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"Never let your head hang down. Never give up and sit down and grieve. Find another
way. And don’t pray when it rains if you don’t pray when the sun shines.”

-Leroy Satchel Paige
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Abstract

Graphene is considered a promising material due to its unique electrical characteristics and ex-
cellent mechanical properties. These extraordinary properties make graphene a suitable material
for applications like mechanical reinforcements, protective coatings, supercapacitors, sensors, etc.
However, when trying to extract these properties experimentally, the challenge of producing pristine
graphene prohibits researchers from attaining the required results. The challenge is primarily due
to the formation of structural or surface imperfections during the fabrication, transfer or manipu-
lation of the membrane. In addition, graphene possesses a low bending rigidity which inevitably
leads to the out-of-plane crumpling of the film. So, determining the effect of these imperfections
on the mechanics of graphene is critical to ensure development in the research field and applica-
tion pertaining to graphene. The main focal point of this work is to experimentally determine the
effects of surface corrugations, in the form of out-of-plane crumples, on the mechanical constants
of the graphene membrane. In this study, two types of graphene membranes are considered, one is
a flat membrane, and the other is a heavily crumpled membrane. The atomic force microscope is
used to probe the membranes, and the mechanical constants are extracted from the resulting force-
deflection characteristics. The mechanical constants of the flat membrane, 2D Young’s modulus
(E2D ) and pretension (σ0) were found to be 140.42 ± 44.52 N/m and 0.119 ± 0.049 N/m respectively.
The values obtained suggest a softening behaviour of the membranes, which is due to the intrin-
sic crumpling of the membrane in the out-of-plane direction. Surprisingly, in the case of heavily
crumpled membranes, E2D and σ0 were found to be 393.34 ± 145.12 N/m and 0.203 ± 0.069 N/m
respectively. The values obtained suggests that the heavily crumpled membranes provide greater
resistance to deflection than the flat samples. However, it is essential to understand that the values
do not depict the effective Young’s modulus or intrinsic strength of the membrane. The presence of
folds in the heavily crumpled membranes is the reason for their higher resistance to deflection. The
evolution of these folds, when subjected to nanoindentation, is also discussed in this work. This
research helps provide insights into how the graphene membrane responds mechanically in the
presence of crumples and also provides progress in realising the applications of crumpled graphene
membranes.
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1
Introduction

Graphene, a one-atom-thick film, was first isolated in 2004 by Andre Geim and Konstantin Novoselov
[1]. Since then, the investigation into the properties and applications of the graphene membrane
has been fast-growing. Over the years, researchers have found graphene to possess exceptional me-
chanical, optical, electrical and chemical properties. For example, graphene is considered to be
the strongest material measured (Young’s modulus = 1 TPa)[2]. These properties pave the way for
possible applications in a large number of fields. However, before the possible applications can be
fully realised, it is essential to understand the properties of graphene thoroughly. Researchers, over
the years, have tried to understand the properties of the material experimentally. However, in most
cases, the full potential of graphene was not understood due to the presence of imperfections in the
sample. These imperfections are either structural defects or surface corrugations developed during
the fabrication or processing of the graphene samples. The structure and topography of the mate-
rial play an immense role in the mechanical aspects of the material. This makes the development
of these imperfections and their effects on the mechanical properties of graphene a vital avenue in
the field of research. Recent theoretical studies have shown that these imperfections have a signif-
icant effect on the mechanical response of the graphene samples[3, 4]. However, the experimental
validation of some of these theoretical results, mainly surface corrugations, are still unexplored. In
addition to this gap in research, researchers have shown that graphene with surface corrugations
also possess some exciting applications like energy storage and strain sensing [3]. So, to bridge
this research gap and possibly realise the applications of graphene with surface corrugations, it is
necessary to study the effect of surface corrugations on the mechanical response of the monolayer
graphene membranes experimentally.

This research aims to experimentally determine the effect of crumpling (surface corrugation) on
the mechanics of the graphene membrane. The research done is structured in the following man-
ner. The first chapter deals with the introduction and motivation for this research. In the following
chapter, which is the literature review, the introduction to graphene, the possible structural and sur-
face imperfections, and its current state of research is provided. In addition, the chapter also deals
with the different fabrication, transfer and measurement techniques used by researchers to investi-
gate the properties of the graphene membrane. Chapter 3 deals with the research gap present and
the objectives of this research. In chapter 4, the methodology followed during the research is pre-
sented. The next chapter presents all the findings of this research and its understandings. The final
part of the report deals with the conclusions that can be drawn from the findings and the possible
recommendations that can be given for future research.
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2
Literature Review

This chapter aims to provide a basic understanding of graphene and its properties. In addition,
the current state of research regarding the possible imperfections and their effects on graphene
mechanics are also discussed. This chapter also provides a brief review of the different fabrica-
tion, transfer and mechanical testing methods of graphene membranes, from which the desirable
choices can be made for this work.

2.1. Introduction to Graphene
Graphene is a two-dimensional membrane that consists of only carbon atoms. It is one-atom-

thick and is considered the structural element of many carbon-based structures. In graphene, the
carbon atoms are organised in a honeycomb structure, forming a tightly packed hexagonal crys-
tal lattice, which is bonded by strong covalent bonds, as shown in fig 2.1. These covalent bonds
are sp2 hybridised, which means that a single carbon atom is attached to each of the neighbouring
three carbon atoms by oneσ-bond, and the fourth bond is aπ-bond which is oriented out-of-plane.
These membranes are commonly known as pristine graphene if the structural integrity of the mem-
brane is maintained without any impurities or defects.

Figure 2.1: Hexagonal lattice structure of graphene

Production of pristine graphene was a significant challenge until the rise of high-quality meth-
ods like Chemical Vapor Deposition (CVD) and mechanical exfoliation. The major drawback of
these methods is the scalability of the process. Some scalable methods exist, but they produce low
yields and are expensive for mass production or industrial use.

2
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2.1.1. Properties of Graphene
Various researchers have been keen to understand and quantify the reportedly exceptional

properties of graphene. The structure of the graphene membrane places a vital role in understand-
ing its properties. Some of the reported properties of the membrane is a work of simulation, and the
experimental validation of these results are yet to be obtained. The different properties of graphene
are discussed below.

Electrical Properties
The charge carrying capability and electron mobility are important properties pertaining to the
electrical properties of graphene. Kim et al.[5] were able to show that CVD grown graphene which
were transferred onto SiO2 substrate possessed an electron mobility of µ = 3700cm2/(V.s) at elec-
tron densities of n = 5 x 1012cm−2. Whereas K.I. Bolotin et al.[6] showed that for suspended graphene
the electron mobility can rise up to µ= 2 x 105cm2/(V.s) at electron densities of n = 2 x 1011 cm−2.
The conductivity of graphene, dependent on the electron mobility and charge density, is affected
by the low charge density. Zhao et al.[7] showed that this could be tackled with the help of nitrogen
dopant, as the electronic structure of graphene only changed within a few lattice spacing while in-
creasing the carrier density. These properties of graphene attribute to the type of hybridisation, as
the free π bond in the sp2-hybridisation, is responsible for the electronic conduction.

Optical Properties
The optical transmittance and reflectance of graphene are some of the main parameters of study
to understand the optical behaviour of graphene membranes. R.R.Nair et al.[8] observed the re-
flectance to be negligible (<0.1%) and also showed that the opacity could reach ∼ 2.3% which in
turn implies that the transmittance of ∼ 97.7% can also be reached for a single layer graphene mem-
brane. They also showed that the opacity could be increased by 2.3% by adding a graphene layer.

Thermal Properties
Researchers have studied the thermal conductivity and the thermal expansion coefficient of graphene
to a great extent. Balandin et al.[9] used the Raman spectroscopy to determine the thermal conduc-
tivity (κ) of suspended graphene, and he had reported very high thermal conductivity values up to
κ ≈ 5000 Wm−1K−1. They further reasoned it out to be due to the lattice vibrations created by the
free dangling bonds, which in turn is responsible for efficient heat transfer[10].
At low temperatures, graphene possesses a negative thermal expansion coefficient, owing to the dy-
namic rippling present in the membrane [11]. However, Gao et al.[12] later reported that at higher
temperatures, graphene’s thermal expansion coefficient becomes positive. They also showed that
the anharmonic interactions suppress the dynamic ripples. This transition in the thermal expansion
coefficient is still an important research topic as the transition temperatures are still inconsistent.

Mechanical Properties
The stability of the sp2 bonds is the main reason behind the exceptional mechanical properties
of graphene. Graphene may deform by in-plane stretching or out-of-plane bending, making the
in-plane and bending moduli the most important elastic properties. Lee et al.[2] were the first to
experimentally report the mechanical properties of suspended graphene by nanoindentation, us-
ing an Atomic force microscope (AFM). The force-displacement behaviour as depicted in fig 2.2 was
understood to be due to the nonlinear elastic properties of graphene membranes. The authors ob-
tained a value of 340 ± 50 N/m for graphene’s second-order elastic stiffness (2D Young’s modulus).
Assuming a nominal thickness of 0.335 nm, the 3D Young’s modulus of the graphene membrane
was found to be 1.0 ± 0.1 TPa. The analytical model used in the article is still a debatable topic. The
model obtained by summing up two asymptotes seems to be providing more errors than the simu-
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lation results[13]. Using the same experimental setup, Lee et al. also measured the intrinsic strength
of single-layer graphene. The breaking strength was found to be ≈ 42 N/m, which corresponds to
an intrinsic strength of 130 GPa.

Figure 2.2: Force-displacement data of suspended graphene using AFM nanoindentation[2]

In order to extract the in-plane elastic properties using the AFM, the effect of the bending modulus
of graphene is considered to be negligible; this is justified as a membrane-like behaviour. However,
the direct measurement of the bending modulus of graphene or any 2D material is quite challeng-
ing. The bending modulus of single-layer graphene was found to be ≈ 1.2 eV, which was obtained
from the phonon spectrum of bulk graphite[14]. Lindahl et al.[15] later obtained the bending mod-
ulus of ≈7.1 eV, based on the measurements of the critical voltage of pre-buckled graphene sheets.
This value has a lot more uncertainties associated with it due to limited data points obtained. In the
recent past, Blees et al.[16] inferred the bending modulus from the spring constant of a graphene
cantilever structure using an elementary mechanics model. This method surprisingly yielded val-
ues around 103-104 eV, which was attributed to the effect of static and thermal ripples. Looking at
the articles, there still exists a large discrepancy in the theoretical and experimental values of the
bending modulus of graphene, which calls for further research.
Fracture toughness is also one of the critical properties related to engineering applications. Zhang
et al.[17] determined the fracture toughness of CVD graphene with the help of an in situ microme-
chanical testing device within a Scanning Electron Microscope (SEM). It can be understood from
the results that the fracture toughness is dependent on the weakest region of the membrane. The
authors initiated the brittle fracture of graphene by introducing a central crack using a Focused Ion
Beam (FIB). They obtained the fracture toughness, which was measured as the critical stress inten-
sity factor of Kc = 4.0±0.6 MPa.

The basic understanding of the properties of the graphene membrane shows that the exceptional
properties can be used in various applications. However, a widespread in the theoretical and ex-
perimental values of some of the properties still exist. Furthermore, research also shows that these
properties are altered due to changes in the lattice structure that are generally induced due to de-
fects or other corrugations. These ambiguities and external influence show why the field of research
about graphene still has many research gaps present. The following section deals with the common
defects and corrugations developed during graphene’s growth or transfer
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2.2. Imperfections in Graphene
This section discusses the possible imperfections that can be induced into the lattice structure

or the possible corrugations present in the membrane. Furthermore, the effects of these defects on
the properties of the graphene membrane are also mentioned. It is well known that obtaining pris-
tine graphene without any imperfections is a massive challenge on its own, which makes the study
of these imperfections a critical research field. The types of structural and surface imperfections are
as follows.

2.2.1. Structural Defects
Structural defects are the type of defects wherein the lattice structure of the membrane is al-

tered by lattice reconstruction or atom displacement. These defects occur during the production
process of graphene or the transfer process. A large number of structural defects may occur, but
only the most common ones are discussed here and are as follows.

2.2.1.1. Point Defect
Point defects are zero-dimensional defects that occur at a single lattice point. When the lattice

is disordered without the presence of a foreign atom, they are known as intrinsic defects. In con-
trast, in the presence of a foreign atom, they are referred to as impurities or extrinsic defects.

Stone-Wales Defect
Stone-Wales(SW) defect is an intrinsic defect wherein the crystal lattice of graphene reconstructs it-
self to form non-hexagonal rings. One of the C-C bonds rotates by 90◦, transforming four hexagons
into two pentagons and two heptagons[18]. J. Meyer et al.[19] were able to experimental obtain the
Transmission Electron Microscope(TEM) image of the defect, as shown in fig 2.3(a.).

Figure 2.3: SW defect a.) Experimental TEM image[19], b.) Atomic structure obtained by DFT calculations[4]

Researchers, with the help of Molecular Dynamics(MD) simulations, have shown that SW defects
have a small effect on the Young’s modulus. In contrast, the failure strain and the intrinsic strength
of the graphene decreased significantly in the presence of SW defects[20][21].

Vacancy Defect
Vacancy is a type of lattice defect in which the carbon atoms in the lattice are removed, which leads
to the formation of voids. Graphene’s unique ability of lattice reconstruction counteracts these va-
cancies by forming non-hexagonal rings. Irradiation of the graphene membrane with electrons or
ions give rise to vacancies, and the energy of these electrons should be above the displacement
threshold energy of carbon in the graphene lattice in order to remove the carbon atom[4].
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Figure 2.4: Single Vacancy defect a.) Experimental TEM image[19], b.) Atomic structure obtained by DFT calculations[4]

Vacancy type defect affects the mechanical properties of the graphene, where the effective Young’s
modulus decreases drastically with the increase in the defect density. This behaviour was reported
using MD simulations by Tapia et al.[22]. Furthermore, they showed that the shear modulus fol-
lowed a similar trend to the young’s modulus. On the other hand, Wang et al.[20] reported that the
vacancies decrease the fracture strength of the graphene membranes as well.

Contradicting to the above mentioned behaviour of defective graphene, Lopez-Polin et al.[23] ex-
perimentally showed that the in-plane Young’s modulus of graphene increases with the increase in
the defect density up to ∼0.2%, after which the Young’s modulus starts to decrease drastically.

Figure 2.5: a.) E2D as a function of the defect densities for two drumheads, b.) Fracture force as a function of the defect
densities with error bars that correspond to the standard deviation.[23]

The authors attributed this behaviour to the suppression of the out-of-plane flexural modes due to
the anharmonic coupling of the in-plane and out-of-plane fluctuations. The variation of the Young’s
modulus to the defect density is depicted in fig 2.5a. The authors also studied the fracture force of
the membrane. Compared to the Young’s modulus, a completely different behaviour was observed.
The fracture force showed a rapid decrease with the increase in the defect density, after which a sat-
urating tendency was observed at higher defect densities as shown in fig 2.5b.

Adatoms
Adatoms are atoms that are externally absorbed on the lattice structure of the graphene membrane.
The lattice then re-configures to form a bridge, dumbbell or other configurations, as shown in fig
2.6. Different types of atoms can be absorbed onto the lattice, which makes the properties of the
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graphene sheet heavily dependent on the type of atom absorbed. Banhart et al.[4] showed the im-
pact of a carbon adatom on the lattice of the graphene membrane. The extra carbon atom’s presence
changed the bond’s hybridisation from sp2 to sp3-hybridisation, which in turn reduces the in-plane
stiffness of the membrane.

Figure 2.6: Adatom defect configurations: (a,d) single adatom in bridge configuration; (b,e) single adatom in dumbbell
configuration; (c,f) two close adatom forming the 7557 configuration.[4]

Substitutional Impurities
Substitutional impurities are a type of defect in which foreign atoms replace the carbon atoms in the
graphene lattice. Similar to adatoms, the change in the graphene membrane properties depends on
the incorporated foreign atom. The bond length between the foreign atom and the carbon atom is
different from that of the carbon-carbon bond, which makes the foreign atom to be located slightly
off the graphene layer as shown in fig 2.7[4].

Figure 2.7: Substitutional Impurities defect configurations: (a,c) single vacancy in bridge configuration; (b,d) double
vacancy; in both the images the small dark circles denote carbon and the large lighter circle denotes transition metals.[4]

2.2.1.2. One-Dimensional Defects
One-Dimensional defects, also known as dislocations, are an extension of point defects wherein

the point defect is present at multiple lattice points. In other words, they can be visualised as a line
of reconfigured point defects as shown in fig 2.8(a,b)[24]. These line defects may occur during the
growth of graphene by CVD when there is a misfit between the metal substrate and graphene. This
misfit leads to different grains having different orientations, and when grains with two different ori-
entations coalesce, they lead to line defects. J.Lahiri et al.[25] showed the appearance of a line defect
due to the mismatch between graphene and the Ni substrate, and this can be seen in fig 2.8c.
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Figure 2.8: (a,b) Line defect formation along the multiple vacancy structures[24] c.) Grain boundary when graphene
grown on Ni substrate [25]

2.2.2. Surface Corrugation
Surface corrugation can be understood as the out-of-plane deformation of the surface. These

types of corrugation may occur during the growth, transfer or manipulation of graphene mem-
branes. They can also be induced by introducing structural defects like grain boundaries into the
lattice. The commonly observed surface corrugations are dynamic ripples, crumples and static
wrinkles. In this section, an understanding of the three corrugations are discussed along with their
impact on the mechanical properties of graphene.

2.2.2.1. Ripples
Membranes that are truly 2D are thermodynamically unstable, and the formation of ripples

achieves this stability. Ripples are formed from the partial decoupling of the stretching and bending
modes[26]. P.Xu et al.[27] used the Scanning Tunneling Microscope(STM) to understand the forma-
tion of ripples and found that the ripples are dynamic in nature. Furthermore, they found that the
asymmetry in the bond lengths due to the delocalized π electrons forces the carbon atom in the lat-
tice to move into the third dimension to reduce the free energy. It is well known that the large scale
production of graphene by CVD induces defects. Seung and Nelson[28] showed that corrugations
or out-of-plane deformations help in the reduction of in-plane stresses induced by these defects.
Therefore, induced defects like the dislocations or grain boundaries can lead to the formation of
ripples to reduce the in-plane stresses.
Multiple simulation studies have been performed to understand the effect of ripples on the me-
chanical properties of the graphene membrane. Ripples tend to produce a nonlinear stress-strain
behaviour even at small strains, and it was also noted that the amplitude of the ripples decreases
rapidly with the increase in the strain of the membrane[29][30]. Apart from this, the temperature
has a significant effect on the ripples, which affects the mechanical properties of graphene. Lee
et al.[30] observed that the out-of-plane displacements increased with an increase in the temper-
ature, and this, in turn, leads to a near-linear decrease of the elasticity of the membrane. Further-
more, temperature also affects the Poisson’s ratio as well as the thermal expansion coefficient of the
membrane. Zakharchenko et al.[31] were able to see a transition in the sign of the Poisson’s ratio at
around 1700k, where the Poisson’s ratio changed from positive to negative.
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Figure 2.9: Rippled graphene[3]

A similar transition was also noticed in the thermal expansion coefficient of graphene, where
Gao et al.[29] found that graphene has a negative thermal expansion coefficient at low temperatures
and a positive thermal expansion coefficient at high temperatures. The authors cited that this was
because the out-of-plane vibrations were energetically preferred over the in-plane vibrations.

2.2.2.2. Crumples
Crumples are out-of-plane deformations of the graphene membrane, which may alter the ge-

ometry depending on the distribution of stress across the surface of the membrane as seen in fig
2.10(a,b). Since crumpling is heavily dependent on stress distribution, the properties of crumpled
graphene may be affected in different ways.

Figure 2.10: Mechanical model of crumpled sheet:a.)applying weak force b.) applying strong force;
c.) SEM image of crumpled graphene.[3]

Nicholl et al.[32] stated that the crumpling is predominantly due to the static wrinkles caused
by the uneven stress distribution and the out-of-plane flexural phonons. They investigated the in-
fluence of these two mechanisms on the in-plane stiffness of the membrane and found that the
in-plane stiffness of the crumpled graphene had reduced to 20-100 N/m. Furthermore, the authors
suppressed the effect of static wrinkles by cutting into graphene ribbons and found that the in-plane
stiffness increased from 36 to 300 N/m. The authors inferred that the softening of the membrane is
predominantly due to the static wrinkles with minor contributions from the flexural phonons.

2.2.2.3. Wrinkles
Wrinkles are a type of corrugation caused by the membrane’s local buckling. Wrinkles can be

induced by different mechanisms, which in turn gives rise to different wrinkling patterns.
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Graphene growth on a metal substrate is one of the main ways wrinkles are generated. Graphene
sheets having a negative thermal expansion coefficient (TEC) at low temperatures due to reduced
flexural phonon modes tend to expand during the cooling process. In contrast, the metal substrate
shrinks during cooling due to its positive TEC, and this mismatch in the TEC results in the straining
of the membrane, which in turn induces wrinkles into the membrane, as shown in fig2.11[33].

Figure 2.11: a.)AFM image of wrinkled graphene on Cu substrate b.) SEM image of wrinkled graphene[3]

Wrinkles are also formed during the wet transfer of graphene. After removing the polymer by
dissolving it in a solvent, the membrane is transferred to the substrate present in the bottom of
the liquid, during which wrinkles may form on or along the water drain channels present on the
interface between the membrane and the substrate. Figure 2.12(a-g) gives a schematic view of the
formation of wrinkles during the wet transfer of graphene. Furthermore, the orientation of the wrin-
kles can be controlled by altering the morphology of the substrate, as shown in fig 2.12(h). Altering
the morphology may induce additional stress because of the adhesion between the graphene and
substrate, which, in turn, may increase the number of wrinkles[34].

Figure 2.12: (a-c) Schematic view of transfer process, (d-g) Optical images of the formation of wrinkle;(h) AFM image of
graphene transfer on a step structure.[34]

The fracture stress of wrinkled graphene membrane was studied by Min and Aluru[35] using
molecular dynamics. They had performed a shear test to obtain the fracture stress and found the
value to be around 60 GPa which is less than the 97.5 GPa obtained for a flat graphene membrane.
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The results indicated the softening of the membrane due to the presence of wrinkles. On the other
hand, Qin et al.[36] simulated results pertaining to the interlayer shear properties of multi-layer
wrinkled graphene. They tuned the topological defects in the membrane to obtain different aspect
ratios of the wrinkled sheet. By adjusting the aspect ratio, they obtained a shear modulus of 1100
MPa and a strength of 610 MPa for an aspect ratio of s = 0.177. These results are considerately higher
than that of the multi-layer flat graphene, which is understood to be due to the geometrical inter-
locking of the wrinkled graphene layers.

The information provided in this section deals with the commonly possible imperfections in graphene
membranes. Based on the content, it is pretty evident that imperfections considerably affect the
mechanics of the graphene membrane. Theoretical and experimental studies have been conducted
to study the effect of imperfections like vacancy defects and line defects. However, the experimental
study related to the effects of static wrinkles and crumples on the mechanics of graphene is still an
ongoing field of research. Theoretical studies have shown that static wrinkles or crumples degrade
the membrane. However, an experimental backing would help explore various aspects beyond the
mechanics of wrinkled graphene. So, to study the impact, it is necessary to produce controlled
crumples to quantify or correlate between crumpling and the mechanical property.

2.3. Fabrication and Transfer of Graphene
The section below deals with a few commonly used methods of fabrication of graphene and

also concentrates on the types of transfers that can be done for Chemical Vapour Deposition (CVD)
graphene onto the desired substrate.

2.3.1. Fabrication of Graphene
The fabrication of graphene has been one of the most attractive research fields worldwide since

graphene, in general, has outstanding properties and applications. However, some of the crucial
factors that have hindered the research are the cleanliness, cost, scalability of the process, or the ob-
tained graphene’s homogeneity. A good number of fabrication techniques have been developed so
far, considering the difficulties involved. These techniques can be distinguished into two categories:
top-down and bottom-up. The Top-down approaches are basically the exfoliation or breakdown of
graphite to form graphene. In comparison, the bottom-up approaches are the chemical interaction
or reaction of molecules to form the two-dimensional network of carbon atoms. In order to under-
stand both these categories better, different types of mechanical exfoliations and chemical vapour
deposition are discussed below.

2.3.1.1. Mechanical Exfoliation
Mechanical exfoliation is one of the top-bottom approaches available, wherein mechanical

force is used to break down graphite until graphene is obtained. In order to exfoliate graphite, it is
necessary to overcome the van der Waals attraction force, which is present between the layers in
bulk graphite. Generally, two different paths can be taken to overcome the attractive force, one if
by applying the normal force and the other is by applying lateral or shear force as illustrated in Fig
2.13[37].
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Figure 2.13: Types of mechanical paths to exfoliate graphene (normal and shear force)[37]

Micromechanical Cleavage
Micromechanical Cleavage is an approach wherein a normal force is applied to the bulk graphite
to cleave it into thinner flakes. It can be said that the first-ever graphene flake was obtained by
this method in 2004[1]. In this method, highly ordered pyrolytic graphite bulk is transferred to a
scotch tape, and then the tape is stuck to itself. The tape is then ripped open, which is a form of
normal force being applied to separate the layers. This adhesion and separation have to be repeated
numerous times to obtain very thin flakes. The process is depicted in fig 2.14.

Figure 2.14: Step wise procedure of the scotch tape method to exfoliate graphene[1]

Over the years, large-area and high-quality graphene have been obtained using this method. In ad-
dition, most of the initial properties discovered for graphene were based on the flakes fabricated by
this method. However, it is very time-consuming, labour intensive, and seems to be restricted to
laboratory usage.

Three-roll Milling
Similar to the Scotch tape method, this process uses a three-roll mill machine and polyvinyl chloride
(PVC) dissolved in dioctyl phthalate (DOP) as the adhesive[38]. The graphite flakes are made to run
over the three-roll mill from the feed roll to the apron roll and then back to the feed roll as shown in
fig2.15.
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Figure 2.15: Depiction of the 3-roll milling process of graphite to obtain graphene[38]

The flakes are run continuously over the mill to obtain very thin flakes, up to single-layer graphene.
The prepared adhesive is poured onto the three-roll mill while the graphite flakes are run over it.
The graphite flakes disperse and then exfoliates in the adhesive. The issue of labour intensity and
time consumption can be solved using this method, but the complete removal of the adhesive from
the graphene flakes has its own issues.

Sonication
Exfoliation of graphite to obtain graphene on a larger scale has been done in the liquid phase with
the assistance of sonication. The exfoliation of graphite through sonication can be better explained
based on its mechanics. The liquid cavitations that are formed during the sonication are responsi-
ble for the exfoliation[37]. These cavitations induce bubbles in the liquid medium and these bub-
bles spread around the graphite. Shock waves or micro-jets are produced when the bubbles col-
lapse, and these micro-jets start to impact the graphite surfaces, forming compressive stress waves
throughout the graphite. As per the theory of stress waves, tensile stress waves are reflected onto the
graphite when the compressive waves reach the free interface of graphite. The tensile stress gener-
ated from multiple collapses causes the graphite flakes to exfoliate. The micro-jets produced can
also exfoliate graphite flakes by acting as wedges and splitting the layers by shear effect. The two
methods are illustrated in fig 2.16.

Figure 2.16: Depiction of the mechanism behind the exfoliation by sonication of the graphite[37]
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Coleman et al.[39] obtained graphene by dispersing graphite powder in organic solvents like N-
methylpyrrolidone (NMP) and N,N-dimethylformamide (DMF), later sending the mixture through
sonication and centrifugation. The method seemed easy, and the obtained graphene was of good
quality. However, the method produced a very low concentration of graphene, approximately 0.01
mg/ml. Researchers have tried to increase the concentration of graphene by modifying the sonica-
tion time, mixing solvents, increasing the initial concentration of graphite and many others. How-
ever, many more variables are involved, which restrict the researchers from obtaining an optimum
condition to achieve a high concentration and quality of graphene. Researchers have shown that
the graphene obtained by sonication has many defects. Even though cavitations are required for
the exfoliation of graphite, they are the primary reasons for these defects as it is a harsh process that
generally produces high temperatures and pressures[40]. Nanzai et al.[41] showed that the intensity
and the distribution of the cavitations are heavily reliant on the shape and size of the vessel in which
the sonication takes place as localized cavitation might take place.

Ball Milling
Ball milling is a technique in which lateral or shear force is used to exfoliate graphite into graphene.
In ball milling, there are two types of effects that the graphite flakes experience by which exfolia-
tion or fragmentation occurs. The two effects are shear force, which is desired for obtaining high-
quality large-area graphene and impact or collisions with the balls, which takes place during the
rolling action[37]. The two effects are depicted in fig2.17. In order to obtain high-quality large-area
graphene the effect of collision has to be minimized as it tends to covert the crystalline nature into
powder or amorphous form.

Figure 2.17: Depiction of the mechanism behind the exfoliation by Ball milling of graphite[37]

Ball milling is understood to be an excellent method for the large-scale production of graphene as
they perform efficient exfoliation and can also be used to functionalize graphene. Nevertheless,
the defects associated with the collisions involved during grinding is unclear. Basically, defects and
fragmentation cannot be avoided since collisions cannot be avoided during the milling process.

2.3.1.2. Chemical Vapour Deposition
Chemical vapour deposition (CVD) is based on the bottom-up approach where molecules

chemically interact to form sp2 hybridised chain of carbon atoms. CVD is a process consisting of
a chamber (quartz tube) connected to gas inlets and outlets. Inert gas (Ar) and transport gas (H2)
are fed into the chamber, maintained at a particular pressure and temperature. The chamber con-
sists of a substrate, generally a transition metal onto which the carbon atoms are to be deposited
to form graphene. Carbon molecules (preferably hydrocarbons) known as the precursor can be fed
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into the chamber from an external source or directly placed inside the chamber based on the phase
of the precursor. Generally, gaseous precursors are fed from an external source, and in the case of
solid or liquid precursors, it is directly placed inside the chamber. The schematic images of the two
methods are shown in fig 2.18.

Figure 2.18: Schematic illustration of CVD process depending on the phase of the precursor used.[42]

The entire process of fabrication can be split into sub-steps which are as follows, precursor decom-
position, dehydrogenation, diffusion of active carbon onto the transition metal or substrate, nuclei
formation or nucleation and desorption[42]. Primarily, the substrate and chamber are heated to a
specific temperature, and the precursor is thermally decomposed, leading to the formation of ac-
tive carbon species. The thermal decomposition generally takes place close to the substrate to avoid
the formation of carbon clusters. These active carbon species are absorbed onto the metal catalyst
surface, after which the absorbed carbon atoms migrate on the surface of the substrate for nucle-
ation and formation of films. The by-products of the carbon species are desorbed from the surface
and then diffuse into the gas stream. The desorbed atoms from the substrate and the decomposed
hydrogen are continuously pushed out of the chamber via the outlets. Each step in the entire pro-
cess is heavily dependent on the variables or parameters involved in the process like temperature,
pressure, gas flow rate, catalyst (type/size/shape), precursor and defects/vacancies on the catalyst
surface. Understanding the effects of these parameters on graphene growth is vital in obtaining a
high-quality graphene film. Researchers have studied the effect of these parameters separately[43]
and have made significant progress towards optimizing the parameters for high-quality production.
Over the years, it has been shown that CVD can produce high-quality graphene films with a mini-
mum number of defects and that the resultant film can be used for various applications. However,
the macro-level scaling of the production is, as of now, not possible due to the difficulties in the
transfer of graphene, optimization of parameters and cost of production. Since the purpose at this
point in the thesis is at a laboratory level, it is optimum to use CVD graphene because of its high
quality and availability.

2.3.2. Transfer of CVD Graphene
Transfer of graphene has been an essential topic of research since graphene was obtained by

scotch tape exfoliation. Even though CVD graphene grown on metal substrates are of high qual-
ity, the film experiences contamination and damages during the transfer process, which makes the
need for high-quality transfer. The section below deals with the advancements in the transfer of
CVD graphene to obtain clean and defect-free graphene films. In a larger view, the transfer tech-
niques can be segregated as etching transfer and etching-free transfer, and these techniques are as
follows.
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2.3.2.1. Etching Transfer
A basic etching transfer involves the deposition/formation of a supporting layer which is pri-

marily used to protect the film during the subsequent steps, etching the metal substrate on which
the film was deposited during CVD, transferring the film along with the support to the target sub-
strate and then removing the supporting layer[44]. The entire process of etching transfer is set
to be time-consuming and complicated as each step needs immense care, and in the case of a
slight mishap, the film suffers from structural damage or residuals. Over the years, thin Poly(methyl
methacrylate) (PMMA) has been used as the supporting layer due to its flexibility, sufficient strength,
insolubility in water, stability during etching and the ease of removal[45]. However, structural dam-
ages like cracks and tears have been reported while using PMMA. These damages have been re-
ported to be due to the topography mismatch between the graphene membrane and the PMMA
support layer caused by the trapped liquid medium between the two surfaces[46]. In order to re-
move the liquid medium, methods were adopted like usage of hydrophilic target substrates along
with post treatment[47] and replacing water with volatile liquids like heptane, which readily spreads
uniformly due to its low surface tension[48]. These adaptations have largely helped in the mitigation
of structural damages.

Figure 2.19: a) Etching transfer techniques of graphene with and without the redissolution of a PMMA layer.[46] b)
Comparison between the transfer process of PMMA with graphene film using heptane(low surface tension) or

water(high surface tension).[48]

On the other hand, these methods do not necessarily provide a clean transfer of graphene,
which, in turn, degrades the electrical characteristics of the graphene film. Two broad techniques
have been adapted to deal with the issue of clean transfer,i.e., usage of highly removable/dissolvable
support and transfer without the usage of supporting layers. In the case of no supporting polymer
layers, the target substrate is sometimes used as the support, wherein the contact between the target
substrate and the graphene film is improved[49]. Later, in 2016, a method was developed wherein
surface modification was used to facilitate the wafer-scale transfer of graphene membranes[50]. The
technique uses a hydrophobic monolayer deposited on the SiO2/Si substrate to increase the con-
tact and mitigate the accumulation of liquid layers. This method is illustrated in fig 2.20. However,
these methods are limited by the target substrate as specific substrates need to be used to obtain
proper contact between the graphene film and the substrate. The usage of support-free methods
can surpass the issue of contact. Even so, these support-free methods have their own drawbacks as
graphene gets torn apart due to the high surface tension of the etchant solution[51] and is feasible
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only for small size graphene.

Figure 2.20: Transfer method in which the SiO2/Si wafer is surface modified with a hydrophobic layer[50]

Alternatively, the technique of highly removable supports uses low-residue supports or im-
proved post-treatments to remove the residuals. In the case of improved post-treatments, anneal-
ing in vacuum, enhanced rinsing with organic solvents, etching with radiolized water or thermal
oxidation is used to remove the contaminants[52][44]. However, the residuals are not completely
removed even after these post-treatments, which points towards the need for new polymers that
are robust and as well as easily removable. The use of polystyrene, poly(bisphenol A carbonate),
cellulose and rosin as the supporting layers proved to leave behind fewer residuals when compared
to PMMA[53][44]. Although, using these supporting layers poses different problems like structural
damages, small size or lower electrical performance.

2.3.2.2. Etching-free Transfer
The previous subsection discusses the chemical etching transfer of graphene. It can be under-

stood that the method suffers from many drawbacks like contamination, heavy metal consump-
tion, environmental pollution and incompatibility with noble metal substrates. Hence, etching free
techniques are sometimes preferred for both clean and large-area transfer of graphene films. The
etching-free techniques generally used to separate graphene from the metal foil are mechanical de-
lamination, electrochemical intercalation and bubbling delamination[44]. However, the films ob-
tained from these methods possess issues like low structural integrity and, in some cases, polymer
contamination.

The technique of mechanical delamination is a dry etching-free transfer, wherein the interfa-
cial interaction between the graphene film and the target substrate/support should be greater than
the interaction between the graphene film and the metal foil for a successful transfer to take place.
Researchers have used several strategies to improve the graphene-substrate interaction like the use
of adhesives, in-situ polymerization, linker molecules or thermal deformation[44]. Using these ap-
proaches, intact mechanical transfer of graphene has been obtained. However, the graphene is
affected by the roughness of the metal foil as the film tends to morph the topology of the foil[54].
Moreover, the challenge of large-area transfer and high structural integrity still exists due to the need
for high control over the graphene growth as well as the delamination.

On the other hand, electrochemical bubbling transfer is an electrolysis method, wherein the
graphene on metal foil along with the supporting layer is used as a cathode cell during the electrol-
ysis process. The hydrogen bubbles generated during the water electrolysis are the reason for sepa-
rating graphene from the metal foil. The graphene is later transferred onto the target substrate[55].
Studies show that the method is highly efficient, environmental friendly, versatile and compara-
tively lower in cost[56]. However, the method possesses a challenge of increasing the delamination
rate without affecting the structural integrity of the graphene film.
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Compared to the aforementioned etching transfer of graphene, the etching-free transfer is a bit
more complex in terms of setups and the fact that the characteristics of graphene obtained from
both methods are not significantly different. When weighing the complexity and cost of the exper-
imental setup against the quality of the graphene film, we can say that the use of the basic etching
transfer is more than enough to understand the effect of crumples in graphene. Moreover, by using
etching transfer, the obtained results can be easily cross-referenced with previous works.

2.3.3. Controlled Production of Surface Corrugations
Surface corrugations play a considerable role in altering the properties of graphene, which

makes the controlled manufacturing of them essential. Controlled fabrication also helps in the ex-
perimental investigation of the effects of these surface corrugations on the properties of the graphene
sheets. Some of the methods used to produce these corrugations are mentioned below.
Taking advantage of the fact that graphene has a negative thermal expansion coefficient, Bao et
al.[57] were able to produce controlled microscale wrinkles by thermal manipulation. Graphene
membranes were transferred onto SiO2/Si substrates that have predefined trenches, across which
the membranes were suspended. Wrinkles were formed on the graphene membrane perpendicular
to the trench direction (fig 2.21) when the membrane was annealed in a furnace. It is vital to note
that these wrinkles heavily depend on the substrate’s shape, structure, and temperature.

Figure 2.21: (a.) SEM images of graphene before, during and after the annealing process, (b.)SEM image of different
trench, (c.) Magnified SEM image of the edges showing the slag of graphene into the trench after annealing.[57]

Wrinkles in graphene can also be produced by transferring the obtained pristine graphene onto
a pre-stretched elastomer film. Zang et al.[58] proposed the same method wherein they biaxially
stretch the acrylic-based elastomer and stamp the graphene over it. The elastomer was then relaxed
in the pre-stretched direction one after the other. By relaxing one of the directions, they could obtain
wrinkles parallel to the direction of relaxation. They further went on to obtain crumples by relaxing
both directions. The amplitude and spacing of the wrinkles depended heavily on the pretension
of the elastomer. Figure 2.22(a.) shows the schematic view of the relaxation of the pre-stretched
elastomer, and figure 2.22(b.) shows the SEM image of the obtained wrinkles.
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Figure 2.22: (a.) Schematic image of the relaxation of pre-stretched elastomer(b.) SEM image of wrinkled graphene[58]

On the other hand, Bai et al.[59] produced wrinkles by using thermal strain engineering, where CVD
graphene was deposited on pre-trenched copper foils. The wrinkle positions were affected by the
topography of the copper foils. The authors were successfully able to produce one-dimensional
ripples of nano-scale size (2 nm to tens of nanometer) as shown in fig 2.23.

Figure 2.23: (a.) STM topography image of nanoscale ripples in graphene, (b.) Magnified STM image of white box.[59]

Another interesting method of controlled fabrication of wrinkles is the liquid phase shrink method[60].
In this method, the CVD grown graphene is suspended on the ethanol solution surface. The graphene
membrane starts to self shrink, and the concentration of the ethanol solution can be altered to ob-
tain uniformly distributed wrinkles at different heights. Chen et al.[60] showed that the so obtained
wrinkled graphene has high stretchability, almost five times that of flat graphene. The schematic
illustration of the wrinkling process is shown in figure 2.24(a).

Figure 2.24: (a.) Schematic illustration of the liquid phase wrinkling method, (b.) Schematic image of the wrinkled
graphene, SEM image of the graphene sample before (c.) and after (d.) liquid phase shrinking.[60]

Based on the available methods of obtaining graphene membrane with surface corrugation. The
liquid phase shrinking method seems to be a simple and accessible method to produce out-of-



2.4. Mechanical Testing of Graphene 20

plane deformations. Having obtained the necessary membranes, the next would be to test these
membranes. The following section deals with the commonly used testing methods to probe the
mechanics of 2D membranes.

2.4. Mechanical Testing of Graphene
Mechanical characterisation of graphene is one of the most important research topics globally

due to the need to understand the behaviour and properties of the graphene membrane. In this
chapter, the different types of mechanical testing methods that can be used to probe the character-
istics of graphene membranes are discussed.

2.4.1. Atomic Force Microscope (AFM)
AFM is a type of scanning probe microscopy wherein the information of a surface can be ob-

tained with a resolution of up to a few nanometers. Researchers have used the AFM for force mea-
surement, imaging and force manipulation. AFM is more preferred than some of the other scanning
methods as it can provide both 2D and 3D images of the surface, and the images are produced with
a pseudocolour to obtain high-resolution images. Apart from this, AFM can also be used to scan
both conducting and insulating materials.

AFM nano-indentation was used to measure the Young’s modulus, and the intrinsic strength of the
graphene membrane by Lee et al.[2], wherein they suspended mechanically exfoliated graphene on
Si substrate with circular patterned holes of diameter 1 and 1.5 µm. The authors obtained the force
vs deflection curves for multiple suspended samples, which can be seen in figure 2.25(e.).

Figure 2.25: a.) SEM image showing the 2 different diameters b.) Non-contact AFM image showing the height profile of a
suspended membrane, c.)Schematic image of the AFM experiment, d.) AFM image of the fractured membrane, e.) Force

vs deflection curve of the model and the experiment[2]

They also proposed a mathematical model to understand this nonlinear elastic behaviour and ob-
tain the Young’s modulus of the graphene membrane. The nonlinear elastic response was approxi-
mated as:

F =σ0
2D (πa)(

δ

a
)+E 2D (q3a)(

δ

a
)3 (2.1)

where F is the force applied, a is the membrane diameter, δ is the deflection at the assumed centre
point, q is a dimensionless constant which depends on the Poisson’s ratio (ν) q = 1/(1.05−0.15ν−
0.16ν2) and σ0

2D is the pretension in the membrane. The AFM nanoindentation of the drums was



2.4. Mechanical Testing of Graphene 21

performed on multiple samples and with different indenters to obtain a substantial result regarding
the model. The load-deflection behaviour of the repeated loading and unloading cycle showed that
there exists no slippage in the membrane. Apart from this, a mean value of 342 N/m was obtained
for the 2D Young’s modulus of the graphene, which approximates to a 3D Young’s modulus of 1TPa
when assuming a thickness of 0.355nm. The same nanoindentation procedure was done to obtain
the fracture strength of graphene, where the force was applied until failure. But, they use a linear
model to obtain the breaking strength, which overestimates the value to be 55 N/m.

Lopez-Polin et al.[23] also used the model mentioned above to understand the relationship be-
tween the Young’s modulus and the defect density present in the graphene membrane. They found
an increase in the in-plane stiffness up to 550 N/m for a defect density of ∼ 0.2%, after which the
in-plane stiffness decreased linearly. They reasoned out this increase to the suppression of the long-
wavelength fluctuations due to the presence of defects. On the other hand, the failure strength of
the graphene membrane was examined by Huang et al.[61] using the same AFM nanoindentation
experiment. They were able to study the effect of grain boundaries on the failure strength of the
membrane. The membrane fractured and the crack propagated along the grain boundaries present
in the membrane as shown in figure 2.26. The fracture occurred at a load of ∼100 nN, which is lower
than the typical fracture loads by an order of magnitude, and this indicates that the grain boundaries
severely soften the graphene sheets.

Figure 2.26: AFM images of the graphene grain before (a.) and after (b.) the failure, a.) also shows the point of
indentation at the center of the grain boundary[61].

2.4.2. In situ measurements using SEM
In situ measurements are a testing method in which the measuring device is placed within a

microscope (SEM or TEM). The advantage of in situ measurements is that the deformation and the
crack propagation of the graphene membrane can be observed under the microscope. Suk et al.[62]
performed an in situ indentation experiment in SEM to study the failure of polycrystalline graphene
membranes. The AFM cantilever was used as a force sensor and a nano manipulator that loads the
membrane. They were able to obtain precise control over the tip position and also observe the
fracture during the indentation because of the in situ setup. The authors observed results similar
to Huang et al.[61], where the presence of grain boundaries led to the softening of the graphene
membranes.
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Figure 2.27: a.) SEM image of the micromechanical device with the direction of applied force, b.) Magnified SEM image
of the free standing graphene, c.) Load-displacement curve until fracture (blue dotted line indicates the linear fit of the

graphene membrane after the reaching the fully stretched configuration)[63].

Cao et al.[63] used a micromechanical device (fig:2.27a) to perform the in situ tensile test of free-
standing CVD grown graphene in a SEM. The graphene membrane was cut using the Fusion ion
beam cutting process and then transferred onto the trench in the micromechanical device. Force
was applied on the micromechanical device with a pico-indenter as shown in figure 2.27(a.). The
indenter transducer was used to measure the load and displacement, and the video feed or image
sequences from the SEM was used to calculate the tensile strain. The authors obtained a value
of ∼1 TPa for the Young’s modulus, which agrees with the earlier theoretical and experimental
predictions[2], and the maximum strain was ∼ 6%. However, the fracture strength obtained was
∼60 GPa, which is much lesser than the ideal strength of monolayer graphene. This reduction was
attributed to the formation of edge defects during the FIB cutting process.

2.4.3. Micro/Nano Electro-Mechanical Systems
Micro/Nano Electro-Mechanical Systems (MEMS/NEMS) are micro/nano-sized systems fabri-

cated for various requirements. These systems function based on some of the fundamental princi-
ples like electrostatic force, thermal expansion coefficient, Joule’s thermal law or other basic prin-
ciples. Chemical deposition, electron beam lithography and ion beam lithography are some of the
high-end fabrication processes of these MEMS/NEMS devices.

H.Garza et al.[64] used a MEMS tensile testing device to obtain the maximum strain that can be
induced into the graphene membranes. The MEMS device works on the principle of Joule’s law of
heating, where the device possesses contact pads to which the structure of the device is connected,
and when electric current flows through the structure, the structure starts to expand. The structure
can be arranged suitably to obtain a uniaxial motion of the structure as seen in figure 2.28(b.).
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Figure 2.28: a.) Schematic illustration of the MEMS device, indicating the main components b.) SEM image of the entire
device, c.) Controlled dispensing of epoxy on the edges of the membrane to obtain better clamping[64]

The clamping of the graphene layer to the shuttle was done in a controlled manner, where fresh
epoxy was dispensed using a femtopipette on the overlapping part of the graphene and the shuttles.
The epoxy gets chemically bonded to the graphene layer via the amine linkers, which bond with
the -COOH or -OH groups. When placed in ambient conditions, these groups are present on the
periphery as they replace the dangling bond in the lattice. Multiple cycles of tensile and compressive
strains were applied, and no hysteresis was obtained, attributing to no slippage. The authors were
able to obtain a maximum strain of ∼12.5%, which was mainly attributed to the clamping of the
membrane. They also studied the effects of strain on the membrane with Raman Spectroscopy.

2.4.4. Bulge Test by Pressure Difference
Bulge test is a form of mechanical testing in which the suspended membrane is forced to de-

flect out-of-plane to form profiles similar to blisters. A pressure difference or electrostatic gating
can impose these deflections. Generally, these deflections are measured using a calibrated optical
microscope, laser interferometry or even AFM[65].

The mechanics of a graphene membrane that was subjected to strain was studied by Lopez-Polin
et al.[66] by straining the membrane by providing a pressure difference as shown in figure 2.29(I,II).
The advantage of the pressure difference induced strain is that the strain is uniformly distributed
in the membrane. An AFM nanoindentation setup was used to study the Young’s modulus of the
strained membrane. The total strain induced in the membrane has contributions from the bulging
of the membrane, residual strain from the growth or transfer of the membrane and the local stress
induced by the indentation tip. The load-deflection curve obtained experimentally (fig:2.29(III.))
did not agree with the model proposed by Lee et al.[2](eq:2.1), so simulations were performed to
understand the mechanics. The authors suggest that the complete third-order polynomial model
given by Lin et al.[67] deals with the problems associated with the model in equation 2.1. The results
obtained showed an increase in the in-plane stiffness of the membrane subjected to strains greater
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than 0.25%, and they attributed this to the suppression of the thermal fluctuation.

Figure 2.29: I.) Schematic illustration of bulge created by pressure difference, II.) AFM profiles of (a.) Pi n =Pout (b.)
Pi n >Pout (c.) Pi n <Pout , III.) Load-displacement experimental curves of membrane at 0 atm (blue) and 4 atm (red).[66]

Hwangbo et al.[68] studied the fracture characteristics of a CVD grown graphene membrane by us-
ing the same setup as mentioned above (fig:2.30). They used O-rings to avoid the leakage of pres-
sure, which might lead to errors in the results. A high-speed camera was used to visualise the failure
of the membrane that took place in less than 2 ms. The failure appeared to be due to the subcritical
crack growth in ambient conditions.

Figure 2.30: Schematic illustration of the experimental setup with the high speed camera[68].

2.4.5. Electrostatic Gating
Electrostatic gating is an actuation method where the graphene drums are electrostatically de-

flected by applying a voltage across the graphene membrane and a gating chip present below the
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membrane. Compared to the bulge test by pressure difference, no issue exists related to the weak
clamping or leakage. The voltage can be applied to the back gate by using contact pads fabricated
on the substrate.
Wong et al.[69] used the principle of electrostatic gating to deflect the suspended graphene drums
(fig:2.31). The deflection produced by the gating voltage was measured using an AFM, where the
initial profile was scanned before applying the voltage. After which, the voltage was applied, and
the corresponding deflection was scanned. The authors considered the effective deflection due to
the applied voltage to be obtained by subtracting the profile of the membranes before and after
applying the voltage. These results were fit to the plate theory in order to obtain the elastic modu-
lus. The force applied by the electrostatic gate was calculated using the parallel plate equation for a
uniformly distributed load, which is as follows:

F = ϵ0ϵr AV 2
s

2(g −d0)2 (2.2)

where ϵ0 = 8.854 x 10−12F /m is the permittivity of free space, ϵr is the relative permittivity of the
membrane, A is the area of the suspended graphene drum, Vs is the voltage applied to the back
gate, g is the gap between the graphene drum and the back gate after subtracting the initial sag and
d0 is the peak deflection of the graphene drum. In order to understand and compare the force-
displacement behaviour, an analytical model based on the deflection of circular plates and a finite
element simulation were carried out. Interestingly, the three results were in total agreement with
each other only when the deflection mode was purely parabolic. This variation was attributed to
the assumptions present in the circular plate model.

Figure 2.31: a.) Optical image of the substrate with indication of the important components, b.) Schematic illustration
of applying gate voltage, c.) Graph of height variation of the entire drum (deflection mode shape).[69]

A similar experimental setup was used by Nicholl et al.[32], where the electrostatic gate was used to
deflect the graphene membrane. An interferometric profilometry method was used together with
the electrostatic gate to measure the maximum out-of-plane deflection experienced by the mem-
brane (Fig:2.32(a.)). Multiple samples were used to get a statistical understanding of the obtained
results. The experimental work was done to understand the effect of crumpling on the mechan-
ics of the suspended graphene membrane. The results obtained showed a drastic reduction in the
in-plane stiffness ranging from 20 N/m to 100 N/m, far less than the expected value of 340 N/m
(pristine graphene).
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Figure 2.32: a.) Schematic illustration of the experimental setup, inset: SEM image of the graphene drum , b.) Statistical
histogram of the obtained in-plane stiffness of the multiple drums measured.[32]



3
Research Question and Objective

The previous chapter deals with a detailed literature study on the properties of graphene, the imper-
fections present in the membranes and the different fabrication, transfer and measurement tech-
niques used to study the mechanics of graphene. Based on this study, we can say that graphene
possesses exceptional properties and have a large field of applications possible. However, a need for
experimental validation of some of the theoretically obtained properties still exists. This is because
the experimental validations are hindered by the presence of structural and surface imperfections.
Some experimental works have been done to understand the effects of some of the imperfections.
Experimental results have been obtained to show the effect of point defects[23] and line defects[61].
However, experimental results based on static wrinkles or crumples are yet to be obtained entirely.
Apart from the need for experimental results, crumpled graphene is said to have some applications
of its own like strain sensing, electrodes for supercapacitors and energy storage [3]. These observa-
tions make crumpled graphene an exciting aspect of graphene to study about.

The different methods of probing the mechanics of the graphene membrane were also discussed
in the previous chapter. It is evident that all the discussed methods have advantages of their own.
It is recommended to select the testing method based on the requirement and availability of the
setup. Atomic force microscope (AFM) nanoindentation is regarded as one of the pioneer methods
to obtain properties like Young’s modulus and breaking strength. Moreover, analytical models and
simulations based on the AFM nanoindentation method are accepted by most. These advantages
make AFM nanoindentation a preferred choice.

Based on these findings, the main objective of this research is to experimentally understand the ef-
fects of crumpling on the mechanics of a monolayer graphene membrane by probing the membrane
at the centre using the cantilever tip of the AFM.

In order to achieve the set objective of this research, the main research question needs to be an-
swered. The main research question is as follows:

How does the presence of crumples affect the pretension and 2D Young’s modulus of the graphene
membrane ?

An additional sub-question could also be looked into: What happens to the crumples present in the
membrane when the cantilever tip indents the membranes?
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4
Research Methodology

The motivation behind this chapter is to put forth the methodology behind the entire thesis one
after the other. The chapter deals with the fabrication of the flat and wrinkled graphene samples and
also the probing technique used to extract the mechanical properties of the the samples.

4.1. Fabrication of Samples
The different types of fabrication methods generally used to obtain graphene films were dis-

cussed in the previous section. The literature clearly shows that for laboratory/research purposes,
CVD graphene is the most preferred due to the quality of the graphene film obtained. However, the
transfer of the CVD graphene is also essential as the quality can easily be affected by the parameters
or steps during transfer. The previous section also deals with the different transfer methods used to
transfer CVD graphene onto target substrates. The two categories, etching and etching-free transfer
of graphene, were discussed, and from that, we can say that the use of the etching transfer is less
complex compared to the etching-free transfer, but etching transfer requires more care and skill to
make sure that the transfer is both intact and clean. The suspended graphene samples used in this
article have been fabricated based on the idea of etching transfer, and the procedure has been dis-
cussed below.

Graphene Transfer

Initially, five petri dishes filled with 0.5 Molar (M) ammonium persulphate solution (APS) were
prepared. To four of the petri dishes containing 0.5M APS, 0.1% liquinox of different quantities (5,
10, 20, 30 µl ) are added while the fifth petri dish is left undisturbed. Simultaneously, two separate
petri dishes are taken, one filled with 2 M APS and the other filled with ultra-pure distilled water.
Graphene films with the copper foil on which they were chemically grown (approximate size of 1 x
1 cm2) are prepared and first placed on the surface of the 2 M APS etchant. The film is then trans-
ferred onto the petri dish containing distilled water for cleansing. Placing the samples in 2 M APS
followed by distilled water is repeated a few times to ensure that the copper foil on the backside is ef-
fectively etched away. Once the solution starts to turn blue, indicating the copper foil’s dissolution,
the samples are then transferred onto the five petri dishes containing 0.5 M APS.
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Figure 4.1: Image of two pieces of graphene along with the copper foil floating on the surface of the APS solution in
separate petri dishes.

Liquinox is added to the 0.5M APS to increase the surface pressure of the etchant solution. The
increase in surface pressure acts as a compressive force from all directions on the graphene film,
which causes the film to crumple or form wrinkles. Over some time, the entire copper foil is dis-
solved in the APS solution, leaving behind only the graphene foil in all the petri dishes. In order to
have a clean and intact transfer, it is necessary to clean the film with distilled water. This is done
to mitigate the influence of the APS solution or liquinox on the graphene film. Since the procedure
does not use any support layer like PMMA, the film cannot be physically removed from the petri
dish to rinse it in distilled water. In order to deal with this, the APS solution and the liquinox were
slowly removed from the petri dish using a microliter syringe, and the solution was replaced with
distilled water. The switching of liquids was done several times to ensure that only a bare minimum
of the APS solution remains. The entire switching procedure was done carefully and away from the
film to ensure that the film was not affected by this. The films are then let to rest in distilled water for
some time before transferring onto the target substrate. The films are transferred to different Si/SiO2

substrates by gently placing the substrate in contact with the graphene film. The entire workflow of
the transfer method is illustrated in fig 4.2.

Figure 4.2: An illustration of the complete procedure involved in the transfer process. a.) Film placed in 2M APS, b.) Film
rinsed in distilled water, c.) Film transferred to the 0.5M APS solution containing 0.1% liquinox, d.) Removal of copper
foil by etching, d.) Replacing APS solution and liquinox with distilled water, e.) Transferring film to the target substrate.

The substrates are then let to dry at atmospheric conditions naturally. The substrates used have
through holes and not cavities. During the transfer, there is a high probability of distilled water
being trapped between the graphene film and the substrate, and by using substrates with through
holes, the aqueous medium can be removed by natural drying or by heating the substrate using a
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hot plate. Whereas, in the case of cavities, the aqueous medium stay trapped inside them and is
likely to affect the film during measurements.

4.2. Imaging of Samples
Optical images of the graphene films suspended on the Si/SiO2 substrates were obtained using

the Keyence Digital Microscope VHX-6000 with a 2000x magnification. The optical images were
taken to check for the existence of graphene membranes. The optical images revealed that in the
case of 5 and 10 µl of 0.1% liquinox added, the wrinkling of the graphene membranes was not very
clear compared to the case of 20 µl 0.1% liquinox. Whereas, in the case of 30 µl 0.1% liquinox, the
film was not transferred, which could be due to the film’s breakage into fragments that could not
be transferred. The fragmentation of film is even visible in the case of the sample with 20 µl 0.1%
liquinox as seen in fig 4.3 (left). The optical images show the clear difference between the two sets
of samples, one without the addition of liquinox (fig 4.3 centre) and the other with the addition of
20 µl 0.1% liquinox (fig 4.3 right).

Figure 4.3: Optical Images of (Top-Left.) Substrate showing the fragmentation of the graphene film during the transfer,
(Top-Right.) Suspended graphene membranes without the influence of liquinox , (Bottom.) Suspended graphene

membranes with the influence of liquinox.

The membranes are then placed under a scanning electron microscope (SEM) to obtain the
images of the membranes at higher resolutions. The SEM is also used to distinguish the features
present in each membrane. The SEM images of a flat graphene membrane and a heavily crumpled
membrane are shown in fig 4.4. The features present in both membranes can be seen distinguish-
ably. The SEM image (fig 4.4 (right)) clearly show that by the addition of liquinox, the membrane
gets heavily crumpled in the out-of-plane direction. However, one shall expect the membrane with-
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out the influence of liquinox to be perfectly flat and have no structural irregularities. However, fig
4.4 (left) shows that the membrane is not perfectly flat, and this may be because no supporting layer
was used during the transfer. Lack of supporting layer can cause the APS solution to affect the film
structurally and form static wrinkles or crumples. Although, a clear difference between the amount
of crumpling in both the samples can be seen in the SEM images.

Figure 4.4: SEM images of (Left.) a flat graphene membrane, (right.) a heavily crumpled graphene membranes.

However, the optical or the SEM images cannot be used to check if the membranes are actu-
ally suspended. In order to counter this, the membranes are then imaged using an atomic force
microscope (AFM).

Figure 4.5: AFM AC mode images of (Top-Left.) A region of graphene membranes to show that the membranes are
suspended, (Top-Right.) suspended flat graphene membrane, (Bottom.) suspended heavily crumpled graphene

membrane.

The AFM imaging is done using a JPK NanoWizard 4 NanoScience AFM, and the images are pro-
cessed using the JPK SPM Data Processing Software. The imaging was performed using a silicon
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cantilever (NCLR, Nanoworld) coated with aluminium (detector side). The nominal resonance fre-
quency of the cantilever is around 170 kHz, and the spring constant is around 30 N/m. The AFM
was operated in the AC/tapping mode at room temperature to obtain the images. The resolution of
the images obtained was 512 x 512 pixels. The topology obtained from the scanning of the AFM can-
tilever shows that the membranes are suspended, and in addition, the features of each membrane
can be seen clearly. The AFM images of the same two membranes as in SEM are shown in fig 4.5 (the
orientation of the images could be misleading). The comparison between the SEM and AFM images
of a membrane helps better understand the membrane’s features. The fact that the features present
in the membranes are seen clearly in both SEM and AFM suggests that the depiction obtained from
the AFM is reliable, and observations based on the topography of the AFM images can be made.
Alternatively, AFM imaging is also used to obtain the location of the centre point of the membranes.
At this point, the set value of force is applied to extract the mechanical properties.

4.3. Probing the Mechanical Properties of the Sample
The nanoindentation of the membranes is done in contact mode using the JPK NanoWizard

AFM. The point at which a membrane is indented is based on the centre located using the AFM im-
age of the membrane. The z-length/approach distance, the speed at which the indentation is done
and the maximum force applied on the membrane are preset before the indentation. With these
preset parameters, the membrane is indented three times, which means three complete cycles of
approach and retract. The three sets of data points collected from the indentation are processed to
obtain the pretension (linear stiffness) and the 2D young’s modulus (second-order elastic stiffness)
of the membrane.

Figure 4.6: a.) Typical Force-Deflection plot obtained for one of the membranes. The plot shows the z-length, contact
and non-contact regions and the approach and retract curves of a single indentation, b.) Comparison plot showing how

the Force-Deflection plot changes by correcting the deflection of the cantilever by accounting for the bending of the
cantilever, c.) Comparison plot between the 3 indentations on the sample membrane.

A typical force-deflection plot containing both approach and retract curves obtained from one of
the membranes is shown in fig 4.6a. Two distinct regions can be seen in the plot, and they are
the non-contact region and the contact region. The contact region is the region of interest used to
extract the mechanical properties. It is important to note that the deflection obtained from the AFM
is the z-scanner(piezo) readout and not the actual deflection of the membrane. In order to obtain
the actual deflection (δ) of the membrane, it is essential to account for the cantilever bending. The
bending of the cantilever is accounted for by subtracting the cantilever deflection (d) from the Z-
scanner(piezo) readout (D) as in eq4.1.

δ[nm] = D[nm]−d [nm] (4.1)

The cantilever deflection (d) can be obtained by taking the ratio of the voltage readout from the
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photosensitive diode (PSD) to the sensitivity of the cantilever (S).

d [nm] = PSD[V ]

S[ V
nm ]

(4.2)

A clear difference can be seen (fig 4.6b) between the force-deflection curves before and after the
correction to account for cantilever bending. On the other hand, the force-deflection curve of the
three sets of indentation is compared as shown in fig 4.6c. The comparison shows that the nanoin-
dentation experiment is repeatable, which implies no slippage exists between the membrane and
the substrate.

In order to extract the values of pretension and 2D Young’s modulus from the force-deflection curves,
the AFM indentation experiment is generally modelled as a circular clamped membrane with a
point load at the centre [2]. However, since the membranes in hand are square, the obtained model
has to be altered to account for the shape of the membrane. Wang et al.[70] developed a force-
displacement relation for rectangular membranes. The relation can be considered as a sum of two
parts as in eq 4.3.

F = Fσ(δ)+FE2D (δ) (4.3)

where F is the effective force experienced by the membrane, Fσ0 is the force due to the axial tension
in the membrane, FE2D is the force due to the large deformation and δ is the deflection in the mem-
brane. The first term, Fσ0 , is linearly dependent on the deflection of the membrane and this relation
is expressed in eq 4.4.

Fσ(δ) =σ0(πRequ)β1/2(
δ

Requ
) (4.4)

whereσ0 is the pretension or linear stiffness of the graphene membrane, r is the radius of the inden-
ter, Requ is the equivalent radius of the rectangular membrane (Requ = (l ∗b/π)1/2), l and b are the
length and breadth of the membranes, andβ is the aspect ratio. The second term, FE2D , is dependent
on the deflection in a nonlinear manner, and the relation is expressed in eq 4.5.

FE2D (δ) = E2D (q3Requ)β1/2(
δ

Requ
)3 (4.5)

where E2D is the 2D Young’s modulus or the second-order elastic stiffness of the graphene mem-
brane and q is a non-dimensional quantity related to the Poisson’s ratio (γ), q = 1/(1.05-0.15γ-
0.16γ2). Simulations were performed by Lee et al.[2] to study the influence of the indenter radius
on the force-deflection behaviour of the membrane. It was noted that for r << Requ , the force-
deflection behaviour is not affected by the indenter radius. In the case of our research, square
membranes are used, so the aspect ratio becomes β= 1, and the equivalent radius becomes Requ =
(l/(π)1/2), where l is the length of the square membrane. The entire force-deflection relation can
now be rewritten as,

F =πσ0(δ)+ q3E2D

(Requ)2 (δ)3 (4.6)
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The Effect of Crumpling on the Mechanics of Monolayer Graphene

R.Prasad , F.Alijani , G.J.Verbiest , H.Arjmandi-Tash , H.Liu

Abstract—Graphene is considered the strongest material mea-
sured, but it is crumpled in the out-of-plane direction in most
practical situations due to its low bending rigidity. We investigate
the consequences of this crumpling on the effective mechanical
constants of graphene. In this study, two types of graphene
membranes are considered, one is a flat membrane, and the
other is a heavily crumpled membrane. The atomic force micro-
scope nanoindentation experiment is performed to determine the
mechanical response of the membranes. We find the 2D Young’s
modulus (E2D) of flat graphene to be 140 ± 44 N/m at room
temperature, which is much lesser than the expected 340 N/m
(from previous studies). Meanwhile, the E2D of heavily crumpled
graphene is found to be 393 ± 145 N/m, which indicates a
slight hardening of the sample. However, the results obtained
are contrary to the previous works, which points towards the
decrease of in-plane stiffness when the crumpling is increased. In
this work, the transformation of the crumples when subjected to
tensile loading is also observed. The variation in the results could
provide a different dimension in pristine or crumpled graphene
applications. However, further research into the intrinsic strength
and Young’s modulus of these crumpled membranes is required
to validate the possible applications.
KEYWORDS: Graphene, Atomic Force Microscope, Crumples,
Pretension, 2D Young’s modulus

I. INTRODUCTION

Over the years, graphene has been considered a prominent
two-dimensional (2D) material as it possesses excellent
properties and has a vast area of applications. Graphene
exhibits high intrinsic strength, thermal and electrical
conductivity and high transmittance [1], [2], [3], [4], which
makes the material ideal for applications like mechanical
reinforcements in nanocomposites, protective coating,
mechanical transduction, electronic transistors, flexible
displays, energy storage systems, etc[5], [6], [7], [8], [9].
Theoretical and experimental studies show that the 2D
Young’s modulus and tensile strength of graphene are about
340 N/m and 130 GPa, respectively, which makes graphene
the strongest material measured[2]. The perfect 2D (sp2

hybridized) lattice structure of graphene is the primary reason
for these exceptional properties and applications. However,
obtaining graphene films with this perfect lattice structure has
been a monumental task on its own. Studies have shown that,
in realistic scenarios, graphene possess defects in the lattice
structure or have surface corrugations in the out-of-plane
direction[10], [11], [12].

When considering the irregularities as mentioned above,
the effects of the structural defects (point defects, edge
defects, grain boundaries) on the in-plane stiffness and
strength of the graphene film have been primarily studied
theoretically, and the studies point towards the degradation of
the film[11]. Similarly, the effects of the surface corrugations
(ripples, wrinkles, crumples) on the mechanical properties

of graphene are only studied theoretically, and these
theoretical studies show that the in-plane stiffness and tensile
strength of graphene films decrease in the presence of the
surface corrugations [10], [13], [14]. However, the lack of
experimental validation of these theoretical results urges the
need for experimental studies on the effects of these surface
corrugations.

Since, in most cases, graphene is crumpled in the out-of-
plane direction due to its low bending rigidity, Nicholl et
al.[14] experimentally studied the effects of these crumples
on the mechanical properties of graphene. The crumpling of
graphene is primarily due to static wrinkling and dynamic
crumpling. The effects of the two mechanisms were studied,
and the results showed that the effect of the out-of-plane
flexural phonons on the in-plane stiffness of graphene
is negligible and that the effect of the static wrinkles
is dominant[14]. The formation of these static wrinkles
has been thoroughly studied over the years. According
to research, the static wrinkles are generally formed due
to the uneven stress distribution during the transfer of
graphene films, polarity difference in the thermal expansion
coefficient (TEC) between the growth substrate and the
graphene film during chemical vapour deposition (CVD) or
the additional stresses induced due to the morphology of the
growth or target substrate[15], [16], [17]. In addition, Bao
et al.[18] have managed to induce controlled and oriented
wrinkles on the graphene film by making use of the polarity
difference in the TEC between the film and the substrate.
These studies make the experimental study of the effects
of static wrinkles or crumples more intriguing and looked into.

In this article, we perform a quantitative study to understand
the effect of crumples on the in-plane stiffness of the graphene
membrane. Two sets of films are transferred onto separate
target substrates for this purpose, Sample (A) - CVD graphene,
Sample (B) - CVD graphene subjected extensive crumpling
with the addition of liquinox. In order to extract the mechanical
response of the samples fabricated, the membranes are probed
using the atomic force microscope (AFM). The tip of the AFM
cantilever is used to image as well as perform nanoindentation
at the centre of the graphene membranes. Based on the
force-deflection behaviours obtained from the nanoindentation
measurements, the mechanical constants, pretension (σ0) and
2D Young’s modulus (E2D) were obtained and discussed.
The AFM images show that the graphene membrane is not
completely flat in the case of CVD graphene (sample A).
The mechanical constant obtained for the CVD graphene
shows a softening behaviour (E2D = 140±44N/m) and are
in agreement with the results obtained by Nicholl et al.[14].
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Meanwhile, in the case of the heavily crumpled graphene
(sample B), the AFM images depict the membranes to be far
more crumpled. However, the mechanical constants obtained
do not show any softening behaviour and, on the contrary,
shows a marginal hardening behaviour (E2D = 393±145
N/m). The following sections provide an understanding of
the observed results and also the possible explanations for
these contradictory results. After the nanoindentation, the
membranes are imaged again to understand how the membrane
deforms after the indentation.

II. METHODOLOGY

A. Fabrication of Samples

Initially, two petri dishes filled with 0.5 Molar (M) ammo-
nium persulphate solution (APS) were prepared. To one of
the petri dishes containing 0.5M APS, 20 µl of 0.1% liquinox
(Sample B) is added while the other petri dish (Sample A)
is left undisturbed. Simultaneously, two separate petri dishes
are taken, one filled with 2 M APS and the other filled with
ultra-pure distilled water. Graphene films with the copper foil
on which they were chemically grown (approximate size of
1 x 1 cm2) are prepared and first placed on the surface of
the 2 M APS etchant. The film is then transferred onto the
petri dish containing distilled water for cleansing. Placing the
samples in 2 M APS followed by distilled water is repeated
a few times to ensure that the copper foil on the backside is
effectively etched away. Once the solution starts to turn blue,
indicating the copper foil’s dissolution, the samples are then
transferred onto the two petri dishes containing 0.5 M APS.

Fig. 1. An illustration of the complete procedure involved in the transfer
process. a.) Film placed in 2M APS, b.) Film rinsed in distilled water, c.) Film
transferred to the 0.5M APS solution containing 0.1% liquinox, d.) Removal
of copper foil by etching, e.) Replacing APS solution and the liquinox with
distilled water, f.) Transferring film to the target substrate.

Liquinox, a detergent, is added to one of the petri dishes
containing 0.5M APS to increase the surface pressure of the
etchant solution. This increase in surface pressure, which is

basically the reduction of surface tension, acts as a compres-
sive force from all directions on the graphene film, which
causes the film to crumple. Over time, the entire copper foil is
dissolved in the APS, leaving behind only the graphene foil in
both the petri dishes. The APS and the added Liquinox are then
slowly removed from the petri dish using a microliter syringe,
and the solution is replaced with ultra-pure distilled water. The
switching of liquids was done several times to ensure that only
a bare minimum of the APS solution remains. The films are
then let to rest in distilled water before transferring onto the
target substrate.

The films are transferred to different Si/SiO2 substrates by
gently placing the substrate in contact with the graphene film.
The graphene film is suspended over square through holes (8
x 8 µm2) present in the substrate. Substrates with through
holes are used as they can easily leach distilled water from
the substrate to eliminate its influence on the membranes.
The substrates are then let to dry at atmospheric conditions
naturally. The entire workflow of the transfer method is
illustrated in fig 1.

B. Experimental Setup

In a broad sense, Atomic Force Microscope (AFM) works
on the principle of surface sensing by using a very sharp tip
attached to the silicon cantilever. The tip can be used to image
the surface features of a sample with atomic resolution or
indent the sample depending on the mode of usage. When
the cantilever tip comes in contact with the sample during the
measurements, the cantilever bends. This cantilever bending is
detected using a laser diode and a photodetector. A schematic
illustration of the AFM setup is shown in fig 2.

Fig. 2. Schematic image of a nanoindentation setup using an AFM

The membranes fabricated were first imaged using the
Tapping/AC mode, wherein a feedback loop has to be set to
obtain clear representative images. The topographies of the
two sets of samples are traced line by line using the AFM.
The initial AFM images of the two samples as shown in fig
3(a-b). The images show a clear difference in the degree of
crumpling present in the two samples.
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Fig. 3. AFM image of a.) Sample A, b.) Sample B, c,d.) Topology profile of
Sample A and B respectively. It also depicts how the waviness of the profile
is considered to obtain the roughness of the membranes.

The graphene membranes are then indented at their centre
with the AFM cantilever tip. The membranes are indented
with a preset value of maximum force, and the corresponding
deflection behaviour of the membrane is obtained. In order to
obtain the actual deflection (δ) of the membrane, it is essential
to account for the cantilever bending [19]. The bending of
the cantilever is accounted for by subtracting the cantilever
deflection (d) from the Z-scanner(piezo) readout (D) as in eq1.

δ[nm] = D[nm]− d[nm] (1)

The cantilever deflection (d) can be obtained by taking the ratio
of the voltage readout from the photosensitive diode (PSD [V])
to the sensitivity of the cantilever (S [V/nm]).

C. Extracting the mechanical constants of the membrane

The force-deflection curves obtained from the AFM nanoin-
dentation can be used to extract the pretension (σ0) and 2D
Young’s modulus (E2D) of the graphene membrane. In order
to extract these values, the AFM nanoindentation experiment
is modelled as a rectangular clamped membrane with a point
load at the centre. Wang et al.[20] developed a force-deflection
relation for rectangular membranes. The nonlinear elastic

relation can be considered as a sum of two parts as in eq
2.

F = Fσ0
(δ) + FE2D

(δ) (2)

where F is the effective force experienced by the membrane,
Fσ0 is the force due to the axial tension in the membrane,
FE2D

is the force due to the large deformation, and δ is the
deflection in the membrane. The first term, Fσ0

, is linearly
dependent on the deflection of the membrane and this relation
is expressed in eq 3.

Fσ0
(δ) = σ0(πRequ)β

1/2(
δ

Requ
) (3)

where σ0 is the pretension of the graphene membrane, r is
the radius of the indenter, Requ is the equivalent radius of the
rectangular membrane (Requ = (l ∗ b/π)1/2), l is the length
of the membrane, b is the breadth of the membrane and β is
the aspect ratio. The second term, FE2D

, is dependent on the
deflection in a nonlinear manner and the relation is expressed
in eq 4.

FE2D
(δ) = E2D(q3Requ)β

1/2(
δ

Requ
)3 (4)

where E2D is the 2D Young’s modulus of the graphene
membrane and q is a non-dimensional quantity related to the
Poisson’s ratio (γ), q = 1/(1.05-0.15γ-0.16γ2). The influence
of the tip radius on the force-deflection characteristics was
simulated by Lee et al.[2]. They found that when the equivalent
radius of the membrane is far greater than the radius of the
indenter (Requ >>r), the influence of the indenter on the
force-deflection can be neglected and can be considered as
a point load. Since the membranes are square in shape, the
aspect ratio becomes β = 1 and the equivalent radius becomes
Requ = (l/(π)1/2). The entire nonlinear force-deflection
relation can now be rewritten as,

F = πσ0(δ) +
q3E2D

(Requ)2
(δ)3 (5)

III. RESULTS AND DISCUSSIONS

In order to image the membranes, the JPK AFM is used
in the AC mode with a feedback loop set to control the
amplitude of the tapping motion. The initial AFM topography
images of the two types of samples can be seen in fig
3(a-b). A clear difference in the level of crumpling can be
seen between the AFM images of the two samples. In the
case of sample A, the majority of the membrane area is
flat, and this can also be seen in the topology profile of
the membrane (fig 3(c)). However, there still exists some
out-of-plane deformations. In contrast, the AFM image of
sample B is dominated by features in the form of smaller
flat areas surrounded by valleys and peaks, which can also
be seen in the topology profile (fig 3(d)). These features are
the out-of-plane deformations formed due to the compressive
force experienced by the membranes by adding liquinox. A
closer look at the AFM image of sample B reveals that some
of the out-of-plane deformations collapse over each other and
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form folds.

The AFM was then used in the contact mode to perform the
nanoindentation measurements of the membranes. The force-
deflection data points(blue points) of one of the membranes
along with its curve fit(red solid line) using equation 5 is
shown in fig 4a. E2D and σ0 are the two free parameters
used for the fitting of the curve. The fit of the data points
to the mathematical model perfectly coincides with the ex-
perimental curve obtained, indicating the appropriateness of
the mathematical model used. However, in order to extract
the 2D Young’s modulus (E2D) of the membrane, the force-
deflection curve must reach the cubic regime. A logarithmic
graph(base 10) of the force-deflection data is depicted in
fig 4c. The graph shows that, at high loads, our indentation
measurements reaches the cubic regime, which indicates that
the value extracted is the true 2D Young’s modulus (E2D).

Fig. 4. a.) Indentation curve fitting to equation 5 of one of the membranes,
b.) Indentation curve comparing the two samples, c.) log10 Force vs log10
Deflection plot indicating that the curve has reached the cubic regime.

The above mentioned mathematical model (eq 5) was used
to estimate the pretension (σ0) and the 2D Young’s modulus
(E2D) of the membranes. Thirty-four membranes of sample A
and forty membranes of sample B have been measured in total.
Statistical analysis was performed for the values extracted
from the different membranes. Histogram plots (fig 5) for the
values of E2D and σ0 were obtained for both the samples. The
solid red line in fig 5 is the distribution fit associated with the
derived values. A normal distribution fit was used in the case of
E2D, and a Weibull distribution fit was used in the case of σ0.
The Weibull distribution was used to make sure the distribution
fit does not provide negative values of σ0. Based on the
statistical analysis, for sample A, E2D was found to be 140.42
± 44.52 N/m and σ0 was 0.119 ± 0.049 N/m. Meanwhile, for
sample B, E2D was found to be 393.34 ± 145.12 N/m and
σ0 was 0.203 ± 0.069 N/m. In both cases, there existed no

correlation between E2D and σ0. To understand the obtained
values in simpler terms, a comparative force-deflection plot
(4b) was obtained between two membranes, one from each
sample. The plot shows that the membrane from sample A
deflects more than the membrane from sample B for the same
quantity of force applied by the cantilever, which implies that
sample A is a softer membrane when compared to sample B.

Fig. 5. Histogram of a.) sample A 2D Young’s modulus (E2D), b.) sample
A pretension (σ0), c.) sample B 2D Young’s modulus (E2D), d.) sample B
pretension (σ0)

Considering the values extracted for sample A, which is
a monolayer CVD graphene, the values of E2D fall short of
the expected value of the pristine graphene (342 N/m)[2].
As mentioned earlier, Nicholl et al.[14] also observed the
softening of the CVD graphene membranes. They showed
that static wrinkles present in the membranes are the primary
cause. In addition, the AFM images of sample A (fig:3a) also
show that the membranes are not perfectly flat or pristine
and that they possess out-of-plane crumples. The values of
E2D obtained for sample A are in agreement with the values
extracted by Nicholl et al.[14] in their work. The formation of
these crumples or static wrinkles could be due to the uneven
stress distribution experienced by the CVD graphene during
the fabrication or transfer of the film[21].

On the other hand, sample B is a monolayer CVD
graphene subjected to increased surface pressure by adding
0.1% liquinox. The idea behind this is that a kind of
compressive force acts on the graphene flake due to the
increased surface pressure, and since the bending rigidity
of graphene is very low, the graphene flake gets crumpled
from all sides. However, the degree of crumpling is not
uniform, so quantifying the amount of crumpling is not easy.
Surprisingly, when compared to sample A, the E2D of sample
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B is considerably high.

Fig. 6. Plot of 2D Young’s modulus (E2D) vs RMS roughness of the
membrane

Previous theoretical works[10] show that crumpling of
graphene tends to degrade the material and possess less in-
plane stiffness. In addition, sample A also follows a similar
trend. However, on the contrary, the membranes of sample B
show a slight hardening behaviour. In order to comprehend this
contradicting result, the degree of crumpling is quantified in
terms of the root mean square(RMS) value of the membrane
roughness. The RMS roughness of a membrane is obtained
from the topography of the membrane cross-section. The
waviness of the topography, as shown in fig 3 (c-d), is taken
into consideration when estimating the RMS value of the
membrane roughness. A plot of E2D vs the RMS roughness
of membranes is depicted in fig 6. The plot obtained shows
a linear dependence between the RMS roughness and E2D.
However, this plot cannot be justified entirely as, for pristine
membranes(approximately 0 nm RMS roughness), the plot
depicts the membrane to be very soft, which contradicts the
findings of Lee et al.[2] and also does not make sense. On the
other hand, for non-pristine membranes, the linear dependency
between E2D and the amount of crumpling can be justified.
In this case, the out-of-plane deformations in the membranes
collapse over each other to form folds that are visible in
the AFM images (fig:3b). These folds act as localised multi-
layer graphene and provide greater resistance (second-order
elastic stiffness) to the applied force compared to monolayer
graphene. This dependency is also the reason for the large
standard deviation obtained for E2D of the membranes.

After the nanoindentation of the heavily crumpled mem-
branes, the membranes are imaged again to understand the
deformation of the membrane. The AFM image of one of
the membranes after nanoindentation is depicted in fig7b. The
topology of the cross-section of the membrane (fig:7c) depicts
a sizeable upward plastic deformation around the centre of
the membrane. The upward direction of the deformation is
observed as the membrane gets attached to the tip of the

Fig. 7. AFM image of a graphene membrane a.)before and b.)after the
nanoindentation measurement, c.) The topology profile of the cross-section
showing the upward deformation of the membrane.

cantilever during the retraction of the cantilever to the preset
set point, which causes the membrane to be pulled upwards.
Interestingly, the hidden area under the folds and crumples in
the graphene membrane is opened up at high loads, leading
to an increase in the area of the graphene membrane. Since
the dimension of the hole is fixed, the membrane slacks in
the out-of-plane direction and this slack is seen in the form
of the large deformation. In order to support the deformation

Fig. 8. (Solid Blue line) The force-deflection characteristics depicting the
unzipping of the folds and the bubbled region is the instant at which the
folds open up, (Solid Red line) The force-deflection characteristics of the
subsequent indentation.

of the membrane, the force-deflection characteristics depicting
the unzipping of the folds and the subsequent indentation are
obtained, as shown in fig 8. The solid blue line depicting the
membrane’s indentation leading to the opening up of folds
shows how the force-deflection curve deviates from the usual
trend due to the opening up of folds. During this phenomenon,
a sudden increase in the deflection of the membrane is ex-
pected, and this increase was observed in the force-deflection
curve (fig: 8 bubbled region) of the membrane. The opened up
membrane was again indented, and the force-deflection curve
(fig: 8 red solid line) depicts the behaviour of the deformed
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membrane under loading. The near horizontal behaviour at the
start of the indentation clearly shows the presence of slack in
the membranes, and as mentioned earlier, the slack formation
is due to the opening up of the folds.

IV. CONCLUSION

AFM imaging and nanoindentation of two sets of samples,
Sample (A) - CVD graphene and Sample (B) - heavily
crumpled CVD graphene, were performed to study the
effects of crumpling on the in-plane stiffness of the graphene
membrane. For this purpose, the samples were fabricated
using a simple wet transfer method as shown in fig 1.
20µl of 0.1% liquinox was added to the etchant solution
to obtain the heavily crumpled sample. The samples were
first imaged using the AC mode of the AFM, and these
images clearly show the difference between the two sets of
samples. Further, these membranes were indented using the
AFM in the contact mode, from which the force-deflection
characteristics for both set of samples were obtained.
The obtained force-deflection curves were fit using the
available mathematical model[20], with pretension (σ0) (N/m)
and 2D Young’s modulus (E2D) (N/m) as the free parameters.

For sample A, a value of 140.42 ± 44.52 N/m and 0.119
± 0.049 N/m were obtained for E2D and σ0 respectively.
Meanwhile, for sample B, a value of 393.34 ± 145.12
N/m and 0.203 ± 0.069 N/m were obtained for E2D and
σ0 respectively. Since sample A is not completely pristine,
the values of E2D extracted were justifiable and were in
agreement with the previous studies[14]. However, the values
of E2D extracted for sample B contradict the general trend.
Since thickness was not considered, nothing can be said
about the Young’s modulus (Pascals) and intrinsic strength of
the membrane. The membranes were also imaged after the
nanoindentation, which depicted a large plastic deformation
in the upward direction around the centre of the membrane.
This large deformation was due to the unzipping of the folds
present around the centre of the membrane.

To conclude, it can be said that by crumpling the graphene
film, the membrane may start to act as multi-layered films
and provide greater resistance to deflection, depending on the
amount of crumpling present. This resistance is reflected in
the increased E2D. In order to understand the actual effect of
the crumples, it would be better to open up the existing folds
before indenting the membrane or try to extract the Young’s
modulus and intrinsic strength using another measurement
technique.
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6
Conclusion

The main objective of this research was to determine how the mechanics of the graphene mem-
brane change in the presence of out-of-plane deformations in the form of crumples. The literature
review, done to understand the present level of research in the field of graphene mechanics, shows
the practical limitations present during the membranes’ testing. The major limitation was the pres-
ence of structural or surface imperfections in the obtained graphene membrane. Literature shows
that researchers have been able to study the effects of these imperfections theoretically. In addi-
tion, experimental validation of the effect of point defects[23] and line defects[61] have also been
reported. However, the effect of static wrinkles or crumples on the mechanics of graphene are yet
to be experimentally obtained.

In order to study the effect of crumples, two types of membranes were fabricated, one was a flat CVD
graphene membrane, and the other was a heavily crumpled CVD graphene membrane. In both
cases, the films were transferred onto Si/SiO2 substrates with square through holes. The heavily
crumpled sample was obtained by adding liquinox to the etchant solution. Liquinox was essentially
used to reduce the surface tension of the etchant solution and, in turn, compress the graphene
film. The atomic force microscope (AFM) was used to probe the membranes. The AFM was first
used in the tapping mode to image the membranes and then used in the contact mode to perform
the nanoindentation of these membranes. The existing mathematical model[70] was then used to
extract the pretension (σ0) and 2D Young’s modulus (E2D ) values from the force-deflection charac-
teristics of the membrane.

In the case of flat membranes, a value of 140.42 ± 44.52 N/m and 0.119 ± 0.049 N/m were obtained
for E2D and σ0 respectively. Since the obtained graphene membranes were not perfectly pristine
and possessed some crumples, the obtained values were way lower than those reported in the lit-
erature. Meanwhile, for the heavily crumpled sample, a value of 393.34 ± 145.12 N/m and 0.203 ±
0.069 N/m were obtained for E2D and σ0 respectively. Based on the values extracted and the large
standard deviation, we can say that the 2D Young’s modulus of the membrane is dependent on the
amount of crumpling present in the membrane. The heavy crumpled membrane’s deformation
after the nanoindentation was also looked into by again imaging the sample using the AFM. The
opening up of the folds around the centre of the membrane could be seen from the images.

This research has provided an idea of how the mechanical constants, σ0 and E2D , vary in the pres-
ence of crumples. The work also shows how the crumples react to the force applied during the
nanoindentation measurements. These results can be further used while realising future applica-
tions based on crumpled graphene films. However, mechanical constants like Young’s modulus and
intrinsic strength of the crumpled graphene are yet to be studied, affecting the progress in the pos-
sible applications.
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7
Recommendations

This chapter suggests the various improvements that can be made to this work and the different
methods that could be followed to possibly obtain a better understanding of the results.

Fabrication of Crumpled Graphene

The possible limitation of the technique used in this research is the use of the liquid phase shrink-
ing of the graphene film. There is always a possibility of residual aqueous films or droplets being
trapped between the sample and the target substrates. A substrate with through holes was used
solely to avoid this phenomenon. In addition, substrates with through holes possess their own lim-
itations. Other testing methods like electrostatic gating and bulge test cannot be performed using
these substrates.

One of the possible alternatives to deal with this issue could be the use of pre-stretched elastomer
films onto which pristine graphene can be transferred, and then when the elastomer is relaxed, the
graphene film gets crumpled[58]. The other possibility is the CVD of graphene on pre-trenched
copper foils[59].

Measurement Methodology

The thickness of the graphene samples are not considered in this study as obtaining the effective
thickness of the membrane was not possible using the AFM due to the possibility of an aqueous film
being trapped between the substrate and the graphene sample. Since the thickness is not obtained,
mechanical constants like Young’s modulus and Intrinsic strength could not be obtained.

One of the recommendations is to strain the membrane to open up the crumples before indenting
the membrane with the AFM cantilever tip. The membranes can be strained by electrostatic gating,
pressurising the membranes, or biaxial stretching of the film by using MEMS or NEMS devices. By
doing so, the effect of the strain-induced on the mechanics of the crumpled graphene can also be
studied.

Other Recommendations

Since the crumpling of graphene in this work is not in a controlled manner, obtaining control over
the amount of crumpling could be an interesting study. In addition, by gaining control over the
crumpling developed, the applications of the crumpled membranes can be better realised.
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Appendix



A
JPK AFM Setup

In this section, some of the key steps done during the AFM imaging and nanoindentation are ex-
plained. The AFM used is the JPK NanoWizard 4 NanoScience AFM, and the images and curves are
processed using the JPK SPM Data Processing Software. The imaging was performed using using
a silicon cantilever (NCLR, Nanoworld) coated with aluminium (detector side). The nominal reso-
nance frequency of the cantilever is around 170 kHz and the spring constant is around 30 N/m. The
dimension of the cantilever used are as follows, thickness is 7 µm, length is 225 µm and width is 38
µm. The image of the entire JPK AFM setup is shown in fig A.1.

Figure A.1: Image of the entire JPK AFM setup

Some of the important steps that are done during the measurement are as follows,

Step 1: Alignment of the laser on the AFM cantilever and alignment of the photo-diode to make sure
the laser spot is in the center.
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Figure A.2: a.) Alignment of the laser spot on the photodiode, b.) Alignment of the laser spot on the cantilever

Step 2: Calibration of the AFM cantilever response. The specifications of the cantilever are entered
and after calibration we obtain the sensitivity, spring constant and resonance frequency of the can-
tilever.

Figure A.3: Image showing the calibration of the AFM cantilever

Depending on the mode of usage of the AFM the subsequent steps are done,

AC/Tapping Mode Imaging

Step 3: Setting the initial feedback. This is mainly done to set the drive frequency and amplitude of
the cantilever. It is important that the drive frequency is set close to the resonance frequency of the
cantilever.



47

Figure A.4: Setting of the initial feedback of the scanning mode

Step 4: If the feedback is not correctly set, the trace and retrace scans wouldn’t coincide properly
in the oscilloscope. The feedback can then be altered while the imaging is taking place, with the
controls as in fig A.5. The scan area and the rate at which the imaging is taking place can be altered
as well.

Figure A.5: Options to change the feedback of the controller, scan area and scan rate.
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Contact Mode Indentation

Step 3: Setting the initial parameters for the indentation of the samples. Some of the important
parameters are setting the feedback controller, number of times the indentation takes place at the
same point, the rate of indentation, z-length which is the length of approach, etc.

Figure A.6: Options to change the parameters involved in the indentation of samples



B
Processing the Force-Deflection

Characteristics

This section deals with the post processing steps that are done to obtain the Force-Deflection data
points from the curve obtained from the AFM.

Once, the force-deflection curve is opened in the JPK data processing software, it would look like the
fig B.1. The data that we extract from this would be a completely unprocessed data which cannot
be used in the mathematical model. In this window, as you can see, we can format the curve that is
present like changing parameter in the axes or limits of the axes and so on.

Figure B.1: Unprocessed Force-Deflection Curve

A number of operations need to be done using the software to obtain the true Force-Deflection
curve of the membrane and the operations are as follows (B.2),
Step 1: Checking the calibration of the cantilever. The values of the sensitivity and spring constant
of the cantilever can also be changed if necessary.
Step 2: Smoothing the data curve.
Step 3: Automatically subtract the baseline. This operation helps in setting the y-offset and obtain-
ing the true force experienced by the membrane.
Step 4: Automatically set the x-offset. This operation helps in obtaining the origin of the force-
deflection curve and also find the contact point in the graph.
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Step 5: Fit slope and height of the curve.
Step 6: Shifting of origin. The origin of the curve can be manually shifted using this operation.
Step 7: Correcting the height/deflection of the membrane by accounting for the bending of the can-
tilever.

Figure B.2: Operations to obtain true force-deflection curve

The force-deflection curve after these set of operations are performed on the curve is shown in fig
B.3. The data points are the exported from this in the form of text file and used in a MATLAB code
to extract the mechanical constants.

Figure B.3: Corrected Force-Deflection Curve



C
Curve Fitting

The section is basically the MATLAB code which was used to extract the values of pretension (σ0)
and 2D Young’s modulus (E2D ) of the membranes from their force-deflection characteristics.

1 close a l l
2 clear a l l
3 cl c
4 load ( ’ Data_Set . mat ’ ) % The data points of the Force−Deflection

c h a r a c t e r i s t i c s
5 %% Define the constants in the Mathematical model
6

7 l = 8e −6; % The side of the square membrane (m)
8 req= sqrt ( l ^2/ pi ) ; %Calculating the equivalent radius (m)
9 g = 0 . 1 6 5 ; % Poisson ’ s ration of graphite in basal plane

10 q = 1/(1.05 −0.15* g −0.16* g^2) ; % Non−dimensional Quantity
11

12 %% Curve F i t t i n g of one of the s e t s of data
13

14 F = Force ’ ;
15 inden = −Def ’ ; % Redefining the data of force and indentation
16

17 f = @( k , x ) pi *k ( 1 ) . * x + ( (q^3) /( req ^2) ) *k ( 2 ) . * ( x ) . ^ 3 ; % Mathematical model
interms of free parameters pretension ( k1 ) and 2D Young ’ s modulus ( k2 ) and

x i s the def lect ion
18

19

20 K = fminsearch (@( k ) norm(F − f ( k , inden ) ) , rand ( 2 , 1 ) ) ; % Curve f i t t i n g
21 delta = linspace (min( inden ) , max( inden ) ) ;
22

23 %% P l o t t i ng the Data set along with the curve f i t
24

25 f i g u r e ( 1 )
26 plot ( inden , F , ’−b ’ , ’ LineWidth ’ , 1 )
27 hold on
28 plot ( delta , f (K, delta ) , ’−r ’ , ’ LineWidth ’ , 1 . 5 )
29 hold o f f
30 ylabel ( ’ Force (N) ’ ) ; x label ( ’ Deflection (m) ’ ) ;
31 legend ( ’ Data set ’ , ’ F i t to Mathematical Model ’ )
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D
Data Set

This section of the appendix has the link to the data sets that was obtained during the course of the
thesis.
https://docs.google.com/spreadsheets/d/1_AoPm2Se_K_vceSt1z4uSDCWPebiztQpWWrtdTyec40/
edit?usp=sharing
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