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ABSTRACT

In contemporary engineering practice, membrane structures are extensively utilized across
various applications, including inflatable space habitats, aerostats, and tunnel sealing, primarily
due to their lightweight characteristics and ease of deployment. However, significant
challenges persist in managing stress accumulation and conducting structural health
monitoring, as these structures are subject to substantial deformations.

The primary objective of this research is to develop finite element models of diverse membrane
structures incorporating cable stiffeners to mitigate stress buildup. Additionally, this study aims
to develop and characterize strain-sensing materials tailored for these structures and to perform
finite element simulations of the proposed strain-sensing materials.

In the finite element modeling of membrane structures reinforced with cable stiffeners, the
updated Lagrangian method was employed. For inflatable membrane structures, it was
observed that the incorporation of cable stiffeners effectively regulates the inflation process
and consequently mitigates the accumulation of stress.

A novel coating method, referred to as the bar coating technique, was employed to fabricate
textile-based strain sensing materials composed of polyester knitted fabric, carbon nanotubes,
and polydimethylsiloxane. In this composite, the polyester fabric served as the base material,
carbon nanotubes functioned as conductive fillers, and polydimethylsiloxane acted as the
matrix material.

Various piezoresistive characterization methods were applied to evaluate the performance of
the developed strain sensing materials. The characterization results revealed that the selected
textile material inadvertently increased the stiffness of the strain sensing composite, which is
undesirable for strain sensing applications. Additionally, the electrical response of the material
was observed to be non-instantaneous. Initially, the time-dependent electrical response of these
strain-sensing materials was attributed to the presence of time-dependent electrical
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components, such as capacitors and inductors, inherent within their nanostructures. However,
subsequent investigations involving both numerical simulations and experimental analyses
revealed that the viscoelastic properties of the material play a more significant role in governing
the time-dependent electrical behavior.

Building upon our findings, finite element simulations were conducted on strain-sensing
materials wherein the base material (knitted fabric) was omitted. The simulations incorporated
the viscoelastic behavior in both electrical and structural domains under conditions of large
deformation, utilizing a total Lagrangian formulation. The analysis revealed that these strain-
sensing materials were capable of detecting instantaneous responses at very low strain rates,

specifically below 1 % strain per minute.

Vi



IR

IAq RRIE®! Tae & B oy &I UG U 4 fafid SrIuant § SudiT fasar o
TET 8, O ZRICad WY gfaccy, TIRReCH, auT I Hifelt gunferdr, foed g1 SR
D] Goobl i1 YT ST A R fbar ST 81 gTaifes, 31 WRarell # aia & Iag bl
AT ST a1 WRETHS W R @v1 st off U Agaaqul g a1 g3 ], i
T TR 98 TR & foeuur & 31t gt g1

U TNY BT T I [T THR B Al Waad & T Brs-1ge ufedic Alew famiid
BT g, o Paet e o1 GiRferd HXob dH1a Hd 1 HH [ha1 ol Tob | 3 Sifaler,
S T BT I 3 I131 o fot Sugad ITA-TRT It &1 fas e Ud Sent fazaur
BT IUT UTad T A-GRIT AEft & o) wrgAge uferic e &1 Wi 81

$HId B ¥ geg DI T3 B Ly & Ble-Iee Udc Hiedd & [db § 3Uscs
U HYUS HT IGANT {1 T SRICTd i e aad o &= § I8 U T fob haa
e 1 IUGNT AT Ufsha1 Bl YHTd T Y FHEHd D1 § 3R IRUMERST dH1a

T Bl HH PRl 5

I SR T JRIT Il & A7 & forg e =18 Sife fafdy, i IR ®ifé eie @l
ST 8, BT I9AN fohan Tl 39 999 Uard § ieiier s Hiad, e AHieysd, aul
USSRy BT IUANT fhar Tl 39 FHT H Uit bigsd 98 Il R

IR & U § B Il g, Dla ~A-icgsq dhefacd fhad & U § & Hxd § adl

UictesaaRdie I Afce & U 8 & axal gl




faepd ¢ AR Wt & Ua=i &1 Jedichd B & foT fafie urseiRRiRed fagawo
faferar o1 Juar foar e | faeeiyor & aRRumH! & g uran 7 o =i a¥e It 3 Se
H ¥ GRIT BIATTE B HARAT dg1 &, Sl W FRITT U4 & ol Iuged 181 §1 39
3ifaRa, it 1 faggd ufdfsar drepTiere 781 urs 781 URH H 37 -9RT AeRa ot
J9g-fniR fagga ufaferar & It A Reaad ¥ Iufyd gaa-FRk fagga sagdl, S
HURTCY 3R TSy, B JulRUfd T el T 47| gTaliidh, §1 & fohT T HRATHS SIHRU0
3R UrifiTes fazayun & ag Wy gef foh 39 ga-faR faggd sragR &l Fifid oxa & armsht
& fapIgaRed o1 31t Ag@yul Yffret fuTd |

3 el & 3MyR TR, RA-4RT Tl W 3 wigArge Ul Rgawy by 1y, R
YR At (e Widid) HI ger a1l 37 sraxul § 9o fauur o fufd & faggad aur
IS G & | favepigenRess sgagR o Afeferd foar mar dur e forw Sed

U BIHaRE &1 SuanT faear a1 fozeyor § g8 I1d gan fr 3 wA-aRiT aehaw

3{d Y ¥ e, oy = 9 ufd fie ¢ ufa=ra 9 &, W it drebiiersds Ufdfshar &1 ug<-

T 9em gl



Contents

Sr. No. Descriptions Page No.
Certificate i
Acknowledgements iii
Abstract v
1. CHAPTER 1: Introduction 1
I.1. Motivation 3
1.2. Background 4
1.3. Objectives 7
2. CHAPTER 2: Review of Literature 9
2.1. Introduction 11
2.2. Overview of strain sensors 11
2.3. Classification and mechanisms of different types of strain 13
sensors
2.3.1. Fibre optic strain sensors 13
2.3.2. Magnetostrictive strain sensor 15
2.3.3. Capacitive strain sensor 15
2.34. Piezoelectric strain sensing materials 17
2.3.5. Triboelectric strain sensors 20
2.3.6. Piezoresistive strain sensors 22
2.3.6.1. Conventional piezoresistive strain sensors 22
2.3.6.2.  Wrinkled and horseshoe patterns 23

vii



2.3.6.3.

2.3.6.4.

2.4.

24.1.

24.1.1.

24.1.2.

24.13.

24.2.

243.

24.3.1.

2432

2.4.3.3.

2.5.

2.5.1.

2.5.1.1.

2.5.1.2.

2.5.1.3.

2.5.1.4.

25.2.

25.2.1.

2.5.2.2.

2.5.2.3.

2.6.

2.6.1.

2.6.2.

Liquid-metal-based strain sensors

Electrically conductive polymer composites (ECPC)

Conductive fillers

Metallic fillers

Silver nanowires (AgNWs)

Silver nanoparticles and flakes

Copper fillers

Intrinsically conductive polymers
Carbon based fillers

Carbon nanofibers

Graphenes

Carbon nanotubes

Textile based strain sensing materials
Conductive Fibers and Yarns

Coated fibers and yarns

Non-elastic conductive fibres and yarns
Composite fibers and yarns
Structurally engineered fibres and yarns
Conductive fabrics

Woven conductive fabrics

Knitted conductive fabrics

Non-woven conductive fabrics

Characterization techniques for stretchable strain sensors

Mechanical characterization

Electrical and electromechanical Characterization

viii

23

24

32

32

32

33

33

33

37

38

40

44

47

48

48

49

49

49

50

50

50

51

51

52

52



2.7.

2.8.

2.9.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

4.1.

4.2.

2.6.3.

2.64.

2.6.5.

2.7.1.

2.7.2.

2.7.3.

2.74.

4.2.1.

4.2.2.

Dynamic testing: response time, hysteresis, and stability
Microstructural and chemical characterization
Environmental and application-specific testing
Applications of stretchable strain sensors

Wearable health monitoring

Sports, rehabilitation, and human performance

Structural health monitoring

Electronic skin, soft robotics, and human—machine
Interfaces

Finite element modelling of membrane structures

Research gaps

CHAPTER 3: Finite Element Analysis of Membrane
Structures

Introduction

Two-node cable element

Four-node membrane element

Cable-stiffened membrane problems

Results and discussions

Remarks

CHAPTER 4: Development and Characterization of
Strain Sensing Materials

Introduction

Experimental

Materials

Preparation of textile-based strain sensor

53

53

53

54

54

54

55

55

55

57

59

61

61

67

74

74

81

83

84

38

88

38



4.2.3.

4.3.

4.3.1.

43.2.

4.3.3.

4.3.4.

4.3.5.

4.3.6.

43.7.

4.3.8.

4.4,

5.1.

5.2.

5.2.1.

5.2.2.

5.2.3.

5.3.

5.3.1.

5.3.2.

5.3.3.

5.34.

Characterizations

Results and discussion

Areal density of coated fabric

3D topology

TGA analysis

V-I analysis

Mechanical characterization

Electrical and piezoresistive characterizations
Temperature dependency

Comparative studies of textile-based strain sensing materials
Conclusions

CHAPTER 5: A Study on Time-Dependent
Electromechanical Response of Electroconductive
Textile

Introduction

Experimental

Materials

Method of preparation

Method of characterization

Results and Discussion

Micromorphology and mechanical properties

LCR study

Curve fitting

Time domain analysis of formed electrical circuit in

electroconductive textile

90

93

93

95

102

103

104

106

114

118

122

123

125

127

127

127

128

128

128

129

133

137



5.4.

6.1.

6.2.

6.3.

6.4.

53.4.1.

53.4.2.

5.3.43.

5.3.5.

5.3.6.

6.2.1.

6.2.2.

6.2.3.

6.3.1.

6.3.2.

6.3.3.

6.3.4.

6.4.1.

6.4.1.1.

6.4.1.2.

6.4.1.3.

6.4.2.

Cyclic straining

Step straining with DC voltage source

Step straining with AC voltage source
Time-dependent study of electroconductive textile
The proposed mechanism of electron transportation during
straining in nanocomposite

Conclusions

CHAPTER 6: Experimental and Finite FElement
Analysis of Strain Sensing Material

Introduction

Experimental

Materials

Preparation of strain-sensing material

Method of characterization

Finite element formulation

Membrane formulation

Hyper-viscoelasticity

Finite element formulation for electrical conductance
Piezo resistivity

Results and discussions

Identifications of material parameters and experiments
Determination of constitutive parameters
Determination of constitutive parameters
Piezo-resistive constants

Validation with numerical example

Xi

138

139

139

141

143

144

145

147

148

148

149

150

151

152

153

158

159

164

165

165

167

168

169



6.5.

7.1.

7.2.

6.4.3.

6.4.4.

Validation with experiment

Model prediction of piezo-resistive behaviour during

loading condition

Conclusions

CHAPTER 7: Summary and Future Scope of Work

Summary

Future scope of work
Appendices
Appendix A
Appendix B
Appendix C
Appendix D
References

List of publications

Biodata

Xii

171

175

176

177

179

181

183

185

190

192

196

201

227

229



Figure No.
1.1
2.1
2.2
23
24

2.5

2.6
2.7
2.8
2.9
2.10

3.1

3.2

3.3

34

3.5

List of Figures

Caption
Some exciting membrane structures
Different types of strain sensing mechanisms
Schematic of light loss of optical fibre
Magnetostrictive strain sensor
Capacitive strain sensor
Changing electrical signals of piezoelectric material under
statically and dynamically strained condition
working modes of TENG
Conjugated conductive polymer
Electron transfer between chains by hopping mechanism
Chemical structures of conductive polymers
(a) cookie-cut of graphene (b) different types of CNTs
The local and global coordinate systems of a two-node cable
element
Initial and deformed shapes of a cable under concentrated load
Initial and deformed shapes of a pre-stressed cable net under
concentrated load
Four-node membrane element with local and global coordinate
systems
Deformed shape of the double parabolic membrane at an

internal pressure of 1.5 MPa

Xiii

Page No.

12
14
15
16

19

21
34
35
36
45

62

65

66

68

71



3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

4.1

The variation of membrane stresses (N, and N,,,,) under

internal pressure of 1.5 MPa

Pre-stressed hyperbolic paraboloidal membrane

Deformed shapes of cable stiffened double parabolic membrane

(qo = 3.0 MPa)

Variation of central displacement versus internal pressure for
the double parabolic membrane with one directional stiffeners
Deflection profiles along the centre line (y = 5/2) of the
membrane for one-directional cable stiffener (g, = 3.0 MPa)
The original and deformed shapes of Circular flat membrane
and Spherical membrane

The original and deformed shapes of conical membrane

The radius along the length of the conical membrane

The softening of un-stiffened cylinder

The membrane of the un-stiffened cylinder stresses at (qo = 8
MPa)

Deformation profile for a cylindrical membrane under internal
pressure qo

The deformed shape of stiffened half toroidal membrane under
internal pressure go

The radial deformation profile of the stiffened half toroidal
membrane go = 50 MPa

Preparation of textile-based strain sensing material: (a) Process

methodology and (b) Bar coating technique

Xiv

72

73

75

76

76

77

78

78

79

79

80

82

89



4.2

43

4.4(a)

4.4(b)

4.4(¢c)

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

Electrical circuit diagram, sample preparation, and test setup for
mechanical, electrical, and piezoresistive characterization
Setup for determining temperature dependency of fabric

resistance

Measured areal density values of coated fabric

Bare side of fabric after single-side coating with 2 % and 4 %
MWCNT

Thickness of coated fabric with respect to MWCNT content
Surface roughness of coated fabric by AFM

Surface roughness of coated fabric by confocal microscopy
Area roughness values by AFM

RMS roughness (a) and RMS waviness (b) of coated fabric
along wale and course directions by confocal microscopy
TGA thermogram (a) and its derivative (b) for pristine
polyester, pristine cured PDMS, and polyester-coated fabric for
different MWCNT content (from 3 % to 8 %)

V-I characteristic graph for different MWCNT content
Mechanical behavior of coated fabric: Stress-strain curves in
wale (a) and course (b) directions; maximum stress at 20 %
strain for different CNT contents in wale (¢) stress in 20%
strain (d) toughness

(a) — Conductivity of coated fabric with respect to MWCNT

content; (b) — SEM images of coated knitted fabric at 74X and

XV

92

93

94

95

95

98

100

101

101

102

104

105

109



4.13

4.14

4.15

4.16

5.1

500X magnifications; (¢) — Schematic of conductive coated
layer on knitted fabric

Normalized resistance with respect to time for 10 cycles of
cyclic loading for different concentrations of MWCNTs in wale
(a) and course (b) directions

(a) — Gauge factor with respect to MWCNT content in wale and
course directions; (b) — SEM images of coated fabric at
different concentrations at 5000X magnification; (c) — Scheme
of proposed mechanism for unpredictable behavior of gauge
factor at three different cases of MWCNT concentrations; (d) —
Scheme of proposed mechanism for low gauge factor along

course direction.

(a) — Temperature versus time curve; (b) — Resistance versus
time curve; (c) — Resistance versus temperature curve during
four cycles of heating and cooling.

(a) — Change in resistance ratio with respect to temperature at
different MWCNT contents; (b) — TCR with respect to
MWCNT content.

SEM image of coated fabric with 5 % MWCNT at 74 X
magnification (a), SEM image of coated fabric with 5 %
MWCNT at 500 X magnification (b), and Stress-strain behavior

coated fabric with 5 % MWCNT (¢)

XVi

110

114

115

116

129



52

5.3

54

5.5

5.6

5.7

Plot of impedance versus MWCNT content along two principal
directions and for two different strain levels (a); Plots of
normalized impedance versus frequency along two principal
directions and for two different strain levels: wale direction at 0
% strain (b), wale direction at 20 % strain (c), course direction
at 0 % strain (d) and course direction at 20 % strain (e); Plots of
phase angle versus frequency along two principal directions and
for two different strain levels: wale direction at 0 % strain (f),
wale direction at 20 % strain (g), course direction at 0 % strain
(h) and course direction at 20 % strain (i)

Equivalent circuit generated in electroconductive textile (a);
Plots of characteristics of electrical components versus
MWCNT content for two principle directions and at two
different strains: (b) Ry, (¢) R,, (d) Rs3, (e) Rs, (f) Cy, (g) C;
and (h) L,

Dependency of capacitance on strain (a), Dependency of
capacitance on MWCNT content (b)

Material circuit with a reference resistor for FEM analysis (a);
Plots of strain and measured resistance versus time during
cyclic straining (b); Plots of strain and measured resistance
versus time during step straining with DC voltage source (c)
Plots of strain and voltage at node 2 versus time during step
straining with AC voltage source

Plot of normalized resistance versus time at two different

frequencies (a); Proposed mechanism for electron

XVii

132

135

136

138

140

142



6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

transportation in nanocomposite under strained condition (b)-
(e)

Preparation of polymer nanocomposite-based strain-sensing
material by two processes

Sample dimensions for biaxial testing

Generalized maxwell’s model

Current continuity in 3D

Normalized reistance vs time curve

Uniaxial cauchy stress vs streach

Uniaxial engineering stress vs time during relaxation testing
Four noded element for validation

Stress versus strain curves during uniaxial loading
Normalized stress versus time curves during uniaxial relaxation
Stress versus strain curves during uniaxial cyclic loading
Green-Lagrange strain field during biaxial tensile testing
Average Green-Lagrange strains versus time curves during
biaxial tensile testing

One-fourth geometry of the sample for finite element
simulation

The force versus extension curves under biaxial loading of the
sample shown in Figure 6.14 (simulation and experiment)
Comparison of experimental and simulation results for the
resistance versus time curves during ramp strain

Normalized resistance versus time curves during loading at

different

XViii

150

151

154

158

160

167

168

169

170

171

172

172

173

174

174

175

176



Al

A2

A3

Bl

B2

Cl

C2

C3

D1

strain rates

Current continuity of a resistive element

Circuit diagram

Plot of voltages obtained at node 3 from MATLAB Simulink
and FEM

Time dependent study by AC voltage source

(a) Plot of voltage versus time for unprocessed signal at node 1
and node 2; (b) Plot of FFT amplitude versus frequency; (c)
Plot of voltage versus time for processed signal at node 1 and
node 2

(a) Cruciform sample for biaxial testing, (b) Flowchart of the
algorithm

(a) Placing checker-board on test area, (b) Calibration of
distorted checker-board in MATLAB

Process of detecting intersecting points by image processing
Random orientation of CNTs (red bars) in a control volume and
those are connected directly or via tunnelling resistance (blue

lines)

XiX

186

189

189

190

191

192

193

194

197



Table No.

3.1

3.2

3.3

3.4

4.1

5.1

6.1

6.2

6.3

D1

D2

D3

List of Tables

Caption
The vertical and horizontal displacement of the load point (initial
position of the load point is 400 m horizontal and -96 m vertical)
The horizontal and vertical displacements of node "A"
Central displacement (in mm) of the membrane under internal
pressure
The central displacement (mm) of the pre-stressed hyperbolic
paraboloidal membrane under uniform pressure
Comparative studies of textile-based strain sensing material
based upon coating
Parameters for cyclic straining
Values of viscous parameters
Values of resistive viscous parameters
Comparison of MATLAB code with numerical example
Parameters for microscale simulation
Calculated resistance increment proportion for different biaxial
Green-Lagrange strains from microscale modelling
Estimated resistance increment proportion for different biaxial

Green-Lagrange strains

XXi

Page No.

65

66

72

74

118

138
168
169
170
198

198

199





