elbow angle during flexion, while performing tasks on
KINAIM @Nd VRt 92

(a) Steps to prepare the specimen for in situ sensing using different
processing parameters and (b) schematic dfestespecimen and a
photograph of the experimental setup for tensile tests.................. Q9

(a) Schematic of the uniaxial tension test setup with CNT sensor on
Aluminum substrate and (b) loading protocol of the specimen for
FlEXUral TEST. ..o 100

The process of attaching the carbon nanctdaged fabric to the
composite panel and schematic of the prepared specimen with four
Silver electrode Pairs..........ooooiiii i 101

(a) Lowvelocity impact testing setup along with a photograph of the
specimen in the fixture before testing andgjp¢cimen with a crack
between 11 and 22 with cutl, surface crack is not visible and cut2,
deeper cut but not through the thickness of the sensar............... 102

(a) Fiber orientation of unidirectional carbon composite specimen and
(b) photograph of the test setup for the tensile test with wiring and
strain gage on the carbon composite panel...............ccccovvieemnnnnnn. 103

XVi



Figure 5.6 Metallic pressure vessel with epoxy layer for insulation and hoop,
axial direction carbon nanotube, and metallic strain gage and (b) test
setup for pressure testing of metallic cylinder.................ccoeveeeen. 104

Figure 5.7 (a) Preparation step of composite cylinder for pressure testing and
location of carbon nanotube sensor and metallic strain gage with wires
and (b) test setup for pressure testing of the composite cylinder, held
vertically in the chamber...............ccoo e, 105

Figure 5.8 Scanning electron micrograph carbon nanotube coated aramid fabric,
at low magnification, 100 X, CNT coating is visible on fibers and
fibers mesh and carbon nanotubes are visible at higher magnification,
50000X, on fiberdés sursangeb)(a) dip c
EPD coated 4 g/l and (c) EPD coated 1.g/l............cevveieiiiiieanennnee. 106

Figure 5.9 Resistance change (%) vs strain (%) to compare the sensitivity of
sensor made using different techniques/ parametBpscoating using
commercially available sizing , electrophoretic deposition with CNT
concentration 1 gram /liter (low concentrationylatectrophoretic
deposition with CNT concentration 4 gram/liter (high concentratib®.

Figure 5.10 Response of the carbon nanotube sensor and metallic strain gage to
axial load attached to the aluminum bar (a) resistance change (%) vs.

Figure 5.11 Carbon nanotube sensor response for flexural loading (a) resistance
change (%) vs. strain (%) for compression and tenson, (b) cyclic
loading response, resistance change (%), strain (%) and load (N) vs.
time (s) for compression and (c) cyclic loading insien.................. 110

Figure 5.12 (a) Specimen for the impact loading response with impact location, 1
central and 2offset , (b) resistance change (%) for the central impact,
at location 1, with increasing energy for a pair of electrode and (c)
resistance change (%) for the offset ictpat location 2, with
increasing energy Of IMPAaCL............oooviiiiiiiiiiieee e 113

Figure 5.13 Change in resistance across the different electrode pairs due to crack
with cut 1 surface crack and c2t deeper cut but not through
thickness of the SeNSAr..........ooo oo 114

XVii



Figure 5.14 (a) Electrical resistance change in the carbon nanocomposite sensor

with applied strain for 0°, 45° and 90° fiber orientation with loading
direction, and resistance change (%), longitudinal strain (%),
transverse strain (%) load (N) vs. time (s) for cymeding for (b) 0°
and (c) 90° fiber orientation.................oeevvvivviimmee e 116

Figure 5.15 Response of the carbon nanocomposite sensor applied to steel

pressure vessel in axial and hoop direction..................ccevvveeernn.. 118

Figure 5.16 (a) Carbon nanocomposite sensor and metallic strain gauge location

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

and orientation on composite overwrapped pressure vessel, b)
resistance change (%) vs. strain (%) in hoop direction at the middle of
pressure vessel for sensor R1, (c) resistance change (%) vs. joint strain
(%) in axial direction, at the joint towards the nozzle of cylinder for
sensor R2 and (d) resistance chagg\(s. strain (%) in hoop

direction at the head side of the cylinder for sensor R3 and (e)
resistance change (%) vs. strain (%) in hoop direction at the shell side
of the cylinder for Sensor R3..........ooo i 121

Testing setup and schematic with sensing strip (a) axial compression,
with a single strip along the length direction, (b) fpoint bending

with two sensing strips on the top and bottom side, and (c) torsion
testing setup with spiral Strip SENSOI...........covvvvvviiiiiimeeeeeeeeeeiieens 130

(a) Carbon nanotubeoated fabric patch with an array of silver
electrodes, (b) vacuum bagging to attach the sensor on the pipe, (c)
lead wires connected to the electrodes, and (d) electrodes numbering
pattern for the measurement. .............cooouveiimmmnesence e 133

(a) Different sensing pattern for different electrode pairs and
schematic of test setup for (b) axial compression, (c) bending, (d)
100 £ o] o TP 134

Portable data acquisition system with eight channels for resistance
measurement and twehannel for strain measuremer@8AMPE 2022
DOI#:10.33599/nasampe/s.22.0F08..........cccccvvvrvrmiiieemiiiiiineeeee 135

Scanning electron microscope image of carbon nanotube coated non
woven aramid fabric (a) 5807 carbon nanotube coating on fibers and
space between fibers, and (b) 58K carbon nanotubes in the carbon
NANOTUDE COALING........oii ittt e e 136

Xviii



Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Response of the strip sensor when loaded in axial compression in
multiple cycle loading and (b) axial strain (%) vs. resistance change
(%) for the loading cycle with the gauge factor of the sensar......137

Resistance change (%) of the bottom sensor ingourt bending test
with axial and hoop strain for (a) bottom sensor, (b) top side sensor,
and (c) resistance change (%) of the sensor with £450 sensor rosette
fOr torsion [0ad........ccooeeiiiieii e 138

(a)Resistance change (%) vs. Axial and hoop strain for axial
compression testing and (b) Resistance change vs. axial strain for
loading profile with sensor gauge factor..............cccccvivimenniiinnne 140

Electrical resistance change (%) between electrodds1E Avith
percentage axial strain S1 and S2 when the pipe is bent upward and
downward manually................uuueiiiiiiieeeee e 141

Figure 6.10 Electrical resistance change (%) between electroddslB5with the

strain in the-45° metallic strain when the pipe is twisted clockwise
aNd ANTICIOCKWISE.......uviiiiiiiiiee e 142

Figure 6.11 Remote live data recording of the sensor tested out of lab settin@j43

Figure Al Circuit diagram of DAQL.........ooiiiiiiiiiiiiireer e eeer e 153
Figure A2 Field setup of the sensors on the composite pipeline at a remote
location and electronic data acquisition system. (SAMPE 2022, DOI#
10.33599/nasampe/s.22.0708)..........coeevrerrririimmmee e 154
Figure B1: Wiring of Dewesoft DAQL.........uu i 162
Figure B2: Dewesoft software Version..........cccceeeiiie e e ceeciiciiiee e eeeeeeeeeeeeeeeen 162
Figure B3: GUI of Dewesoft software, with all connected KRYPTQNS.......... 163
Figure B4: Setup for the resistance measurement and wiring diagram.......... 163
Figure B5: DB9 connection and circuit diagram for resistance measurement164
Figure B6: Setup for the resistance measurement and wiring diagram.......... 164
Figure B7: DB9 connection and circuit diagram for strain measurement........ 165
Figure B8: Data display and recording GUL..............coiiiiiiiieeen i, 165

XiX



Figure B9: Data export to Excel and other formats

XX



ABSTRACT

Carbon nanotubes are an excellent choice for hierarchical multiscale
composites and nanocomposite films due to their extraordinarily high specific strength
and stiffnesshigh electrical and thermalonductivities and large aspect ratios
(length/diameter)Research intasingcarbon nanotubes in a wide range of novel
applications hasignificantly beersparked by improvements in processing science
and characterization techniques for nanomateasancements in the computation
capability added to the ireased usage of simulation in research. This research
combines computation, mukicale testing, and prototyping to investigate the
underlying sensing mechanism of knit fabric sensors and develop multifunctional
applications using carbon nanocomposite$ wiinrwoven and knit fabric.

Aqueous electrophoretic deposition and dip coating processes are used to
create conductive nanocomposite films of carbon nanotubes econductive fabrics
such as nomwvoven aramid and commercial knit fabriche multifunctional
performance of carbon nanotubasedmultiscalecomposites and nanocomposite
coated textiles is assessed for potential uses in structural health monitoring and
wearabls. The strain sensing response of carbon nanetob&dsensing skins
fabricated usingnultiple processing techques and parameters are studied.

Nonwoven aramid carbon nanotube sensorslaveloped antksted for
structural health monitoring applications. Characterizatiquieforesistivesensing
skins undewariety ofloading conditions is performed comprehensivélje carbon

nanotubebased sensor is also employed for hybrid metal and comgusittures
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adherently bonded to detect damdge to unexpected loading and service conditions
A prototype is developed and tested using a data acquisition system to rectirdeeal
data from remote locations without much manual intervention.

The strain sensing response of carbon nanocompmsated knit fabric is
significantly higher than typical polymdyxased carbon nanotube strain sensbisen
the sensor issedoverthe elbow or knee, a resistardenge®f 3,000% is recorded
during flexion/extension. This ultrahigh sensing response is due to the combined effect
of carbon nanotube tunneling and micromechanical deformation of fibers and yarns of
knit fabric on the application of straifihe electromechanical response of the knit
fabric coated with nanotubes is studied at different length scales, from individual yarns
to fabric levelsto investigate and explain the unique sensagponseA
computational finite element model is developed to study the behavior of yarn when
elongated in the wale direction. Ultrahigh sensitivity is due to the combined effect of
micromechanical deformation of the carbon nanotdeged knit fabric and the
tunneling gap of carbon nanotubes.

The stretch sensors are breathghllw perspiration to diffusegnd easy to
wear because of the extremely thin nanocomposite coating, which prevents the fabric's
propertiessuch aglexibility and stretchabilityfrom changingCollaborating with
biomedicaland computer science researcharsomprehensive study is performed
with a carbon nanocompositeated flexible sensor on the compression sleeve on the
elbow. The sensor is tested for repeatability and variability on KinArm for controlled
movement. Wtual reality (VR) games for upper extremity exercise are developed, and
the wearable sensorédés response is studied

of the sensor is similar in both tests. The sensor's response is independent of the path

XXii



of the hand movement and depends on the change in the elbow angle during the hand
movements. A calibration curve prepared beforehand can be used to measure the
angle of the elbow based on resistance change in the sensor. These novel wearable
sensorganinspireresearch ithnumancomputer integiction gesture recognition, and

the rehabilitatiormonitoringprogress after an injury.
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Chapter 1

INTRODUCTION

1.1 Motivation
Composite materials have been used for centuries in different.fBary
examples of composites include the usstadwreinforced mud brickand clay pots
by ancient Egyptiandn modern times, the aerospace indubggame the firdb
extensivelyuse composites in the 2@enturycorresponding with advances in
producing highperformance fiber reinforcements, such as glass and carbon fibers, and
synthetic polymersBy selecting theonstituent materials, reinforcement orientation,
and manufacturing processes, composite materials can enable precise custoafization
desired materiapropertiesA singletype of reinforcement made of synthetic or
natural fibers is typically used in polymer composites, including a thermoplastic or
thermosetting matriXSynergistic interactios of the distinct constituent materials,
such as load transfer at the fiber/matrix interface, gengratgesired properties.
Fiberglass was the first widely used composite material after its development
in the 1930s by Russell Games Slayter of Ow@oming Fiberglasgl]. With the
development of carbon fibg2], lighter and stronger than fiberglass, composite usage
increased in higiperformance applications like racing cars and aircraft. Technological
advancement in manufacturing ashelelopingnewpolymeric fiberssuch as Kevlar,
Nomex,and Spectragomposite materialsave founchew applications such as

lightweightarmor.



Growing demand for materials with a combination of qualities that cannot be
produced from a single material led to the development of hybrid composites. In the
1980s, researchers started combining two or more types of fibers, such as glass and
carbon, intca single composite material, resulting in the first generation of hybrid
composites. The intent was to combine carbon fibers' incredible strength and stiffness
with the affordability and toughness of glass fibers. A segmeration hybrid
composite wasreated in the 1990s, integrating fibers with various lengths, widths,
and orientations. These composites were created to improve fatigue performance,
impact resistance, and fracture toughness. Hybrid composites have been the subject of
decades of researdbut significant obstacles still stand in the way of, among other
things, accurately estimating the mechanical properties, ensuring that different
reinforcements can interact with one another when placed in the same matrix,
minimizing stresses broughtony t he di fferent rates of hyb
thermal expansion, and scaling.

Multiscale hybrid composites, also known as hierarchical composites,
frequently have a hierarchical microstructure with miermd nanoscale
reinforcements. These multiscale composites combine convernisami@ircement
materials like carbon fibers, glass fibers, and aramid fibers (with sizes ranging from a
few to hundreds of microns in diameter) with nanomsizeg reinforcements like
carbon black, carbon nanotubes, graphene, and many more metallic nanopatrticles, all
of which have at least one dimensiarder 100 nm.

Carbon nanotubes, cylindrical structures made of carbon atoms arranged in
unique patterns, wefest observedn the 1990s. Soon after the discovery, researchers

worldwide started exploring carbon nanotubes’ properties and potential applications.



Carbon nanotubes are incredibly strong, flexible, and lightweight. Along with
mechanical properties, carbon nanotubes are excellent conductors of both electricity
and heaf3]. The unique properties of carbon nanomaterials make them promising
candidates for creating multifunctional composites. Carbon nanotubes can be
incorporated into composites to improve their mechanical, electrical, thermal, and
sensing properties.

Polymer/carbon nanotube compositee frequentlystudied forusein sensing
applications. By adding a small amourt3%) of nanotubes to the polymer matrix,
the resulting composites can exhibit significant sensitivity and response time
improvements. Carbon nanocomposites can be used as strain sensors by measuring
changesn their electrical resistance when subjected to mechanical deformatitie.
past decade, these nanocomposites have been developed for strain, pressure, gas, and
bio-sensing applicationg hese sensors find their application in structural health and

human health analysis.

1.2 Objectives andOrganization of the Dissertation

Carbon nanotubes can be processed on fabric with electrophoretic deposition
and dip coatingThis research studiesrbon nanocomposimated commercial knit
fabricandnonwoven fabric hierarchical carbon nanocompodivespplication in
structural health monitoring and human health analysis. This work also includes the
development of electronics required to record the data online in remote areas using the
Internet of Things (loT). Aramid fabrbased hierarchical comgites are researched
for their apflication in structural health monitoring of metal and composite pressure
vessels and pipelines. Aramid fabbased pressure sensor characterizes human joint

motion through fabric sensor interaction behavior. When used at human joints, the



carbon nanocompos#spated knit fabric sensor is highly sensitj¢¢ compared to

the polymetbased carbon nanotube strain sensors. The underlying mechanism for this
high sensitivity is studied. The dissertation is structured in different chapters
addressing each of the topics separately as outlined below:

This chapter highlights the motivation and objectives of this research and
includes a literature review of carbon nanocomposite sensors for various applications.
Structural health monitoring details include strain, impact, fatigue, temperature, and
microcrack sensing. Human health applications are also reviewed for flexible carbon
nanotube sensors.

Multiple manufacturing techniques have been used for producing carbon
nanotubebased composites. Chapter 2 details the processing techniques used in this
research, such as dip coating with a commercial carbon nanotube dispersion,
electrophoretic depositip and vacuum assisted resin transfer molding.

Knit fabric-based sensors have been shown to havehighasensitivity when
used on the human knee/elbow. This response is very high compared to nonwoven
fabric and polymebased carbon nanocomposites subjected to strain. The ultrahigh
sensing responss associated with the tunneling of carbon nanotubes and the
micromechanical behavior of knit fabric. Chapter 3 evaluates the underlying sensing
mechanism usingoth experimentadnd computational studies.

Chapter 4 discusses the use of the knit fabric sensor application in virtual
physiotherapy. A compression sleeve is prepared with nanotube corquzsite
fabric at the elbow and validated for variability and repeatability with KinArm®.

Virtual reality ganes are made for the upper extremity, and a sleeve sensor response is

recorded and discussed.



Chapter 5 discusses the application of hierarchical carbon nanocomposite for
reakttime structural health monitoring of pressure vess$elsitu sensing and the
carbon nanotube sensor's response to different loading types, tension, flexural, scratch,
and impact are studied. Composite coupons of different ply orientations are tested to
study the effect of the Poisson ratio of the substrate omgeresponse. Testing of
carbon nanocomposite sensor on the composite and metal pressure vessel is discussed.

Remote structural health monitoring of pipelines in-temak is another
application of carbon nanotube hierarchical composite discussed in Chapter 6.

Carbon nanotube strip sensors are attached to the PVC pipe and tested under
different modes of loading such as axial compression, bending, and torsion. A patch
sensor with multiple electrodes is studied to capture the behavior of all kinds of
loading by asingle areal sensor. The sensor is aimed to be deployed in the field, and a
data acquisition system is developed to capture the data remotely in real time.

Chapter 7 highlights the significant contributions of this work, followed by a
discussion on future challenges and opportunities of fdiased carbon

nanocomposite sensors.

1.3 Literature Review: Carbon Nanotube Composite Applications

After lijima’s first observation of carbon nanotubes in 1@ 1ltremendous
efforts have been made to study their unique properties and applications. Carbon
nanotubes have remarkable properties such as high tensile strength, low weight,
electrical/thermal conductivity, flexibility, and chemical stabil@arbon nanotubes
have tensile strengths that can be several times greater than steel. The lower weight of
carbon nanotubes contributes to a high stretmthieight ratio. The electrical

conductivity of cabon nanotubes is better than that of most metals and shows high



thermal conductivity. Carbon nanotubes are chemically stable and flexible enough to
be bent and twisted without losing structural integrity. With the combination of
excellent mechanical and physical properties and high aspect ratio (length/diameter),
carbon nanotubes have been researched extensively, and a variety of applications are
developed, though not limited to, such as biosensing, energy storage, water treatment,

gas sensing, structural health monitoring, and human health monitéignge 1.1

Energy
Storage Water

Biosensin
g Treatment

Carbon Nanotube

Composites

Structural Human
Health Health

Monitoring - Ga? Monitoring
ensing

Figurel.l A schematic diagram showing different types of applications of carbon
nanocomposites.

Carbon nanotubes are widely used in biosenghgs carbon nanotubes can
enhance the electroactivity of biomolecules and promote the electron transfer reaction
of proteins due to their electrocatalytic capabilifiéds [7]. In addition to high

electrical conductivity, chemical stability, almv-density lightweightcarbon



nanotubes have a very high surface area, which allows them to store large amounts of
energy per unit of mag8], [9]. These properties make them a good candidate for
energy storage applications. Sulaekal.[10] developed binary metal hydroxide
nanorods and muitvalled carbon nanotubes composite with enhanced super
capacitive performance and cycling ability for electrochemical energy storage
application Meaet al.[11] synthesized nansized lithium manganese oxide dispersed

on carbon nanotube which shows excellent power performance and good structural
reversibility which are required in electrode material of an energy storage system.

The large surface area of carbon nanotubes provided by the hollow cores and
outside walls of nanotubes gives them a very large gas absorptive capacity. The
electrical properties of carbon nanotubes can change on interaction with gases at room
temperatureThis behavior of carbon nanotubes led researchers to develsprgssag
applications. Philiget al.[12]developed carbon nanotube/polymethylmethacrylate
nanocomposite thin films to detect organic vapors. Using carbon nanotubes and
surfacemodified carbon nanotubes, thin films are fabricated on a printed circuit,board
and change in resistance due to various organic vépevaluated. Uedat al.[13]
preparedh carbon nanotubleased NQ@gas sensor on ADsz substrates with integrated
Ptelectrodes usin®C sputtering and chemical vapor deposition. Chamge
resistance were measured in pnesence oNO and NQ gases.

Carbon nanmbecomposites are promising materials for water treatment due
to their chemical stability, strong absorption capacity, and large surface area. One
potential application athesenanocomposites in water treatment is to remove organic
pollutants. These materials can effectively adsorb organic molecules due to their large

surface area and strong affinity for nonpolar compounds. Restaiodeveloped a



cerium oxide carbon nanotubes composite for catalytic ozonation of organic pollutants
in water[14]. Islamet al.[15]developedan Ag-decoratedighly carbonaceous

magnetic nanocomposite to remove organic pollutants. In addition, carbon
nanocomposites can be functionalized with various chemical groups to enhance their
selectivity and adsorption capacity for specific pollutants. Another applcistior

the removal of heavy metal ions from water. Carbon nanocomposites can selectively
adsorb heavy metals due to their strong binding affinity with metal[i&)5 [18]. By
adding functional groups that have a particular affinity for metals to the carbon
nanocomposites, the adsorption capacity and selectivity can be further increased.
Overall, because of their distinctive features and adaptability, carbon nanocomposites
have the potential to be effective and efficient materials for various water treatment
applications. More stues arenecessary to improve their characteristics and provide
valuable uses for these materials.

Carbon nanotube composite sensors are used in structural health monitoring to
measure various parameters such as strain, temperature, pressure, chemical
environment, moisture, etc. Carbon nanocomposites are piezoresistive and can detect a
change in the legth/shape of a structure and can be used to monitor
damage/deformation. The temperature sensitivity of carbon nanotubes can be used for
problems such as overheating/thermal str¢$8g420]. The carbon nanocomposites
canperformstructural health monitoring of metal, concreted/or composite$21]i
[26]. Carbon nanotube sensors provide a highly sensitive and adaptable approach for
monitoring structural health. They can offer reale data on various characteristics to

maintain and repair structures preventatively.


https://doi.org/10.1016/B978-0-12-814132-8.00009-5,water

Composites made of carbon nanotubes have demonstrated considerable
promise in several fields, including monitoring human health. These composites have
special qualities that make them useful for identifying diseasesjngand
monitoring physiological factors, and improving healthcare in general. The most
prevalent carbon nanotube in human health monitoring is found in wearable sensors.
Wearable technolog27]i [29], such as intelligent textiles or patches, can be made
with carbon nanotubes to track bodily functions and vital indicators. These sensors can
measure body temperature, respiration rate, heart rate, and even perspiration for
severabiomarkers.

Additionally, carbon nanocomposgtean be utilized to create implantable
gadgets that communicate and continuously monitor data concerning medical issues.
Carbon nanotubes in drug delivery, imaging and diagnostics, flexible electronics, and
environmental monitoring are further applicatidosthis technology. Although
carbon nanotube composites present intriguing opportunities for human health
monitoring, other concerns must be resolved. These include ensuring the product is
biocompatible, guaranteeingngterm stability, and addressing potential toxicity
issues. Extensive research and development are being conduatieidsshese
obstacles and fully realize the potential of carbon nanotube composites in healthcare

applications.

1.3.1 Carbon Nanocomposite Sensors in Structural Health Monitoring

Due to exceptional electrical characteristics and piezoresistive electrical
mechanical coupling behavior, carbon nanotbsed composites have received much
research interest for structural health monitoring systems. Carbon nanotubes with

extraordinarilyhigh aspect ratios can build electrically conductive networks at very



low percolation thresholds when disseminated in a polymer matrix. Their nanoscale
dimension makes it possible to build nefike sensor networks between conventional
micron-sized fibers in a composite and allows for ithaitu detection of microscale
cracks and strain without impairing the mechanical properties of the composite.

A change in the overall electrical resistance brought on by a change in the
tunneling gap and contact resistance between nanotubes in the carbon nanotube
electrically conductive network is thasic sensing mechanism for piezoresistive
carbon nanotubbased composite sens@88]. When the carbon nanotubased
sensors are loaded under tension, the resistdtererises because of lost nanotube
nanotube connections and expanding tunneling gaps, whereas, during compressive
deformation, the reverse effectabserved. Developing microcracks and delamination
can also increase electrical resistance by permanently altering the electrically
conducting network. As shown in Figure Jcarbon nanotubes have been employed
for sensing in various applications, such as strain sensing, impact damage, and damage
monitoring in fatigue loading in joints/components, by utilizing these sensing
mechanisms. Also, carbon nanotubes are sensitigrperature and thermal stresses.

I f there i s any c¢ ha regtere,icanbortnhnetube resistamce n me nt ¢
changes and thermal strain caused by the temperature change are recorded as

resistance change of the composite.

Structural Health Monitoring

Figurel.2 A diagram of the different uses of carbon nanotbased sensors in fiber
reinforced advanced composite materials for monitoring the health of
structures.
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Researchers have creaiaekitu strain sensors based on the earlier sensing
method by mixing carbon nanotubes with several polymers used as resins and cement.
Fielderet al[31] , Thostenson ancb-workers[32], and Wichmanrt al.[33] carried
out some of the early experiments. Threk milling, mechanical stirring, and shear
mixing are the most often used processes for assuring carbon nanotube dispersion in
the matrix. Many researchers incorporate carbon nanotubes to develsgrsielf
cement with strain measurement capabilifg2gi [36].

Structures are often used in extreme environments such as temperature
fluctuation, variability in humidity, etc. Extreme temperature variations lead to
thermal loads on the structures and high strain (compressive or tensile). Carbon
nanotubes are also sén& to temperature and humidity. Several factors, including
the dispersion's morphologghe medium in which carbon nanotubes are distributed,
and interfacial properties, affect how temperature affects the properties of carbon
nanotubes.

Heet al.[37] investigated the impact of temperature on kighsity
polyethylene (HDPE) containing carbon nanotubes. They measured the specimen's
volume resistivity while adjusting the temperature and discovered a favorable
temperature coefficient. At around P25 the electrical resistance increases, most
likely because of the thermal expansion of the crystalline HDPE during melting, which
breaks the network of conductive carbon nanotubes.

A negative temperature coefficient was reported by Mohiudtlal.[38] on
investigation of temperature effect on the electrical resistance of carbon nanotube
polyether ether ketone composites. Xiangl.[39] also observed a negative thermal

coefficient for the carbon nanotubased polyurethane foam. According to Lasater
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and Thostensof#0], the thermosensitive behavior of carbon nanctubegl ester
composites was greatly influenced by the concentration of carbon nanotubes. At
smaller amounts, the temperature coefficient was near zero and slightly negative
however jt might be positive or negative at higher concentrations

Impact damage in the laminated composite isatiirea of great concern.
Impact damage can occur in multiple forrmgch as matrix cracking, fiber/matrix
debonding, surface micro buckling, delamination, and fiber bregkagdt is
important to detect the initiation and evolution of damage in composite long before
their failure An embedded carbon nanotube network was used to represent damage
sensing in [@90°]s crossply glass fiber by Li and Cho42]. The wavy nanotubes are
spread between the fibers in a polymer matrix, and their interaction resistances are
computed using the electrical tunneling effect. The impact performance of plain
weaveepoxy composites with carbon nanotubes was investigatedbgt@l[43] .
Electrical resistance measurements were validated using acoustic emission and
ultrasonic Gscan forin-situ damage monitoring brought on by impact loading. After
each impact, a lasting change in resistance was seen. With more strikes, the electrical
resistance change, absorbed energy, and damage aneaealtedinearly.

Loh et al.[44] usedsinglewall carbon nanotubes to fabricate multifunctional
Asensing skindo capabl e faridentifiyingand locatihgn g st r uc
impactrelated damagé&sallo and Thostensdd5] employed electrical impedance
tomography (EIT) and twdimensional resistance measurements. Coating
unidirectional glass fibers with carbon nanotubes allowed researchers to create

composite materials with anisotropic electrical characteristics. Usingldi®ao
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vacuum infusion process, fiber sizing with scattered nanotubes was applied to the
glass fabric. It was shown that EIT could locate the damage with reasonable accuracy.

Fatigue is the main failure mechanism for structures under cyclic loading.
Fatiguecan cause a similar effect as impact loading in compasitsh as
delamination, fiber breage anddebonding between fiber and matrix. Gaa@l[46]
studied reatime monitoring of damage development under fatigue loading. The
carbon nanotubes mixed with resin through thidlemilling were used to form a
conductive network around the structural reinforcement. The electrical response of the
fatigue pecimen changed synchronously with applied fatigue loading. In another
study, Gao and colleagudd47] usedtheelectrical response of the carbon nanotube
network to accumulate damage combined with acoustic emission to sense the damage
initiation and evolution inhelaminated composite.

Nofar et al.[48] incorporated carbon nanotubes in the epoxy matrix to form a
network of sensors. They found that on applying combined loading tensile and fatigue,
it was observed that electrical resistance measurement shows consistency with damage
location. Failure locabin is predicted with higher resistance change. Maetizdli
[42] used a carbon nanotube network in adhesive joint. The conductive network inside
the adhesive was found sensitive to crack initiation, propagation, and delamination
under fatigue loading.

Carbon nanotube composites are also evaluated for fatigue crack monitoring in
metal structures. Ahmesat al[50], [51] used a nonwoven carrier with a thin film of
carbon nanotube bonded to a structure using epoxy adhesive. The sensor monitors the
strain in real time due to fatigue crack propagatsom crack propagation is measured

through permanent change in resistance. It is significant to highlight that research is
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still underway in developing and applying Cd&sed sensors for fatigue detection.
Although there have been encouraging developments, further research is necessary to
increase sensor performance, dependability, andtknng stability in practical

applicatons.

A microcrack developed due to overloading, temperature fluctuation, small
impact or scratch can disrupinelectrically conductive network formed by carbon
nanotubes. The size of the carbon nanotube is smaller than microcracks. A carbon
nanotube network that conducts electricity has been built into the polymer matrix of a
fiber composite byAhmedet al [50], [51]. The nanotubes might detect matrix cracks
and deformation by acting as a sensing netwRdsistance change is sensitive enough
to detect damage progression uf#ilure whenthe cracking beginsrhe impact of
these microcracks in glass fibeppoxy composites with carbon nanotube integration
was also examined by Thostensiral.[52]. When there are no cracks, the resistance
change is initially linear. Spikes in resistance are seen because of the development of
transverse cracks and cumulative damage. Due to the crack creation and crack
opening/closing during cyclic loading, hystesesias seen in the electrical resistance.

To identify the beginning of microcracks and their buildup in three
dimensional braided composites, Kehal.[53] employed carbon nanotubes asran
situ sensor. Utilizing a threeoll milling technique, the carbon nanotubes were
dispersed in the resin and injected into ultrahigh molecular weight polyethylene
preforms. They noticed that as microcracks and rdelamination damaged the
carbon nanotube nebrk, the electrical resistance changed with a discontinuous slope.
Wanet al.[54] employed a carbon nanotube thread inserted iDaBided structure

without significantly altering the integrity of the material, in contrast to their method
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of mixing nanotubes with the resin, to demonstrate reproducible resistaaire
behavior. Gallo and Thostens[ib] conducted additional investigations on the
electrical resistance shift caused by transverse matrix cracking irptyosarbon

fiber and glass fiber nanotube composites. They examined the sensitivity in terms of
the electrical network's anisotropy andattode designs. When compared to
composites made with glass fiber, carbon fiber had more anisotropy bet#use
high conductivity of the fiberThe specimens made of carbon fiber have a low
sensitivity to matrix cracking. Additionally, their calculat®showed that the current
density in the transverse plies falls as thplane/transverse conductivity ratio rises.
When crossly laminates are loaded in tension, cracks are initiated due to stress
concentration at the fiber interface witle matrix and more crackseformed in 90

plies.

1.3.2 Flexible Carbon Nanocomposite Wearable Sensor
With the enhancement of internet bandwidth and cloaged applications,
significant data is generated and processedahtime Data collection has become a
significant aspect of our lives because of advancements in information technology,
ML/AI, and the demand for optimization. Wearable technology for measuring
performance and fitness, as well as+téake monitoring of physialgical data, has
grown significantly in the past ten years. Traditional sensors are not easily attachable
to the human body due being rigid Flexible wearable sensors are a reasonable
demand of timeso research is progressing to develop flexible sensors.
Electromechanical wearable sensors have been developed to transform motion
or force into several electrical sensing systems. These sensors are widely used to

detect mechanical deformations caused by human motion and movements. When
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subjected to strain or deformation, a typical type of piezoresistive sensor changes
resistance. Researchers have combined conductive particles such as carbon nanotubes,
graphene, silver nanoparticles, nanowires, and reet&ted conductive threads into
functional clothing to improve flexibility and usefulness, allowing the fabrication of
flexible sensors.

Researchers widely use carbon nanotubes to develop flexible piezoresistive
sensors. Aziz and Chaifgp] fabricated an intelligent fabric sensor using single
walled carbon nanotubeslled with polyvinylidenefluoride/ ploy (3,4ethylene
dioxythiophengpoly(styrene sulfona)eThe sensoshows a temperature sensitivity
of 3 &, akdghe sensitivity to bending momentwak9® per degree angl
sensor was integratécsto a 3M gas masknd monitored the breathing raRohet al.
[57] usea singlewalled carbon nanotubgandwichedetween two layers of
polyurethane (PUpoly(3,4-ethylene dioxythiophengolystyrene sulfonatélhis
sensor was able to stretch 100% and 62% transparent. The sensor was tested on the
human face to capture the blinking of eyes lgmdnovements. Parét al.[58] used a
wrinkled carbon nanotube thin film in eflex to develop the flexible sensor. This
sensor can measure the joint movements of the knee, elbdfingers. The same
sensor was also tested for blood flow monitoring near the wrist. [@bshi[59]
developed a knit fabribased flexible carbon nanotube sensor by directly hybridizing
carbon nanotubes on knit fabric fibers through electrophoretic depositions. This sensor
is highly sensitive andanmeasure the joint movementtbk knee/elbow/fingers,
muscle movemengtbreathingetc. It is easily integrable with smart fabrics. Flexible,
stretchable materials can incorporate strain sensors based on carbon nanotubes to track

joint movements. These sensors can be positioned on or close to joints teenteasu
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strain experienced during motion, determine joint stability and range of motion and
spot anomalies such as muscle imbalances or joint problems.

Other than strain sensors, piezoresistive pressure sensors are also developed for
human health applications. Ramalingaghal.[60] developed a piezoresistive sensor
matrix based on carbon nanotubes for pressure distribution measurement. An array of
measurements was taken from the sheet of carbon nanocomposite to measure the
pressure point. Doshi and Thosten§gil] developed fabribased pressure sensor
functionalized carbon nanotubes deposited orwowven aramid using electrophoretic
deposition. These sensors are highly sensitive and can measure the touch of a finger to
heavy pressure. Bur@t al.used this fabridbased sensor as an insole pressure sensor
and validated its use for quantifying ground reaction forces for human health
applications. When performing biomechanical analyses, ergonomic assessments, or
pressure mapping for bedridden patsemrbon nanotube pressure sensors can be
utilized to measure external forces or pressures applied to the body.

Carbon nanotube sensors can also be utilized to measure various parameters
related to human health. Strain sensors on integration with wearable devices such as
respiratory belts or patches to monitor the expansion and contraction of the
chest/abdomen dugnbreathing which gives the respiration rate. By measuring the
pulse rate using a carbon nanotube sensor, it can measure the blood flow and heart
rate. Strain sensors integrated into smart garments can give posture/position and
movements. Although carbommotube sensors have demonstrated remarkable
potential in various health monitoring applications, their incorporation intenesddi

devices and systems is still a work in progress.

17



1.4 Summary and Conclusions

There has bedoroadinterest in employing carbon nanotubes for a variety of
applications, including flexible wearable sensors and structural health monitoring, due
to their outstanding mechanical and electrical capabilities, low density, and declining
costs. Recent developmisin the area of nanotechnology and imaging systems has
supported the growth of research of materighanhanoscale. Although the science
and characterization of nanomaterials have advanced significantly, there are still
significantgaps in developing scalable production methods for nanocomposites and
evaluating the piezoresistive response under actual loading conditions. There are
various carbon nanotube sensors developed for respective applicatoreyer still,
the challenge is to convert them into commercialized products. Another significant
concern is the toxicity effect of carbon nanotubes on humans. No research has

examined the impact of carbon nanotubes on humans in detail.
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Chapter 2
CARBON NANOCOMPOSITES PROCESSING

Carbon nanotubes have excellent mechanical and electrical properties.
However, one of the challenges in processing is agglomeration of carbon nanotubes
due to surface interaction. It is challenging to make uniform dispersion of carbon
nanotubes due to aggheration. A uniform carbon nanotube dispersion is crucial for
high sensitivity and repeatability. This chapter discusses different techniques to create
a uniform dispersion of carbon nanotubes and the processing of composite materials

primarily used in tts research

2.1 Uniform Dispersion of Carbon Nanotubes

The large agglomeration of carbon nanotubes makes it challenging to disperse
when mixed with polymer/epoxy. To create uniform dispersion, some frequently used
methods are shearing mixififj, [2], sonicatior3], surfactartassisted dispersidd],
[5], functionalized polymeassisted dispersid6], [7], and electrophoretic deposition
[8]1 [11]. This section discusses three roll milling alekct hybridization of the

carbon nanotube composite.

2.1.1 Shear Mixing: 3-Roll Milling

A shear mixing method, threell milling, is used by multiple researché¢ig,
[12], [13]to disperse agglomerated carbon nanotubes in the polymer/epoxy. As shown
in Figure2.1, three roll mills have three cylinders made of hard abraseistance

material. Three rollers, named feed roll, central roll, and apron roll, rotate in opposite
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directions and at different speeds relative to each other. The difference in speed
provides a shear force on the material fed between rollers 1 and 2. The gap between 1
and 2 is keplargerthan between 2 and 3 for smooth mixing. The gap is adjusted and

reduced gradually to achieve uniform dispersion without overloading the equipment.

The speed for the roll et 3 af€hispracessis from 1

repeated multiple times to achieve uniform dispersion without breaking the carbon

nanotules.

Material Feed

1

I‘»::el‘lEd C zt 3 Material Collection
o Rec>r;ltaerr Apron Through Knife Edge

Roller

Figure2.1 Three roll milling schematic with the rotation direction of rollers.
Agglomerated carbon nanotube mixed with polymer/epoxy is fed between
rollers 1 and 2, and dispersed carbon nanotube is collected at the knife edge
of roller three after multiple cycles

Processing parameters such as the gap between rollers significantly affect the
dispersion. Thostenson and CH&d] used progressively smaller gap settings of 50,
30, 20, 10, and 5 um to achieve uniform dispersion. A drastic reduction in the gap
between rollers can lead to overloading of the equipment and carbon nanotube

brealage
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2.1.2 Carbon Nanotube Processing: DigCoating

It is observed that on adding a small amount of carbon nanotube in epoxy/
resins, the mixtureds viscosity significar
resin in further composite processing in vactassisted resin transfer molding
(VARTM) andor 3D printing. This limits the carbon nanotube concentration in the
mixture, hence electrical and mechanical properties. Calendaring is a complex process,
and the only way to control the dispersion uniformity is by decreasing the gap size in
more minor @écrements and more passes in each gap setting.

Carbon nanotubes can be combined with fibers directly using direct
hybridization. In this method, resign is infused through VARTM after coating/ adding
the carbon nanotubes on the composite. Dip coatisgreemised by researchersan

variety ofapplicationq15]i [20].

Centrlfugal mixing
ultrasonication

AQUACYL Ultrapure Water Uniform
1 part by 2 part by Dispersion
weight weight

Figure2.2 Uniform carbon nanotube dispersion preparation schematic using
commercial Aquacyl AQ0303.

In this research, a dip coating process is used to create carbon nanotube

composite coating on the fabfl]. A commercially available aqueous dispersion of
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multi-walled CNTs (Aquacyl AQ0303, Nanocydpatsaramid fabric This dispersion
contains 3% of mukwalled CNT by weightAs shown inFigure2.2, one part of the
commercial aqueoudispersion is diluted with two parts of ultrapure water by weight
to lower the viscosity of the dispersion. This mixture is processed using a centrifugal
mixer (THINKY® ARM-310) at 2000 rpm for 120 s, followed by sonication in an
ultrasonic bath sonicat¢Branson® 1510) for 30 minutes to ensure uniform

dispersion of carbon nanotubes.

- Uniform Carbon
_ Fabric  Nanotube Dispersion

/ A\ﬁ\\\\

Uncoated Aramid Dip Coated Aramid
Fabric Fabric

Figure2.3 Schematic of carbon nanotube coating on aramid fabric using dip coating
and the fabric before and after dip coating.

The fabric is cut into sizes and placed in a flat bottom contaseshown in
Figure2.3. The dispersion is poured into a fladttomed container, and the knit fabric
is dipped in the diluted dispersion for 10 minutes. The fabric was then dried in a
convection oven for 30 minutes at 158 remove water contenthe process was
repeated after flipping the fabric. The carbon nanotube coating is evaluated with
Auriga 60 CrossBeam 9FIB/FEEM). A uniform coating is deposited on the fiber

surface.
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Figure2.4 shows the scanning electron micrographs cdr®on nanotube
coatednonwovenaramid usinga dip coating technique usitgmmercial carbon
nanotube dispersioAquacyl. On the left is Bw-magnificationimage showing the
randomly oriented fibers within the faband on the righhand side is the image of
single fiber with deposited carbon nanotube fiilWeblike structures are visible
between some of thendomly oriented aramittbers,possiblybecause ofross
linked binder used for manufacturing thenwoven aramidabric. Carbon nanotube

film is alsodeposited othis weblike structuresalong with fibers

Figure2.4 Scanning electron microscopy images showingwoxen aramid fiber
orientated randomly (left) and uniform carbon nanotube coating on a single
fiber (right).

The rightsideimage showone of the fibers within the fabric with a uniform
coating of carbon nanotub@bn. Some largesizedbundles/ particles like structures
are also observed throughout the fabric, which are possibly present due to the
surfactant/polymers used in creating toenmercialcarbon nanotube dispersion. This
is one of the limitations of dip coating. The presence of surfactant and polymer may

influence the carbon nanotube distribution in fabric and the response. Dip coating is
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also a simplearbon nanotube coatirg fibers/ fabricand its durability may be

severely impacted.

2.1.3 Direct Hybridization of Carbon Nanotubes Using Electrophoretic
Deposition

Electrophoretic deposition (EPOhe process of depositing particles on the
substrate under an electric field, is versatile and econofoiciiin coating. EPD is
widely used in industrial applications where uniform coating is a requirement for
complex, uneven surfacg®?], [23]. Carbon nanotubes can be effectively deposited
using EPD. Duet al. [24] are known to bamong the firstesearchers to deposit
carbon nanotubes using electrophoretic deposition. They found that the solvent
composition, a mixture of ethanol and acet
Nie et al.[25] deposited multivalled carbon nanotube film of different thicknesses on
a graphite substrate. A deposited carbon nanotube shows good-gteptron
capacity. EPD time also affects the thickness and morphology of the carbon nanotube
film. An et al.[26] used electrophoretic deposition to deposit carbon nanotubes on
carbon fiber before processing carbon epoxy composite through resin infusion. A
commendable increase in shear strength and fracture toughness of carbon/epoxy
composite was measured. Qingliagt@l.[27] used EPD to deposit carbon nanotubes
on carbon/carbon composite to improve ablation.

In this research, electrophoretic deposition is used to deposit carbon nanotubes
on nonwoven aramid and commercial knit fabric. Commercially available multi
walled carbon nanotubes generated by chemical vapor depositic®3CiNanwha
Nanotech) were dispged in ultrapure water utilizing an ultrasonication and

ozonolysis approach reported by Anal.[26] for a scalable and efficient
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electrophoretic deposition process. Two liters of ybwee water are mixed with 2

grams of multiwalled carbon nanotubes, and the mixture is stirred with a magnetic

stir bar. A peristaltic pump (Model MDO1, 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 cell (800B Flocell,
Qsonica), operating at 60 W in a duty cycle with 15 seconds on and 10 seconds off.
The mixture is then coetl to 5°C in a water bath. 16 hours were spent on sonication

in total. To oxidize the carbon nanotube surfaces during ultrasonication, ozone gas
generated by an oxygen concentrator (OxyMax 8, Longevity Resources) and ozone
generator (Ext 120, Longevity Resources) was bubbled into the mixture at a flow

rate of 500 ml/minute. To functionalize the oxidized nanotubes, 2 grams of
polyethyleneimine, PEI (Mw: 25,000, Sigmddrich), are added to the dispersion and
sonicated again for 4 hours under the same istances after ozone treatment. To
protonate the amine groups and create a stable dispersion of positively charged carbon
nanotubes, the PEI functionalized nanotube dispersions are then brought to a pH of 6
using glacial acetic acid (Sign#ddrich). Becaus of their positive charge and natural
tendency to repel one another, the carbon nanotubes functionalized with PEI produce a
stable dispersed solution in water. When an electric field is generated, these positively
charged carbon nanotubes travel towagedrtbgative electrode due to electrophoresis

and can be deposited on the negative electrode. In addition to being essential for the
nanotubes to be positively charged to form a stable dispersion, PEI also helps to form
chemical bonds on the surface of theefs to produce a durable carbon nanotube

coating.
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Conductive materials such as carbon fiber support the deposition because they
can act aglectrodesand support depositiphowever they also affect the sensing
response. At al.[28] deposited carbon nanotud@nto nonconductive glass fibers
using an aqueous dispersion of carbon nanotubes functionalized with PEI.
Thostenson's group of researchers has shown that carbon nanotubes can be deposited
using EPD on nowonductive materials like glass, polyester, waodmid, and nylon
[10], [11], [21], [29]} [33]. Sunget al.[30] explained the carbon nanotube film growth
mechanism on nonconductive fibef$e initialdeposition of carbon nanotube occurs
on the metallic electrode. Carbon nanotube coating continues to form on the fiber
surface closest to the electrode. For higher deposition time, the film continues to grow
along the thickness, starting from fibers imtaxt with the cathode. A higher coating

thickness was observed on the fibers in close contact with the electrode.

\ / Positively Charged

R &L . .
& Y A -"// f.»;{.T* PEI Functionalized
Mo A
s 00 s>.— =y [~ ¢ Carbon Nanotubes
//_\ S Anode 7. g/,/ T
R e e
S " </~ . [ |  Carbon Nanotube
R > /,‘“’C o Film on Fabric
Y e < /(
7T N

-y V.S < 5
—— ~ - — L. Cathode A/

Figure2.5 Setup schematic for electrophoretic deposition offeaREttionalized
carbon nanotubes on nevoven, norconductive aramidabric.
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Figure2.5 shows the setup for the electrophoretic deposition of PEI
functionalized carbon nanotube on ronductive aramid fabri@ecause the carbon
nanotubes are positively charged, the fabric to be coated was backed up against a
stainlesssteel electrode connected to the negative termirthlegfower supply.

Complete contact of the nonconductive fabric with the electrode is essential for
uniform deposition. Ectrolysisinduced gas production might result in bubbles that
causdocalized separation of the fabric contact with the electrodeiaedencarbon
nanotubedeposition Elastic bands are employed to maintamiform contactof fabric

with the electrodeUsing insulating spacers, a counter electrode made of stainless steel
was positioned parallel to tlvathodeat a predetermined distance. The carbon

nanotube dispersion was added to the assembly and put in a glass container. By using
a DC voltage, electrophoretic deposition is carried Autniform coating is observed

on the finer surface.

Figure2.6 Scanning electron micrograph of EPD deposited carbon nanotube-on non
conductive aramid fabric, wdike structure with carbon nanotube coating
(left) and carbon nanotube film on single fiber (right).

The carbon nanotube coating is evaluated with Auriga 60 Crossbeam 9FIB/FE

SEM). Figure2.6 shows the scanning electron microscope image ofwmren
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nonconductive aramid coated with carbon nanotubes with EPD. On the left is a low
magnification image showing the wdke fiber structure with coating on the fibers
and space. Carbon nanotubes are also deposited on these structures.-Raadight
sideFigure2.6 is a higher magnification image showing one of the fibers within the
fabric with a uniform coating of the carbon nanotulfegure2.7 shows the

micrograph of knit fabric coated with carbon nanotubes using EPD. At low
magnification, the knit loops are visible with coating on the fibers and space in
between fibers. At highenagnification a uniform carbon nanotube coating is visible

on the single fiber of thkenit fabric.

Figure2.7 Scanning electron micrograph of EPD deposited carbon nanotubes on
commercial knit fabric, knit loops with nanotube coating (left), and carbon
nanotube coating on single fiber (right).

The required thickness, homogeneity, and characteristics of the CNT coating
will determine the specific EPD parameters, such as applied voltage, deposition
duration, suspension concentration, and electrode separation. The ability to deposit
CNTs onto comptated structures, scalability for largeale production, and the

possibility to customize the properties of the resulting coatings or composites by
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modifying deposition settings are only a few benefits of electrophoretic deposition of

CNTs

2.1.4 Durability of Carbon Nanocomposite Coating

Smart garments experience various environmental loads, such as washing,
abrasion, and sunlight exposure. The applicability of these sensors in smart garments
relies on maintaining the excellent quality of carbon nanotubes adhesion to fabric with
everyday ge like garments. Gaubett al.[34] investigated the impact of washing
loads on silveplated textile electrodes and observed a significant loss of silver
coating due to chemical reactions. Paul anevodkers[35] investigated the durability
of the screefprinted conductive track of silver polymer paste, which was fully
encapsulated with polyurethane. They found a significant decrease in conductivity due

to the loss of silver film after ten washing cycles.

Before After 1st After 5t
Wash Wash Wash

o . . .
T - . .

Figure2.8 Picture of dip coated and electrophoretically deposited carbon nanotube
coated fabric before the start of wash, after 1st wash cycle and after 5th
wash cyclg36].
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In fabric-based nanotube sensors, nanotube film is deposited through two
different processing methods, dip coating, and electrophoretic deposition, as explained
above. The standard washing test was performed to evaluate the performance of
carbon nanocompie adhesion with the fibers under washiBgth processing
procedures were used to create ten 40 x 40 mm specimens, and four uncoated fabric
specimens were includewl the washing test.

The washing test was conducted in accordance with AATCC2A(R8e, the
test standard established by the American Association of Textile Chemists & Colorists
(AATCC). Fifteenliters of water were utilized with a 3.5 kg KUPPET small portable
washing machine. A 1.75 kg laundry load of ordinary clothing was introduced
together with 50 ml of AATCC higlefficiency standard reference liquid detergent as
per the norm. After a thinute wash cycle, there are two-fifnute rinse cyclesone
with laundry ballast andhe other with justhe coatedpecimens. To ensure complete
soap removal during rinse cycles, the water is changed after 7 minutes. Specimens
were dried for 24 hours on a flat screen in still air at no more than 2&{tGon
nanotubecoated knit fabric sensors were tested for durability for five washing cycles.

Figure2.8 shows the carbon nanotubeated fabric picture before the
washing, after $wash, and after"5swash cycle. Digcoated carbon nanocomposite
coating does not sustain a single wash cycle. However, for the electrophoretically
deposited knit fabric, there is no visible change after the 5th wash cycle.
Electrophoretically deposited carbon nanotube ogdtias strong adhesion with
fibers/fabric. In electrophoretic deposition, a chemical link is created between
functionalized carbon nanotubes and the fiber suiffzéde Electrical conductivity is

also measured after each wash cycle, amast foundhat dipcoated fabric becomes
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nonconductive after the first wash however EPD code fabric was found to be
conductive after the5wash cycle.

Previously, Doshi and colleagugd] performed a tape test and sonication test
to examine the robustness of the electrophoretically deposited carbon nanotube
coating on the fiber©nly along the edge of the specimen were some little fiber bits
and a dark residue visible after removing the tape. Higher magnification revealed that
the fabric's fibers had snapped and been pulled out, most likely because the fiber ends
werebeing scissored.ike the tape testing, the results of dmicatiortests left no
observable tracef carbon nanotube cbiag in the water, demonstratingsalid bond

between the coating and the fibers.

2.2 Vacuum-Assisted Resin Transfer Molding (VARTM)

VARTM, a closedmold process, allowgroducinghigh-performance, massive
fiber-reinforced polymer (FRP) composites with low tooling investment. The resin
transfer molding (RTM) technique, which involves pouring liquid resin into a mold
containing reinforcement elements, is modified by the VARTM tegkai\When
using VARTM, the mold is typically placed within a vacuum bag before the bag is
sealed creating a vacuum environment. The mold has already been filled with
reinforcement materials like fiberglass arloon fiber. The air is then forced out of the
mold and the liquid resin is injected under vacuum pressure, impregnating the fibers.
Vacuuming the part helps ensure appropriate resin distribution throughout and
removes air gaps. The VARTM process offensesal advantages over traditional
methods of composite manufacturing. It allows for producing large and complex

shapes with high fiber volume fraction, resulting in strong and lightweight structures.
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VARTM also enables the use of various types of reinforcements and resin systems,

providing flexibility in material selection.

Vacuum Bag

/ / Peel Ply
Tacky Tape
- =

/’ Steel Plate

2
4 X
X, o . -}2’
&0 Distribution CNT Coated o°
-@\ Medium Fabric &
& N
L <

Figure2.9 VARTM setup schematic to manufacture carbon nanocomposite.

In this research, VARTM is used to infuse epoxy into the carbon nanotube
coated fabric to produce nanocomposite. A Schematic of the typical VARTM setup
used in this research is showrFigure 2.9 A mold release agerfrekote is applied
on the top surface dfie steel mold, and peel ply is laid on the steel mold to ensure
smooth removal of the nanocomposifacuum bag sealantécky tap¢is applied on
all four sides close to the edge to ensure the proper vacuum is maintained. Resin inlet
and vacuum outlet pipes are attached using-teégtperature tubing. Carbon
nanotubecoated fabric is placed on a peel ply, and distribution media isladde
support the resin flow. Finally, the setup is covered with a vacuum bag, and zero
leakage is ensured on the vacuum application. The vacuum pressure improves the
consolidation, reducing flaws and boosting the finished product's mechanical qualities.

The mixture was prepared with a curing agent (Ep#Afjeat a concentration

of 26.4:100 curing agent to EPGNResin 862 (Hexion). Using a planetary centrifugal
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mixer, the mixture was blended, followed by degassing in a vacuum oven heated to
6 OC and then used for VARTM. The complete setup is kept in a convection oven at
70°C and resin is infused under vacuum. After complete infusion, the matrix is cured

for 6 hours at 131C.

VARTM
—

Front Back

Placement of
Coated Fabric

Figure2.10 Carbon nanotube coated fabric placement with a high temperature tape at
electrode location and front and back view of nanocomposite after
VARTM.

Figure 2.10shows the placement of the carbon nanotube aramid fabric in the
mold. Hightemperature tape is applied so that fibers are exposed at the location of
electrodes. After VARTM, we see the fibers are exposed at the tape location, as shown

in Figure 2.10and on the back side, a smooth surface is observed.

2.3 Summary and Conclusion

The processing techniques used to produce hierarchical nanocomposites based
on carbon nanotubes have been described in detail. The carbon nanotubes in a
composite can either be dispersed throughout the matrix or directly hybridized on the

fibers/fabric. Inthis study, the dispersion method uses a mixture of carbon nanotubes
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and epoxy resin that is treated in a threlemill at extremely high shear pressures to
scatter the nanotubes uniformly.

Direct hybridization techniques employing dip coating and electrophoretic
deposition are also used in this research due to the difficulties associated with three
roll milling such as high viscosity, restrictions on the quantity of carbon nanotubes
that carbe added. Commercial carbon nanotube dispersions with polymers and
surfactants are utilized for dip coating. Despite the ease and simplicity of this
processing method, controlling the thickness of the carbon nanotubes and their weak
connection to the swate of the fibers provide significant challeng&4th a better
control of the thickness and quality of coating, electrophoretically deposited coating
also gives a solid adhesion to the fabric. Strong adhesion of the thin carbon
nanocomposite film also results provide good durability of the sensor.

A practical and scalable electrophoretic deposition approach is applied. The
ultrasonication ozonolysis method is used to disperse positively charged, PEI
functionalized carbon nanotubes in water, and then an electric field is used to deposit
them on norconductive fabrics. The carbon nanotube film thickness/shape can be
adjusted by changing process variables such as nanotube concentration, field strength,
and deposition time. The VARTM process used to process nanocomposites from

carbon nanotubeoated falic is also explained.
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Chapter 3

COMMERCIAL KNIT FABRIC -BASED FLEXIBLE CARBON
NANOCOMPOSITE SENSORS: SENSING MECHANISM AND
APPLICATION

3.1 Introduction

Carbon nanocomposites have been usatbvelopnumerous sensors during
the past decad@hese sensors find their application in human motion detét}ion
[5], biomedical engineerini], flexible electronic$7], [8], and pressure and strain
sensingP]i [12]. Researchers have developed various methods to process carbon
nanotubes to make sensors, such as mixing carbon nanotubes with gaBjmer
placing highly aligned carbon nanotubes on POSadditive manufacturinflL4],
[15], and carbon nanotubes deposition on different subgttdjefl6],. However
none of these sensors would be ideal for human motion analysis due to difficulties
with integration into clothingA sensor's capacity to be flexible, stretchable, sensitive,
breathable durable is essential ifttegration with clothing

Researchers created flexible, stretchable, and sitopigegrate fabridbased
sensolf17]i[22] . For the examination of human motion, Doshal.created fabric
based sensors using carbon nanocomposite, which demonstrated exceptional responses
for evaluating human joint motid®], [10], [12].

Here, wedevelopedn ultrasensitivecarbon nanocomposite sensor with a knit
fabric foundation for use ithemotion monitoring of people. Using electrophoretic

deposition, carbon nanotubes are added to knit fabric that is readily accessible in the
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market to create a conductive layer. When worn on the knee or elbow during sitting

and standing movements, the sensor's ultrahigh sensitivity displays a resistance change
of ~3000%[10], [12]. This sensor fits well on uneven surfaces and is as flexible and
breathable as a base knit cloth. These carbon nanocomposite sensors' detecting
performance is influenced by the distribution of carbon nanotubes in the composite,

the substrate material, thpplication of strain, and the tunneling behavior of carbon
nanotubes.

Both micromechanical deformation of the knit fabric and carbon nanotube
tunneling[23] have an impact on treensoisensitivity. This work examines the
sensingmechanisnof a knit fabric sensor constructed of carlmamocomposite
Multiple tests argerformedio examine the sensing mechanigom the fabric level
to the yarn level. The performance of a fabric depends heavily on how fibers move
within yarn and yarn interfacg¢24]. Numerougesearchersave suggested
computational models to investigates microscale phenomen{@b]i [27]. To
investigate the behavior of the yarn interface dutivgyvale direction stretch, we
created a singhloop yarn finite element model in ANSYS®. The yarn is compressed

at the joint and extended at the legs, as demonstrated by this model.

3.2 Knit Fabric Structure

As the base material, this study uses a Kafitic thatwasbought in stores.
Knitted materials are known for being very flexible, stretchy, and able to fit different
shapes well. They are especially liked because they can keep their shape for long
periods Because knit fabric is so famous, it is used in many everyday clothes. Loops
of yarn are woven together with a needle to make the fabric, which is a sheet. There

are two main types of knitted fabricaeft and warp. Weft knit fabric is created by
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forming loops horizontally from a single yarn and each subsequent row of loops builds
atop the previous rows of loops successively. In warp knitting, loops are produced
from each warp yarn vertically along the length of the cloth, so each yarn has its

neede. This chapter included the discussion about knit fabric.

AYAYarararara
ATYATarararara
AYarat¥ararara)
ATATATATA AT, B
ATATA YA YA T4

Afafarara¥ara)
Yara¥arararal
ATA T AT AT AT AT L B T
IfaTaTaTararara
. Weft Direction

. g ¥

(a) (b)

Wale Direction

Figure3.1 Structure of knit fabric, (a) scannimdectron micrograph of grawhite
knit fabric with loops and (b) schematic representation of weft knit fabric
and repetitive unit cell.

By modifying the constituent materg&aknitting parameters, thread patterns,
andyarn properties, applicatiespecific knit fabrics can be customized to meet
various needs. Yarn is a strand composed of natural or synthetic fibers, filaments
(individual fibers of extreme length), or other materials. The strand may consist of
several filers that have been twisted together, several filaments that have been
grouped together but not twisted, several filaments that have been twisted together,
and a single filanr known as a monofilament that may or may not have been
twisted, or one or more strips cut from a sheet of material, such as paper or metal foll,

that may or may not have been twisted. The characteristics of the textile used to have a
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significant impact on the appearance, texture, and functionality of the finished fabric.
Knitted material is multlevel and multiscale because fibers/filaments compose
yarns, which compose the knitted fabric via the string. Consequently, there are three
dimensions for modeling and testing knitted fabrics: microscale (fiber level),

mesoscale (yarn level), and macroscale (fabric level).

=~ Normalto Fiber Direction

—

Direction

Loop
Legs

CSL-"

CS,
(b) (d)

Figure3.2 (@) Various segments of the yarn loops in weft knit fabric, (b) sections of
the yarn at leg, joint and legs , (c) scanning electron micrograph of fibers
in the yarn and fiber orientation and (d) scanning electron micrograph of
carbon nanotube coating dretfibers.

Wetft knitted fabrics are anisotropic ahigjhly deformable. This study's fabric
is weftknit with yarn composed of continuous, untwisted fibers. Using a tabletop

SEM, the structure of the grayhite fabric used in this investigation is analyzed
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Figure 3.1 A single yarn is looped horizontally to form a row or course, with each
row expanding on the previous onféigure 3.b showsa geometric model of weft knit
fabric illustrating how the yarn circles in the weft direction.

Plane weft knitted fabric can be generated by a repeating representative unit
cell in the wale and wetft direction. A yarn loop can be divided into three segments,
loop head, loop legs, and loop joint, as showRigure 3.2. The crosssection of
these segments is represented hy Cs4, and Cs for loop leg, loop head, and loop
joint, respectivelyFigure 3.D. The single loop is geometrically symmetric across the
midsection of the loop head. The yarn of gvayite fabric is made of continuous
untwistedfilaments, as seen in the SEM imaggure 3.2. The orientation of fiber in
the yarn is considered fiber direction. Yarns have a high elastic modulus in the fiber
direction compared to the directionrmal to the fiberf25]. Figure 3.21 shows the

scanning electron micrograph of the carbon nanotube coating on the fiber.

3.3 Experiments and Computational Modeling

This study uses experiments and simulations to study the sensing response at
the fabric and yarn scal&hree commercial knit fabrics are tested for elongation in the
wale direction. Based on the electromechanical response, thgdoisming fabric is
selected for the application, yarn extension, and loop testing to study the sensing
mechanism. A single ya loop computational model is prepared in ANSYS and

evaluated for elongation in the wale direction as shown Figure 3.1b.

3.3.1 Fabric Elongation Test
The fabric level of testing is performed with commercially available knit fabric

in JOANN®. Three stretchable knit fabrics were selected with different constituent
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materials and areal weights, as showiiable 3.1 As described ilChapter2, a dip
coating procedure creates a conductive carbon nanotube composite co#tieag on
fabric. Coating knit fabric with a commercially available aqueous dispersion of multi
walled CNTs (Aquacyl AQ0303, Nanocyl) containing 3% mulélled CNT by

weight. On the fiber surface, a uniform coating is deposited, as shown in Figdre 3

Table 3.1. Constituent materials and areal weight of thrdgerent commercial knit
fabrics used for fabric elongation test.

Sr. No. Color Const i matesial t s ( Areal Wflght
(9/m?)
Rayon (65%), Nylon (30%),
A Dark Grey Spandex (5%) 363.9
: Nylon (44%), Polyester (43%),
B GrayWhite Spandex (13%) 280.6
C Bright Red Rayon (95%), Spandex (5%) 208.1

After carbon nanotube coating on the knit fabrics, the fabric is cut into 127 x
25.4 mm. As shown in the schematidrigure 3.2 25.4 x 25.4 mm glass fiber end
tabs are attached at both ends usingpaxt epoxy (LOCTITE EA 9309NA).
Electrodes are made 63.5 mm apart with silver paint (Flash Dry, SPITM Supplies),
and lead wires are attached to the electrodes uspagtZonductivesilver epoxy resin
(EPOXIES® 463900, Epoxies, Etc.). Tensile tests are conducted under controlled
displacement using amiversaltest machine (Instron Micron Tester 5848) with a 2
mm/s displacement rate. A voltagaerrent meter (Keithley 6430 sdbmtoamp
remote source meter) measures the electrical response. A constant source voltage is
applied across the electrodes, and the atilsemeasured. Electrical resistance and

extension measurements are synchronized using a customized LabVIEW program.
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<« Glass fiber < Pretensioned
end tabs steel wire

< Silver
electrodes
< Thread

loops
CNT coated

fabric

63.5mm

(a) (b) (c)

Figure3.3 (a) Schematic of thepecimen for fabric extension test in wale direction,
(b) schematic of specimen for testing with constrain in course direction
and (c) specimen image with thread loops in the syringe pump during
testing

The fabric sample is stretched with the edge constrained in the course direction
to create a second test setugsld@t aluminum framing rails are used to construct a
frame. Attaching the specimen to a syringe pump with a custade attachment and
attachirg two pretensioned steel wires to pass near to the specimen along its length.
The specimen is stretched at a rate of 0.85 mm/sec while the electrical resistance is
measured. Repeat the test while constraining the edge in the course diFégtica.
3.3b demonstrates the use of thread and needle to create loops over the steel wire that
constrain the fabric in the course direction, &iglre 3.8 demonstrates that the loops
are free to travel on the steel wire to prevent any impact on the stretchability of the
fabric. One end of the thread was left untied to prevent any resisiansed by the

fabric stretch in the weft direction.
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l Copper tape
Pr—

Silver
electrode

300 GSM
<+— paper sheet

10 mm

<+———CNT coated
yarn

- Epoxy

Glass fiber
end tabs
(a)

Figure3.4 (a) Schematic for yarn extension test , (b) schematic for loop test with
silver coating on the leg section, (c) specimen as it is, with paper baking
sheet, in the grip of Instron, and (d) specimen before the start of the test,
after removing the paper eét.

(b) (c)

3.3.2 Yarn Extension along the Length Direction

The yarns are extracted from the uncoated-graie fabric (B). These fibers
are dipped in a carbon nanotube dispersmmtaining carbon nanotubes and then
coated with the solution. The yarns extracted from the weft of woven fabric and coated
with CNTs ly dipping are undulating. As depictedrigure 3.4, specimens are
prepared on a 300 GSM paper sheet as a base to prevent yarn accumulation before
testing. On the paper, ten rrapart glass fiber end taps have adhered with deuble
sided adhesive. Copper &3 used to secure unstretched yarn. Silver paint prepares
the electrodes (Flash Dry, $PISupplies). Using a-Part conductive silver epoxy

resin (EPOXIES 40-3900, Epoxies, etc.), the electrodes are connected to the lead
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wires. To avoid yarn slippage during testing, a small drop ofpgawrd epoxy

(LOCTITE EA 9309NA) is added to the ends of the yarn.

Hand Held
Microscope

Figure3.5 (@) Setup of yarn extension using a syringe pump and handheld digital
microscope for image capture, (b) paper sheet removal before the start of
stretch, and (c) stretched yarn during the test.

Tensile tests are conducted using electromechanical test equipment (Instron
Micron Tester 5848) with a displacement rate of 0.5 mm/sec ad lad&d cell for
controlled displacement. Utilizing mechanical handles, the specimen is held for
testing. Initially, as it is being prepared, the specimen is secured in the h&iglies,
3.4b, and the paper sheet is removed from the specimen using sdtgors,3.4,
before the commencement of the test. Using a voltagent meter, the electrical
resistance is measured. A handheld digital microscope {i@aocuments the

yarn's deformation.
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Figure3.6 (a) schematic for loop test with silver coating on the leg section, (b)
specimen in the grip of Instron micro tester and (c) finite element mesh
of double loop of knit fabric.

Another yarn extension experiment is designed to verify the deformation of
fibers in the yarn on elongation. A yarn specimen is prepared with uncoated yarn
pulled from the fabric. End tabs are attached to the paper sheet at 50 mm, and the yarn
is attachedo it with epoxy. The syringe pump is used for yarn elongation. A-hand
held microscope (Dindite) captures the images at a different stretch, as shown in
Figure 3.%. The paper sheet is cut and removed before thé-itgste 3.B to ensure
the stretch ispplied only on the yarn. As shownFkigure 3.8, yarn is stretched, and

yarn images are captured after every 3 mm elongation.

3.3.3 Yarn Loop Test

Loop tests are performed to replicate the yarn's electromechanical response at
the fabric's loop joint on the stretch. For the loop test, yarn is pulled from the fabric
and coated with carbon nanotubes using dip coating. Specimens are prepared on a 300

GSM paper sheet, like the yarn extension test. A loop of the yarn is created, and the

54



yarn is coated with silver paint except for the jokigure 3.6aThis ensures the
electromechanical response of the yarn joint on the stretch application. Tensile tests
are conducted under controlled displacement usingiaiversakest machine (Instron
Micron Tester 5848) with a 0.5 mm/sec displacement rate. Electrical resistance across
the electrode is recorded with elongation. A handheld microscope is also used to
record the yarn loop elongation. Similarly, other loop test spEwnare prepared to

study the influence of the loop joint with loop legs in the fabric. In these specimens,
the legs of the loop are not painted with silver paint, as shoWwigure 3.®. This test

gives us a combined response of the loop joint compression and leg stretch.

3.3.4 Computational Model

A single yarn loop geometry is created in solid works using geometric data
from the research presented byekial.[28], and this single loop represents the single
unit of the knit fabricFigure 3.B. Weft and wale directions are global X and Y
directions in the geometric model. A 7 x 9 loop geometry was prepared by replicating
the single loop in the ANSYS® workbendlsign modeler-igure 3.b. A small
section, one complete loop in a wale direction) and two half loops are selected for the
finite element model preparation, as showFkigure 3.€. The model is developed in
the fAstatic struct ur e onchmthesolldgeormetryis he ANSY S
discretized with element SOLID 185 with KEYOPT(2)=2 with 116,518 nodes and
101,680 elements. A finer mesh is kept on the center loop, which is our interest. The
interaction between the yarn is defined by frictional contact witlct#onal
coefficient of 0.15. Material properties are used to model the yarn, as shdailén

3.2.
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Table 3.2. Properties of the material used for yarn in finite element model.

Elastic Modulus| Ex= 10 N/mn¢ E,= 10 N/mn# E,= 800 N/mn¢
Shear Modulus| Uy=3.85 N/mni G.=5 N/mnt Ux=5 N/mnt?
Poi sson 3xy=0.3 3y,=0.0037 3,x=0.3

Element coordinate systems are reoriented such that the Z axis is along the
length of the yarn and X and Y are in the plane of the yarn-sexgion. Symmetric
boundary condition is applied in the weft (course) direction on section surfaces A5,
A6, A7, ard A8 with a direction normal to the global X directidiigure 3.€. All the
nodes in surface Al and A3 are coupled with A2 and A4, respectively, in the Y
direction displacement. Nodes in surface Al and A2 are coupled with A3 and A4 for
X and Z direction tsplacement, respectively. A 10 % strain is applied on the model in
the wale direction using Surface Al, A2, and A3, Rure 3.€. The model is
solved with multiple susteps with a large deflection on it. Results are plotted for a

complete loop.

3.4 Results and Discussion

The individual test results are evaluated, and the effect of micromechanical
deformation of knit fabric yarn | oops
deformation was studied using a computational model. Test results, in conjunction
with thecomputational response, can explain the high response of the knit fabric

flexible sensor when used on the elbow/knee.
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Figure3.7 (@) Typical fabric sensor response for three fabrics with the extension in
wale direction, and (b) different resistance change behavior ofvgrig
fabric with extension.

3.4.1 Fabric elongation response on uniaxial stretch in wale direction

Each fabric specimen is tested for 15 mm extension in the wale direction, and
resistance is recorded and plotted with a percentage increase in the length of the fabric
specimenFigure 3.4. Gray white fabric (B) specimen shows the highest resistance
change (~ 400 %) up to 15% extension, and electrical resistance decreases on
elongation beyond this point. The dark gray fabric (A) specimen shows increased
resistance with extension; howeveomparatively low resistance change (~ 100%).
The maximum is attaireclose to 20% extension, and then an insignificant change in
resistance is noticed up to the test limit. Bright red fabric (C) shows an increase in
resistance up to-8 % stretch, then electrical resistance decreases. The trend shows
that with increasedrae al wei ght , Poissonds contracti ol
electrical resistance decrease. Based on the response in uniaxial extensiosjtgray

fabric (B) is selected for the application and further evaluation at the yarn level testing.

57



The graywhite fabric's response is nonlinear, associated with mulgpie
fiber-to-yarn deformation in the fabric while stretching goezoresistivityof carbon
nanocomposite. The response of gndyite fabric can be divided into three sections,
Figure 3.D.

| 7 A slight increase in electrical resistance ~ 30 % up to 2 % extension.

Il - A sharp change in electrical resistance up to ~ 8% extension, and then the
slope of resistance change starts decreasing until achieving a maximum increase in
resistance close to 400 % at approximately ~ 15% extension.

lIl - The esistance starts decreasing after reaching the maximum.

Front View Back View

(a) (b) (c)

Figure3.8: Finite element model results (a) Contact pressure at the lop joint, (b)
sliding distance at yarn loop joirand (c) front and back view of yarn
loop stress in the fiber direction with compressive stress at the yarn loop
joint.

Results of the computational model show that on the application of strain in the
wale direction, different sections of the loop experience different types of
behavior/strain/loads$:igure3.8a shows that at the loop joint, the yarn experience
pressure and applies a compressive load on the yarn. This pressure is because of

contact between yarns and supports the increased contact between fibers. The yarn is
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free to slide, anérigure3.8b shows that small sliding occurs during the adjustment of
the yarn/ fiber before achieving static equilibrium. On analyzing the stress in the z
direction (along the yarn length direction) Figure3.8c, compressive stress at the
joint and tensile stress in the leg and head section of the loops is observed. That shows
that on applying strain in the wale direction, a single loop experiences compression at
the loop joint and tension at the loop leg anddiehough tensile stress in the loop
head is very low compared to loop legs.
Considering the results from the computational model, the following are the

factors contributing to the sensing of the fabric when stretched in the wale direction:

- Fiberto-fiber contact within the yarn

- Fiber stretch/ elongation

- Yarn stretch in the loop leg ahead

- Effect of loop joint

- Loops separation or connection

- Carbon nanotube tunneling manocomposites
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Figure3.9: Yarn images captured by handheld digital microsd@peo-lite) at no
stretch and at a stretch of 6%, 12 %, 18 %, 24 % and 30%

3.4.2 Resistance Response on Yarn Elongation

The yarn pulled from fabric is extended with a syringe pump, and yarn
geometry is captured at different extension levélgre3.9, andfails at ~ 35%
extension. Fibers in the yarn pulled from the fabric are fibrillated. On stretching,
initially, up to 12 %, fibers come closer, and the yarn esestion decreases, which
increases the contact area in fibers. On further extension, ftadrstsetching, and
there is no noticeable change in the yarn esession or extension beyond 18%, and

fibers (along with yarn) straining occurs.
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Figure3.10: Representativegrcentage resistance change of carbon nanotube coated
yarn on uniaxiagxtensionn length direction

In the yarn extension test, the electrical resistance is recorded with extension.
Percentage change in electrical resistance is plotted with extension arféigoael,
3.10. As shown in the figuraghe yarn has a wavy structure at the start of the test. A
small change in resistance was observed at the initial extension (~ 1.5 mm). During
Initial extension, yarn tends to get straight, and waviness is removed, so there is no
significant change in load. Fibeompression within yarn occurs with extension
contributing to the insignificant resistance change. At higher strains, fibers are
stretched, increasing the tunneling gap in carbon nanotubes. This contributes to a
sharp change in resistance (up to 300%phd the 1.5 mm extension. Nonlinearity in
the resistance change is because of two combined effects: increas¢aHilber

contact and fiber straining.
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3.4.3 Response of the Loop Joint under Uniaxial Extension

Electrical resistance is recorded with extension for both specimens, with and
without silver paint coated. The resistance change is plotted with extensioguiges
3.11a. The initial extension, contact pressure increases at the joint for the specimen
with silver paint. This increases fibt-fiber contact among carbon nanotutmated
fibers. Increased interaction in the conductive nanetdaged fibers causes a
decrease ielectrical resistance. On further incrieggthe stretch, no further change is
noticed because yarn elongation has no impact due to electrically conductive silver

paint covering the yarn.
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Figure3.11: Typical resistance response of the loop test (a) with silver paint coating
on the loop legs and (b) without silyeaiint coating.

In testing the yarn loop without silver paint, the resistance change is plotted
against the extensioRjgure3.11b. The resistance response is different from the only
joint response. At a slight stretch, contact pressure at the joint dominates, and
resistance decreases due to an increase in conductive fiber contact. On the further
extension of the loop, there is actie@ase in the length of the loop legs, which causes

an increase in resistance due to elongation in the fibers and an increase in the
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tunneling gap in carbon nanotubes. This behavior is in line with the yarn extension

response.
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Figure3.12: (a) Resistance change with fabric elongation in wale direction with and
without edge constrain in course direction, (b) ditoimage of
unstretched fabric, (c) stretched fabric by 20 % in wale direction, and (d)
fabric stretched in wale direction

3.4.4 Fabric SensorResponsewith Constraint in the Course (weft) Direction

Gray, white (B) fabric testing with and without constrain in the course
direction(Figure 3.D), significant response differences are noticed. When we stretch
the fabric in the wale directioRpisson contraction also occurs in the weft direction,
bringing the loops closer in the wale direction after the initial stretch. This closeness of
loops causes resistance to decrease due to the formation of new conductive paths

because of yartp-yarn contacincrease. Once the long edges are constrained in the
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course direction, a significant jump in the maximum resistance is noticed that is due to
lessPoisson contraction as shownkigure3.12a; howevertheresistance decreases
after achieving maxima is due to the nonlinear behavior of fabric and even on
constrain at the edge, there is poisonso6 ¢
fabric.

A dino lite image shows that on stretching in the wale direction, there is an
increase in the loop leg lengfhigure3.12b, and c. Also, a clear loop head separation
is observed in the wale direction. At a 20% stretch in the wale direction, on inserting a
ball of diameter 25.4 mm normal to fabric, there is an increase of the loop leg length
and separation of the loops in cse direction, represented by dotted yellow lines in

Figure3.12d. This behavior is like the bidirectional stretch of the fabric.

3.4.5 Fibers Movement within theYarn

To study such behavior, it is essential to understand the deformation of the
fiber and yarn in the weft knitted on stretching in the wale directManet al.
explained the deformation behaviors and mechanism ofkméfed fabric using a
micro-scale virtual fiber model using finite element analysis. On load applicétien,
yarn strain is much smaller thétre overall fabric strain. Also, fabric stiffness in the
weft direction is small compared to the wale direction because yarns in the weft
direction ten to be straightwhen the fabric is stretched time wale directionfabric
leads to significant elongation in the yarns, and yarns tend to straighten in the wale
direction. The contact stress of fiber is much smaller than the stress in the fiber
direction in loop legsThe a@osssection at loop joints (Gstends to be elliptical from
circularand fiberto-fiber contact increases. Also, the fibers in the eezsgion loop

leg (Cs) and loop head (G$ experience straif25].
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3.4.6 Sensing MechanismUniaxial Stretch of Coated Knit Fabric

On application of stretch on grayhite (B) fabric specimen in the wale
direction, the resistance response is showkigare 3.b. The response is categorized
into three different sections.

Section |- At a little stretch (up to ~ 2 %) of fabric in the wale direction, loop
leg yarn stretches and loop joint experience compression. Stretch in the yarn decreases
the crosssection, increasing the fibéo-fiber contact. Also, at the loop joint,
compressin increases the fibeo-fiber contact. An increase in carbon nanotubes
coated conductive fibers contact decreases the resis&netehingn the fibers
increases the tunneling gap in carbon nanotubes, which causes an increase in
resistance. Fssibly at low stretch yarn loop joints contribute to a decrease in
resistance; hence increase in overall fabric resistance is not prominent.

Section Il - at a stretch of 2 % to 15 %, loop leg yarn elongation and joint
compression occur along with loop head separation. With the increase in extension,

l eg yarn increases the fiberés stretch,
tunneling gap in carbomanotubes. Loop head separation also increases the resistance
due to disconnection. The steep increase in section Il is likely due to a combined
resistance increase due to yarn stretching and loop head separation. After an initial
stretch of ~246, an increase in compression force at the loop joint does not decrease
resistance significantly.

Section Ill T Beyond 15% stretch, yarn stretches along with joint loop
compression in loop legs. Also, due to Poisson contraction in the fabric, loops heads
come in contact. Yarn stretching and joint compression overall effect are insignificant;
however, new contaat loop heads creates new electrically conductive paths, and

resistance decreases.
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3.4.7 SensingMechanism High Sensitivity on Elbow/Knee

When a stretchable knit fabric sensor is sewn into a compression sleeve where
the coated fabric is directly over the elbow/knee joint, the electrical resistance change
is substantially higher (~3000%) for the arm Knit fabric sensor to deform with the skin
on flexion. The elbow joint's skin extends-88 % lengthwise and 1%2%
circumferentially in arm flexiofi29]. This deformation of skin makes CNcbated
fabric deform biaxially with flexion. On the biaxial stretch, the loop legs' length
increases with the loop heads' separation. The combined effect is a very high

resistance increase during flexion.

3.5 Knit Fabric -Based Carbon Nanocomposite Flexible Sensor Application:
Driving Manikin Hand Using Flexible Sensor on Hand

The carbon nanocomposite knit fabbased sensoegeas flexible and
breathable as uncoated fabric. The sensor captures human joint motion such as a
finger, elbow, and knefd2]. Here we tested a system to drive the manikin hand using
a carbon nanotube sensor on finger sleeves. A manikin hand is 3D printed, and a
fishing line is connected to the fingers to move the fingers. These fishing lines are
connected to servo motors (MG99binger sleeves are prepared with the same fabric;
carbon nanotubeoated sensors are attached to these sldéigese3.13a.  All four

sensorare different in size and prepared as per the finger Bimsesensors cover
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the two joints of the fingers.
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Figure3.13: (a) 3D printed manikin hand with carbon nanotube sensor on finger
sleeves, (bResponse of the index finger sensor fot 80d 180 motor
rotation,(c) Average resistance change for each finge®@motation
with standard deviatiqr{d) Representative curve for percentage
resistance change withrte for 180 motor rotation and (e) Manikin
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The motor angle is controlled using an Arduino Uno board and Arduino code.
A test is performed with one finger (index), and the motootsted90° and 180 for
multiple cycles. A larger rotation angle of the motor makes higher Index finger
flexion. It shows a clear difference in response with angle variation of the motor with
close to 300% resistance change for 90° motor rotatior & % electrical
resistance change for 18@tationof the motor The response is also repeatable for
angle variation as welRigure3.13b.

To verify the response and repeatability, all fingers are tested individually. The
motor is rotated at a 90° angle, and the response is recordeatfoycles for all four
fingers The response for each finger is consistent for mulaptéesandrepeatable
Average response of the sensor for each finger is listedlia 3.3with standard
deviation The variability in the response is because every finger movement is

different.

Table 3.3. Resistance change (%) in the carbon nanotube sensor on the ihger
performing motorcontrolled rotation.

Index Finger | Middle Finger | Ring Finger | Pinky Finger

Average 278.5 257.2 232.8 227.4
Standard

4.1 0.98 3.4 2.05
Dewviation

Average resistance change for each finger is shown in Figure 3.13c. For all the

four-fingersstandard deviatioof 0.15 % of the average resistance valugs shows
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that sensor response for individual finger is consistent with small variation. The
differencein each sensor response is dugdnationin the stretch of each individual
sensor while bending of manikin finger.

Figure3.13d shows the resistanchange of a single motor rotation from O to
180C. In the single rotation initially, the resistance change is insignificant however
increases drastically, followed by a decrease in the slope of the resistance increase.
This behavior is like what is discussed in the sensing mechanism in the previous
secton. A very high resistanaghange®f ~900% is associated with the bidirectional
stretch of the fabric on the joints of the finger with finger flexion. When fingers bend,
the sensor on finger joints observes stretch inwale and weft direction and cayses ve
high resistance change, like hand flexion, when the sensor is on the[&Rjow

After confirming response and repeatability, the finger sleeve with a carbon
nanotube sensor was used on h&iglire3.13e. Motors were driven with resistance
as input from the sensor response. When resistance Increases with the finger
movement, it drives the motor and makes the finger of the manikin hand move. This
shows the applicability of carbon nanocomposite knit fabaised sensors for human
machine interaction/robotics.

The repeatability of the knit fabrigased carbon nanotube sensor is essential to
make these sensors useful in human health applications. A test is performed with a
screwdriven testing machine. The sensor is stretched 5 mm fromsirptehed
conditionto maintain the stretch in the fabric while testing. The test is performed at a
rate of 2.5 mm/s, and resistance is recorded for each cycle. The test is performed for

1000 cycles in a batch of 50 cycles ednhdata analysis, first two cycles of each
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batch were ignored’he percentageesistance changedslculated andnalyzedor

different cycles set.
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Figure3.14: (a) Resistance chan{f) in each cycle, in the first 10 and last 10 cycles
in a 1000 cycle test. (Resistance change (%) with time for the first
cycle andd91* cycle onthe same scale and (c) Average resistance
change for the 100 cycles in the test of 1000 cycles.

As shown in Figure 3.14 a, the resistance change in the first ten cycles (cycles
1-10) of the test and last ten cycles (Cycle-9900) of the test is consent. There is
no notable difference in the percentage change in residtant@00 cycles. In Figure

3.14b,single cycle resistance change is plotted with time, for tramd 99% cycle,
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the resistance change curves are overlapping and have numerically insignificant
differences in theiresponse. Average resistance changes for 100 cycles are plotted
with standard deviation on error bar, Figure 3.14c. The average resistance change is
consistent in all the set of 100 cycles in the test with very small deviation. For total
1000 cycles average percentage change in resistance is 271.3 % with a standard
deviaton of 1.03. This test shows that sensor response is repeatable and consistent.
However, this may not be true for all kinds of knit fabrics. With the change in fabric

properties, the response and repeatability may change.

3.6 Summary and Conclusion

Knit fabric-based carbon nanocomposite sensor is-g#rsitive and highly
responsive when used on joints such as the elbow, knee, and fingers. High sensitivity
is associated with thabric's micromechanical deformation and the carbon nanotube
tunneling gapElongation of carbon nanotweemposite coated fiber and yarn, fiber
to-fiber contact, and yarto-yarn contact at the loop joint influence the electrical
conductivity of the fabric during the strain application. Uhirgh resistance change
on the dbow or finger joint is associated with the elongation of yarn in loop legs and
heads and the separation of heads inwale and weft direction.

Strain in each segment of the loop also depends on the constituent material of
the yarn/fibers, the thickness of the yarn and friction between the yarnghetc.
sensor response can be customized by creating knit fabric by altering these parameters
The sleeve fabric material influences the sensor's response because the sleeve and
coatedfabric material governs the sensor fabric's overall deformalibe

repeatability and flexibility of these sensors make them an ideal candidate for usage in
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smart garments. These sensors can be easily integrated with the garments #ord used
humanmachinenteraction soft robotics, and future human health monitoring
applicationsA detailed investigation is required to verify the durability of these
sensors for washing, heat, sweat etc. The sensor response depends on multiple
parameters such as carbon nanotube processing parameters, knit fabric constituent
material, material of skeve, fabric areal weight, integration method of the sensor to

garment etc.
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Chapter 4

FLEXIBLE CARBON NANOCOMPOSITE SENSOR RESPONSE
VALIDATION USING KINARM ROBOT AND VIRTUAL REALITY -
BASED TASKS

Carbon nanocomposite coating on knitted fabric deposited through direct
hybridizations is very thin and porous. The thin nanocomposite film does not alter the
fabric properties such as flexibility, drapability, and breathability. As discussed in
Chapter 3these sensors are piezoresistive and highly sensitive to strain/deformation
when used at the elbow/knee to capture joint movement. Hidariproperties and
high sensitivity of these sensors make them good candidates to be used in providing
for use withsmart garments. These sensors must be repeatable and consistent in
response to changes in the angle at the elbow/knee. This chapter discusses the
experiments performed to validate carbon nanocomposite knit fabric sensors for their

repeatability and abilityo measure angle flexion.

4.1 Introduction

Physiotherapy is essential for the complete recovery of patiémigever, a
significant populatioomust adhere to the prescribed exercise regimeatk of
motivation and ifperson visits to physiotherapy climtake itdifficult for patients to
follow completedurationexercise procedur®Vith the advancement of virtual reality
(VR), researchers have developed remote virtual rehabilitation systems with sensors
such as IMUVirtual physical therapy, commonballed telerehabilitation, isr@mote

medical grvice that enables patients to access physiotherapy sessions online or
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through other digital channelgirtual reality (VR) in physiotherapy provides patients
with an immersive experience that can improve their motivation, engagement, and
participation in rehabilitation exercisdrior research has demonstrated promising
outcomes when combining VR and physiotherapy for the upper and lower limbs, as
well as theperformance of general tasky.

Any physiotherapy program, whether provided in person or remotely, requires
feedback. Feedback can be given in virtual physiotherapgriousforms, including
video conferencing, verbal and written feedback, and wearable devices. Wearable
technology that can be used to monitor patients' development includes motion sensors,
biofeedback gadgets, virtual reality headsets, and colorful clothesaimagnetie
based sensors and other techniques are used fatisu@i tracking2]. IMUs (Inertial
Measurement Units) astandardsensorgor tracking human motion. In their research
[3], Jovano\et al.created a body area network using motion sensors;, &, and
tilt sensors to capture data through a network coordinator device and umloed it
Bluetooth to the computer. Using motion sensors connected to various body parts,
Ferguset al.created a wireless body sensors network and wirelessly collected
acceleration data from these sengdfsVarioussensors, including accelerometers,
gyroscopes, heart rate monitors, temperajnmessure, ECG, stretch, moistueec.,
can be utilized ifbright clothing. Since most of these sensors are m&tabothly
incorporating them with fabris challenging.

Commercial knit fabridbased carbon nanocomposite sensor is flexible and
carries fabridike properties that are ultsensitive when used on the elbf}. This
ultra-high response is associated with the micromechanical deformation of the fabric

when used on the elbow during flexion, as discussé&hapter 3A functional
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garment with integrated wearable sensors can be used foinmmeadensory feedback

in VR-based therapeutic exercise and offers affordable remote rehabilitation to
patients with progressive recovery tracking. Repeatability and accurate information
predicton on the joint angle are critical for providing exercise feedback by these
sensors. Uniaxial stretch and mechanicatiytrolled elbow movement tests are
performed to validate the sensor response while performing some typical hand
movement. Twaeaching asks similar to mechanically controlled testirage

developed in a virtual environment with visual trackifige sensor preparation,

characterization, and testing outcomes are discussed in this chapter.

4.2 Characterization and Testing of Knit Fabric-Based Sensor

Carbon nanotubes are direatlgpositecbn the commercial knit fabric
purchased from Joartrabrican this research. The fabric is tested in uniaxial
elongation using Instron mini tester &tretching. The sensor is also tested with a
compression sleeve usingreechanically controlleéndpointKinArm®, and later

exercises are performed with virtual reality.

4.2.1 Carbon NanocompositeProcessing Specimen Preparation, and
Compression Sleeve

A dip coating process is used to coat carbon nhanocomposite on commercial
knit fabric that contains nylon, polyester, and spandex using commerciaiwalléd
carbon nanotube aqueous dispers@arbonnanotubecoatedfabric was cut to 100 x
25.4 mm to prepare the specimens for the axial stretch tests.-pattvoonductive
silver epoxy resin (EPOXIES® 48900, Epoxies, Etc., Cranston, RI) and conductive
silver paint (Flash Dry, SPI Supplies, West Chester, PA) wereueghto attach

electrodes and lead res to the specimerd51 mm apart, as shown gure4.la.
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To avoid any interference or shorting of the sensors inside the steel grips of the testing

device, norconductive glass fiber end tabs were also attached to the ends of the

specimen.

Glass fiber
end tabs
Silver
electrode

CNT coated
fabric

51 mm

Wale Direction

(b)

Weft Direction

Compression
Sleeve Z

Flexible Carbon
Nanotube sensor

Figure4.1l: (a)Schematic of specimen for uniaxial testing in wale direction, (b)
scanning electron micrograph of weft knit fabric with loop structure, and
(c) schematic of a compression sleeve with sewed carbon nanotube

sensor ortheelbow.

A scanning electron microscope image of the knit fabric is showigure
4.1b. Knit fabric has a looped structure, and fabric response is also influenced by knit
fabric orientation and direction of stretch. In uniaxial testing, the fabric is stretched in
the wale direction. While making the specimen, the wale direction is enautes

length direction of the specimen. A tensile test was performed with precise
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displacement control using an electromechanical test machine called Instron Micro
Tester 5848 at a displacement rate of 0.05 mm/sec. A valtagent meter, the
Keithley 6430 sudemtoampere remote source meter, is used to measure the electrical
responseThe electrodes are subjected to a constant source voltage, and the resulting
current is monitored. To ensure accurate data collection, a customized LabVIEW
program synchronizes the measurements of electrical resistance and extension.
Strips of the carbon nanocompostated knit fabric measuring 130 x 38 mm
were sewed onto a compression sleeve created from a commercial knit fabric (82%
nylon and 18% spandex) to test the response of the flexible sensor on the elbow. As
seen irFigure4.1c, the sensor is sewn with sleeves using a zigzag stitch pattern to
prevent loading from threads when the compression sleeve is stretched during flexion.
Silver electrodes are created 100 mm apart, and electrical wires are connected using 2

part silver epry.

4.2.2 TestingProtocol for Sensor Validation with KinArm®

A flexible carbon nanotube sensor helps measure the angular movement of the
knee/ el bow during flexion and extensi on
the angle of the elbow/knee. Testing of this sensor in a controlled environment is
required tovalidate the sensor response against the angle variation. We used an
endpoint manipulandum (KINARM Endpoint Lab, BKIN Technologies, ON), which
consisted of a robotic arm that allowed mechanically controlled hand motiorln a 2
horizontal plane. The robatarm had a handle located at the end which participants
grasped with their dominant hand.

The resistance of the sensor varied with changes in elbow angle. Each task was

developed to capture different paths/ profile of the movement of the Rartttipants
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held the handle during the experimesmd the KinArm robot drove the handle along

the assigned path. A minimum jerk trajectory was used to move the handle from a start
position to an end position on the trajectory. For all the tasks created on the KinArm
robot, it is assumed that tlegin is at thestart pointwith a positive X axis towards

the right and a positive Y axis towards the participant. The following four different

tasks were created on the KinArm robot:

Start point

Start point

e End point

(a) (b)

Figure4.2: (a) Constant amplitude straight line movement task for a displacement of
30 cmin Y direction, (b) variable amplitude straight line movement task
from 30 cmto 5 cm

A constantdisplacementstraight-line motion task is created to validate the
sensor repeatability under constant amplitude movement of the arm. As shown in
Figure4.2a, in this task, the arm handle is moved from the start point to the endpoint,
separated by 300 mm. The change in elbow angle is measured for this motion using a

digital protractor.
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A variable amplitude straight-line motion taskis created to validate the
sensor6s response with the variation in tF
starting point (origin) was at a forward distance of 300 mm from the participant.
Different endpoints, 4, were used at distances that inseghin steps of 50 mm from
the start point (indicated as blue dots). The maximum distance traveled from the start
point to 6 in the straighHtne motion is 300 mm, then decreases by 50 mm gradually as
shown inFigure4.2b. Five cycles were repeated for eachplitude, and a change in
elbow angle was measured at each repetition, i.e., start point and 1 to 6.

Two-dimensional movement in the diamond pathask is created to capture
the movement in two dimensions. Fowpiane points are creatéd0,0),2 (-

150,150),3 (0,300), and! (150,150), as shown iRigure4.3a. The objective is to keep

a consistent movement of the hands in the +Y direction, 150 mm. The handle was
guided to follow a straigHine path between the points (1, 2, 3, and 4) starting from
point 1 in the antclockwise direction. The elbow angle wasnually measured at

these four points. While tracing the diamond path, the handle is stopped at points 2, 3,
and 4 for 250 ms.

Two-dimensional movement in a circular pathis created such that the circle
passes through the same 4 points created for the diamond path. However, the robot is
guided to follow the circular part, starting from point 1 and passing through points 2,

3, and 4 while completing the cycle, as showRkigure4.3b. The handle moves
continuously without any hold on any intermediate point.

It is essential to record the response of the sleeve along with the hand position.
A voltage divider circuitwith4kq r ef erence resistor is used

resistance. An Arduino UNO board is used to apply a constant voltage of 5.012 V
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throughout the task. The sleeve signal and position of the handle are recorded in sync

at a frequency of 1000 Hz.

(b)

Figure4.3: () In-plane twedimensional movement of the arm in diamond path with
angle measured at four endpointy,if the plane twalimensional
movement of the arm in a circular path wathangle measured at four
endpoints

4.2.3 Testing of Carbon Nanotube Sensor with Virtual Reality

The overarching goal of the carbon nanotube sensor is to provide feedback and
assessment for upper extremity rehabilitation, such as a change in the elbow angles
while performing the exercise using virtual reality (VR). The sensors are tested with
therapetic tasks ¢ assessheir effectiveness and usabilitly the VR environment. A
Unity game engine (version 2021.3.10¢t¢atedhevirtual environment for upper
extremity rehabilitationWe used the virtual reality toolkit (VRTK) fdundamental
VR interadions and teleportatiomhe VR environment wasgeveloped to provide

compatihlity with variousVR headsets by using thnity OpenX packagdn this
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test, weusedHTC Vive Pro Eye/R headset, controllerand its tracking components.
Additionally, the3D models of théiving room and othey from Sketchfab were

modified and added to the virtual settisg shown irFigure4.4a

(b) (c)

Figure4.4 (a)Virtual model ofKinArm in a home family room settingreated in
VR environment(b) in-plane twedimensional movement of the hand
following a diamond path, and (c)-plane movement of the hand
following a circular path.
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The goal is to give patients, especially thagd limited mobility, a training
and engagingnvironmentvith feedbackA virtual model for the KinArm robot was
designed to mimic it in the virtual environmewe attached aRTC Vive tracker to
themechanically controlled robotic arm to ensarevement positiom the two
dimensional planélhus, when th@articipantmoves the robotic handle, the
movement of the virtual KinArm ialsosimultaneously simulated.

As shown inFigure4.4b and c, two tasks are designed for the upper extremity
exercise, diamond, and circle, similar to the KinArm task explained in the previous
section. The testing protocol follows KinArm testing. However, the participant uses a
VR headset and follows the pat diamonds, and circles created in a virtual
environment. This is to create a similar task as performed with a mechanically
controlled KinArm robot. The participant is free to follow the path in his comfort way.
The change in elbow angle is recordedchatihtermediate points. Tasks are performed

maintaining the irplane positioning of the hand. Position data of the KinArm handle

is recorded in sync with the sleeve signal.
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Figure4.5 (a) Sensor response when tested for the uniaxial streticbuale
direction for10 %, 20 %, and 30 %train levels and (b) resistance
change against strain
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4.3 Validation of Sensor: Result and Discussion

A knit fabric-basedlexible sensor is highly responsive and sensitive when
used ortheelbow during flexionThe tunneling of carbon nanotubes governs typical
carbon nanot ub eurisgthesgetch. ndhe knie fabptiexibke gensor,
theresponse igovernedoy carbon nanotube tunneling aihe fabric's
micromechanical deformation of fibers and yduringthe stretch.In this section, we

discuss the outcome of the test performed to validate the sensor.
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point with a total change in angle of*sd (b) resistance response of

sleeve in variable amplitude straight line motwith change in elbow
angle.
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4.3.1 Uniaxial Stretch in Wale Direction

The carbon nanotube sensor is stretched uniaxially in the whale direction, and
the electrical resistance change of the sensor is plotted with axial strain as shown in
Figure4.5a. For a 10 % strain in the wale direction, the resistance change is close to
300% and is consistent for two consecutive cycles. With the increase in strain, the
resistance change across the sensor also increases. However, this change is not linear
with strain. The resistance change is plotted with strain, and nonlinearity in the
response is noted, as showrfigure4.5b. Initially, the resistance change increases

drastically and decreases after reaching a maximum.
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Figure4.7 Response of the sensor in compression sleeve during etlbtanin (a)
diamond path tracingyith a hold time of 250 ms at intermediate points
2,3 and 4(b) circular path tracingiith no hold time.



The nonlinearity of the resistance response is associated with the nonlinear
behavior of the knit fabric. In a typical weft knit fabric, as showRigure4.1b, yarn
travels in a weft direction and forms loops. On elongation in the wale direction, these
loops get elongated, and resistaim®easeslrastically even at low strain. At the
initial stretch,yarns,and fiber elongate, increasing the resistance. At higher strain,
fabric experiences transverse contraction in the weft direction, which creates new

conductive paths, causing a decrease in resistance.

4.3.2 Sensor Response on Mechanically Controlled Hand Movement

The participant wears@mpressiorsleeve with a carbon nanotube serwor
the elbow positionand tasks are performed. While performing the tables,
participant holds the handle thfe KinArm robot, and motion is mechanically
controlled This provides controllechovement of the hand to perform tlask withno
human errar

The participant performs@nstant displacement straighline motion task
by holding the handle wittheleft hand. As discussed in the experiment section, the
positive Y axis is towarsithe participantconsidering start point as the origifhe
sensor 6s el ect rispo#tdd in syacswittbhehand/ bamdlecpbstdion g e
in Y direction as shown iRigure4.6a. Theelbow angle change between the start and
end pointds 53, and the response is repetitive for multipjeles In the uniaxial
stretch, the resistance is higliean the elbow flexion motio his isdifferent from
whatwasdiscussed in previous reseafbh [6]. On further investigationt is noticed
that there ixlose to 40% increase in the sleeve resistance when the sleeve is worn on
the arm, witharm fully extendedThis is because the sensor experiences stretching in

weft and wale direction when worn on the sleeve. Also, at the start point, the arm is
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not fully extendedWe noticed resistance increase when the hand brings to the start

point, because at the start point the arpartially flexed
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Figure4.8 Response of the sensor in compression sleeve delbog motionwith

virtual reality taska) diamond path tracingnd ) circular path tracing
with a mistake.

A variable amplitude straight-line motion task is performed witfive
repetitions of each amplitude type, starting from 300 mm displaceshérg hand in

positive Y direction from start pointith a decrement of 50 mm. Thisskgives

89



variation in the response with change in angle of elddw.change in electrical
resistance of the sensor is plotted with hand position in Y direction as sh&wguia
4.6b. The change in elbow angle is also shown irFigare4.6, encircled on every
cycle type. Resistance decreases gradually as the amplitude decreases and so the
change in elbow angle. For the same change in angle of elbow, the change in
resistance is consistent and repeatable.

Two-dimensional movement in the diamond pathask is created to capture
the inplane motion of the hand. For all two dimensional in lane motion, start point is
considered as origin with positive axis towards the participant and positive X axis
from left to write in the plane of paper. Though theiomts in X Y plane and at
every data point recorded, there is change in XYaddta. However, for convenience,
the change in sensor resistance is plotted with hand position in Y direction as shown in
Figure4.7a. It is seen that resistance change in the diamond path tracing follows the
hand position in Y direction with a maximum resistance change close to 180% for an
elbow angle change 33This resistance change is like straight line task being similar
change in angle. Also, at the hold of 25 ms on each intermediate point, resistance is
also not changing.

Two-dimensional movement in a circular pathis traced by participant with
a hold at the end of one cycle. The resistance change is plotted with the hand position
in Y direction,Figure4.7b. The maximum resistance change is close to 180%, similar
to diamond tracing anstraightline tracing, for similar elbow angle change. We
notice that the curve follows the displacement path and is a continuous curve. In
diamond path tracing, the KinArm accelerates and decelerates between two points, and

there is a hold time of 25ms at intermedipbints. However, in the circular path, the
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KinArm handle accelerates and decelerates at the start and end of the cycle. This is

why the displacement and response curves are smooth throughout the cycle.

4.3.3 Sensor Response with VR, Tracing Profile by Participant

In this task, two similar paths are traced, as with KinArm. The time to
complete the task is up to the participant. In both tasks, a change in elbow angle is
measured. The resistance change is recorded and plotted against the Y displacement
position of thehand. In the Xdirection hand movement, the change in the angle of the
elbow is not significant. The result of the VR task is like the mechanically controlled
hand movement. In diamond shape hand tracing, the resistance change is close to
180% with an anlg change of approximately $as shown irFigure4.8a. The
resistance change is in the same range betaesdangén angle of elbow is the
same. Also, there is no hold time for any intermediate position. That way, the
resistance curve is continuous.

For circular path tracing, the change in resistance is lower than the
mechanically controlled one. The difference is because of the different change in angle
is noticed. This difference in the angle is because of the uncontrolled movement of the
hand basedn human judgment. During the hand movement, the participant made a

mistake, which is captured by the sensor, as shown in Figure 4.8b.

4.3.4 Calibration Curve and Response to Change in Angle

Sensor response is repeatable to a similar change in the elbow angle, but the
sensor response depends on factors such as carbon nanotube processing parameters,
fabric constituent materials, and compression sleeve fabric. The arm sizes/elbows also

vary fromparticipant to participant. Because the transverse constraint due to the arm
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size plays a significant role in the overall sensor response, is essential to calibrate the

sensor for each participant.
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Figure4.9 Calibration curve, generated with participant sensor on the elbow with
flexion at different angles and resistance change plotted against change in
elbow angle during flexion, while performing tasks on KinArm and VR

Here we put the compression sleeve on t
arm with minor angle variations. The calibration curve is generated based on the angle
and sensor response showrkrigure4.9 for arm flexion. When all the data, resistance
change with change in elbow angle, generated in KinArm and VR test plotted, all data
points lie close to the curve. This shows that the calibration curve can lead to

measuring the change in elbow angle basethe resistance change.
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4.4 Conclusions and Future Work
In thisresearch, knitfabrib ased car bon nanotube sensor
validated for joint movement. The sensor response is consistent and repeatable in
uniaxial testing. When tested on the elbow in a compression sleeve, sensors show
repeatability for multipldesting cycles and consistent response with angle irrespective
of the method, i.e., mechanically controlled or VR tasks. Sensor response, resistance
change with elbow angle change, fits well in the calibration curve generated with the
participant. In the R task it is easy to understand if there are any mistakes while
performing the task by looking at the sensor datee sensor can capture flexion
angles while performing VR games to i mprov
In the tasks performed in this research, all the motions are constrained in the
plane. Further research is required to validate the sensor response in the three
dimensional motion of the hand. Further investigation is required to evaluate the
response byrlanging different parameters such as, sleeve fabric, fithess of
compression sleevandin combination some flexible sensors on the soldier, a

complete motion response can be captured.
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Chapter 5

STRUCTURAL HEALTH MONITORING OF COMPOSITES/METALLIC
PRESSURE VESSELS USING FABRIGBASED CARBON
NANOCOMPOSITE SENSORS

Carbon nanocomposites deposited on commercial knit fabric are highly
stretchable as base fabric and can measure the large straiwoMen aramid fabrics
are nonconductive and natretchable. Carbon nanocomposite aramid fabric is
piezoresistive and, witimfused epoxy, can be used agrain sensor for structural
health monitoring applications. In this chapter, we discuss the systemic application
development of this sensor to be used as a strain sensor for various loading on the

pressure vessel.

5.1 Introduction

Composite Overwrapped Pressure Vessels (CQ@iR/ysecdommercially for
storing compressed gases, including hydrogen, in various applications, including
automotive, aerospace, oil and gas, Btee to the increasing usage of hydrogen in
automotive, towards a greener planet, there is increasing usage of the composite
pressure vesselypically, COPVs are fabricated by wrapping composite fiber,
carbon/glass/Kevlar around a metallic liner containing compressed gas. Fhe non
isotropic behavior of composite matmakes it complex to inspect/predict the

damage/assess the integrity of the matdvialterial defects, overpressure, impact or

drop, and degradation with tpossblycausieg k ey
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severe injury and damage to the surroundings. Timely information about the pressure
vessel's damage/ structural strength degradation can save human life and cost.

In the United States, local fire departments responded to an average of 125,000
natural gas or Lias leaks per year that did not result in fires in or at home properties
in 20122016. Leaks or breakssultedn 20% of the fires and 54% of the deathls
Rupturesand/orleakscanoftenresultin seriousinjury or deathto workers highcosts
dueto losttime,damageo equipmentndinfrastructureandenvironmental cost®] .
ForexamplepnMarch23,2005,afire andexplosionoccurredatB P d exasCity
refinery,killing 15 workers,andinjuring morethan170others Accordingto areport
issuedaftertheaccidentactionsled tooverfilling theraffinatesplitterwith liquid,
overheatingheliquid, andsubsequentverpressurizatiof3].

Composite materials are complex and can begin to develop cracks towards
catastrophic failure in various ways, such as matrix cracks, delamination in fiber plies,
and fiber interface debonding. Timely information about any crack initiation can save
human Ife and significant cost. Test methods such as hydrostatic testing, acoustic
emission, and ultrasonic testing can provide periodic testing only which may be
effective for some critical applications. There is a need for a system where structures
can be mondred in reatime.

Carbon nanotube sensors are extensively researched for structural health
monitoring applicationgKanget al.[4] developed a carbon nanotupelymer
composite and tested as a continuous strain sensor. Alexopbalofs] glass fiber
reinforced composites with embedded carbon nanotube fibers for sebsatgeet
al. [6] grew carbon nanotubes on glass fiber using chemical vapor deposition and used

them as strain sensors for structural health monitoring. Burton and cowfaikers
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developed a strain sensor by placing a carbon nanocomposite thin film on a flexible
substrate for structural health monitoring. In our lab, carbon nanotube sensors are
processed by deposition onto fald8¢, [9]. Carbon nanotube deposited on the-non
woven aramid fabric is tested in structural health monitoring applicqtlofig12]

Herewe demonstratehte fabric-based hierarchical carbon nanotube composite
to develop a system for retine monitoring of pressure vesselssequence of lab
tests is performed to understand the influence of processing parameters on the sensing
responsgfollowed by strain sensing functionality on the coupon of different materials
T metals and composites subjected to axial and flexural loading, impact, and crack. In
composite pressure vessels, fiber orientation is critical and varies from one to another
based on the constituent material, applicataondpressure rating. The influence of
fiber orientation on the sensing response is studied with the composite material of
three different fiber orientations. Multiple carbon nanocomposite sensors are attached
to commercial composite pressure vessels to didtedtrain in the vessiil different

sectionsvhen subjected to pressure.

5.2 Processing of carbon nanotubes andlesting

As discussed in Chapter 2, carbon nanotubes can be deposited on aramid
fabric, either with dip coating or electrophoretic deposition. In this work, the carbon
nanotube sensor response is validated using both processes with some alteration in
processing pameters. Based on the response, the optimum process parameter is
selected. The carbon nanotutmated fabric is tested sensing in tensile and flexural
loading, impact, scratch, etc. Steel and composite cylinders are tested with multiple
carbon nanotube Beors. The carrier fabric used for all sensoesn®nrwoven aramid

fabric withan arealensity of 50 GSM (grams per square meter).
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5.2.1 In situ Testing of Carbon Nanocomposite Sensor

The gage factor is typically defined as the ratielettrical resistance change
to that of longitudinal strain applied. A higher gage factor implies a more sensitive
specimenDifferent processes and parameters for depositing carbon nanotubes on
fabric can alter the s e-noatedsd@ssrswer®nsi ti vity.
fabricated using different processing techniques

(a) dip coating using commercially availablearbon nanotubsizingdiluted with
two parts of ultrgoure water and sonicated. The fabric is coated for 10 minutes
on each side.

(b) electrophoretic depositiorhigh concentratiop- using4 g/liter dispersion of
functionalizedcarbonnanotubeswith 10 V direct current and total deposition
time 40 min and

(c) electrophoretic depositiondw concentratiohusingl g/liter dispersion of

functionalized nanotubegith 10 V direct current and 20 min deposition time.

Table 5.1. Processing parametdim carbon nanotube deposition

Areal Weight of
Coating process Parameters
Deposition (g/n?)

Diluted with 2 parts of

Dip Coating Nanosyl) ultrapurewater 12.5
EPD (High concentration 4g/l, 10V, 40 min 52.8
EPD (Low concentration) 19g/l,10V, 20 min 6.8
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Figure5.1 (a) Steps to prepare the specimen for in situ sensing using different
processing parameters and (b) schematic of the test specimen and a
photograph of the experimental setuptimsiletess.

Figure 5.1a shows the stby-step procedure to manufacture the sensors
before they were tested in tension to evaluate the sensing response and the gage factor
(sensitivity).The coated fabric was infused with resin EPON 862 epoxy resin using
vacuumassisted resin transfer molding (VARTMhe specimen dimensions are 100
x 25 mm @ x 1 in). A strain gauge was attached to the specimen for strain
measuremerih the loading directiorSilver electrodes are created at 50 nfigre
5.1b) Composite end tabs @grcolored) were bonded to prevent the sensor from
getting crushed in the test frame grips and insulating it electrically from the metallic

test frame. Figur&.1b shows the schematic of the test specimen and a photograph of
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the testing setupensile testing was performed, and resistance change of the sensor

was recorded with strain.

Metallic Grip Loading blocks
e @

Aluminum
Substrate ® CNT sensor ®
Silver Support blocks
electrodes Tension
I« Strain gauge
CNT Sensor ® CNT sensor Loading blocks
® o
Support blocks
(a) (b)

Figure5.2 (a) Schematic of the uniaxial tension test setup with CNT sensor on
Aluminum substrate and (b) loading protocol of the specimen for flexural
test.

The test specimen’s schematic diagram for the tensile and compressive
response undergoint flexure tests shown in Figure 5.2. It was decided to use a 4
point flexure test rather than go®intoneto ensure the sensor can function under
consistent bendingtress Although the loading procedure is the same for tension and
compression, the tensidestsensor is at the bottorBeforethe compression test, the
bar is flipped so the sensor is on the top site specimens are loaded well below the

yield pant for the tensile and flexural testing
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5.2.2 Impact and Crack Damage Detection

Improper handling of the tanks/pressure vessel can lead to cracking or failure
due to impact. Early detection of cracks/damage is critical to structural health
monitoring. Testing is performed to detect damage due to impact or crack in the

composite panels

Composite Panel

2

CNT coated Fabric

Figure5.3 The process of attaching the carbon nanctdated fabric to the
composite panel and schematic of the prepared specimen with four silver
electrode pairs.

Composite laminates are made using T700 carbon fiber and a vacuum infusion
process using epoxy resin EPON 862 (curing agent Epikure W). The laminates are
cured i n a@forhaurs. Tlaetspedinde dimensions are chosen according
to ASTM standard D713R.3]. The composite panel is cut into sizes of 100 x 150 mm
( 4 6 OAnisdatian layer is prepared on the composite panel to provide insulation
between carbon nanotuseated fabric and conductive carbon fib&arbon
nanotubecoated nowoven aramid fabric of size 50 x
sensor and attached with tape to the plate. The area outside the sandblasted region was

covered with higitemperature tapend he sensor is attached using epoxy resin.

101



Figure5.3shows theprocess to attach the carbon nanotabated fabric to the
composite paneBilver paint (SPI FlasryE silver conductivepaint) is used to
create the electrodesnd twapart silver epoxy (Epoxies, etc.) was used to connect
electrical wires to the electrodddectrodes are numbered in pairs, as shown in Figure
5.3.

The specimen was impacted multiple times with different impact energy (5, 10,
20J, 50 J) using an Instron Dynatup 9200 drgight tester, shown in Figure a.4A
12.5 mm hemispherical tup was used with a 44,482 N0QDODb) load cell. The
specimen was clamped on all sides, and the tup was impacting at the center of the
specimen. Energy levels are altered by changing the impact height and dead weights in
the drop weight holder. The resistance across different eleqende(t1, 2-2, 3-3, 4

4) is recordd after each impact.

Drop Weight
Holder/ Slider

Guide Bars

Flag
Load Cell (10000 Ib)

Velocity Detector
Hemispherical
Tup

(a) (b)

Figure5.4 (a) Lowvelocity impact testing setup along with a photograph of the
specimen in the fixture before testing and (b) specimen with a crack
between 11 and 22 with cutl, surface crack is not visible and cut2,
deeper cut but not through the thickness ofstinesor.
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Figure 5.4b shows a specimen with a carbon nanocomposite sensor on a
composite laminate, similar to the lexelocity impact experiments. A surface cut was
created with a sharp blade. This surface cut was not easily visible to the naked eye.
Next, a deeperut was also made at the exact location with multiple blades passes.
This cut was easily visible, but it was not cut through the thickness of the sensing
layer. The resistance R1, R2, R3, and R4 were recorded across electrodel pairs 1

2, 33, and 44, respectively.

* *

< <+ ot
0° 90° 45°
(a) (b)

Figure5.5 (@) Fiber orientation of unidirectional carbon composite specimen and (b)
photograph of the test setup for the tensile test with wiring and strain
gage on the carbon composite panel.

5.2.3 Sensing Response with Change in Fiber Orientations
Various fiber orientations are used in the different pafrtscomposite

pressure vessel or package due to the expected loading on the structure. Unlike
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metallic strain gages, carbon nanotube sensors are sensitive to strains in all
directions. As a result, it is critical to evaluate the sensing response for composites
with varyingstrainratios of longitudinal to transverse stréwhich occurs due to
varying fiber directions).

The EPDcoated sensors were tested in tension when bonded to carbon fiber
composites witt8 different fiber orientationsf 0°, 45°, and 90 with the direction of
loading The unidirectionatomposite was manufactured usMgRTM with twelve
layers of T700 unidirectional carbon fiber (9 0z/sq yard) and epoxy EPON 862 (with
EPIKURE Curing agent W)igure 5.5b shows the specimen in the grip for the
tension test. Testing is performed by a setgiven load frame with a 250 kN load
cell. The load levels are deled to maintain the elastic deformatiortisat strain is
under 0.3% in the longitudinal directiohhe carbon nanotube sensor is bonded on one

surface, and the othbas a commercial metallic-directional strain gage.

Control
system

Data
acquisition
system

(a) (b)

Figure5.6 Metallic pressure vessel with epoxy layer for insulation and hoop, axial
direction carbon nanotube, and metallic strain gage and (b) test setup for
pressure testing of metallic cylinder.
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5.2.4 Composite Overwrapped and Metal Pressure Vessel Testing

The primary objective of this study is to show proof of concept using a carbon
nanocomposite sensor for live monitoring of cylindrical vessels. Two pressure vessels,
composite overwrapped and metal, were procured and tested.

As shown in Figure 5.6a, a uniform coating of epoxy adhesive was applied to
create an electrically insulating layer to prevent the shorting of the sensor, similar to
the aluminum specimen for the tensile test. Two carbon nanocomposite sensors are
bonded R1 in the hoop direction and R2 in the axial direction. Similarly, two
metallic strain gages, S1 and S2 are attached to the vessel in the hoop and axial
direction. Figure 5.6b shows the test setup for testing the stagtéedpressure vessel
up to 300 pi. A manual lever connected to a valve was engaged to pressurize the
cylinder. Multiple strokes of the lever were required to reach a pressure of 300 psi,

which | editke 0a pfiretsespuri zati on of the speci

Control
station

Pressure relief
valve

Water inlet
valve

Composite
cylinder

(a) (b)

Figure5.7 (a) Preparation step of composite cylinder for pressure testing and
location of carbon nanotube sensor and metallic strain gage with wires
and (b) test setup for pressure testing of the composite cylinder, held
vertically in the chamber.
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Figure5.7ashows the step in the preparation of the carbon fiber composite
overwrapped pressure vessel and the orientations of the sensors and strain gages.
Threenanocomposite sensors ahdeestrain gage$l bidirectional and two
unidirectional)are bonded to the pressure vessel. For these pressure vessels, the
middle cylindrical region is called a shadhd the end is called a head. Typically, the
head has a thicker linanda higher composite thicknegsdditional reinforcement is
provided in the rgion where the adaptor is connected for pressurizatigare 5.7b
shows the test setup for the composite overwrapped pressure vessel. The cylinder is
hung in a safety chamber vertically, and water pressure is applied thhaughater
inlet valve. The cylinder is tested up to 6.89 kPa (7000 psi). A pressure relief valve is

used to release water pressure. In this setup, pressure is applied in steps.

Dip Coating EPD, 4g/lit EPD, 1g/lit

(@) (b) (c)

Figure5.8 Scanning electron micrograph carbon nanotube coated aramid fabric, at
low magnification, 100 X, CNT coating is visible on fibers and fibers
mesh and carbon nanotubes are visible at higher magnification, 50000X,
on fiberds surf ace sitim), (b)EPpcoateddat ed ( c
g/l and (c) EPD coated 1 gl/l.
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5.3 Results and Discussion

In this study, carbon nanotubes are deposited in two different ways,
electrophoretiaepositionand dip coating. Figure 5.8 shows the scanning electron
micrograph of different types of sensors. Since the base fabric-4aoven aramid,
fibers are randomly oriented as visible in lower magnification pictures:|ikeb
structure includes the bindingent between fibers. The dgomated fabric has carbon
nanotube coating within the aramid fibers and the space in between, Figure 5.8a.
Randomly oriented carbaranotubes are visibkg high magnification on the fiber's
surface

Two different parameters are used to control the deposition on aramid fabric.
As discussed in Table 5.1, 4 g/l is used to deposit for 40 min, and 1 gram/I dispersion
is used for 20 min. The deposition is 52 .8 gamd 6.8 g/ respectively. This shows
that carbon nanotube deposition through electrophoretic deposition is linearly
dependent on parameters sucliggosition time and solution concentratidine
functionalized carbon nanotubes are deposited on the fibers and space in between. In
electrophoreti deposition, the nanocomposite film grows from fibers occupying space
in the fiber.The film grows almost all the gaps with the higgmcentration solutign
Figure 5.8b. Low concentration EPD sensor has more porosity compared to high

concentration, as the film grows across more fibers.
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Figure5.9 Resistancehange (%) vs strain (%) to compare the sensitivity of sensor
made using different techniques/ parametelip coating using
commerciallyavailable sizing , electrophoretic deposition with CNT
concentration 1 gram /liter (low concentration) and electrophoretic
deposition with CNT concentration 4 gram/liter (high concentration).

The electromechanical sensing response for sensors made using different
processing techniques/parameters is shown in Figure 5.9. The slope of the resistance
change vs. strain graph represents the ser
Sensitivity depeds on various factors such as the concentration of nanomaterials,
carrier fabric, polymers/surfactants used, carbon nanotubes, or the functionalizing
agent. The gauge factor for the dip coating sensor is 1.9 + 0.3. This is comparable to
metallic strain gages typically used. The gage factor for EPD-lmancentration is
6.3 £ 0.5, and for the ERBigh concentration is 4.2 + 0.6. The baseline resistance (no
load) forthelowc oncent rati on EPD sensors is ~ 107
for the highconcen r at i on EPD sensors is ~103 q. The
concentrations of carbon nanotubes is because the change in electrical resistance

depends more on the percolation network and the critical conductive path. It has been
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previously reported in the literatuf®4] that decreasing the concentration of

conductive particles will increase the sensitivity. However, it also leads to more noise
in the sensing response and nonlinearity. Additionally, it could lead to remarkably
high resistance values, which could beconfigcdit to measure without specialized
equipment. The areal weight of deposition using EPD is much higher than dip coating,
and the sensitivity of EPD sensors is higher due to the PEI (used for functionalizing
carbon nanotubes) providing a larger GRINT tunneling resistance. In this research,

all the sensors are prepared with high concentration EPD process with parameters

mentioned in Table 1.
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Figure5.10 Response of the carbon nanotube sensor and metallic strain gage to
axial load attached to the aluminum bar (a) resistance change (%) vs.
strain (%) and (b) resistance change (%), strain (%) and load (kN) Vs.
time.

From the three different types of sensors tested in this task, it was decided to
use EPD higkconcentration sensors for all the tasks moving forward. The key reasons

for this decision weréhe higher sensitivity of EPD over dip coating sensors and better



linearity when compared to le@oncentration EPD sensors. Most importantly, since
the EPD lowconcentration sensors have a baseline resistancg médsuring the
resistance using commercially available equipment would be challertdgntgy

highly specialized equipment for each cylinder would make the technology cost

prohibitive.
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Figure5.11 Carbon nanotube sensor response for flexural loading (a) resistance
change (%) vs. strain (%) for compression and tenson, (b) cyclic loading
response, resistance change (%), strain (%) and load (N) vs. time (s) for
compression and (c) cyclic loading im$gon.
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5.3.1 Axial and Flexural Loading Response

Axial and flexuralloading tests are performed with bonding carbon nanotube
sensor with Aluminum substrate. Loading is applied to similar strain levels and within
the elastic limit of the aluminum materi&igure 510 shows the resistance change vs.
strain for the axially loaded specimen in tensibime resistance response has slight
nortlinearity but is repeatable. The gage factor for the sensor bonded to aluminum is
less than the gge factor when the sensor is tested without bonding to a substrate
(Figure 2). This may be due to the different Poisson ratios of the epoxy composite
relative to that of the aluminum and the constraints on the sensor due to being bonded
to the aluminumFigure 5.10 b shows thead, strain, and resistance change response
as a function of timéor specimensested with progressively increasing cyclic loads
but limited to the elastic loading range to a strain of less than GHé&strain
response fronthe straingaugeand the resistance response from the carbon
nanocomposite seor show a good correlation with the applied load. Since the applied
strain is within the elastic limit, there is no permanent change in resistance at the end
of each cycle.

Figure 5.11a shows the resistance change and strain response during tensile
and compressive flexural tests. During tensile tests, an increase in resistance is
observed. This occurs duean increasetlnneling gap between adjacent carbon
nanotube pairs. Increasing tensile strain could also reduce contact points between
carbon nanotubes, leading to an increase in resistance. In flexural compression tests,
an opposite phenomenon occuaglecrease in tuneling gaps and an increase in
contact points leading to an overall decrease in electrical resistance. The change in
resistance is proportional to the appl&dainfor both cases tension and

compression. The sensing response is quite similar, ipaisdp in natureThe
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linearity and gage factors in each case are comparable. It is noted that these gage
factors are like the axial tests performed on aluminum bars.

Like axial tests, the strain and resistance change correlates well with the
increasing cyclic load in tension and compressasnshown in Figure 5.11b and c.
indicating that carbon nanotubased piezoresistive sensors gagasurestrain on a
pressure vesserhis validates the capability of these sensors to detect different types
of loading conditions and resulting strains. This shows that sensitivity is independent

of the type of load applied.

5.3.2 Sensor Response to Impact and Crask

Carbon nanotube sensor is responsive to strain in compression and tension. In
the event of impact, there is no significant change in the overall strain of the sensor.
The damage is local, usually not captured in visual inspection. The carbon fiber
composié specimen witla carbon nanotube sensor is impacted with progressively
increasing energy. Resistance across the electrode-pa#2, 3-3, and 44 is
measured and represented as R1, R2, R3, and R4 for impact and crack testing
specimens.

The impactest is performed bgelectingdifferent weights from different
heights to make the impact with progressively increasing energy. The impact is
performed with all fowsside clamped at the center of the specimen, as shown in Figure
5.12a, location 1 (between electrode pair 4nd 33). Resistance is recordadross
the electrode pairafter each impacChange in electrical resistance is plotted with

each impact energy, as shown in Figure 5.12b.
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Figure5.12 (a) Specimen for the impact loading response with impact location, 1
central and 2offset , (b) resistance change (%) for the central impact, at
location 1, with increasing energy for a pair of electrode and (c)

resistance change (%) for the offset ircipat location 2, with increasing
energy of impact.

The impact occurs at the center of the specimen, and hence the maximum
resistance change is expected across R3 and R1. After the impact of 20J energy, the
damage was not visible, but a 7% change in resistance was observed for R3 and ~5%
in R1, R2, and R4After the impact of 60J, damage on the specimen is visible, and a

high resistance change of ~ 45% is measured for electrode pair R3. The resistance
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increase across all other electrode pairs is significantly lower than R3. That is likely
because the path is shorter between the electrode-Baaril the damage is more
compared to all other electrode pair due to the impact. It shows the potentigdo de
damage and identify the location of the impact damage. The impact at the center also
influenced the resistance across other electrode pairs and a change in resistance close

to 10 % was noticed.

o
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Resistance Change (%)

Cut 1 Cut 2

Figure5.13 Change in resistance across the different electrode pairs due to crack with
cut 1- surface crack anaut-2 deeper cut but not through thickness of the
sensor.

Another test is performed by impacting at the offset location to study the
influence of the impact in nearby location in the location. Impact is performed at an
offset location, as shown in Figure 5.12, location2, between electrode paind 44.

In this test, maximum resistance changes are expected across R4 and R1. After the
impact of 2QJ energy, there was no visible damage. Up to 30 J energy, there is no
significant change in the electrical resistance except for R4. At a higher energy impact

of 50J,close to a 30 % resistance increase is observed in R4, and a ~ 10 % resistance
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increase is observed in R1. There is negligible change in R3, and no change in R2 was
observed at the higher energy.

In addition to impactlamagecraclks can also be detected with a carbon
nanotube sensoFigure 5.13%hows a specimen with a carbmemnocompositeensor
on a compositéaminate, like the lowelocity impact experiment#\ surface cuwvas
created with a sharp bladwmit 1:surface cutvasnot easily visiblgo the naked eye
and cut2: a deeper cuvasalso made at the sartexzationwith multiple passe®f the
blade,butit was not a cut through the thickness of the sensing.|@yerresistance
R1, R2, R3and R4wererecorded across electrogairsand the percentage change in
resistancevasplotted forcuts1 and 2 Figure 5.13Since the crack was made near
electrode pair 22 and directly in the path of electrode pair 1, a higher change in
resistance was observed for R1 and R2 electrodes as compared to R3 and R4. For the
deeper cur, slight influence is observed at far dist&®and R4.

Carbon nanocomposite sensing skin is capable of detecting damage due to
i mpact. The influence on the sensords resi

multiple electrode systems, the location of the crack/impact can be detected.

5.3.3 Influence of Fiber Orientation on Sensing Response

Various fiber orientations are used in the different parts in a composite
overwrappegressure vessel or package due to the expected loading on the structure.
Unlike metallic strain gages, carbon nanotube sensors are sensitive to strains in all
directions. As a result, it is critical to evaluate the sensing response for composites
with varyingstrain in longitudinal (loading) and transverse directions. The carbon
nanocomposite sensing skin is attached to thnedirectional carbon fiber composite

typeswith fiber orientation of § 45°, and 90 from the tensile loading direction.
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Based on the strain measured by metallic strain gauge in longitudinal (loading) and

transverse direction. a teistrain ratiois considered, as given in the equatioh
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Figure5.14 (a) Electrical resistance change in the carbon nanocomposite sensor with
applied strain for § 45’ and 90 fiber orientation with loading direction,

and resistance change (%), longitudinal strain (%), transverse strain (%)

load (N) vs. time (s) for cyclic loading for (bj &nd (c) 90 fiber

orientation.
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Figure 5.14a, shows the resistance change with the strain in the loading
direction for O , 90 , and 45 carbon fi be
strain ratio measured for e@ch5,speECi memed.is
2.05-083 and 45 S p €O@1. Time carbon handtube sansat on the
composite with 90 fiber orientatifon shows
shows the smallest gauge factor of 1.65. The gage factor is proportional to the strain
ratio i.e., highethe strain ratios, result in a higher gauge factor.

Tensile strain in the loading direction causes the carbon nanotube sensor to
elongate, which increases the sensor's electrical resistance. The transverse contraction
of the sensor makes the sensor contract in the transverse direction, which causes a
decreae in the sensor's electrical resistance, and the total measured change electrical
in resistance is an effect of longitudinal and transverse changes. The contraction in the
transverse direction is minuscule in the 90° specimen due to a large straifl.@8)o (
and higher in the 0° specimen due to the lowest strain rath3§. Since the
longitudinal strain levels are almost equal in each case, the difference in sensing
response is due to the resistance change in the transverse direction. Therb#ore, if t
strain ratio of the composite is known, a calibration curve can be used to correlate the
change in resistance to strain levels. Strain ratio is a property of fiber orientation and
can be calculated mathematically.

Since O and 90 speci mens showed the |
respectively, they were also subjected to cyclic loading. Electrical resistance and
longitudinal and transverse strain were recorded and plotted with load, as shown in

Figures 5.14 b ahc. The bidirectional strain response from the strain gauge and



resistance response from the carbon nanotube sedsmatea good correlation with
the applied load irrespective thfe composite's fiber orientation or strain ratio

As discussed previously, the transverse strain (the dashed blue line) magnitude
was higher for the O specimen than the 9C¢C
transverse contraction by fibers. Unidirectional composite displayed the highest
stiffnessin the fiber direction. Based on the stiffness of the composite specimen in the
loading direction, incremental cyclic loads were applied with a maximum strain of
0.3%. As a result of the fiber directions, the loads required to reach similar strain
levelsbr the O speci men were an order of mag
stiffness. The change in resistance is like the monotonic tests reported earlier in Figure
5.14a.
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Figure5.15 Response of the carbon hanocomposite sensor applied to steel pressure
vessel in axial and hoop direction.

Carbon nanocomposite sensors, unlike traditional metallic strain gages, are not

directional. They are sensitive to strain in all directions. While this can be a potential
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advantage, it also makes the calibration more challenging. The research tasks

completed here provide a fundamental understanding of the sensing response.

5.3.4 Metallic and Composite Pressure Vessel Testing:

This study aims to show proof of the concept of using carbon hanocomposite
sensor for monitoring cylindrical pressure vessels. As discussed in the experimental
section, two carbon nanocomposite sensorsjiRiloop direction and R2 in axial
direction, ardbonded to the pressure vessel. Two commercial metallic strain gauges
Sland S2 are attached in hoop and axial direction. Steel pressure vessel tested up to
300 psi. The load is applied using a manual lever, and multiple strokes are required to
reachthe equired | oad] ikeadiregpbosa @dstreéempmg t he
Sensor response also has steps like response accordingly as shown in Figure 5.15.
On the pressure application of 2.07 MPa (300 psi), strain measures in metallic strain
gauges are 0.102 and 0.036 in the hoop and axial direction, respectively. And the
resistance response in both sensors is similar because carbon nanocomposite sensors
arenot directional like metallic strain gauges. Due to the internal pressure, the carbon
nanotube sensor elongates in both hoop and axial directions, and resistance increases
in both sensors. The gauge factor in the direction of the hoop direction is ~®times
axial direction.

Composite overwrapped pressure vessel has carbon nanocomposite sensors at
three different locations, Rihe center of the shell (hoop direction),-R2thejoint of
head and shell near the inlet valve (axial direction), andaRiBie joint of head and
shell near the close end (hoop direction). As shown in Figure 5.16a metallic strain
gauges are used to measure the strain on the cylinder at different lpcasigiven

below:
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S1 Hoopi strain at the center of the shell in the hoop direction
S1 Axiali strain at the center of the shell in the axial direction
S2 Jointi strain at the joint of the head/shell along the length of CNT sensor R2
S3, Head, Hoop strain near the CNT sensor R3 in hoop direction, on head side
S3, Shell, Hoop strain near the CNT sensor R3 in hoop direction, on shell side

On the application of 48.26 MPa (7000 psi) pressure, the resistance change in
R1is ~1.6% and for R2 and R3 is ~ 2%. Resistance change depends on strain in
longitudinal (loading) and transverse direction. For the sensor R1, the sensor
experiences the 0.2% strain in hoop direction and 0.098 % in axial direction which
make resistance change of the sensor by 1.6 % The gauge factor for R1 is 4.8 for the
strain in hoop direction, Figure 5.16b.

Sensor R2 is attached to the junction of the head/shell section for the pressure
vessel. The sensor has a Haligth on the shell section and kighgth on the head
section. The longitudinal strain was measured at the joint, which is approximately
0.124% along the direction of the length of the CNT sensor. This gives the gauge
factor of ~ 15. Sensor R3, is half on the shell section and half on the head on the rear
of the cylinder and the length of the sensor is along the hoop direction. Both the sides
of CNT sensor strain are recorded in hoop direction along with the resistance. When
we plot the resistance change (%) with strain S3, Head, Hoop (%), the gauge factor is
approximately 15.0, Figure 5.16d. When the resistance change is plotted against the
stan on the shell section, the gauge factor is 5.0, Figure 2.16e. We observe two gauge
factors for the same sensor based on the different strain values across the joint's

head/shell region.
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Figure5.16 (a) Carbon nanocomposite sensor and metallic strain gauge location and
orientation on composite overwrapped pressure vessel, b) resistance
change (%) vs. strain (%) in hodpection at the middle of pressure
vessel for sensor R1, (c) resistance change (%) vs. joint strain (%) in
axial direction, at the joint towards the nozzle of cylinder for sensor R2
and (d) resistance change (%) vs. strain (%) in hoop direction atate he
side of the cylinder for sensor R3 and (e) resistance change (%) vs. strain
(%) in hoop direction at the shell side of the cylinder for sensor R3.
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The gauge factor depends on the change in the electrical resistance values
during load application and strain values in the loading direction. When the sensor is
attached to a joint, where two different composite layups/thicknesses are present
across the cundary, obtaining a single gauge factor is difficult because strain in
loading direction differs for different cross sections/layups, it is interesting to note that

these carbon nanotube sensors respond nicely to any change in strain.

5.4 Conclusions

Nonwoven aramiebased carbon nanotube sensor is capable of sensing strain
due to different loading types for various substrééensorsnanufactured with direct
hybridization of carbon nanotubes using electrophoretic deposition shows higher in
situ sensing response than dip coated. Low deposition of carbon nanotubes gives a
higher gauge factor, but very high base resistanc€%30 gi ves chall enges
electrical resistance measurement in the field.

Carbon nanocomposite sensor shows a similar gauge factor in tension and
compression when attached to a metallic substrate. The sensing response is governed
by strain in the loading and transverse directions. When attached to the composite, the
sensor resptse varies with fiber orientation for the same tensile strain because of the
strain variation in the transverse direction for the same longitudinal strain.

Impact and crack testing results show that resistance change in the sensor is
localized where damage occurs. The influence of the damage diminishes as we move
away from the damage. This property can help us to detect the location of the
damage/defect in éhpressure vessel/component using mdtle measurement or

electrical impedance tomograpfip].
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Testing on the pressure vessel, it shows higher gauge factor for the shell region
because the sensor has positive strain in longitudinal and transverse direction on
pressure application. Pressure vessels observe a variety of loading during operation/
handing, such as ovepressurization, impact, drop/fall, scratch etc. An array of
carbon nanotube sensors with multide resistance measurements can be used to
detect any defect/damage due to impact/fall/inappropriate operations. Further study is
requiredtoo pt i mi ze the sensorod6s aspect ratio

processing parameters for a high gauge factor.
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Chapter 6

TOWARDS REAL -TIME STRUCTURAL HEALTH MONITORING OF
THE PIPELINE USING FABRIC BASED CARBON NANOCOMPOSITE
STRAIN SENSOR

Carbon nanocompos#mated nonwoven aramid fabric is piezoresistive and
highly sensitive to strain. As discussed in Chapter 5, carbon narotabed fabrics
can monitor the health of the pressure vessel in operation. This sensor has the potential
to be wsed in structural health monitoring for a variety of structures. In this research,
we discuss the possibility of these carbon nanotube sensors to monitor pipelines in

remote locations.

6.1 Introduction and Motivation

Structural health monitoring (SHM) techniques have been increasingly studied
in academicsnd applied in industries to improve the safety and reliability of
structural components, such as aircraft, bridges, pipelines, and critical buildings.
Thanks tahe structural monitoring field developmenggructures are now getting
safer with informed decisions made by owners/technicians to avoid accidents/failures
of structures. Most structural health monitoring systems employ accelerometers,
metallic strain gaugesnd displacement sensors. This sensor has limited area
coverage and may not capture the localized damage in critical regions. A possible
solution is a distributed sensor covering a more extensive area.

Pipelines are the safest and most-&ffdctive way to transport natural gas and

hazardous liquid products. In 2011, DOT (US Department of Transport) and PHMSA
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(Pipeline and Hazardous Material Safety Administration) issued a call of action for
repairing/ replacement of higisk pipelines following major natural gas pipeline
accidents. As per the data from PHMSA, close to 50% of serious pipeline incidents are
as®ciated with incorrect operations. Rémhe pipeline monitoring can help reduce

the possibility of incidents/failures.

Pipelines are primarily loaded with the internal pressure of the fluid flowing.
Improper system operation can lead to overloading of the pipeline in critical regions.
As discussed in the review article by Adegbeyal, 40 % of pipeline failures are
due to external factors and human negligdtiteResearchers propose multiple
methods to detect pipeline failure, such as acoustic emission, fiber optic sensors,
ground penetration radar, negative pressure wave, pressure point analysis, dynamic
modeling, etc. Wong et al. [2] devised a distributed opfibal sensor to evaluate its
status using these transient hydraulic pressures along the pigélis¢echnique was
created in the lab to monitor a pipeline with a tiny diameter during transient pressure
occurrences. This technology does not permittieg monitoring, and the study was
not expanded to includargediameterpipes or environments outside of laboratories.
Inaudi and Glisic discussed a strsEnsing tape consisting of optical fiber in
compositg3]. The method discussed could measure axial strain but not capture all
kinds of deformations. Stoian@t al.[4] created the wireless PipeNet system to
identify and locate leaks and breakdowns in water transmission pipiessystem
records data on hydraulic pressure, water quality (such as pH), and sound and
vibration over an extendgzkriod(close to reatime). An algorithm was created to

crosscorrelate and evaluate data at the gateway/serverttefietl leaks and forecast



the detection of online bursts. While this technology can locate leaks and high
pressures in the pipe,aannotdetermine their effects.

Realtime monitoring of critical locations is essential to prevent pipeline
damage, which may lead to catastrophic failure. In this chapter, we discuss the
application of the carbon nanotube sensor to measure deformation in the pipeline due
to axial comprssion, bending, or torsion. Fabbased carbon nanotube strip sensors
of different sizes and orientations are attached to the PVC piece and tested for their
loads. We also introduce a carbon nanotobated fabric patch sensor that covers the
circumferene of the pipe. A single patch sensor can measure the strain in the pipe due
to axial compression, bending, and torsion. Multiple tests are performed and discussed
to determine the sensor behavior to pipe loads. A data acquisition system, which can
be usedn remote locations to record the data from sensors iftimea] is alsdeing

discussed

6.2 Sensor Preparation and Testing

In this research, a nemoven aramid fabric is coated with carbon nanotubes
using Dip Coating using commercial Aquacyl, as explained in Chapter 2. Polyvinyl
chloride (PVC) watepipeswith an internal diameter of 80 mm and an average wall
thickness of 2.5 mmvereselected. Two different types of sensors are tested in this

research.

6.2.1 STRIP Sensor Testing
Carbon nanotubeoated fabric is cut into 12.5 mm (0.5 in) wide in size to
make a strip sensor. For testing in different configurations, different sizes in length are

selected. Three tests are performed at the pipe, axial compressigmpifaurending,

12¢



and torsion. For the foypoint bending test, 62.5 mm and 255 mm long sensors are
used on the top and bottom sides of the pipe, respectively. 172 mm and 178 mm long
strip sensors are used for axial compression and torsion, respectively.

The sensing patch was impregnated with Hysol EA9309 epoxy adhesive,
which acts as the polymer matrix and the adhesive to bond to the pipe surface. The
sensor is installed using vacuum baggifge resirabsorbed sensing strip winen
firmly attached tdhe pipe and covered with the peel glayer of breather cloth is
wrapped on the top of the peel ptyapply a uniform vacuum anmémovethe excess
epoxy. A vacuum bag encapsulated the part and conneetgld a vacuum pump.

The part$ cured ab(C for 6 hours with the full vasum pressure constantly applied
In all strip sensors, at the end of the coated fabric, electrodes were created with
conductive silver paintflash Dry, SP1 Suppli¢sand electrical wires were connected
using twepart conductive silver epoxPOXIES® 40-3900, Epoxies, Et}.

An axial compression test was performed using Instron. The pipe is kept
vertical and loaded in compression, as shown in Figure 6.1a. A commercial bi
directional metallic strain gauge is also attached to the pipe to measure the strain in the
pipe while teshg.

Two carbon nanotube sensors strip are attached to the top and bottom sides of
the PVC pipe using the vacuum bagging method for agourt bending test.

Sensors 62.5 mm and 254 mm are attached to the top and bottom sides, respectively.
The fourpoint berling test setup was arranged as shown in Figure 6.1b with a 152.5
mm central loading span and a 457.2 mm clear span. The sample was tested for
multiple cycles, and resistance across the carbon nanotube sensor strips was recorded.

PVC pipe is deformed elasally with compression in the tapde sensoand tension



in the bottonsidecarbon nanotube strip. Re@he resistive responses correlate with

elastic deformation of the pipe.

Loading
Loading
(a) (b)
350 N Preloading
+ twist

[\

\/

- twist (c)

Figure6.1 Testing setup and schematic with sensing strip (a) axial compression,
with a single strip along the length direction, (b) fpoint bending with
two sensing strips on the top and bottom side, and (c) torsion testing
setup with spiral strip sensor.
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For the torsion testing, a sensor of length 178 mm is attached in the spiral
direction, as shown in Figure 6.1c. The sensor is attached such that load in torsional
give axial loading to the strip sensor. A £4%rain rosette measures the strain in the
torsional loading. Two Tonnectors are connected to the PVC pipe to constrain the
pipe and apply torsion. One end of the pipe is constrained in Instron with a load of
350N in compression; on the other hand, tipe |55 rotated manually to apply positive
andnegative twists, as shown in Figure 6.1c. Strain irf td&ette and resistance of

the strip sensor is recorded with the twisting performed manually.

6.2.2 PATCH Sensor Testing

Three strip sensors are required to measure the pipe's axial deformation,
bending, and torsion. The single patch sensor is used to measure pipe deformations in
this testing. A single patch sensor with multiple electrodes can replace multiple strip
sensorsvith different sensing patterns.

Carbon nanotubeoated fabric with dip coating is cut into 153 mm x 255 mm
(6 in x 10 in). Silver electrodes are created, nine electrodes on each longer edge and
one electrode on the shorter edge, as shown in Figure 6.2a. The carbon rRanotube
coated patchsiimpregnated with room temperature curing/ epoxy mix acting as a
polymer matrix in the composite sensor and the adhesive for bonding the sensing
patch with the pipe surfac€his patch sensor is attached to the pipe using vacuum
bagging. The reskabsorbd sensing patch is firmly wrapped around the pipe and
covered with the peel ply. A breather cloth is wrapped on the peel ply to remove
excessive resin. A plastic bag is used to encapsulate the part and connected with a
vacuum pump. The part is cured atmotemperature for 24 hours with the vacuum

pressure constantly applied, as shown in Figure 6.2b. After the patch is attached to the
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pipe, lead wires are anchored to the electrodes usingana@onductive silver epoxy,
as shown in Figure 6.2c. The electrodes are numbered freB2&las shown in
Figure 6.2d. The sensing patch is attached, so there 42 mbdn gap between
electroded9 and 20.

In the patch sensor, different sensing patterns give different directional
measurement for strain. As shown in Figure 6.3a, a pair of electrodes along the axial
direction gives the axial direction sensing pattern. Electrode pairs, suchEAOE1
E9-E18, dc., are used to measure the sensor response in the axial direction. To
calculate the pipe's bending response, the axial direction sensor on the top and bottom
sides, such as EB12 and E7E16, are paired to measure the bending effect. To
calculate the ionse in the torsion, the spiral pattern is used. Electrical resistance
across the electrode pair such thatEE®8 and E&E10 can be used. Electrode pair
E1-E9, E19E20, and E14E18 can be used to get the response in the hoop direction in
the pipe.

Axial compression, bending, and torsion tests are performed similarly to the
strip test. Figure 6.3b shows that axial compression is applied in multiple cycles. A bi
direction strain gauge is also attached to the pipe to measure the strain in the axial and
hoop direction. Electrical resistance across the electrode is recorded in sync with the
strain values in axial and hoop directions.

The bending test setup includes preloading the pipe at one end using the
universal testing machine. In the bending testlitéctional strain gauges are attached
to the pipe on the top and bottom sides at locations 1 and 2, as shown in Figure 6.3c.
The free end of the pipe is used to bend the pipe manually. The resistance of the top

and bottom side electrode pair is recorded with the strain gauge values.
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Covering Wet Patch
with Peel Ply &
Breather Fabric

=

Electrodes

Z

153 mm x 255 mm

E1l

E10
E18

E17

E7 (d) E16

Figure6.2 (a) Carbon nanotubeoated fabric patch with an array of silver

electrodes, (b) vacuum bagging to attach the sensor on the pipe, (c) lead
wires connected to the electrodes, ance{dftrodes numbering pattern

for the measurement
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To perform the torsion test, acbnnector is attached to the other end of the
pipe, and one end is preloaded using a universal testing machine like the bending test.
A +45° strain rosette is attached to the pipe to measure the strain®degige while
applying torsion to the pipe. The twist is applied on the free hand of the pipe

manually.

Axial/Bending Torsional/ Shear
Sensing Pattern Sensing Pattern

Boundary
Electrode
Carbon Nanotube PVC
Sensing Skin Pipe
(a)
Loading 750 N Preloading
Strain

gage
location

750 N Preloading
(c)

+ twist

=
\)’——‘

(b) - twist (d)

Figure6.3 (a) Different sensing pattern for differeglectrode pairs and schematic of
test setup for (b) axial compression, (c) bending, (d) torsion.
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6.2.3 Portable Data Acquisition System for RealTime Monitoring

Establishing a portable data acquisition (DAQ) system that can be integrated
with the deployed carbon nanotube sensorscatidctingthe resistance data in real
time is indispensablé DAQ prototype was assembléat this purposeThis DAQ
system hasevenmajor componentsArduino® MEGA 2560 control board-¢hannel
16-bit analogto-digital convertor, reatime clock breakout board, microSD card
breakout board3IM7000 cellular shielddX711 boardand a customized voltage
divider circuit. The control bard is powered bg 12v, 35amphour sealedleadacid
battery(Thunderbolt Magnum SolarJhis battery pack is charged using a- W0
solar panel (Renogy KFBTARTER100D Starter Kit) for testing

MAX31855

S : Thermocouple
MicroSD card Lty FoS T - Breakout Board
breakout
board Real-Time Voltage divider
Clock ¢ 5 N circuit with 4
.. breakout ™= o /0 L channel 16-bit
i - ADC

Botletics® SIM7000
cellular shield

e U, S VR 1

Figure6.4 Portable data acquisition systesith eight channels for resistance
measurement and twahannel for strain measuremef8AMPE 2022
DOI#:10.33599/nasampe/s.22.0308
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This DAQ system is designed to output rale data online stored in the
cloud via the cellular network while archiving tata sebn anSD memory card.
Figure6.4shows a photograph of the integrated DAQ system in which all electronic
components are fully loaded into a weatherproof ABS enclod6rd.Qx5 in). This
system can record resistance for eight nanotube sensors, two traditionajaiges,

and temperature and humidity.

6.3 Results and Discussion

The aramid fabric is coated with carbon nanotubes composite using dip
coating. Scanning electron microscope at low magnificatiox, 8p coating is
visible on the fabric's fibers and w4ike structure within the fiber mesh, as shown in
Figure 6.5a. Ahigher magnification, 50k, the coating of the nanotubes is visible on
the fiber surface, as shown in Figure 6.5b. This nanocomposite coating is electrically
conductive and piezoresistive. With strain application, the electrical resistance of the

fabric changes.

Figure6.5 Scanning electron microscope image of carbon nanotube coated non
woven aramid fabric (a) 591 carbon nanotube coating on fibers and
space between fibers, and (b) 58K carbon nanotubes in the carbon
nanotube coating.
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