University of Wisconsin Milwaukee

UWM Digital Commons

Theses and Dissertations

May 2023

Investigation into Strain Sensing with Reduced Graphene Oxide,
and Applications in Low-cost Leak Detection and Health
Monitoring of Water Equipment

Armin Yazdi
University of Wisconsin-Milwaukee

Follow this and additional works at: https://dc.uwm.edu/etd

6‘ Part of the Civil Engineering Commons, and the Mechanical Engineering Commons

Recommended Citation

Yazdi, Armin, "Investigation into Strain Sensing with Reduced Graphene Oxide, and Applications in Low-
cost Leak Detection and Health Monitoring of Water Equipment" (2023). Theses and Dissertations. 3228.
https://dc.uwm.edu/etd/3228

This Dissertation is brought to you for free and open access by UWM Digital Commons. It has been accepted for
inclusion in Theses and Dissertations by an authorized administrator of UWM Digital Commons. For more
information, please contact scholarlycommunicationteam-group@uwm.edu.


https://dc.uwm.edu/
https://dc.uwm.edu/etd
https://dc.uwm.edu/etd?utm_source=dc.uwm.edu%2Fetd%2F3228&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/252?utm_source=dc.uwm.edu%2Fetd%2F3228&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=dc.uwm.edu%2Fetd%2F3228&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dc.uwm.edu/etd/3228?utm_source=dc.uwm.edu%2Fetd%2F3228&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarlycommunicationteam-group@uwm.edu

INVESTIGATION INTO STRAIN SENSING WITH REDUCED

GRAPHENE OXIDE, AND APPLICATIONS IN LOW-COST LEAK

DETECTION AND HEALTH MONITORING OF WATER EQUIPMENT

by

Armin Yazdi

A Dissertation Submitted in
Partial Fulfillment of the

Requirements for the Degree of

Doctor of Philosophy

in Engineering

at
The University of Wisconsin-Milwaukee

May 2023



ABSTRACT

INVESTIGATION INTO STRAIN SENSING WITH REDUCED
GRAPHENE OXIDE, AND APPLICATIONS IN LOW-COST LEAK
DETECTION AND HEALTH MONITORING OF WATER EQUIPMENT

by
Armin Yazdi

The University of Wisconsin-Milwaukee, 2023
Under the Supervision of Professor Nathan P. Salowitz

Strain gauges are one of the most important transducers that can be used in many applications
such as robotics, structural health monitoring, medicine etc. The expensive mass production, as
well as lack of high sensitivity, high strain tolerance or high quality can be some of the
challenges with the current strain gauges. The reduced graphene oxide possesses many of the
excellent properties of graphene while being easy and inexpensive to be mass-produced.
However, its electromechanical behavior under strain (especially large strains) has not been
well studied. In this dissertation, strain sensing by reduced graphene oxide with
Polydimethylsiloxane substrate is investigated and the applications in low-cost leak detection

and health monitoring of water equipment is explored.

Initial test results showed that with increase in area density of the graphene oxide of the
reduced graphene oxide (rGO) sensor, the average strain tolerance of the sensor could be

increased.



Resistive response of the sensor was tested in the directions aligned with, perpendicular to and
at an angle with the direction of applied uniaxial tension up to 20.72% induced strain. The
sensor showed mostly linear-nonlinear and increasing behavior in the directions aligned with
the direction of applied tension. The linear behavior was consistent with the bulk-like material
behavior and the nonlinear behavior was consistent with the percolative like behavior.

Mathematical models also matched the increasing linear-nonlinear trend.

In the direction perpendicular to the direction of applied tension, sensor showed decreasing
trend that could be due to contraction in the rGO caused by the Poisson’s effect in the PDMS
substrate. The mathematical model also showed an decreasing trend in the resistive response

of the sensor in this direction.

In the direction that was at an angle with respect to the direction of the applied tension, sensor
showed increasing resistive response similar to that in the aligned direction which was also

explained with a mathematical modeling.

Cyclic analysis showed that generally the deviation in the resistive response of the sensor in the
aligned direction between the first and the second cycles was significant compared to the
deviation between other cycles. It could be attributed to the residual microcracks observed in

the microscopic images forming after the first cycle of uniaxial tension.

Confocal and atomic force microscopic images also suggested the possibility of percolative
behavior of rGO in higher strains and accumulation of rGO flakes creating cracks that could be

linked to the nonlinear resistive response of the rGO.



Furthermore, a novel application of the rGO strain sensor in leak detection and health
monitoring of the water equipment was explored and tested under different flowrates.

Furthermore, creep, fatigue and high flowrate survival of the sensor were tested.
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1. INTRODUCTION

This chapter is an introduction to the history, definitions, importance, required basics and

mechanism of strain sensors.

1.1. Motivation

Strain gauges are one of the most versatile and common transducers. Strain gauges directly and
indirectly are employed to create sensors in many applications like robotic, structural health
monitoring, human movement monitoring, pressure sensors, etc. They can transduce mechanical
displacement or deformation into electrical signals. Two major types of strain sensors are
resistive and capacitive strain sensors. Other types of strain sensors that are not as common as

resistive and capacitive strain sensors are optical and piezoelectric [1].

1.2. Background

1.2.1. Definition of strain

Strain (€) is a Geometric quantity that quantifies the relative deformation of the particles of an
object. It is defined as deformation (4/) divided by the initial length (/) as shown in equation (1-

1). Strain is an unitless value and usually is expressed in percent [2]-[4].
e=A4l/1 (1-1)

According to Hook’s law in mechanics of materials, strain can be calculated from stress (o) divided

by the Young’s Modulus (E) (equation (1-2)) [2].

== (1-2)



Stress is defined as the force exerted on an object divided by its cross-section area and has the
unit of force over area. (e.g N/m?) [4]. In 3 dimensions a state of stress is characterized by 3

normal stresses plus either 3 shear stresses or a specific orientation.

1.2.2. Poisson’s effect
Poisson’s effect is the contraction of the object in the direction perpendicular to the direction of
the applied force. Poisson’s effect in a material can be evaluated with the Poisson’s ratio which
is a unitless value. It can be calculated as the negative value of the transverse strain divided by
the strain aligned with the direction of applied force. This ratio is usually denoted by the letter v

and can be formulated as equation (1-3).

strain in the transverse direction
V=- (1-3)

strain in the aligned direction with the applied force

1.2.3. Passive and Active sensors
Passive sensors are sensors that generate output signals themselves, employing energy from the
stimuli. Thermocouples and piezoelectric sensors are some examples of this type of sensor.
Active sensors on the other hand, require an external source of energy input to produce a signal.

Strain gauges, thermistors and capacitive transducers are examples of this type [5]

1.2.4. Characteristics of strain sensors:

1.2.4.1. Gauges Factor
Gauge factor (GF) is a value by which the sensitivity of a strain gauge is determined. Gauge factor

can be calculated by dividing change in resistance (4R) by initial resistance (R), all divided by

strain (&) that is applied to cause the relative resistance change (%) (equation (1-4)) [5].
0



AR
GF =& (1-4)

1.2.4.2.  Maximum strain tolerance
The maximum strain tolerance is the strain which the sensor can function up to before failure.
The strain sensors that tolerate high strains can be beneficial for applications like robotics,

wearable electronics [1], [6]-[9].

1.2.4.3.  Transfer function
Transfer function defines the equation relating a sensor’s output signal to the stimulus. For
instance, strain sensors when under strain create output signals. The output signal can be
estimated by an equation relating the value of output signals to the applied strain’s value. This

equation can be linear or non-linear [5].

1.2.4.4.  Fatigue
Fatigue characterizes the behavior of the sensor under cyclic load. It indicates how much the
response of a sensor offsets from its initial state after a cyclic load is applied to it. In the case of
strain sensors, a shift in the magnitude of the output signal can be observed when the strain

sensor have been used for multiple cycles [10]

1.2.4.5. Creep
Creep is defined as permanent deformations in sensors after being in service for a long period of

time [10]. Shift in output signal of a sensor can be resulted of a creep phenomenon.



1.2.5. Types of Strain sensors

1.2.5.1.  Fiber optic strain gauges
This type of strain gauge measures strains based on changes in light transmission. Fiber optic
strain sensors are very durable (can be used over a long time). Unlike resistive types, Fiber optic
strain sensors are not effected by electromagnetic fields. One downside of this type of strain
gauges is that they require high frequency optical equipment to create and interpret the signal.

[11], [12].

1.2.5.2.  Piezoelectric Strain Gauges
Piezoelectric strain gauges function based on piezoelectric effect that is the ability of generating
an electrical charge displacement when subjected to mechanical deformation. This effect exists
in a number of materials including lead zirconate titanate (PZT) and barium titanate. Piezoelectric
strain gauges have the advantage of fast response time and the capability to be used as passive
sensors (i.e. it produces enough electric energy to function). However, the output signal in this
type dissipates very fast and needs to be used in high frequency stimuli application to be
functional. Another limitation of piezoelectric materials is that they are usually brittle. Therefore,

they can be used in limited applications [11], [13], [14].

1.2.5.3.  Capacitive strain sensors:
To explain capacitive strain sensor, it is first necessary to know what capacitance is. Capacitance
is the property of an electrical system. It can be described as the ability of an electrical system to
store electrical charges. As is shown in equation (1-5), capacitance (C) can be defined as the

relative permittivity of the dielectric material between two plates (e, ) multiplied by the



permittivity of vacuum (ey) multiplied by the area of the plates the (A4,), all divided by the

distance between two plates (d,)..

er.eo.4p

C= 2

(1-5)

There has been extensive research on capacitive sensing mechanisms over the past decades. It
has become more popular due to its highly sensitive and contactless mechanism that offers low-
cost solutions. It can be used in applications such as proximity and material analysis sensors [15].
To have a capacitive strain sensor, two conductive material and one dielectric material in
between is required [9]. When the sensor is strained the capacitance of the conductors changes
due to the change in their area. Also, the thickness of the dielectric layer in between is reduced

causing decrease in the distance between two conductors [5], [16].

1.2.5.4. Resistive strain sensors:

A resistive sensor is made of a material whose resistivity changes when it is deformed. [5], [15].

Resistance (R)_can be calculated by the equation (1-6), where p, I, and A are resistivity, length,
and the cross-section area of the strain sensor respectively [5], [17]-[19]. Change in resistance is

a combined result of change in the resistivity (p) and geometry (/ and A).
l
R = 'DZ (1-6)

1.2.6. The history of strain gauges

1.2.6.1. Cemented wire type.
This type of strain sensor was the first generation of strain gauges that was introduced by

Professor Arthur C. Ruge and his graduate student, Edward E. Simmons in 1938. It was made of



wire cemented to a specific type of paper that was used for cigarette production. Resistance of
the wire could change with change in length and the cross-section area of the wire to measure
strain according to equation [11]. These common foil strain gauges are passive sensors meaning
they need voltage difference as the stimulus. Therefore, electrical energy is required for this type
of strain sensor to function. The response of this type of strain sensor is linearly proportional to
the strain (linear transfer function between strain and resistance). The gauge factor of this type

of strain gauges is about 2 [11]

1.2.6.2.  Foil strain gauges
During the World War I, this type of strain gauge was introduced and has been used ever since.
Equation (1-6) is also valid for foil strain gauges [20]. Foil strain gauges usually have a zig-zag
pattern. This feature helps the strain gauge have greater length of the conductive foil or wire.
The greater the conductive foil or wire contributes to greater sensitivity to deformation according
to equation (1-6). Foil Strain Gauges have two terminals which lead wires can be attached to, to
measure voltage change across them. The response of this type of strain sensor is linearly
proportional to the strain (linear transfer function between strain and resistance). The gauge

factor of this type of strain gauges is about 2 [20].

1.2.6.3. Semiconductor strain gauges
Semiconductor strain gauges were introduced in 1957. This type of strain sensor has a crystalline
structure. Electrical properties of the semiconductor strain gauges can be altered by introducing
impurities with a method called doping. By doping, a strain gauge can be created that its
resistance under tension decreases (n-type) or increases (p-type). Equation (1-6) is valid for this

type of strain gauge where all 4 parameters can change including, p, /, w and t. The accuracy and
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sensitivity of this type of sensor is greater than the foil and wire type strain gauges. The gauge
factor of 100 to 200 have been reported for this type of strain gauge. Furthermore,
semiconductor strain gauges possess high fatigue life compared to foil and wire types. Their
strain survival can range from 1% to greater than 25% [21]-[24]. However, this type of strain gauge
is expensive. Therefore, it is feasible to be used only in specific applications where accuracy and
sensitivity are vital. The response of the sensor is nonlinearly proportional to the stimulus
(nonlinear transfer function). Another limitation of this type of strain gauge is that they are highly

fragile and prone to breakage [15], [25]-[29].

1.2.6.4. Nano-particle strain gauges
Nanoparticles are small materials with the size of 1 to 100 nm which are not visible by human
eye. Because of their size and high surface area, they possess unique chemical, mechanical, and
optical properties. Based on their size and shape and morphology they can be divided into several
groups such as, Carbon based, metal based, semiconductor based etc. Over the last decades
there has been significant progress in the field of nanotechnology and nanoparticle synthesis
such as spinning, chemical vapor deposition (CVD) method, mechanical milling and chemical

etching [30], [31].

Nanoparticle strain gauges have become more popular over the last decades due to their energy
efficiency and high performance. They possess high sensitivity to strain with the GFs of two order

of magnitude greater than foil or cemented wire types [27], [32]

Nanoparticle materials such as carbon nanotubes and graphene have high GF due to an excellent

resistive property. In addition, researchers have found that nanostructured assemblies of



metallic strain sensors contribute to greater GF compared to their continues metallic wire
counter parts. Furthermore, nanoparticle-based strain sensors have shown a high survivability to
strains up to 50% [27], [32]. However, one of the issues of nanoparticle materials is their toxicity
[33], [34]. Also, their synthesis and manufacturing are very expensive. The cost of component
materials is usually high, coupled by the cost of controlled synthesis processes. These drawbacks
make some other types, including the foil strain gauges the prevailing type in the market. However,

nanoparticle-based strain gauges can still be tailored to specific applications.

1.2.6.5. Graphene
Recent studies suggest that graphene has many excellent properties such as excellent electrical
conductivity, high strength to failure, high sensitivity to strain with GF about 200 reported and
high strain tolerance up to 20% reported [35]-[40]. However its mass production is expensive
unless the quality or uniformity is compromised [41], [42]. Graphene is monolayer hexagonal-
structured material that contains sp? hybridized carbon atoms. Graphene can be derived from
graphite using a simple “Scotch Tape Method”. Graphite is composed of graphene layers stacked
on the top of each other. In the scotch tape method, graphite flakes are exfoliated one after
another until only one layer of graphene is left. This process is a very time-consuming process
and requires a great deal of workforce for mass production. This issue resulted in invention of
another method to make graphene indirectly using Hummer method [43]. The Hummer method
creates graphene oxide directly using graphite, acids and oxidizing materials. Graphene oxide can
also be produced using graphite oxidation and ball milling process [44] or high-shearing of pre-
oxidized graphite [45]. However, the resulting graphene oxide product must be reduced to rGO.

There are some methods including chemical vapor deposition [46] to make graphene directly [47].



1.2.6.6. Reduced graphene oxide
Reduced graphene oxide can be derived from graphene oxide sheets by losing the oxygen atoms
from the surface [48]. Reduced graphene oxide (rGO) possesses many great properties of
graphene including high sensitivity to strain and high strain tolerance while its synthesis can be
inexpensive. rGO can be made from graphene oxide (GO) which is an abundant material. GO can
be deposited on the substrate and easily be reduced to the rGO. One important deference
between GO and rGO is their oxygen content. The ratio of carbon to oxygen in GO is very small
making the oxygen the prominent element in it. Whereas the oxygen content of the rGO is close
to zero [48]. One method to create rGO directly on the substrate is GO deposition followed by

reduction of GO.

Deposition of GO can be performed by several methods, including drop casting by pipette [49]-
[54], Spin coating [55], [56], layer by layer assembly method of Langmuir-Blodgett [57], [58].
Deposition of graphene oxide using Langmuir-Blodgett technique can be inconsistent. The shape
and morphology of the deposited material can be different in different samples [59]. Spin coating
is another method to deposit graphene oxide on the substrate using centrifugal force. The size
of the substrate is one of the limitations of this method. Drop casting using pipette is a simple
method that requires no complicated or expensive device. Controlling the thickness of the

graphene layers in this method is difficult [49]-[54].

Reduction of GO to rGO can be performed using different methods including electrochemical,
thermal and chemical reduction of GO. Some chemical methods to reduced GO involves
hydrazine hydrate [60]. According to The National Institute for Occupational Safety and Health

(NIOSH) [61], Hydrazine is a hazardous material and using it need special caution. Electrochemical
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FIGURE 1-1. RESISTORS IN PARALLEL

reduction of GO can be complex [47], [62]. However, thermal reduction of GO can be relatively

easy [49]-[54].

1.2.7. Arrangement of electrical components in series and parallel:

Many components like capacitors, resistors, or inductors of an electrical circuits can be used in
series or parallel arrangements. By adding them in either series or parallel, their effects on the
circuit may be different and values of electrical current, voltage difference and resistance would
be different. For instance, considering resistors that are arranged in series like Figure 1-1, the
total electrical resistance (Rs), current (/s;) and voltage difference Vi would be calculated by
equation (1-7), (1-8), and (1-9) where i is the number of the component added to the circuit [17],

[19], [63]. The total resistance (Rs,ota) can be calculated as the superposition of the resistances.

Rs,total =Rsy + Ry + Rg3 + Rgs .. Ry (1-7)
Vs,total =V +Vsa + Vs + Vs Vg (1-8)
Is,total =g = Iy = I3 = g4 ... I (1-9)

However, if the resistors are connected in parallel (Figure 1-2), the total electrical resistances

(Rpi,) can be calculated as equation (1-10).
RSl Rs2 RSB Rs4- Rsi

WA see — A

FIGURE 1-2. RESISTORS IN SERIES
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1 1 1 1 1 1
=—+t—F+—+—4+-— (1-10)
Rptotat  Rpi1  Rpz  Rps  Rpa Rpi

Total electrical voltage differences (Vpi) can be calculated as equation (1-11)
Vp,total = Vpl = sz = Vp3 = Vp4 "'Vpi (1'11)

Total electrical currents (lpi) can be calculated using Kirchhoff’s current law combined by Ohm’s

law by equation (1-12)

Is,total = Ipl + Ipz + Ip3 + Ip4_ "'Ipi (1‘12)

1.2.8. How resistance can be measured in resistive strain sensors

By change in the resistance of the strain gauge caused by the mechanical deformation or
mechanical force, the voltage measurement would change consequently. The measured voltage
difference can then be converted to resistance using Ohm’s law (equation (1-13)) and Kirchhoff's
laws (equation (1-14) and (1-15)). Equations (1-14) states that sum of current entering and
leaving a junction are equal values and equation (1-15) shows that algebraic sum of voltage in a
closed circuit is zero, where Av, R and / are potential (voltage) difference, resistance and electrical

current respectively. [5], [15], [17], [19], [63], [64]

Av = RI (1-13)
ZIentering a junction= leeaving a junction (1‘14)
ZVclosed circuit=0 (1'15)

Calculating resistance change and with the knowledge of the initial resistance, the change in

resistance can easily be calculated.
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1.2.8.1. Wheatstone Bridge
Wheatstone bridge is an electrical circuit that consists of 4 resistors. This device is used to
calculate the unknow resistance in circuits using voltage measurements. Wheatstone bridge has

multiple types of configurations such as full half, quarter Wheatstone bridges [17], [19], [63].

1.2.8.2. Wheatstone bridge types
1.2.8.2.1. QUARTER BRIDGE
In quarter bridge whose schematic is shown in Figure 1-3, only one of the resistors can vary by
applying stimulus which in this case is a mechanical strain. This type of Wheatstone bridge has a
relatively low sensitivity to the stimuli [20], [63], [65]. The R with subscripts u and k in Figure 1-3,

Figure 1-4, and Figure 1-5 denote unknown (variable) and known resistances respectively.

FIGURE 1-3. QUARTER WHEATSTONE
BRIDGE
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FIGURE 1-4. HALF WHEATSTONE BRIDGE

Voltage difference is measured between A and C. Using Ohm’s Law and that the current passing
through resistors in series at any point remains the same, the unknow resistance can be

calculated [5], [19].

1.2.8.2.2. HALF BRIDGE
In half bridge-type (Figure 1-4), there are two resistors with variable resistances (e.g. two strain
gauges). For instance, if two strain gauges are to be connected to a beam to be able to measure
the strain in the bent position, they can be attached to both the front and back of the beam to

show twice as much sensitivity as that of the quarter bridge. Also, this arrangement features

FIGURE 1-5. FULL WHEATSTONE BRIDGE
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better temperature compensation. Using this arrangement, the front side strain gauge is
stretched, and the back side strain gauge is contracted. The sign of the resistance of strain gauges
attached to back and front are different. Because one of them is in compression (contraction)
and the other in tension (extension). Using Ohm’s Law and that the current passing through
resistors in series at any point remains the same, the unknow resistances can be calculated [19],

[63], [65].

1.2.8.2.3. FULL BRIDGE

In the full bridge structure (Figure 1-5), all 4 resistors have variable resistances. In this
arrangement the sensitivity of the sensor is 4 times as that of quarter bridge. Another benefit of
this arrangement is temperature compensation. Like quarter and half type bridges, using Ohm’s
Law and that the current passing through a set of resistors in series at any point remains the

same, the unknown resistances can be calculated [63], [65].

1.2.9. Electrical conduction

Electrical conduction in classic physics is defined as the movement of charged particles such as
electrons or charged atoms and molecules. In conductors such as copper or silver metal wires,
the conduction happens by electrons as carriers. Electrical conductance’s unit is Siemens.
Electrical conductivity is the property of a material and is measured by Siemens/m [5], [17]-[19],

[63], [64].

1.2.9.1. Valence electron
Inside atoms, electrons arrange themselves in shells. The outer shell of the atom is called valence

shell. The electron in the valence shell is called valence electron. If the valence shell of the atom

14



is “closed”, it means that its outer shell is filled with electrons or has given all its valence
electrons. Therefore, closed shells are very stable and do not seek chemical bonding with other
atoms. Therefore, they are chemically inert. However, if the valence shell is open, it means that
it is not completely filled with or emptied of electrons. Hence, it has the tendency to chemically
bond with another atom/atoms. The outer shell plays a major role in many elements in electrical
conduction of a material by gaining or losing electrons. However, in some elements of the

periodic table, the valence electron is in the inner shell of the element.

1.2.9.2.  Conductive materials
Conductive materials are materials that conduct electrical current by means of electrons or

charged particles [5], [17]-[19], [63], [64].

1.2.9.3. Insulators
Insulators are materials that do not show any electrical conductivity like plastic materials [5], [17]—

[19], [63], [64].

1.2.9.4. Semi conductive materials
Semiconductors are materials with crystalline structure and their electrical conductivity values
are between insulator and conductor materials. Impurities can be introduced to semiconductors
by doping to make them more conductive by creating p-type or n-type semiconductors. In p-type
semiconductors, the prevailing number of carriers are electrical holes. Electron holes happen at
the places where lack electrons that could potentially exist in. Conversely, in the n-types, the

common carriers are electrons [5], [17]-[19], [63], [64].
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Another difference between conductors and semiconductors is that with increase in
temperature, electrical conductivity of conductors decreases as opposed to semiconductors

whose electrical conductivity increases with increased temperature [5], [17]-[19], [63], [64].

1.2.10. Electrical Resistance and Resistivity

Electrical resistivity is the reciprocal of electrical conductance and means the level of resistance
of the material to reduce or stop electrical current. The unit of the electrical resistivity is Ohm.m.
The electrical resistance however is defined by resistivity of a material multiplied by its length

and divided by its cross-section area equation(1-6) [5], [17]-[19], [63], [64].

1.2.11. Percolation theory
Percolation is a theory that characterizes the connectivity of objects or particles that are locally

connected to form cluster like structures. Clusters can be defined as a group of objects or
particles that are connected to the neighboring objects or particles. Percolation theory studies
the probability of connection in the large scale to form clusters that span the entire system. The
percolation theory is based on Power law and Scaling law. Percolation can be defined in two
different models, The discreet site-bond model in which the spanning percolation can happen
through interconnection of clusters that are composed of sites and bonds spanning across the
system. The other model is the continuum model in which components are not formed in a
certain geometrical lattice type arrangement. In this model sites are not discreetly arranged [66]-

[77]
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1.2.11.1. Scaling law
It defines how materials properties can change as the dimensions of them decrease. Considering
the Hook’s law, stress (o) can be calculated from strain (€) using Young’s Modulus (E) by equation

(1-16).

oc=E.¢ (1-16)

Stress is defined as force (F) divided by the cross-section area (A) that the force is applied to.
Equation (1-17) can be used to calculate the force applied to the material in terms of Young’s
modulus, the cross-section area and strain. In the context of scaling law, the strength of the

material is proportional with characteristic dimension raised to the power 2 (D?)

F=E.Ac¢ (1-17)

Weight, however, can be defined as density of the material (w) times gravitational acceleration

(g) times volume of the object (Volume). As a result, weight is proportional to D3.

D is characteristic dimension, which can be defined as volume of a respective system on its

surface area [78]-[80].

1.2.11.2. Power law
Conduction in materials with percolative behavior can follow the universal Power Law in which n
is the percolation exponent, t is the thickness of the percolative film and t. is the critical thickness
of the material below which conductivity does not exist. The value of the n is dependent on

several factors such as dimensionality and geometry of the constituents [68], [76], [81]-[89]
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Conductivity in such materials with percolative behavior can follow the proportionality (1-18)

[68], [76], [89], [90].

Opercolative X (t - tc)n (1'18)

The resistivity is the reciprocal of the conductivity, therefore, can be expressed with

proportionality (1-19).

Ppercolative X (t - tc)_n (1'19)

1.2.11.3. Resistance in percolative material
Resistivity of some nanostructured materials like graphene nanosheets has been reported to be
thickness dependent [68], [76]. The resistivity of such materials can change depending on the
film’s thickness. If the thickness of the film (t) is less than a certain value (t,,;,), the conductivity

of film can be calculated as equation (1-20) [68], [76], [89], [90].

t—t,

" (1-20)

Opercolative = OBulk * (t —
min [
Therefore, the resistivity (reciprocal of conductivity) can be calculated by the difference between
tmin and critical thickness (t.) divided by the difference of the current thickness of the film and

the critical thickness, all raised to the power n and multiplied by the bulk resistivity of the

material (pguk) @s shown in equation (1-21)

tmin—t
Ppercolative = PBulk (11;+tCC)n (1-21)
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The critical thickness of the film is the thickness below which no electrical conductivity exists. At
this state of material, the number of conductive particles or flakes of the material are not enough

to make conductive paths. Therefore, the material is insulated [68], [73], [76], [88], [89].

If the thickness of the film is less than t,,;,, and larger than t., the resistance can be calculated by

combining equations (1-6) and (1-21) to obtain equation (1-22)

tmin—tc l
R = pBulk(—tc)n'_ (1-22)

t— w.t

If the thickness of the film is more than t,,;,, electrical resistivity of the film is not dependent on
the thickness. In that case, resistivity of the film may be modeled like a bulk like material and the
resistance of the material may be calculated by equation (1-6). The resistivity of the film in this

case can be denoted by pgy k-
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2. INVESTIGATION INTO STRAIN SENSING WITH REDUCED

GRAPHENE OXIDE

2.1. Introduction

In Chapter one, introduction about different types of strain gauges, how they have evolved over
time, how they work and how they can be tailored to our needs are discussed. In this chapter

challenges, objective, approaches, material and synthesis and major tasks are discussed in detail.

2.2. Challenges

Foil strain gauges can only tolerate strains up to 3 to 5% and cannot function in higher strains.
The gauge factor of this type of strain sensor is about 2 [20]. The gauge factor of semiconductor
crystalline structured strain gauges are high. However, they are fragile, expensive, and their strain
tolerance can be as low as 1% (however in some cases it can be beyond 25%). Nanoparticle based
strain gauges have showed high strain tolerance of up to 50% while possessing gauge factors
ranging up to 200 [27], [37], [91], [92]. Scientists have expressed concerns about the toxicity of
some nanoparticles [30], [34]. Also, the mass production of nanoparticles can be complex and
expensive. Graphene has recently shown incredible electromechanical and high strain survival
[91], [93]. However, its mass production is complex and expensive. Reduced graphene oxide has
recently been found to benefit from many incredible properties of graphene as well, such as good
electromechanical behavior and high strain survivability. Mass production of the rGO is easy and

inexpensive [50]-[52], [54] in comparison to graphene. The rGO electromechanical properties
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specifically in large strains and in different directions with respect to the direction of applied

tension however are not well studied.

2.3. Objective

In this chapter the electromechanical properties of rGO in small and large strains in the direction
aligned with (x), perpendicular to (y), and at an angle (d) with the direction of the applied tension

is investigated.

2.4. Approach

In this study, rGO strain sensor was subjected to uniaxial tension creating strain in the sensor.
Resistive responses of the sensor were investigated in different directions. Additionally,
deformation in the sensor was explored using imaging methods like atomic force microscope and

confocal microscope.

2.5. Major Tasks

In this section, methods, materials, synthesis of the sensor and the test set-ups for

electromechanical testing of the sensor and imaging of the sensor under strain are presented.

2.5.1. Method
Tensile testing was performed on 42 sensors with 3 different average rGO area densities of
0.0069 mg/mm?, 0.008 mg/mm? and 0.0091 mg/mm? (14 samples each) using INSTRON testing
machine [94] to determine the average strains at which sensor electrically fail as well as the
average sensitivity in the aligned direction with the direction of applied tension. Additionally, the

effect of increasing area density of the GO on the average strain of electrical failure and the
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average sensitivity was investigated. Only the aligned direction was investigated in this
experiment because, according to initial investigations, sensor’s resistive response usually
showed electrical failure first in the aligned direction. Furthermore, in another test, 19 samples
with the area density of 0.0069 mg/mm? were tested, up to about 20.72% strain. Resistive
response was monitored in x, y and d directions. A 4-cycle testing was performed on 8 random
samples (out of 19 samples). More investigation was performed on the samples using a camera,

an atomic force microscope and a confocal microscope.

0.2 inch

Xllzi-:h

FIGURE 2-1. MOLDS CREATED TO CAST THE BODY OF THE SENSOR
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2.5.2. Material and Synthesis

2.5.2.1. Electromechanical testing of the sensor
The sensor was composed of a body (substrate) made of Polydimethylsiloxane (PDMS) and a
direct sensing element of reduced graphene oxide. Below is a detailed explanation of how the
sensor was made [95], [96]. The PDMS silicone polymer was used for the body of the sensor

because of its high flexibility and ease of use specially for prototyping purposes [97].

To synthesize the substrate of the sensor, molds were created. The Molds were designed by Creo
PTC (Figure 2-1) and made using a Polycarbonate material. In the middle of the mold there was
a cut to create a reservoir for the body of the sensor to contain the graphene oxide. The PDMS
was cast into the mold and allowed to be cured in the room temperature for 3 days. To remove
the bubbles from the PDMS, it was placed in a vacuum chamber for 80 min first and then cast
into molds. SYLGARD 186 Silicone Elastomer (PDMS) was used [98]. The resulting product was

cut out of the mold and washed completely by ultrapure deionized water and was dried with a

15 mm. N /

FIGURE 2-2. BODY OF THE SENSOR
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fume hood’s air fitting (Figure 2-2). The length, width, and thickness of the substrate were 127
mm, 15.24 mm, and 2.54 mm respectively. The small reservoir at the center of the substrate
measured 6.35 mm x 6.35 mm. The thickness of the walls around the reservoir to contain the GO

deposition was 0.635 mm with the height of 1.016 mm.

In the next step, before depositing the GO on the PDMS substrate, two processes were
performed to enhance the adhesion of the PDMS so the GO can suitably be attached to it when
deposited. First, PDMS substrate was treated with an O2-Plasma process. In order for the
substrate to be treated with 02-Plasma, it was placed in a PE-25 plasma etching machine for 5
minutes [99]. Then the PDMS substrate was immersed in a solution of 2 part (3-

Aminopropyl)triethoxysilane and 98 parts Ethanol for 3 hours [100].

To prepare the rGO sensor, graphene oxide (Graphenea 0.4 wt% GO dispersion in water) [101]
was agitated in a Cole Parmer ultrasonic cleaner (M-series) for 2 minutes [102]. Graphenea
graphene oxide dispersion was also characterized using two methods of ultraviolet—visible
spectroscopy (UV Vis Spectroscopy) and the X-ray photoelectron spectroscopy (XPS) which are
discussed later in section 2.5.2.3. in the dissertation. 0.0696 ml of the agitated graphene oxide
suspension was drop-cast on reservoir of the substrate resulting in a 0.0069 mg/mm?area density

of the solution of GO. The solution was allowed to be dried for 24 hours. The next step was

FIGURE 2-3. THE RESULTING SENSOR
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FIGURE 2-4. ARRANGEMENT OF THE ELECTRODES ATTACHED TO THE SENSOR TO COLLECT DATA

thermal reduction of the GO. This process was performed by an OTF-1200 Series Split Tube
Furnaces [103] in an Argon environment. In the thermal reduction process, temperature was
raised to 180°c from room temperature in 60 min and kept at the same temperature in 60 min.
Again, increased to 200°c in 5 min and kept at the same temperature for 10 min. Finally brought
back to the room temperature in 90 min. The resulting product is demonstrated in Figure 2-3.
This overall processing was developed with the assistance and testing of Li-Chih Tsai and Maysam
Rezaee and their work is presented in Tsai et al 2019 [51], Rezaee 2021 [104], Rezaee et al 2019

[50] and Rezaee et al 2021 [52].

To be able to read the data a TEKTRONIX-MDO3014 Oscilloscope [105] was used as the data
acquisition system. 4 electrodes were added to the rGO sensor at each corner of the square of
rGO patch as it is shown in Figure 2-4. Electrodes 1 2, 3 and 4 were attached at points O, A, B and
C respectively. The electrode 1 was used as the hot point powered by Arduino Uno [106] using
the 5-volt pin. Each of the other electrodes were used later to be used in an electrical divider
structure to be able to read the output signal using the oscilloscope device. To be able to tension
the samples, 4 plates were created using the 3D printer. The material that was used in the 3D
printer was Polylactide (PLA). Each end of the substrates was sandwiched between two plates.

The length, width and thickness of each plate was 15.24 mm, 15.24mm and 2.54 mm respectively.
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10 mm

—
FIGURE 2-5. ADDED HANDLES TO THE SENSOR FOR THE SENSOR TO BE GRIPPED FOR TENSILE TESTING

The initial distance between grips in each sample measured 96.52 mm. After adding plates, the

sensor was ready as is shown in Figure 2-5.

For the strain-of-electrical-failure tests (performed on 42 samples) and the tensile tests
performed on 19 samples up to the 20.72% strain, distances between electrodes are provided in

Table 2-1 and Table 2-2 respectively.

TABLE 2-1. DISTANCES BETWEEN ELECTRODES IN THE 42 SAMPLES UNDER STRAIN OF FAILURE TEST

OC (mm) | Area Density (mg/mm?2)
Sample 1 2.27 0.0069
Sample 2 1.48 0.0069
Sample 3 2.26 0.0069
Sample 4 1.64 0.0069
Sample 5 1.35 0.0069
Sample 6 2.95 0.0069
Sample 7 1.15 0.0069
Sample 8 2.47 0.0069
Sample 9 1.8 0.0069
Sample 10 2.23 0.0069
Sample 11 2.45 0.0069
Sample 12 23 0.0069
Sample 13 1.67 0.0069
Sample 14 2.17 0.0069
Sample 15 1.79 0.008
Sample 16 2.06 0.008
Sample 17 1.57 0.008
Sample 18 1.97 0.008
Sample 19 1.75 0.008
Sample 20 2.39 0.008
Sample 21 2.02 0.008
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Sample 22 1.71 0.008
Sample 23 2.24 0.008
Sample 24 2.28 0.008
Sample 25 0.73 0.008
Sample 26 1.4 0.008
Sample 27 1.64 0.008
Sample 28 191 0.008
Sample 29 1.5 0.0091
Sample 30 0.84 0.0091
Sample 31 24 0.0091
Sample 32 0.73 0.0091
Sample 33 0.72 0.0091
Sample 34 1.74 0.0091
Sample 35 2.32 0.0091
Sample 36 211 0.0091
Sample 37 1.89 0.0091
Sample 38 1.51 0.0091
Sample 39 1.84 0.0091
Sample 40 1.38 0.0091
Sample 41 1.56 0.0091
Sample 42 1.88 0.0091

Strain in the direction aligned with the direction of applied tension for each increment of applied
deformation using INSTRON machine was calculated using equation (1-1). Tension was applied

at the pace of 0.1 mm per second and the data was collected at each 1 mm increment.

TABLE 2-2. DISTANCE BETWEEN ELECTRODE 19 SAMPLES UNDER TENSILE TEST

OC ( mm) OA(mm) | OB (mm) Area Density (mg/mm?2)
Sample 1 1.66 2.33 4.36 0.0069
Sample 2 1.86 2.61 3.76 0.0069
Sample 3 1.6 2.1 4.77 0.0069
Sample 4 2.64 3.29 4.87 0.0069
Sample 5 1.66 1.67 3.84 0.0069
Sample 6 2.07 1.82 3.5 0.0069
Sample 7 1.02 1.99 3.71 0.0069
Sample 8 1.73 1.71 4.33 0.0069
Sample 9 1.04 2.39 3.74 0.0069
Sample 10 1.89 1.57 4.1 0.0069
Sample 11 1.62 1.5 3.52 0.0069
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Sample 12 0.79 1.43 3.06 0.0069
Sample 13 2.33 1.42 3.47 0.0069
Sample 14 1.93 1.55 3.75 0.0069
Sample 15 1.55 2.2 4.53 0.0069
Sample 16 0.8 1.22 2.74 0.0069
Sample 17 1.18 0.97 3.05 0.0069
Sample 18 1.06 1.57 2.57 0.0069
Sample 19 0.85 1.38 3.16 0.0069
2.5.2.2. Imaging of the sensor under strain

Due to limitations in portability of the imaging device and the tensioning device to perform
imaging while the sample is under tension using the INSTRON tensile testing machine, a portable
tensioning device was designed and created to be able to tension the sensor and place it on the
stage to be imaged. Therefore, the geometry of the body of the sensor itself was tailored for this

specific purpose to fit the straining device. One cut at each edge of the sensor was created (Figure

THE MANUAL TENSIONING DEVICE
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FIGURE 2-7. THE MOLD TO CREATE MASKS

2-6), using mold to be able to place the sensor in the tensioning device. In the early trials, it was
realized that the wall of the reservoir in the center of the sensor that helped to contain the GO
to ease the deposition, created an obstacle against imaging. In neither confocal telescope nor
the atomic force microscope reaching out to the surface of the rGO became difficult (if not
impossible) due to the wall around the rGO. Therefore, the reservoir was removed for this type

of design. To tackle the problem of GO deposition without reservoir, deposition masks were used.

10 mm
I

FIGURE 2-8. THE MASK TO CONTAIN THE GO DEPOSITED ON THE
PDMS
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The masks were created using the same material as the substrate to create more adherence
between the mask and the substrate, so the GO did not leak out of the mask. The area of 7.62
mm by 7.62 mm was used to create the masking to create the GO deposition. Figure 2-7 shows
the molds designed to create masks only for GO deposition into a square shape area of 7.62 mm
by 7.62 mm and Figure 2-8 shows the resulting mask design. The remaining steps of the synthesis

were similar with what was discussed before in section 2.5.2.1.

2.5.2.3.  Characterization of the Graphenea-Graphene Oxide
Water solvent was used as the solvent to create the dispersion of GO and water, and no
surfactant was used to create and stabilize the dispersion of GO in water because of
contribution of the oxygen functional groups like hydroxyl, carboxyl etc. present in the GO that
make the dispersion very stable without the need to use any surfactant [107]-[111].

Graphenea-graphene oxide dispersion used in the experiments was characterized using two
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FIGURE 2-9. TRANSMITTANCE WITH RESPECT TO THE WAVELENGTH IN 4 DILUTIONS OF THE
GRAPHENEA GO DISPERSION
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methods including ultraviolet—visible spectroscopy (UV Vis Spectroscopy) and the X-ray

photoelectron spectroscopy (XPS).

2.5.2.3.1. Ultraviolet—Visible Spectroscopy Results
UV Vis spectroscopy was performed on the Graphenea-graphene oxide dispersion. The original
concentration was extremely high for the device to be able to transmit UV light. As a result, all the UV
light would be absorbed by the GO dispersion making meaningful data collection impossible. Therefore,
it was diluted with the ratios of 1ml of GO to 10ml (dilution 1), 15ml (dilution 2), 20ml (dilution 3) and
30ml (dilution 4) of deionized water (DI water). Figure 2-9 shows the results of UV Vis spectroscopy by

plotting transmittance with respect to the wavelength for all 4 dilutions.

2.5.2.3.2. X-ray Photoelectron Spectroscopy Results

XPS was also performed on the dried Graphenea GO dispersion. Figure 2-10 shows the
percentage of the elements present on the surface of the GO. S 2p, N 1s, O 1s and C 1s were

present on the surface of the GO by 1.4%, 1.9%, 32.7% and 64.0% respectively.

Min: 0 Max: 100

Cis N1is O1s S2p
Region

FIGURE 2-10. PERCENTAGE OF THE ELEMENTS PRESENT ON THE SURFACE OF THE DIRED GO DISPERSION
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2.5.3. Test set-up and software used.

2.5.3.1.  Electromechanical Testing
To perform the tensile test on the sensor, INSTRON 5980 Series Universal at University of
Wisconsin-Milwaukee was used. Each end of the sensor was placed between the jaws of the
INSTRON tensile testing machine and tension was applied at the rate of 0.1 mm/sec. Output
signal was read at each Imme-increment using the schematic shown in Figure 2-11. Each of the
three resistors with the same Resistance (R) of 5600 Q were connected in series to each of the
unknown resistors between points A and ground (G), Band G, and C and G. At each 1 mm-applied
tension, voltage between A and G (V1), B and G (V2) and cand G (V3) were measured. Voltages
less than 15 mv were considered as an electrical failure. The input excitation voltage at point O

was 5v. Unknown Resistances R1, R2 and R3 were calculated using the equation (2-1) [5].

Ri=(V3i—1)*R,i=1,2and3 (2-1)

The software that INSTRON used to interface with the computer was Bluehill Universal.

R
| - rGO

FIGURE 2-11. CIRCUIT USED TO COLLECT DATA COMPOSED OF UNKNOWN VARIABLE RESISTORS, KNOWN
RESISTORS, ARDUINO 5 VOLT-VOLTAGE SUPPLY AND OSCILLOSCOPE TO MEASURE VOLTAGE DIFFERENCES
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2.5.3.2. Imaging of the sensor under strain
Atomic Force Microscopy (AFM) investigation was performed using Bruker’s Dimension lcon®
Atomic Force Microscope. Tapping mode was used in the investigations. Two identical rGO-PDMS
samples with the same substrate geometry and GO area density of 0.0069 mg/mm? were used
to be able to perform the test on two identical and intact samples. Furthermore, imaging was
performed using OLYMPUS OLS4100 3D laser microscope as well as taking pictures using camera

(Canon DS126621).

To be able to image the samples, because of the limitations in simultaneous imaging and
tensioning, tensioning devices (brackets) with known inducing strain were designed. The device
were designed to apply tension to the samples to create estimated known strains based on the
finite element simulation and analysis performed by ANSYS [112]. Finite element analysis (FEA)
was performed to help the determination of the required sizing and spacing in the geometry of
the tensioning devices to apply the estimated known strains on the sensor as indicated in Figure
2-12. Seven straining devices were designed and created using a 3D printer to create roughly
1.51%, 4.54%, 7.57%, 10.59%, 13.62%, 16.65%, and 19.68% strains at the center where rGO is
present. Figure 2-13(a) shows the general geometry of the tensioning device. Figure 2-13(b)

shows a picture of a sample tensioned on a bracket.

Furthermore, the change in the height difference between two pre-selected points (one on the
substrate and the other on the rGO surface) were measured using a confocal microscope. Figure
2-14(a) and Figure 2-14(b) show the measurement locations on the sensors for sample 1 and
sample 2 with 0.0069 mg/mm? area density respectively. Height difference measurement was

performed using 50x lens on the confocal microscope.
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FIGURE 2-12 FINITE ELEMENT ANALYSIS PERFORMED ON THE SENSOR’S BODY

12,7

FIGURE 2-13. (A) GENERAL SHAPE OF THE TENSIONING DEVICE. (B) SAMPLE TENSIONED ON THE TENSIONING
DEVICE
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MICROSCOPE MEASUREMENT ON THE SENSOR

2.6. Results and Discussion

Area Density=0.0069 (mg/mm?2)
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FIGURE 2-15. RESISTIVE RESPONSE OF THE SENSOR IN THE X DIRECTION UP TO THE
ELECTRICAL FAILURE STRAIN IN 14 SAMPLES WITH 0.0069 MG/CM2 AREA DENSITY
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In this section results of the experiments and investigations are discussed including, the test for
determination of strain of failure (electrical failure), test on the electromechanical behavior of
the rGO under limited strain, imaging of the rGO under strain using a camera, a confocal
microscope and an atomic force microscope and measurements change in height difference

between two points using the confocal microscope.

2.6.1. Strain of electrical failure test

Figure 2-15, Figure 2-16 and Figure 2-17 show the resistive response of the sensors up to the
strain of electrical failure in samples with 0.0069, 0.0080, 0.0091 mg/mm? area densities
respectively. The results show that as the area density increases, the maximum strain tolerance
of the samples on average increases. 20.36%, 34.19% and 40.92% were the average strain values

at which the samples with 0.0069, 0.0080, 0.0091 mg/mm? area densities, electrically failed

Area Density=0.0080 (mg/mm?2)
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FIGURE 2-16. RESISTIVE RESPONSE OF THE SENSOR IN THE X DIRECTION UP TO THE
ELECTRICAL FAILURE STRAIN IN 14 SAMPLES WITH 0.0080 MG/CM2 AREA DENSITY
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Area Density=0.0091 (mg/mm?2)
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FIGURE 2-17. RESISTIVE RESPONSE OF THE SENSOR IN THE X DIRECTION UP TO THE
ELECTRICAL FAILURE STRAIN IN 14 SAMPLES WITH 0.0091 MG/CM2 AREA DENSITY

respectively. Maximum strains of electrical failure in samples with 0.0069, 0.0080, 0.0091

mg/mm? area densities were about 60%, 63% and 90% respectively.

Furthermore, gauge factors were calculated with the linear fit approximation on the averaged

/0

value within the sensors with the same area densities. GF of 96.47—— Q/ 2/9 ,and 31.32— n/n

26.41—
m/m m/m

were calculated for samples with area density of 0.0069, 0.0080, 0.0091 mg/mm? respectively at

/0

/2 oy 31”/”, and 33.53%2
m/m

the strain of 10.36%. GFs of 142.51—— m/m m/m

, were calculated at 20.72%

strain for the same samples. This suggests that the sensitivity of the sensors generally decreased
by increase in area density. However, with the greater area densities employed in the
experiment, the GFs were still high enough to be considered as highly sensitive sensors compared

to the common foil strain gauges with the GF of about 2. It is worth mentioning that all the
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samples with 0.0069 mg/mm? showed linear-nonlinear resistive behavior. In other words, the
resistive response of the sensor eventually at some point changed from linear trend to nonlinear
trend. This observation was valid for more than 95% of the remaining samples with 0.0080

mg/mm? and 0.0091 mg/mm? area densities too.

2.6.2. Test on the electromechanical behavior of the samples in 3
directions under axial tension
2.6.2.1.  Resistive response of the rGO in the x-direction

After tensile tests performed on 19 samples, this time in 3 different directions (x, y and at an
angle) and up to 20.72% strain, 15 out of 19 samples survived the 20.72% strain. Out of these 15
samples, 12 samples showed linear-nonlinear behavior (Figure 2-18). The remaining 3 samples
that survived the 20.72% strain showed only linear behavior as is shown in Figure 2-19. As
demonstrated before, all the samples with 0.0069 mg/mm? area density, showed nonlinear

resistive behavior eventually at a certain value of strain meaning that if the strain was continued
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FIGURE 2-18. RELATIVE RESISTANCE CHANGE IN THE

DIRECTION ALIGNED WITH THE DIRECTION OF THE APPLIED
TENSION FOR 12 SAMPLES WITH LINEAR-NONLINEAR BEHAVIOR
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FIGURE 2-19. RELATIVE RESISTANCE CHANGE IN THE
DIRECTION ALIGNED WITH THE DIRECTION OF THE APPLIED
TENSION FOR 3 SAMPLES WITH ONLY LINEAR BEHAVIOR

increasing further (beyond 20.72%), at a certain strain the resistive behavior of these 3 samples

would probably have changed to a nonlinear trend as well. As it is shown in Figure 2-20, 4 samples
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electrically failed before reaching 20.72% strain. As can be seen, all 4 samples showed nonlinear

behavior before the electrical failure too.

Resistive response of the 12 sensors fell into two regions. A linear region followed by a nonlinear
region. Looking at the resistive response of each of these 12 samples, relative resistance change
increased with increase in the strain in the x direction and the trend was reasonably linear until
a certain value (between about 3% and 12%). After this strain, while the increasing trend was still
maintained, the relationship between strain and the relative resistance change altered to a non-
linear relationship. The response in the linear region was consistent with that of bulk-like
monolithic material strain gauges. The nonlinear resistive response suggested percolative
behavior. To better express the resistive response of the sensor in two linear and nonlinear

regions, a mathematical model can be developed as follows.

2.6.2.1.1. BULK LIKE RESISTIVE BEHAVIOR REGION (REGION 1)
MATHEMATICAL MODEL

Using equation (1-6), resistance of the sample originally can be written as equation (2-2)

!
Ry = p. 00 (2-2)

The length (l;) and width (w,) of the rGO film under strain can be calculated as equations (2-3)
and (2-4) where ¢ is the strain in the direction aligned with the direction of applied tension [2],

[4], [15], [25], [26].
l£ = lo(l + E) (2'3)

we =wo(1—v.¢) (2-4)
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Assuming the rGO as a material composed of flakes instead of a solid continuous material, its
constituents can move over each other and be rearranged instead of being stretched under
strain. It means that with change in the length and width of the rGO, the same volume will be
occupied by the flakes as it did originally without application of strain. Therefore, by setting the
new volume of flakes equal to the original volume, average thickness of the film under strain (t;)

can be calculated by equation (2-21) [68], [76].

to

e = Troae)

(2-5)

Using equations (1-6), (2-3), (2-4), and (2-5), resistance of the rGO in the x direction under strain
can be obtained from equation (2-6)

2
RE — p lo(1+£) — p. lo(1+€) (2—6)

Wo.to

] to
WO(I_V'S)'7(1+£)(1—V*S)

The difference between resistance under strain and the initial resistance of the rGO under strain
can be expressed as equation (2-7)

2
AR — p. lo(1+£) p lo _ p lo

Wo.to ) Woto

2 + £2] (2-7)

"woto

Relative resistance change can then be expressed as equation (2-8)

2—R = 2¢ + €2 (2-8)

0

In the range that the strain was applied in the first region of the experiments (0 < € < 0.12), a
linear and increasing graph can be fitted in equation (2-8) with a high coefficient of determination
between 99.98% and 100%. In other words, the mathematical model matched the resistive
behavior of the rGO in the first region with linear and increasing trend. Even for the 3 samples
with only-linear resistive response up to the 2.72% strain (that would probably show nonlinearity
in the resistive response at higher strains), even if nonlinearity occurred at 100% strain (very
unlikely) the coefficient of determination for the linear fit would have been 99.25% which still

was very close to a linear trend.
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2.6.2.1.2. PERCOLATIVE LIKE RESISTIVE BEHAVIOR REGION
(REGION 2) MATHEMATICAL MODEL

In the second region, assuming, thickness dependency of the resistive response of the rGO,

By substituting [, w. and t, into equation (1-22), the resistance of the film under tension can be

calculated as equation (2-9).

tmm tesn . lo(1+8).(146).(1-vxeg)
) * wo.(1—-v=€).tg (2_9)

R, = ppuik (

By rearranging, the equation (2-10) can be obtained.

2
tmin— tC) *10(1"‘5) (2_10)

Woto

= PBulk (

Original resistance (R,) can be calculated as equation (2-11) by substituting ,, w, and ¢, into

length, width and thickness in equation (1-22).

tmln tC l
Ro—PBuzk( ) * — (2-11)

Wwoto

The difference between resistance of the film under strain and in the original state can be

calculated as equation (2-12).

_ _ o iy (1+e)* 1 i
Rs RO = PBulk Woto (tmln tc) ((ts—tc)n (to—tc)n) (2 12)

Finally relative resistance change can be calculated as equation (2-13).

AR _ Re—Rg
Ry R

to—tc
te—tc

= 1+ =" -1 (2-13)

The nonlinearity seen in the second region in Figure 2-18 can be attributed to the nonlinearity

exists in equation (2-13) with the exponents 2 for (1 + &) and n for ( ) that shows that relative
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resistance change has a nonlinear relation with the thickness of the film under strain and the
strain itself in the direction aligned with the direction of the applied tension.
Additionally, by taking derivative of the average thickness with respect to € from equation (2-5)

to obtain the equation for the slope of the average thickness, equation (2-14) can be obtained.

dtg _ 1-2v.e-v )
2 = bo (1+£)2(1-v.¢)2 (2-14)

Considering the range of strain values that the sensor is under in the aligned direction and the
Poisson’s ratio value of the PDMS, and that the denominator of the fraction on the right side of
equation (2-14) is a positive value, the value of this equation (2-14) is a negative value. It means
that in both linear and nonlinear regions the average thickness decreases by increase in strain in
the x direction.

Considering equation (2-13) for relative resistance change, and knowing that the average
thickness decreases with increase in strain in the x direction, and that the ¢, t. and n are values

to—tc

with a positive sign [76], and t. is less than or equal to t,, it can be concluded that the (ﬁ)n
e~ te

. sy . . L . . AR . .
increases with increase in strain. As a result, with increase in strain, — increases (according to
0

equation (2-13)). The nonlinearity and increasing trend seen in equation (2-13) in the range that
strain is induced in the x direction, is consistent with the nonlinearity and increasing trend shown
on the plot in Figure 2-18.

Also, it was noticed that the electrical failure of the resistive response usually occurred in the x

direction first.
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FIGURE 2-21. RELATIVE RESISTANCE CHANGE IN THE
DIRECTION PERPENDICULAR TO THE DIRECTION OF APPLIED
TENSION.

2.6.2.1.3. GAUGE FACTOR QUANTIFICATION OF RGO-BASED
STRAIN GAUGE
The rGO strain gauge showed the gauge factor of 91.503 averaged over all the samples calculated

with a linear fit approximation which is significantly greater than that of common metal foil strain

gauges with GF of about 2.

2.6.2.2.  Resistive response of the rGO in the direction

perpendicular to the direction of applied tension

As is shown in Figure 2-21, the general trend of the plot was decreasing which could be due to
contraction in the rGO in the direction perpendicular to the direction of the applied tension

caused by Poisson’s effect of the PDMS. However, in some of the samples, partially increasing
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trends were observed which could be attributed to the local cracks forming aligned with the
direction of the applied tension creating local disconnections in the interconnection between
flakes in the direction perpendicular to the direction of applied tension. These cracks will be

discussed more later when the imaging of the samples is discussed.

Equation (2-15) can be derived from Ohm’s law (equation (1-6) by replacing the roll of width and
length of the rGO film investigating the mathematical model of the resistive response of the

sensor in the y direction:
Ry, =— (2-15)

2.6.2.2.1. BULK LIKE RESISTIVE BEHAVIOR REGION (REGION 1)

The following mathematical model can be suggested in the first region. By combining equations

(2-3), (2-4), (2-5) and (2-15), equation (2-16) can be obtained for resistance in the y direction.

_ vy )2
=p wo(1-v.€) _ p.WO(l V.€) (2-16)

. to
lo(1+8).—(1+g)(1_1/*£) lo.to

Ry

Assuming no thickness dependency in the resistive response in this region, relative resistance

changes in the Y direction (:—R) can be obtained using equation (2-17) where R,, is original
Yo

resistance in the y direction and can be obtained by setting € to zero in equation (2-16).

Ry—R
£=u=(1—V.£)2—1=V2.82—2V.8 (2-17)
Ry, Ry,

Taking the derivative of this equation with respect to &, the slope of the ;‘—R can be obtained by
Yo

equation (2-18).
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AR
2y

— 9,2 o _ -
e =2v°.e—2v (2-18)

. L . 4 . . . .
This equation is representative of the slope of the R—R as the function of the strain. This value is
Yo

always negative considering the range of the strain and the Poisson’s ratio of the PDMS (0.45< v
<0.5) which is again consistent with the experimental observations plotted in Figure 2-21
suggesting that the relative resistance change in the y direction decreases in this region with

increase in strain in the x direction.

2.6.2.2.2. PERCOLATIVE LIKE RESISTIVE BEHAVIOR REGION

(REGION 2)
2.6.2.2.2.1. SLOPE AND THE TREND OF THE RESISITVE
RESPONSE
In the second region where rGO’s resistivity changes [, w, and t.can be calculated by equations
(2-3), (2-4), (2-5). Resistance in the perpendicular direction can then be calculated by equation

(2-19) by replacing the length by the width and the width by the length in equation (1-22).

Ry = ppune ()" 2 (2-19)

t—t¢ Lt

Substituting [, w, and t. in/, w, and t, equation (2-20) can be obtained.

tmin_tC)n % Wo(l—V*S) (2_20)

_ to
te—tc 10(1+s).(1+5)(1_w£)

Ry = Ppuik (

Rearranging the equation (2-20), equation (2-21) can be obtained.

tmin_tC)n % Wo(l_v*s)z (2_21)
te—tc lo-to

Ry = Ppuik (
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Substituting [,, wy and t, in l;, w, and t, in equation (2-21), equation (2-22) can be obtained.

_ tmin—tc Wo
Ry, = PBuik (H)n aws (2-22)

By factoring out the same terms exist in equations (2-21) and (2-22), equations (2-23) and (2-24)

can be obtained.

1-vxg)?
n ( )

1
Ry = l:/ToopBulk(tmin - tc)n [(tg—tc) 1 ] (2'23)

w 1
RJ’o = ﬁpBulk(tmin - tc)n [(E)n] (2'24)
Difference between R,, and R,/ can then be calculated by equation (2-25).

1
te—tc

1
to—tc

Ry - RJ/o = l:VTOOpBulk(tmin - tc)n [( )n . (1 —V. E)Z - ( )n] (2-25)

Relative resistance change can then be calculated by equation (2-26).

1
te—tc

Wo_ )
AR _ Ry—Ry, _ lo.topBulk(tmm te) [(

)n'(l_V*s)z _(to 1 )n]

_tc

(2-26)

tmin_tc)n* Wo

R R
Yo Yo Pk~ ) o g

By rearranging the equation (2-26), equation (2-27) can be obtained.

w _ &) aveor-gtor]

Ry, (——)n

(2-27)

to—tc

With factoring out and rearranging, relative resistance change in the second region can be

obtained by equation (2-28)

AR _ 1 _q o2 (fzte)" _ ]
=0 V'E)'(tg—tc) 1 (2-28)
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According to equation (2-14), with increase in strain in the direction aligned with the direction of

applied tension, average thickness of the rGO film decreases.

Using equation (2-5) and substituting it in equation (2-28), equation (2-29) can be obtained:

n
R (1—v*e)2.<%) —1 (2-29)

Ry, a+a)(1—vee) ¢

By arranging, equation (2-30) can be obtained.

n
AR to—tc
—= (1 —V* 8)2. [(1 + S)(l — V. 8)]n. <m> -1 (2-30)

R
Yo 1

With factoring out and rearranging, relative resistance change in the second region in the y

direction can be obtained by equation (2-31).

AR _ neq _ n+2 to—tc " ;
o=+ d-v.e) .(to_tc(1+e)(1_w)) 1 (2-31)

2.6.2.2.2.2. THE MAGNITUDE OF THE RESISITVE
RESPONSE

The reason why in this region (percolative like behavior region), the magnitude of relative
resistance change in the perpendicular direction (equation (2-28)) is less than the magnitude in
the aligned direction (equation (2-13)) can be explained by showing that (1 + €)?>(1 —v.€)? as

follow:

Considering e>—v. ¢, by adding 1 to both sides of the inequality, it can be shown that (1 + €) is

greater than (1 — v. €). Therefore, (1 + €)? is greater than (1 — v. €)?2.
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Therefore, the relative resistance change in the x direction is larger in magnitude compared to

the y direction.

2.6.2.3.  Resistive response of the rGO in the direction at an angle
with respect to the direction of applied tension
Relative resistance change in the direction that was at an angle (d direction) with respect to the
direction of the applied tension generally followed that of aligned direction in all the samples. In
the same 12 samples that survived 20.72% strain and their resistive response were linear-
nonlinear with increasing trend in the x direction, the similar pattern was observed in the d
direction (Figure 2-22). Furthermore, the same 3 samples that showed completely linear behavior
in the x direction with an increasing trend showed the similar behavior in the d direction (Figure
2-23(a)). Figure 2-23(b) shows the resistive response at the angle, of the 4 samples that showed

electrical failure in the x direction.
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FIGURE 2-22. RESISTIVE RESPONSE OF THE 12 SAMPLES IN
THE OBLIQUE DIRECTION WITH LINEAR-NONLINEAR AND
INCREASING TREND
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These similar patterns can show that, in the oblique direction, the resistive response is mostly
affected by the effects of the resistive response in the x direction rather than those of the y

direction.

However, the magnitude of the changes is reduced in the oblique directi on in comparison with
the x direction which can be due to the cancellation of only a small part of the effects in the x-

direction by the effects of the resistive response in the y-direction.

To investigate why the resistive response in the oblique direction follows mostly the resistive
response of the sensor in the x direction, a mathematical model can be suggested. From
mechanics of materials, the transformation of an strain in the rotated element can be
mathematically described by equation (2-32) where 4, 3, &, €, and Yy, are the angle of the
rotated element with respect to the positive side of the x axis, normal strains in the 4, x and y
directions, and shear strain in the xy plane respectively. Since the specimen is under a uniaxial

tension, the shear strain in the original element can be set to zero and if a fictitious line is drawn
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between the electrode O and B, the angle of that line with respect to the positive side of the x-

axis can be measured as 1 = 45°.
€) = & COS*A + £,SiN*A + Yyy. SinA. cosA (2-32)

Therefore, strain in the rotated element at the A = 45° can be calculated using equation (2-33)

1
€45 = 3 (ex + &) (2-33)
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It was shown previously that the absolute value of strain in the x direction is significantly greater

than that in the y direction. This shows that only a small fraction of the resistive response of the

sensor in the x direction can be canceled by that in the y direction which matches the

experimental results. In other words, &, is a greater value compared to the absolute value of &,

Therefore, its effects on the oblique direction are greater too.
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2.6.2.4.  Resistive response under cyclic loading
In Figure 2-24 and Figure 2-25 relative standard deviation (RSD) of the resistive response of the
rGO sensor in the x-direction between cycles are demonstrated in samples 2, 4,9, 11, 12, 13, 18,
19 which were randomly selected. As can be seen in most cases, RSD calculated between cycles
1 and 2 is greater than between cycles 2 and 3, 2and 4, 3 and 4, as well as 2, 3 and 4. This
difference suggests a variation in the resistive response of the samples occurring between the

resistive responses of cycles 1 and 2 compared to those between cycles 2 and 3, 2and 4, 3 and 4,

as well as 2, 3 and 4. In most cases, the variations in the resistive response that were observed

between other cycles were smaller.

This variation in the resistive response can be attributed to the formation of residual microcracks

during the first cycle which will be discussed later in the imaging section.

2.6.3. Imaging under strain

2.6.3.1. Camera

2.6.3.1.1. MOVEMENT AND SHIFTING OF THE RGO FLAKES
UNDER TENSION.
Figure 2-26 shows a sample being stretched (in the x direction) and the rGO geometry was
captured by the camera at each increment at 0%, 1.51%, 4.54%, 7.57%, 10.59%, 13.62%, 16.65%
and 19.68%. As can be seen the number of cracks increased by increase in tension creating
disconnections between electrical paths in the direction aligned with the direction of applied

tension. These increasing disconnections are the reasons why the relative resistance change
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FIGURE 2-26. PICTURES OF THE RGO UNDER TENSION AT 0% , 1.51%, 4.54%, 7.57%, 10.59%, 13.62%,
16.65% AND 19.68% FROM THE TOP LEFT TO THE BOTTOM RIGHT OF THE PICTURE

increases in the x direction by increase in the applied tension which previously was explained in

Figure 2-18, Figure 2-19, and Figure 2-20.

2.6.3.1.2. Crack closure after the sample being released.

The surface profile of the rGO film after each step of releasing from the applied tension at each
increment looked the same in the macroscale, as it is shown in Figure 2-27. In the macroscale,
the profile of the surface showed that the cracks were closed after releasing the sample under
tension at each increment. However, the changes in the profile of the rGO will be discussed later

using higher resolution images.
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FIGURE 2-27. RGO SURFACE IMAGES AFTER RELEASING THE SAMPLE UNDER TENSION AT EACH INCREMENT

2.6.3.2.  Confocal microscopic imaging
Results from confocal microscope imaging in Figure 2-28 show that there had been some pre-
existed cracks in the surface of the rGO even prior to uniaxial tension application. After
application of the tension (applied in the x direction), no significant brand-new crack was

observed until 7.57% strain. Cracks started to form with the higher speed starting at 7.57% strain
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which could correspond with the strain level at which the rGO sensor started to show nonlinear
resistive response. The accumulated length of cracks started to increase with a higher rate
beginning at 7.57% strain. This value was approximated using the scale bar and as 0 mm, 0 mm,
and 1.64 mm were the accumulated length of cracks measured at 0%, 1.51% and 4.54% strains
respectively. Suddenly this value increased significantly from 1.64 mm to 7.62 mm at 7.57% strain
and continued to increase to 8.74mm at 10.59% strain. This could be attributed to the movement
of the flakes of rGO over each other due to percolative like behavior resulting in accumulation of
flakes in some areas leaving the adjacent areas empty (crack formation). Furthermore, as Figure

2-28 suggests, there are some cracks formed aligned with the direction of applied tension

10.59%

200.pm 200 pm

16/65% Yo 19.68%

FIGURE 2-28. SLIDING AND SHIFTING OF THE RGO FLAKES AND CRACK FORMATION

56



creating local disconnections in the electrical paths in the y direction which was consistent with

the partial increasing trends shown in Figure 2-21.

0% 2t cycle
Figure 2-29 shows that there were residual microcracks that formed

after the first cycle of tension (tension applied in the x direction). As
can be seen, these microcracks are present for the rest of the cycles

an became a part of the permanent profile of the rGO after the first

0%, 2% cycle

cycle. This phenomenon can explain Figure 2-24 and Figure 2-25 that
in most of the cases showed greater deviation in the relative standard
deviations between cycles 1 and 2, versus between other cycles (i.e.

cycles 2 and 3,2 and 4, 3 and 4 and even 2, 3 and 4). W
0, i Y

Figure 2-30 and Figure 2-31 demonstrate the change in the height
difference between point 1 on the PDMS surface and point 2 on the
rGO surface in sample 1 and 2 respectively. These measurements that

0%, 4% cycle
were performed using the confocal microscope suggest that the

elevation difference between the two points on the PDMS substrate

and the rGO surface decreased with increase in strain in the x

direction in both samples until 4.54% strain. However, at 7.57% strain
and further the general trend of the height difference between the

two points increased. This increase could be attributed to the X

FIGURE 2-29.
PERMANENT RESIDUAL
CRACKS AFTER THE END

OF FIRST CYCLE
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FIGURE 2-30. CHANGE IN HEIGHT DIFFERENCE
BETWEEN POINT 1 ON THE PDMS SURFACE AND 2 ON
THE RGO SURFACE IN SAMPLE 1

percolative behavior of the rGO film. In other words, this could be due to the accumulation of
rGO flakes because of the interconnection between flakes leaving empty parts in the adjacent

areas (crack formation).
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FIGURE 2-31. CHANGE IN HEIGHT DIFFERENCE BETWEEN
POINT 1 ON THE PDMS SURFACE AND 2 ON THE RGO
SURFACE IN SAMPLE2
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2.6.3.3.  Atomic force microscopic imaging
As it can be seen from Figure 2-32(a), and Figure 2-32(b), the topography of the rGO surface at
7.57% suggested a rougher surface than that at the 0% strain. This can be due to the movements
of rGO flakes over each other under strain at 7.57% due to percolative behavior making the edges
or tips of the flakes visible. This matches the results discussed in the confocal microscopic images
(Figure 2-28) where the sample started to show higher rate of crack formation on the rGO surface
starting at 7.57% strain suggesting movements of the flakes over each other representing a
percolative behavior resulting in accumulation of flakes in some areas leaving the adjacent areas

empty (crack formation).

Furthermore, measurements by the atomic force microscope showed that the maximum and
minimum elevations at 0% strain were 1.6 nm and -1.5 nm. At 7.57% strain, the maximum and
minimum elevations were measured as 2.4 nm and -1.4 nm. Therefore, the difference of

elevations at 0% was 3.1 nm and at 7.57% was 3.8 nm. The greater value between elevations at

2.4nm

0.0 7.3pm 0.0 7.3pm
-1.5nm -14nm

FIGURE 2-32. (A) ATOMIC FORCE MICROSCOPE AT 0% STRAIN. (B) ATOMIC FORCE MICROSCOPE AT 7.57%

CTDAIN
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7.57% strain can be attributed to the accumulation of the flakes leaving the adjacent parts empty
(crack formation) at this strain which could match the results from confocal microscope

measurements shown in Figure 2-30 and Figure 2-31 too.

2.7.  Summary of Experimental Investigation

Initial tests on the specimens tested under strains up to the electrical failure showed that rGO
sensors with area densities of 0.0069 mg/mm?, 0.0080 mg/mm?, and 0.0091 mg/mm?, electrically
failed on average at 20.36%, 34.19% and 40.92% strains. It showed that as the area density
increased, the average strain values of electrical failure increased too. On average, the increase
in the area density of the GO deposited on the substrate increased the strain tolerance of the
samples. Samples with greater area densities showed reduction in gauge factors. However, GF
values were still high enough for the sensors to be considered as highly sensitive strain sensors
compared to common foil strain gauges. Sensors in most cases showed linear-nonlinear resistive
behavior with the increasing trend in the x direction while under strain in the x direction. The
linear resistive behavior of the sensor under strain was consistent with that of bulk like materials.
The nonlinear resistive behavior of the sensor under strain was aligned with that of percolative
materials. The linear-nonlinear and increasing resistive behavior of the sensor matched the
mathematical models. In the y direction, the resistive response of the sensor was decreasing. This
behavior of the sensor could be due to contraction in the rGO in the direction perpendicular to
the direction of applied tension caused by Poisson’s effect in the PDMS substrate. This decreasing
trend matched the mathematical model. Partial positive slopes observed in the resistive response
of the sensor in the y direction could be attributed to the cracks that formed locally in the

direction aligned with the direction of applied tension creating local disconnections in the
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electrical paths in the y direction. At the angle, resistive response of the sensor was mostly
affected by the resistive response of the sensor in the x direction rather than the y direction. This
major influence matched the equations derived from the concept of the transformation of strains
in the rotated elements. Furthermore, the rGO strain gauge showed the average gauge factor of
91.503 with a linear fit which was significantly greater than GF of metal foil strain gauges (about
2). 4-cycle cyclic testing results showed that in most cases, there were noticeable variations
between the resistive response values between cycles 1 and 2. The variation decreased between
the next cycles. According to the confocal microscope images, this phenomenon could be
attributed to the formation of the residual microcracks after the first cycle causing deviation in
the resistive response between cycles one and two. These residual microcracks remained in place
for the rest of the cycles causing smaller resistive response deviations between other cycles after
the first cycle. Confocal microscope images also revealed that the cracks formation rate increased
starting at 7.57% strain and beyond which could be attributed to the movement of the flakes of
rGO over each other due to percolative like behavior resulting in accumulation of flakes in some
areas leaving the adjacent areas empty (crack formation). Measurements by the confocal
microscope suggested an accumulation of the rGO flakes because of their interconnections
starting at 7.57% strain further, leaving the adjacent areas empty (crack formation). The elevation
differences observed in the atomic force microscopy images taken at 0% and 7.57% strains could

be because of this accumulation of flakes as well.
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3. APPLICATION OF THE STRAIN SENSOR IN LOW-COST
LEAK DETECTION FOR HEALTH MONITORING OF WATER

EQUIPMENT

3.1. Introduction
3.1.1. Potential Applications of The rGO Strain

Sensor

Due to low-cost and easy mass production and high sensitivity of the rGO strain sensor, it can be
employed for multiple applications especially in highly sensitive, low-cost applications that
require mass production and internet of things. Here two potential applications are presented

including highly sensitive and low-cost substitute for Rosette strain gauge configurations and

highly sensitive leak detectors.

d
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FIGURE 3-1. ROSETTE STRAIN SENSING CONFIGURATION
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3.1.1.1. Rosette strain gauge
The rGO strain gauge can be used for applications where 3 in-plane components of strain tensor
are to be measured like a Rosette strain measurement configuration (Figure 3-1). In Rosette
arrangement, 3 separate strain gauges are required. However, using rGO strain gauge, only one
patch of rGO strain sensor with 3 conductive paths would suffice to calculate 3 unknown strains
in the plane strain state &y, €y, and yy,,. Plane strain is a state of strain in which out-of-plane
strain components are equal to zero (thick plate theory) [2], [4]. 3 unknown strains in the plane
strain state can be calculated by measurement of normal strains at a (¢;), b (¢5) and c (&), with
knowing the angles between axis x and the axis of strain gauges a (8,), b (6;) and c (6.). Three

unknowns can be calculated using three sets of equation (3-1), equation (3-2) and equation (3-3)

(2], [4].

€q = Exx C0S*04 + £,,5IN%0, + Vyy. SiNB4. 05O, (3-1)
Ep = Exx COS*O) + £,y,SIN?0p + V. SiNB,. cOSO, (3-2)
Ec = Exx €OS*0, + £, SN0, + Vyy. SINB.. cOSO, (3-3)

Additionally, cost effectiveness can be another major benefit of using an rGO patch in this specific
application. A single patch versus 3 separate strain gauges that can play a Rosette strain sensing
role can be significantly less expensive than the current commercial ones especially when mass
production is the target. In addition to being low-cost it can provide significantly higher sensitivity
to strain compared to the commercial metallic rosette strain gauges as demonstrated by the high

gauge factors observed.
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3.1.1.2.  Highly sensitive leak detector
Cost effectiveness of rGO strain sensors can be employed for applications where internet of
things and mass production are necessary. Additionally, high sensitivity of a sensor can play a
major role in applications like leak detection of water equipment. Therefore, detecting leaks with
low-cost sensors that can be mass produced can be one of the applications that is well suited for
rGO strain sensor. In this chapter the novel design of rGO strain-based sensor for leak detection

and health monitoring of water equipment is discussed.

3.1.2. Motivation

Water resources are limited, and water treatment is a time consuming and expensive process.
Hence, water preservation is important. In north America, 20% to 50% of water is wasted through
leaks in the supply system [113]. Leak detection is an important measure to monitor the health
of the water equipment to prevent waste of water or any further damage to them. There is a
hole in the market for low-cost flow meters capable of measuring ultralow flow rates; a highly

sensitive strain gauge-based flowmeter that can detect water leakage for instance.

3.1.3. Background

Water is a precious resource without which no one can live. Clean water resources are limited.
According to the Centers for Disease Control and Prevention (CDC), more than 1/10 of the
world’s population do not have access to clean water[114]. Thus, this precious resource should
be conserved and not wasted. According to United States Environmental Protection Agency (EPA)

900 billion gallons of water nationwide is being wasted due to leaks in households annually [115]
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3.1.3.1. Importance of water leak

detection
To prevent pressure-drop in the water distribution systems and consequently energy loss
prevention, water leak detection is critical. Water leaks can cause significant pressure
drop in water distribution networks that needs to be compensated by consuming more
energy to create the same amount of pressure in the system [116].
To support environmental sustainability by preventing loss of energy that has been
consumed to produce clean water. A significant amount of energy has been consumed to
treat and produce a single drop of clean water. Therefore, wasting clean water equals
wasting significant amount of energy used to produce it [117]
To prevent water contamination in the pipelines and consequent health issues. Water
distribution networks are usually underground systems surrounded by soil that contain
contaminants and microorganisms that can be threatening to human health. Even a small
leak in the pipes can contribute to the penetration of that contaminants to the water
systems due to possible negative pressure occurring in the system [118] causing potential
infectious diseases[116]. Furthermore, non-potable water can flow into the drinking water
due to leakage of the pipes[117], [119], [120] Early leak detection can help preventing
introduction of contaminants into to the clean water systems from the surrounding

environment.
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3.1.3.2. Importance of inline water leak
monitoring
e Because the majority of water distribution networks are underground and require time
and energy to be reached, inline leak detection is a faster and more energy and cost
efficient to locate the leak. [116]
¢ Inline leak detection can be employed for real time monitoring unlike common methods

that need shutting down the system and time for diagnosis phase.

3.1.3.3.  Causes of pipe leakage

e According to EPA most of the United States’ water distribution systems were constructed
more than 50 years ago which makes them prone to deterioration and consequently leak
[119].

e Fluctuation in water pressure can cause leaks in the pipes.

e |nadequate maintenance can contribute to pipe leakage.

e Harsh service environment can cause issues like corrosion. Corrosion usually occurs when
the water pipe is made of metal and is surrounded by reactive substances or chemicals in

the soil [117], [121]

3.1.3.4. Leak detection methods
Leak detection can be defined as 3 major phases. Identifying the leak which is the
investigation of whether the sensed stimuli initiated by a leak or other potential factors like

signals from a pump. The second major factor is localizing which is determination of the
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proximity of the part of the water system that is suspected to be damaged and leaking, The

last phase is locating the leak [122].

3.1.3.,5. Methods of leak detection

Acoustic leak detection: Acoustic principles have widely been used to detect the leak.
One of the first experiments with under water acoustics was performed by Leonardo Da
Vinci in 1490 and became important during WW!I to detect the presence or distance of
submarines. Acoustic leak detection can be performed by characterization of the leakage
sound in the pipe. locating a leakage point in the pipe can be a hard task due to many
sounds present in the pipe [123]-[126]. Ultrasonic leak detection focuses on detection of
specific frequencies caused by the leak. [127], [128]

Gas Injection Method: in this method helium or more commonly hydrogen is injected
into the pipe as the tracer gas. The location of the leak can be detected once the gas
escapes from the leaking area and appears on the surface. Drawback of the Gas Injection
Method is that the water in the pipe should sometimes be partially or completely
evacuated. Sometimes the pipeline branches should be shut off which cause a downtime
[129]. This method also needs trained personnel and specialized equipment to be
performed.

Manually listening stick: in this method the leakage presence can be detected using an
earpiece. It is commonly used for pipes with pressure higher than 10 m. The accuracy of
this method is highly dependent on the ability of the engineer listening to the signals and
the interfering noises created by the materials under the surface of the ground [129]. This

method also needs trained personnel and specialized equipment to be performed.
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Leak noise correlation: in this method two noise detection are located far from each
other. If a leakage occurs, the distance between the leakage location from each sensor is
calculated by measuring travel time of the created noise by the leakage considering the
pipe material and size. Any source of noise can cause large errors. In plastic pipes, this
method shows less accuracy if accelerometer is used as the noise transducer [129]. This
method also needs trained personnel and specialized equipment to be performed.

Inline leak detection methods: tethered and free-swimming systems are both well suited
for large pipelines where the sensor is inserted into the flow and moves with the flow to
arrive at the point of leakage. In both methods pipe tapping is usually required to insert
the sensor. Tapping of the pipe usually is associated by a downtime of the part or the
whole system.[129].

Thermal imaging: is another approach to detect leaks by thermal infrared images that
show the infrared energy of the target pipe. It can be categorized in different levels of
surveys. usually interpretation based on the raw data is subjective and a skilled
interpretation needed in this method especially in higher level surveys[129]. In this
method weather, humidity and environmental conditions can drastically affect the results
and undermine the precision of the method [130]

Ground penetrating radar: In this method a low frequency electromagnetic wave is sent
underground and sense the reflected signal and creates an image of the underground
structure. This method is very time consuming for leak detection and yet the vicinity of

the leakage should be apparent for this method to be employed. [131]-[133]
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Electromagnetic wave sensor: In this study high frequency electromagnetic waves can be
propagated and sensed inside the pipe. Leak can be located by searching for frequency
and amplitude changes in the sensed signal [133]. The drawback of this method is that it
can only be used in large size metal pipes (100 mm).

Flow and pressure monitoring:

o One of the main approaches to detect leaks is to constantly monitor the pressure
and flow of the pipe. Once a leakage occurs, the flow and pressure change in the
pipe. This difference in hydraulic characteristics of the flow can interpreted to the
presence of a leak in the system followed by an alarm to notify operator or
maintenance personnel in charge to early detect the leakage and repaire it [117]

o Flow patterns can be monitored to detect a leak. Sudden or abnormal deviation
from the normal pattern can be interpreted to the presence of leakage. This
method can only be useful for prioritizing the zones in the water network that
potentially need more investigation using more reliable methods [134]

o In steady or a transient flow, a mathematical models can be developed such as
Least Squares Minimization [135] or Inverse Transient Analysis [136] to predict the
leakage. However this methods can only detect leaks at the nodal points of the
model yet requires a significant amount of data to be collected [134]. In a steady
flow the condition and properties (e.g. flowrate and pressure) of the system is
constant over time whereas in a transient flow in which they change over time

[137], [138].
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3.1.3.6.  Flowrate definition
Flow rate can be defined as the volume of liquid passing through a certain cross section area in a

unit of time. It can be formulated as Equation (3-4)

Volume of the liquid

Flowrate = (3-4)

elappsed time

The unit for flowrate in Sl system is cubic meter per second [139]-[141].

3.1.3.7. Flow rate measurement
techniques
Flow rate can be measured using either the mass of the liquid over time or the volume of the
liguid over time. For this study water was considered incompressible. Many techniques have
been developed over the past century to measure flowrate like thermal flow measurement,
turbine flow metering, variable area, positive displacement, oscillatory flow metering etc. Some

of the common ones are explained below.

3.1.3.7.1. CORIOLIS
FLOW
METERS

This is a type of mass flow measurement technique based on the angular momentum of the
vibrating tube caused by the liquid flowing through the tube. As the flowrate increases the force
increases. Therefore, a larger angular momentum would be created. This method of flow
metering is expensive and associated with some limitations such as the material that is used and

the size of the pipe [96], [142]-[147]
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3.1.3.7.2. ELECTRO
MAGNETI
C FLOW
MEASURE
MENT

The science behind this technique of flow metering is that electrical current can be generated by
applying a magnetic field which was discovered by Michael Faraday in 1831. In this method the
particles of the conductive liquid like water can be electrically charged by the magnetic field
applied by two coils across the pipe and electrical voltage difference can be measured with two
installed electrodes. When the liquid begins to flow, the electrically charged particles become
attracted to the opposite electrodes and the voltage difference is created. As the flow increases
the number of electrically charged particles increases, contributing to the greater voltage
difference across the pipe. This method can only be used for liquids that are reasonably
conductive. Other disadvantages of this type of flow metering is its relatively complicated

installation and its high cost [96], [142]-[148].

3.1.3.7.3. DIFFEREN
TIAL
PRESSURE
FLOWMET
ERS

This common type of flowmeter is composed of a restriction element like an orifice plate which
is responsible for creating a pressure drop that can be translated to flowrate values. This type of

technology is based on Bernoulli’s equation and the continuity in pipes. As Bernoulli’s equation
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states, in a pipe as the cross-section through which the liquid flows changes, the sum of kinetic,

static and potential is nominally conserved. This equation can be formulated as the Equation (3-

5).

. . pressure (velocity)?
Elevation of t =
evatio Of he pipe + (density).(gravitational acceleration) + 2.(gravitational acceleration)

constant value (3-5)

The continuity equation in pipes can be expressed as the constant value resulting from the
multiplication of the velocity of a incompressible liquid like water by the cross sectional area
through which it flows. This method of flow metering can be accurate. However it creates

pressure drop in the pipe which is not desirable [96], [142]-[149]

3.1.3.7.4. ULTRASO
NIC
FLOWMET
ERS

This flow measurement technique is based on calculating the flow velocity of the liquid by
measurement of the time taken by the signals in the relevant liquid to travel in the direction of
the flow and against it. There are different ways to use this technique. One of the common ones
is to use several piezoelectric crystals to transmit and receive ultrasound signals into and against
the flow. Piezoelectrics can create voltage potential when receive an ultrasonic signal and

conversely can create ultrasonic signal when applying a voltage. [96], [142]-[148], [150], [151]
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3.1.3.7.5. TARGET
FLOWMET
ERS

Target flow metering is based on the measurement of the flowrate based on the measurement
of the force exerted on the object (target) in the water. The force exerted on the target in the
water can be calculated from the difference of the pressure in the front and back of the target’s
area. The force then can be linearly translated to the flowrate. The force proportionality depends
on whether the flow is laminar or turbulent. In the turbulent flow the force is proportional with
the square of velocity and therefore the square of flow rate. in the laminar flow however, the
force is proportional with the velocity and the viscosity of the liquid. The flowmeter in this

technique is prone to wear and tear [96], [142]-[148], [152].

3.2. Challenges

Many of the present or previously used leak detection technologies including acoustic detection
[153], [154], Fiber Optic Sensing [155], [156], Infrared Radiometric method [157], [158],
electromagnetic flow meters etc. can be associated with some challenges. Firstly, they can be
labor-intensive, which makes them unsuitable unless necessary. Additionally, they can be very
expensive to be mass produced (>$300), very time consuming to be completed, require down-
time for maintenance or installation to be operated, subjective and dependent on how good the
result interpreter is trained or skilled. In addition, certain techniques may compromise the
accuracy or precision of the outcomes, or may lack a range of customizable options suitable for

different pipe sizes and materials. [122], [129]-[132], [144], [145], [159].
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3.3. Objective

Creation of low-cost leak detection mechanism that is suitable for health monitoring of water

equipment.

3.4. Approach

Leak detection by ultra-low flow measurement by taking advantage of high sensitivity of the rGO-
based strain gauge. Additionally, to keep the cost down the following approaches were

considered.

1. rGO was used due to its potential for low-cost mass production.
2. The leak detector was designed in a fashion that no hinges or moving parts involved.
Therefore, low costs of maintenance were another major cost effectiveness of the device.

3. Knowledge about leak was prioritized over high accuracy and precision of the sensor.

3.5. Major Tasks

3.5.1. Sensor Principle of Working

The sensor principle of working is a combination of momentum target metering and differential
pressure flow measurement techniques. The rGO was used at the center of the body of the
flowmeter as the direct sensing element. Once the flow reaches the flowmeter, the body of the
flowmeter bends creating stress (and strain) which can be sensed and picked up by the rGO strain
sensor through change in resistance as the rection of the sensor to the stimulus. The design

benefits from a novel symmetrical design, with two flaps which can bend out of the way to avoid
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creation of a high pressure drop. Flowmeter was also composed a supporting middle beam as

the substrate of the rGO film.

3.5.2. Materials and Synthesis

The sensor body was made of PDMS and rGO was used as the sensing element. 186 Silicone
Elastomer (PDMS) was used to make the body of the sensor. First the PDMS was cast into the
molds. To remove the bubbles from the PDMS, it was placed in a vacuum chamber for 80 min
first and then cast into molds. Molds were designed by Creo CAD software, prototyped by a
MakerBot replicator+ 3D printer [160] first and after the dimensions, sizes and design were
established, the final mold’s designs were sent to the University of Wisconsin Milwaukee’s
Machine Shop to be machined for quality improvement of the resulting specimens.
Polycarbonate material was used to create the molds. After the SYLGARD 186 Silicone Elastomer
was cast into the molds, it was cured at room temperature for 3 days. Figure 3-2 shows the
simulation of the final body of the sensor. After the cured body of the sensor was cut out of the
mold, it was washed completely by deionized water and dried by compressed air. To enhance the

adhesion of the substrate it was placed in a PE-25 plasma etching machine for 5 minutes. Then it

L

FIGURE 3-2. BODY OF LEAK DETECTION SENSOR
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FIGURE 3-3. THE SENSOR AFTER ADDING ELECTRODES

was immersed in a solution of 2 part (3-Aminopropyl)triethoxysilane and 98 parts Ethanol for 3
hours. To prepare the GO (Graphenea 0.4 wt% GO dispersion in water) solution for drop casting,
it was agitated in a Cole Parmer ultrasonic cleaner (M-series) for 2 minutes. Graphenea graphene
oxide dispersion was characterized in section 2.5.2.3. before. Then 0.1282 ml of the solution was
drop cast on to the reservoir of the body of the sensor with the area of 6.096 mm by 12.192 mm
to make 0.0069 mg/mm? area density of GO on the body of the sensor. Then it was kept in the
hood at room temperature to be dried for 24 hours. After being dried, thermal reduction was
performed on the Sensor. It was placed in the OTF-1200 Series Split Tube Furnaces in the
presence of Argon gas. In the thermal reduction process, temperature was raised to 180°c from
room temperature in 60 min and kept at the same temperature in 60 min. Again, increased to
200°c in 5 min and kept at the same temperature for 10 min. Finally brought back to the room
temperature in 90 min. The temperature was ramped up and down to reach the targeted

temperature. This overall processing was developed with the assistance and testing of Li-Chih
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Tsai and Maysam Rezaee and their work is presented in Tsai et al 2019 [51], Rezaee 2021 [104],

Rezaee et al 2019 [50] and Rezaee et al 2021 [52].

After the thermal reduction process, 4 electrodes (copper wires) were added by the conductive
epoxy to the sensor like Figure 3-3 [95], [96]. After adding the electrodes and allowing the
conductive epoxy to cure a layer of PDMS was deposited on the rGO patch, the tips of the
electrodes on the rGO patch and the conductive epoxy to prevent their contact with water. To
measure resistance the same circuit and equation as for the tensile tests were used. Sensor was
designed to be used for a 12.7 mm (% inch) diameter pipe. An air void was designed inside the

sensor later during the research for pressure sensing which was not visible from the outside.

3.5.3. Factorial Analysis

A factorial analysis was performed on the body of the flowmeter to investigate some potential
parameters of the design with significant effects on the response of the sensor. The parameters
that were included in the analysis were thickness of the flaps of the design, thickness of the
supporting middle beam of the design (on which the rGO patch is located), width of the
supporting middle beam, and flowrate. The sslast factor was whether using a ring made of PDMS
on the upstream side next to the sensor to improve the sensitivity of the sensor or not. Factorial
analysis was performed with the significance level of 0.5. The factorial analysis was performed in
the early stages of the improvement process of the design and some of the dimensions and sizes

have been improved ever since.

For design of the experiment, intended values were assigned to the factors. Two levels of

0.001016m and 0.001524m were assigned to the flap thickness, two levels of 0.001651m and
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0.002159m to supporting middle beam thickness, two levels of 0.00254m and 0.00508m to
middle beam width two levels of 90 ml/min and 150 ml/min to flowrate and finally for backing
ring presence two level of “yes” and “no” were assigned. In total, combination of 32 experiments

were designed and performed.

3.5.4. Finite Element modeling
Finite element analysis was performed in the x and y directions to determine the best geometry

of the rGO patch to improve the sensitivity of the sensor.

3.5.5. Flow meter resistive response testing

Flowrates were varied to investigate the resistive response of the sensor. The test was performed
at 137.895 kPa (20 psi) pressure. The sensor was placed in a coupling between two pipes with
12.7 mm (1/2 inch) diameters. The distance between electrodes on the sensor in x, y and at the
angle directions were 0.61 mm, 6.37 mm, and 7.16 mm. In addition, the sensitivity and resolution
of the sensor were measured. Pressure regulator and pressure gauges were used to reduce and
measure the pressure (20 psi) respectively. Arduino Uno was used to supply excitation electrical

energy for the data acquisition circuit (Figure 3-4).
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FIGURE 3-4. SENSOR WAS PLACED IN A COUPLING BETWEEN PIPES WITH
12.7 MM IN DIAMETER

3.5.6. Pressure-drop caused by the sensor.

Pressure drop was evaluated on the initial design in the sensor to determine the amount of
pressure drop that happened when the sensor was in the pipe. It was tested in a 45.72 cm long
pipe. The sensor was placed in a coupling between two pipes with 12.7 mm (1/2 inch) diameters

as shown in Figure 3-5.

Needle Valve

FIGURE 3-5. FLOW METERING TEST SETUP
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3.5.7. Creep Test

A sample with the same geometry and size that was used for imaging with the area density of
0.0069 mg/mm?2 was tested under constant uniaxial tension for creep. Sample was tested over
time under strains of 0%, 7.57% and 10.59% using the same tensioning device that was made
using 3D-printer. The distance between electrodes in the x direction was 1.43 mm. Test was

performed at room temperature.

3.5.8. Fatigue Test

Fatigue test was performed on the sensor with 0.0069 mg/mm? area density by application of
cyclic loading with 10 seconds of on-cycles with the average of 2496.871 ml/min flowrate and 10
seconds of off-cycles with zero ml/min of flowrate. The “on” and “off” cycles were created using
a solenoid valve and a timer. The flowrate was adjusted by a needle valve. Pressure was adjusted
by a pressure reducer to 34.4738 kPa (5 psi) pressure. Distances between electrodes in x, y and
the oblique directions were measured as 1.37 mm, 7.28 mm, and 7.4 mm respectively. The same
data acquisition system as tensile experiments were used with the same electrical bridges,

oscilloscope and Arduino Uno (as a power supply). Temperature was kept in a constant range
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with the average of 22.72°c using a water heater (Figure 3-6) to avoid effects of temperature

variation on the resistive response of the sensor.

3.5.9. High Flowrate Survival

Sensor with 0.0069 mg/mm? and distances between electrodes of 0.88, 6.85, 7.81 in the x, y and
the oblique directions respectively was tested at high flowrates up to 32035.83 ml/min. Test was
performed at the average pressure and temperature of 227.52 kPa (33 psi) and 20°c respectively.

The same test set-up as the one used in flowrate testing was used in this experiment.

3.6. Results and Discussion

3.6.1. Factorial Analysis

As the Pareto chart in Figure 3-7 shows, flowrate was identified as the most effective factor. This
result shows that the design is well suited for the purpose it was made for (flow metering). The
existence of PDMS ring was identified as the second most effective factor. This result suggested

that the sensitivity of the sensor could be enhanced by using a ring upstream next to the sensor.
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FIGURE 3-7. PARETO CHART OF THE EFFECTS OF THE
PARAMETERS ON THE RESISTIVE RESPONSE
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Combinatorial effect of all three geometric parameters (Thickness of the flaps and the supporting
beam and the width of the supporting beam) was placed in the third rank showing that the effect
of the three factors combined had the greater impact on the resistive response of the sensor

than that of each factor individually.

3.6.2. Finite Element Analysis

It can be seen from Figure 3-8 that the deformations are the greatest at the tips of the flaps.
However, finite element analysis performed in 2 paths at the center of the sensor aligned with y
and x directions shown in Figure 3-9(a) and Figure 3-9(b) respectively, suggests that the resulting
strains are the greatest on the top and bottom of the supporting beam close to where the sensor
is restrained rather than in the middle. The values on the top and the bottom of the supporting

middle beam are also greater than those on the tips of the flaps.
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o 0.00012456
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FIGURE 3-8. FINITE ELEMENT ANALYSIS PERFORMED ON THE
SENSOR FOR DEFORMATION DEMONSTRATION
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FIGURE 3-9. CONTOUR OF STRAIN WITHIN THE PATH THROUGH THE CENTER (A) IN THE Y DIRECTION (B) IN THE X
DIRECTION

As can be seen from the plots of strain versus the length of the analyzed paths on Figure 3-10(a)
and Figure 3-10(b) in the y and x directions respectively, magnitude of the strain in the sensor is
a greater value at the top and bottom of the supporting beam rather than on the tips of the flaps.
As a result of this analysis, the rGO patch was extended in the Y direction to enhance the

sensitivity of the sensor to strain. Therefore, the initial square shape of the rGO film was replaced
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with a rectangular shape in the new design (Figure 3-3). Furthermore, the maximum strain that
the initial body design of the sensor could be exposed to, under 1000kPa pressure was

determined using finite element analysis as less than 3.5%.

3.6.3. Flow meter resistive response testing

Figure 3-11 shows the resistance and relative resistance change in all 3 directions in one plot with
respect to applied flowrate. As the figure suggests, the sensor was sensitive to the stimulus. The
sensor showed higher sensitivity in the y direction. Resolution of about 2ml/min was measured.

The absolute value of the sensitivity of the sensor in the x, y and oblique directions were

22 5.0036 =22 and 0.002020 —22

ml/min’ ml/min ml/min

calculated as 0.0011

which matches the results of

FEM that suggested greater sensitivity of the sensor in the y direction.
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3.6.4. Pressure-drop caused by the sensor.

As can be seen in Figure 3-12, the pressure-drop that sensor created at 40 I/min flowrate was
18.3 kPa where about 3.86 kPa of that value came from the frictional pressure loss in the pipe
with diameter of 12.7 mm (half inch) and 45.72 cm long length. The frictional pressure loss was

calculated based on Hazen—Williams Formula [161]. Therefore, only 14.44 kPa of the pressure-
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FIGURE 3-13. RESISTIVE RESPONSE OF THE SAMPLE DURING 57444 MIN (ABOUT 40 DAYS) UNDER 7.57% STRAIN
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drop was caused by the sensor which is a very small amount of pressure-drop considering the
pressure that pipes usually work at. For instance, residential water pressure ranges from about

310 kPa to about 550 kPa.

3.6.5. Creep Test

As shown in Figure 3-13, small increasing changes in the resistive response of the sensor were
observed during 57444min (about 40 days) of being under 7.57% strain. After being released, the
sensor’s relative resistance change returned to almost the same value as its relaxed state’s value
was (before being strained) with only about 5 Q/Q difference. A sensor's ability to return to its
initial output value after being released is an important aspect of its performance and can be one
of the requirements toward fulfilling good repeatability criteria. The test was performed at room
temperature. The sample showed on average an increasing trend over time. Part of the increase
in relative resistance change could be attributed to the increase in temperature in the room over

time (Figure 3-14).
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Sample then was tested under 10.59% strain. After 27394min (about 19 days) of constant tension

the samples electrically failed (Figure 3-15). However, immediately after releasing the sample,

. - . AR
the electrical conductivity of the sample was almost retrieved. After about 22 hours, = returned
0

to its initial relaxed state’s value (with only 27 Q/Q difference). Change in temperature

throughout the experiment is shown in Figure 3-16.
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3.6.6. Fatigue Test
As it is shown in Figure 3-17(a), Figure 3-17(b), and Figure 3-17(c) during about 319000 cycles,
the resistive response of the sensor showed very consistent result with variation of only, +1, +3
and 15 in x, y and the oblique directions respectively. Most of these small variations happened in

the first 10000 cycles and then resistive response of the sensor was mostly stabilized. The sensor
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in the x direction showed the most consistency in resistive response during the fatigue test. The
flowrate and temperature that were recorded for different cycles are shown in Figure 3-18(a)

and Figure 3-18(b).

3.6.7. High flowrate survival

Figure 3-19 shows the highest flowrate that the sensor was tested up to. Not only did the sensor
survive the flowrate as high as about 32035.83 ml/min but also once the applied flowrate
returned to 0 ml/min, the resistive response of the sensor (AR/Ro) returned to its initial value
with the very small differences of 0.193999Q0/Q, 0.424458 Q/Q and 0.8882 Q/Q in x, y and the

oblique directions respectively.

3.7. Summary of Flow Meter Results

Factorial analysis performed on the flowmeter showed that flowrate was the first factor that the
sensor was the most impacted by. It could be attributed to the good sensitivity of the sensor to
flowrate. The second most effective factor was the presence of the PDMS ring in the upstream
next to the sensor. The combinatorial effect of all three geometric parameters (Thickness of the
flaps and the supporting beam and the width of the supporting beam) was identified as the third
most effective factor. It means that the effect of the three factors combined had a greater impact
on the resistive response of the sensor than that of each factor individually. Finite element
analysis showed that the rGO film should be extended along the y axis to show the best sensitivity
to the flowrate change. The flowrate test on the sensor showed that it was sensitive to flowrate
change and the most sensitivity was achieved in the resistive response of the sensor in y direction

which was consistent with the results of the finite element analysis. Pressure drop test performed
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on the sensor showed that it created 14.44 kPa of pressure drop at 40 I/min flowrate which was
a small amount of pressure drop considering residential water pipes being exposed to a pressure
ranging from 310 kPa to about 550 kPa. The creep test showed a small increasing shift in the
resistive response of the sensor during about 40 days of being under 7.57% strain. The increasing
trend of the resistive response can be partially attributed to the increasing trend of temperature
change in the room during data collection. During about 319000 cycles of cyclic testing, the
resistive response of the sensor showed a very consistent result with variation of only, +1, +3 and
15 in x, y and the oblique directions respectively. Testing the sensor at a flowrate as high as
32035.83 ml/min showed that not only did the sensor survive the high flowrate but also once the
applied flowrate returned to 0 ml/min flowrate, the resistive response of the sensor (AR/RO)
returned to its initial value with the very small differences of 0.1939990/(Q), 0.424458 Q/Q and

0.8882 O/Qin x, y and the oblique directions respectively.
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4. CONCLUSION AND FUTURE WORK

4.1. Conclusion

Initial tests on the sensor tested under strains up to the electrical failure showed that rGO sensors
with area densities of 0.0069 mg/mm?, 0.0080 mg/mm?, and 0.0091 mg/mm?, electrically failed
on average at 20.36%, 34.19% and 40.92% strains meaning that as the area density increased,
the average strain values of electrical failure increased too. On average, the increase in the area
density of the GO deposited on the substrate increased the strain tolerance of the samples.
Samples with greater area densities showed reduction in gauge factors. However, GF values were
still high enough for the sensors to be considered as highly sensitive strain sensors compared to
common foil strain gauges. Sensors in most cases showed a linear followed by a nonlinear
resistive behavior with the increasing trend in the x direction while under strain in the x direction.
The linear resistive behavior of the sensor under strain was consistent with that of bulk like
materials. The nonlinear resistive behavior of the sensor under strain was aligned with that of
percolative materials. The linear-nonlinear and increasing resistive behavior of the sensor
matched the mathematical models. In the y direction, the resistive response of the sensor was
decreasing. This behavior of the sensor could be due to contraction in the rGO in the direction
perpendicular to the direction of applied tension caused by Poisson’s effect in the PDMS
substrate. This decreasing trend matched the mathematical model. Partial positive slopes
observed in the resistive response of the sensor in the y direction could be attributed to the
cracks that formed locally in the direction aligned with the direction of applied tension creating

local disconnections in the electrical paths in the y direction. At the angle, resistive response of
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the sensor was mostly affected by the resistive response of the sensor in the x direction rather
than the y direction. This major influence matched the equations derived from the concept of
the transformation of strains in the rotated elements. Furthermore, the rGO strain gauge showed
the average gauge factor of 91.503 with a linear fit which was significantly greater than GF of
metal foil strain gauges (about 2). 4-cycle cyclic testing results showed that in most cases, there
were noticeable variations between the resistive response values between cycles 1 and 2. The
variation decreased between the next cycles. According to the confocal microscope images, this
phenomenon could be attributed to the formation of the residual microcracks after the first cycle
causing deviation in the resistive response between cycles one and two. These residual
microcracks remained in place for the rest of the cycles causing smaller resistive response
deviations between other cycles after the first cycle. Confocal microscope images also revealed
that the crack formation rate increased starting at 7.57% strain and beyond which could be
attributed to the movement of the flakes of rGO over each other due to percolative like behavior
resulting in accumulation of flakes in some areas leaving the adjacent areas empty (crack
formation). Measurements by the confocal microscope suggested an accumulation of the rGO
flakes because of their interconnections starting at 7.57% strain further, leaving the adjacent
areas empty (crack formation). The elevation differences observed in the atomic force
microscopy images taken at 0% and 7.57% strains could be because of this accumulation of flakes

as well.

The rGO strain sensor can be used in applications with requirements of high sensitivity, cost
efficiency, especially in mass production. One of these applications can be identified as use of

rGO strain sensor as a sensor in the body of a low-flowrate leak detection sensor. The application
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of rGO strain sensor to create a low-cost, highly sensitive flow meter was investigated in the
thesis. Factorial analysis performed on the flowmeter showed that flowrate was the first factor
that the sensor was mostly impacted by. It could be attributed to the good sensitivity of the
sensor to flowrate. The second most effective factor was the presence of the PDMS ring in the
upstream next to the sensor. The combinatorial effect of all three geometric parameters
(Thickness of the flaps and the supporting beam and the width of the supporting beam) was
identified as the third most effective factor. It means that the effect of the three factors combined
had a greater impact on the resistive response of the sensor than that of each factor individually.
Finite element analysis showed that the rGO film should be extended along the y axis to show
the best sensitivity to flowrate change. The flowrate test on the sensor showed that it was
sensitive to flowrate change and the most sensitivity was achieved in the resistive response of
the sensor in y direction which was consistent with the results of the finite element analysis.
Pressure drop test performed on the sensor showed that it created 14.44 kPa of pressure drop
at 40 I/min flowrate which was a small amount of pressure drop considering residential water
pipes being exposed to a pressure ranging from 310 kPa to about 550 kPa. The creep test showed
a small increasing shift in the resistive response of the sensor during about 40 days of being under
7.57% strain. The increasing trend of the resistive response can be partially attributed to the
increasing trend of temperature change in the room during data collection. During about 319000
cycles of cyclic testing, the resistive response of the sensor showed a very consistent result with
variation of only, +1, #3 and 5 in x, y and the oblique directions respectively. Testing the sensor
at a flowrate as high as 32035.83 ml/min showed that not only did the sensor survive the high

flowrate but also once the applied flowrate returned to 0 ml/min flowrate, the resistive response
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of the sensor (AR/RO) returned to its initial value with the very small differences of 0.1939990/Q,

0.424458 Q/Q and 0.8882 Q/Q in x, y and the oblique directions respectively.

4.2. Future Work

Based on the results shown in application of the strain sensor in low-cost leak detection for health
monitoring of the water equipment, temperature change in the environment that the sensor was
tested in could potentially affect the resistive response of the sensor. Therefore, a quantitative
investigation into effects of temperature change on the PDMS-rGO film sensor and the potential

methods to compensate for these effects could be considered for future work.
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